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Improving the safety and outcome of research using next-generation genome engineering  
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Hassan1, Amber McBride1, Xiaohan Yang1, Daniel Jacobson1, and Jessy Labbe1 
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Project Goals: The goals of this pilot program as an activity in the Secure Biosystems Design 
initiative is to contribute awareness and inform decision-making across biosystems design 
research. This is a part of BERs Genomic Science program, integrating ongoing efforts in 
microbiome, environmental genomics, and sustainability research in mission-relevant 
ecosystems. 

The simplicity and flexibility of CRISPR/Cas offers unprecedented opportunities to rewrite 
genomes. Unfortunately, researchers developing new techniques for advanced genome editing 
rarely have the resources to properly assess all the risks they are introducing. Analysis is typically 
performed using a single, well-characterized genotype of interest under laboratory conditions. As 
such, current research lacks sufficient knowledge to detect, assess, and mitigate unintended 
consequences of these techniques. Until these knowledge gaps are addressed, scientists emphasize 
that precautions are necessary because this biotechnology is moving faster than regulation 
considerations and actions. Given the risk CRISPR/Cas-enabled gene drive systems pose (e.g., 
gene drives systems may escape confinement through accidents) and potential for far-reaching, 
even global spread from small releases, safeguarding genomes with a countermeasure against 
unwanted gene editing is a high priority. To mitigate these risks, this project leverages a nucleic 
acid-based approach to have an invading CRISPR/Cas system self-identify and self-destruct. 
Initial work has focused on implementing and evaluating this approach in microbial and plant 
systems. To this end, preliminary breakthroughs demonstrate that locking mechanisms can be 
incorporated into genomes to provide a useful containment or countermeasure measure to regulate 
or avert CRISPR/Cas gene-editing.  

Funding statement. This work was supported by the U.S. Department of Energy (DOE), Office of 
Biological and the Environmental Research (BER) Secure Biosystems Design program. 
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Genome-scale metabolic and regulatory network reconstruction of Caldicellulosiruptor bescii 
  
Ying Zhang1*(yingzhang@uri.edu), Ke Zhang, 1 Irina A. Rodionova,2 Dmitry A. Rodionov,2 James R. 
Crosby,3 Ryan G. Bing,3 Diep M. N. Nguyen,4 Tania N. N. Tanwee,4 Gabriel M. Rubinstein,4  
Robert M. Kelly,3 and Michael W. W. Adams4 
  
1University of Rhode Island, Kingston, RI; 2Sanford-Burnham-Prebys Med. Discovery Institute, La 
Jolla, CA; 3North Carolina State University, Raleigh, NC; 4University of Georgia, Athens, GA; 
  
Project Goals: We are using systems biology-guided approaches to develop a non-model, 
microbial metabolic engineering platform based on the most thermophilic lignocellulose-
degrading organism known, Caldicellulosiruptor bescii, which grows optimally near 80°C. This 
work leverages recent breakthrough advances in the development of molecular genetic tools for 
this organism, complemented by a deep understanding of its metabolism and physiology gained 
over the past decade of study in the PIs’ laboratories. We are applying the latest metabolic 
reconstruction and modeling approaches to optimize biomass to product conversion using 
switchgrass as the model plant and acetone and other fermentation products as targets. The 
over-arching goal is to demonstrate that a non-model microorganism, specifically an extreme 
thermophile, can be a strategic metabolic engineering platform for industrial biotechnology 
using a systems biology-based approach. 
  
Caldicellulosiruptor bescii is an extremely thermophilic, strictly anaerobic, gram-positive bacterium. 
It is the most thermophilic cellulolytic bacterium known to date (Topt=78~80°C, Tmax=90°C), and it 
can use a wide range of simple and complex carbohydrates. Its ability to degrade plant biomass 
without enzymatic or chemical pretreatments and at a high optimum growth temperature offers 
several advantages for industrial applications. Engineered C. bescii strains has been shown to produce 
desired bioproducts, such as ethanol, from un-pretreated plant biomass through consolidated 
bioprocessing (CBP). However, efficient metabolic engineering requires in-depth understanding of its 
metabolic and transcriptional regulatory networks.  

 
In this study, we applied a subsystems-based approach combining comparative genomics, 
transcriptional regulon prediction, and genome-scale modeling to reconstruct an integrated view of 
the metabolic and regulatory network of C. bescii. The complete genomes of thirteen species of 
Caldicellulosiruptor were used for ortholog mapping and comparative analysis. Functional gene 
assignments, genome context analysis, comparative analysis of orthologous genes and DNA upstream 
regions, gene co-occurrence analysis and protein similarity searches were performed in the SEED 
environment (1). We also used genome annotations from Swiss-Prot, KEGG, TCDB, and RegPrecise 
databases and published experimental data. The previously generated RNASeq datasets for whole-
genome gene expression and transcriptional start sites obtained for C. bescii grown on five different 
carbon sources (glucose, xylose, cellobiose, xylan, cellulose) were used for validation of 
reconstructed transcriptional regulons and for refinement of transporter specificities. The curation of a 
genome-scale model (GEM) was done with the support of PSAMM software (2) to incorporate the 



  

  

known and predicted metabolic functions of enzymes and transporters.  
The global reconstruction of carbohydrate utilization includes almost 200 C. bescii genes, 

encoding enzymes, transporters and transcription factors (TFs), involved in more than 20 distinct 
pathways for the utilization of various carbohydrates. Using comparative genomics, we identified ab 
initio novel DNA-binding motifs and reconstructed regulatory networks for 24 TFs controlling 
individual sugar catabolic pathways. The global reconstruction of carbohydrate utilization is being 
integrated with a C. bescii GEM, which contains 721 metabolites and 772 metabolic reactions 
associated with 520 metabolic genes, covering 17% or the entire genome and 73% of the metabolic 
and carbohydrate transport genes in C. bescii. Besides the carbohydrate utilization pathways, the C. 
bescii GEM contains a diverse range of catabolic and anabolic pathways, including central carbon 
metabolism and the biosynthesis of proteins, nucleotides, lipids, vitamins, and cofactors. Biomass 
production of C. bescii is represented in the GEM using a biomass objective function that is carefully 
calibrated using experimental measurements of major cell components. Growth predictions made by 
the C. bescii GEM is validated through matching metabolic simulations to with growth measurements 
in batch and chemostat culture using defined media. This model serves as a stepping stone for the 
engineering of C. bescii strains to enable and enhance the yields of bio-based fuels and chemicals. 

  
IMPORTANCE In this study, we built a predictive model for simulating the metabolism of the non-model 
organism, C. bescii. The simulation predictions made by simulations can provide potential directions for the 
more efficient metabolic engineering of C. bescii. 
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Project Goals: We are using systems biology-guided approaches to develop a non-model, 
microbial metabolic engineering platform based on the most thermophilic lignocellulose-
degrading organism known, Caldicellulosiruptor bescii (Topt 78°C). This work leverages 
recent breakthrough improvements in the molecular genetic tools for C. bescii, 
complemented by a comprehensive understanding of its metabolism and physiology gained 
over the past decade of study in the PIs’ laboratories. We are applying the latest metabolic 
reconstruction and modeling approaches to optimize biomass to product conversion using 
switchgrass as a model plant, and acetone and other industrial chemicals as targets. The 
over-arching goal is to demonstrate that a non-model microorganism, specifically an 
extreme thermophile, can be a strategic metabolic engineering platform for industrial 
biotechnology using a systems biology-based approach. 
 

Bio-processing above 70°C can have important advantages over near-ambient operations. Highly 
genetically modified microorganisms typically have a fitness disadvantage and can be easily 
overtaken in culture by contaminating microbes. The high growth temperature of extreme 
thermophiles precludes growth or survival of virtually any contaminating organism or phage. 
This reduces operating costs associated with reactor sterilization and maintaining a sterile 
facility. In addition, at industrial scales, heat production from microbial metabolic activity vastly 
outweighs heat loss through bioreactor walls such that cooling can be required. Extreme 
thermophiles have the advantage that non-refrigerated cooling water can be used, and heating 
requirements can be met with low-grade steam, typically in excess capacity on plant sites.  
This project is leveraging recent developments in the PIs’ labs for C. bescii that enable the 
proposed effort (1-11). We are developing approaches that provide a comprehensive description 
of this bacterium’s physiology and metabolism to inform metabolic engineering strategies, 
validate the models with experimental data, and demonstrate that unpretreated lignocellulose can 
be converted into value-added industrial chemicals at bioreactor scale. The specific aims of this 
research are: 1) to construct and test a robust metabolic model based on a metabolic 
reconstruction of C. bescii growing on the simple sugars, glucose and xylose, 2) to construct and 
test a robust metabolic model of C. bescii growing on complex biomass-related sugars, cellulose 
and xylan, 3) to optimize the production of acetone and other industrial chemicals from simple 
sugars guided by metabolic modeling, and 4) to demonstrate conversion of cellulose, xylan, 
cellulose/xylan, and the model biomass switchgrass to valuable fermentation products. 



  
At present, high temperature chemostat cultures are being used in conjunction with 
transcriptomic analysis to determine bioenergetic parameters and gene regulation patterns for C. 
bescii growth on lignocellulose-relevant sugars, including glucose, xylose, cellulose, and xylan. 
Notably, an alternative glycolytic pathway was recently identified in C. bescii, and the role of 
this pathway in regulating redox pools and electron flux is currently under investigation (12). 
Additionally, a strain of C. bescii has now been engineered to produce acetone during growth on 
cellobiose. Furthermore, vectors for engineering strains to produce other industrial chemicals 
have been constructed. These efforts are informing comprehensive metabolic reconstruction and 
modeling analyses with the ultimate goal of optimizing the production of useful products from 
renewable feedstocks by recombinant strains of C. bescii. 
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Project Goals: ENIGMA -Ecosystems and Networks Integrated with Genes and Molecular 
Assemblies use a systems biology approach to understand the interaction between 
microbial communities and the ecosystems that they inhabit. To link genetic, ecological, 
and environmental factors to the structure and function of microbial communities, 
ENIGMA integrates and develops laboratory, field, and computational methods.  

 
Metagenomics facilitates the study of the genetic information from unculturable microbes and 
complex microbial communities, but achieving complete microbial genomes (i.e., circular) from 
metagenomics data is difficult because of inherent qualities of short read sequencing data and 
assembly and binning methods currently available. To our knowledge, only 62 circularized 
genomes have been assembled from metagenomics data despite the thousands of datasets that are 
available. We believe that circularized genomes are important for (1) building a reference 
collection as scaffolds for future assemblies, (2) providing complete gene content of a genome, 
(3) confirming little or no contamination of a genome, (4) studying the genomic context of 
genes, and (5) linking protein coding genes to ribosomal RNA genes to aid metabolic inference 
in 16S rRNA gene sequencing studies. We developed a method to achieve circularized genomes 
using iterative assembly, binning, and read mapping. In addition, this method exposes potential 
misassemblies from k-mer based assemblies.  We chose species of the Candidate Phyla 
Radiation (CPR) to focus our initial efforts because they have small genomes and are only 
known to have one copy of the ribosomal RNA genes. From our work, we present 42 CPR 
genomes and one Margulisbacteria genome from 19 published datasets and from ENIGMA 
sequencing of sediment and groundwater samples from Oak Ridge National Lab Field Research 
Center.  We demonstrate findings that would likely be difficult without circularized genomes, 
including that ribosomal genes are likely not operonic in the majority of CPR, diverged forms of 
RNase P in CPR, and presence of megaplasmids in the datasets. 
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Project Goals: ENIGMA -Ecosystems and Networks Integrated with Genes and Molecular 
Assemblies use a systems biology approach to understand the interaction between 
microbial communities and the ecosystems they inhabit. To link genetic, ecological, and 
environmental factors to the structure and function of microbial communities, ENIGMA 
integrates and develops laboratory, field, and computational methods. Thus, ENIGMA has 
been organized into several campaigns involving multiple institutes with varying expertise. 
Here we describe the core efforts of the Environmental Simulation and Modeling campaign 
(EnvSim) to establish synthetic communities to discover, characterize, and dissect key microbial 
processes relevant to field observations, in particular as they relate to denitrification and the 
emission of the greenhouse gas nitrous oxide (N2O).  
 
The Environmental Simulation and Modeling campaign (EnvSim) has strategically aligned 
efforts across ENIGMA to address two major sets of hypotheses relevant to ecologically 
important phenomena observed at the Oak Ridge Field Research Center (FRC). The first 
hypothesis, which originated from field observations, was that sulfate respiration and nitrate 
respiration processes operate in mutual exclusivity down the transect of a sediment core. Using 
the field isolate (Intrasporangium calvum C5) this phenomenon was simulated and the 
mechanistic underpinnings delineated through laboratory investigations. Insights from this study 
are currently being tested back at the FRC using groundwater chemostats to demonstrate the 
“field-to-lab-to-field” iteration model employed across ENIGMA for investigating a 
phenomenon that emerged through the investigations of complex interactions within a microbial 
community. The second set of hypotheses being tested by the EnvSim campaign involve the 
interplay of biotic and abiotic factors that lead to N2O emissions at the FRC. It has been shown 
that in FRC wells which have a lower pH (~6.5 - 3) tend to have higher concentrations of N2O. 
The EnvSim campaign has deduced four potential mechanisms that may account for the N2O 
emissions at the FRC and are currently being investigated by labs across ENIGMA. 
Denitrification at the FRC1 may be driven by complete denitrifiers, however, their NosZ 
enzymes, which catalyze the final step in denitrification by converting N2O to N2, may be 
sensitive at lower pHs. Additionally, the denitrification process could be partitioned among 
organisms and some may have pH-sensitive NosZ genes. Another factor contributing to variable 
N2O emissions relates to the metal co-factors involved in the denitrification pathway2,3. For 
instance, excess Cu, Al, Mn, U, Ni, Co, Cu, and/or Cd may have inhibitory effects on multiple 



enzymatic steps during denitrification, while the enzymatic production of nitrite, the precursor of 
N2O, can be limited by the essential metal Mo. Lastly, abiotic production of N2O may occur as a 
result of chemodenitrification, in which metals like Fe, Mn, and some organic compounds can 
drive redox reactions that convert nitrogen cycle intermediates to N2O under the right 
conditions4. 
 Here, we describe an important subset of ongoing collaborative projects that are 
dissecting the above hypotheses. We highlight the complementary nature of each project and 
how the use of different reactor systems answer distinct questions, which provides important 
information and data that can be funneled into our predictive models. For instance, we are using 
column reactors and highly controlled, constantly stirred, planktonic reactors to study how 
microbial community structure and function changes in response to pH shifts, oxygen 
concentrations, and sulfurous compounds. Batch culture experiments are being used to study the 
abiotic and biotic impacts of metals on denitrification processes. In addition, transcriptomic 
analysis of these experiments are aiding the construction of a metabolic and gene regulatory 
network model. Importantly, the work being showcased illustrates the field-to-lab and lab-to-
field framework of the ENIGMA campaign strategy. 
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Project Goals: ENIGMA -Ecosystems and Networks Integrated with Genes and Molecular 
Assemblies use a systems biology approach to understand the interaction between 
microbial communities and the ecosystems that they inhabit. To link genetic, ecological, 
and environmental factors to the structure and function of microbial communities, 
ENIGMA integrates and develops laboratory, field, and computational methods.  

In this project, we aim to: 1) differentiate the multiple sources of dissolved organic nitrogen 
(DON) in FRC contaminated groundwater via isotopic and elemental analysis; 2) quantify the 
contributions of DON in FRC contaminated groundwater during four successive seasons using 
stable isotope analysis in R (SIAR) mixing model; 3) verify the impact of source on labile 
fractions of DON in groundwater. 

Abstract 

DON constitutes a major pool of dissolved N in many aquatic ecosystems, playing an important 
role in biogeochemical cycling of both carbon (C) and N. Our recent work on natural organic 
matter at FRC indicated that dissolved organic nitrogen (DON) contributes to more than 50% of 
dissolved N pool in uncontaminated sediments, serving as an important source of C and N for 
microbes when labile C is limiting. Although considerable research has been carried out on 
dissolved inorganic N (DIN) transformation at FRC, the role of DON is largely unknown and has 
been overlooked thus far. Variations in source determine the quantity and quality of DON, 
therefore greatly affecting the microbial turnover of DON, and resultant microbial community 
structure. Stable isotope signature at natural abundance is a powerful tool in source 
fingerprinting of bulk C and N in soil and sediment, as well as nitrate in aquatic environments. 
However, only a handful of studies have been reported on isotopic survey of DON in marine, 
lake, and soil environments, none available for groundwater.  

To obtain baseline information of DON in Oak Ridge FRC groundwater, we investigated the 
quantity and quality of dissolve organic matter (DOM) in groundwater during an ENIGMA 2-
month sampling campaign, carried out in spring 2019 (mid March to mid May) at both FRC 
uncontaminated background area and nitrate contaminated area. Both DON and DOC content in 
nitrate-contaminated wells during late campaign period (mid April to mid May) was significantly 
lower (p < 0.05) than those during early campaign period. This suggests the existence of a 



temporal fluctuation of DON quantity in FRC groundwater especially at nitrate-contaminated 
area, and the fluctuation can likely be explained as dilution by water from melting existing 
snowpack on ground. DOM quality in groundwater changed during this period as well. We used 
the ratio of ON to OC (ON/OC) as an indicator of DOM quality. During late campaign period 
(mid April to mid May), the ON/OC decreased in nitrate-contaminated groundwater, indicating 
that water input from melting snowpack potentially introduces different types of DOM (N-poor 
molecules) to groundwater. 

Following up on these observations we are developing a reliable analytical method to measure N 
isotope signature of trace level of DON in groundwater. Currently, there is no well-established 
method for directly measuring δ15N-DON in environmental water sample. We are testing solid-
phase extraction based methods to concentrate trace level of DON from groundwater and to 
eliminate inorganic N such as nitrate and ammonium. We are testing different sorbents, and will 
apply Elemental Analyzer-Isotope Ratio Mass Spectrometry (EA-IRMS) for measuring δ15N-
DON in the solid sorbents.  
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Project Goals: ENIGMA (Ecosystems and Networks Integrated with Genes and Molecular 
Assemblies) uses a systems biology approach to understand the interaction between 
microbial communities and the ecosystems that they inhabit. To link genetic, ecological, 
and environmental factors to the structure and function of microbial communities, 
ENIGMA integrates and develops laboratory, field, and computational methods.  

Primary motivations for studying the subsurface are to expand what is known about Earth’s 
microbial diversity and the subsurface microorganisms under low nutrient conditions that 
significantly impact C, S, N, P and mineral cycles. However, on an ecosystem scale, there is 
limited information regarding the exact relationship between microbial diversity, environmental 
parameters, and biogeochemical processes between subsurface groundwater and porous media 
(i.e., sediment). The Department of Energy ENIGMA Scientific Focus Area seeks to map the 
causal interactions that constrain microbial community assembly, functionality, and dispersal in 
chemically and physically complex environments. We recently initiated an in depth study of 
microbial distribution and activity throughout sediment and water compartments in the shallow 
subsurface at the Oak Ridge Field Research Center, a site of nuclear weapon development during 
the Manhattan Project.  

We hypothesize that strong gradients of pH, heavy metals, nitrate, and other contaminants at the 
site influence the distribution, structure, and activity of microbial communities. We performed 
large-scale analysis of two sediment cores and associated groundwater for which we produced 
depth-index data sets of physical, chemical, bulk biological and sequencing measurements.  One 
core (466 cm) was from a region outside the area of heavy chemical contamination and the other 
core (815 cm) from within the contaminated area. We divided the cores into ~23 cm segments 
for processing, resulting in 56 segments which allowed a finer-grained analysis of the vertical 
transect as compared to other subsurface studies.  
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We observed differences in diversity and distribution of dominant metabolisms between the 
heavily contaminated and less contaminated cores. The heavily contaminated core was less 
diverse as measured by 16S amplicon sequencing.  Approximately 250 exact sequence variants 
(ESVs) accounted for half the observed reads in the heavily contaminated core as compared to 
660 from the uncontaminated core, suggesting strong selective pressure from contamination. In 
general, there is little overlap in ESVs between the two cores (~300-350 meters apart). Analysis 
of ESV distribution and inferred functional potential using FAPROTAX suggests that the less 
contaminated core has strongly ordered communities with well-defined functional zones for 
nitrification, denitrification, methanogenesis, and sulfate reduction, and that these functions are 
carried out by specific diverse subcommunities differentially distributed with depth. There was a 
clear interplay among communities mediating denitrification, methanogenesis, and sulfate 
reduction within the variably saturated zone. These metabolisms are also correlated with the 
presence of key chemical constraints, such as uranium, nitrate, and pH, not just location in the 
core. Conversely, the heavily contaminated core has a far more heterogenous population 
structure with little evident intersegmental transfer (i.e., little mixing between adjacent layers). 
Within the heavily contaminated core we observed two distinct cosmopolitan communities: (1) a 
large and diverse community enriched in denitrifying organisms and (2) a less diverse highly 
abundant community not clearly enriched in any metabolism. We found that the ENIGMA 
isolate collection is not representative of all of the organisms in the cores, but in some cases we 
have greater than 80% coverage of the strains present in a subcommunity. Based on the isolates 
we have and the strong chemical and physical correlates to specific community compositions, we 
are currently in the process of generating enrichments and synthetic communities representative 
of each of the identified subcommunities. From activity assays, we identified a competitive 
exclusion of sulfate reduction and denitrification; species representative of these metabolisms are 
found and enriched in different locations in the core. This exclusion was further supported by 
shotgun metagenomics. From 22 groundwater and 91 sediment shotgun metagenomes, we have 
successfully circularized 8 genomes and have over 50 genomes with >98% completeness and 
<2% contamination.  We are tracking these genomes with depth in the core and analyzing the 
potential functional roles of these organisms in denitrification and sulfate reduction.  

To distinguish intact and potentially viable cells from “relic” DNA, we used complementary 
culture-independent methods to determine respiratory rates and identify the active fractions of 
microbial assemblages from groundwater and sediment. Groundwater from the less contaminated 
area had higher diversity and three- to four-fold higher activity than heavily contaminated 
samples. Additionally, in the less contaminated area, the activity on a per cell basis was two to 
three-fold greater for planktonic cells compared to particle associated organisms, with small cells 
(<0.1µm) contributing up to 19% of total activity. Conversely, in heavily contaminated aquifers, 
activity was greater for sediment-associated cells. To understand the distribution of the active 
ESVs across the ORNL landscape we are analyzing the top active ESVs and checking their 
abundance in historic 16S rRNA sequence data from nearly 100 wells from ORFRC. 

This study integrates over 12 measures of microbial community composition, activity, and 
environmental controls to provide new insights into how contamination impacts the distribution 
of activity between attached and planktonic populations in subsurface microbial communities. 
The application and refinement of in situ measurements spanning different scales will aid in the 
development predictive frameworks for understanding large scale biogeochemical cycling from 
groundwater environments. 
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Project Goals: ENIGMA -Ecosystems and Networks Integrated with Genes and Molecular 
Assemblies use a systems biology approach to understand the interaction between 
microbial communities and the ecosystems that they inhabit. To link genetic, ecological, 
and environmental factors to the structure and function of microbial communities, 
ENIGMA integrates and develops laboratory, field, and computational methods.  

Linking field observations with laboratory studies and vice versa is essential for advancing 
predictive understanding of environmental systems and for stewardship of those systems.  
However, some environments that provide critical ecosystem services, such as the subsurface 
and groundwater systems, are extremely difficult to sample and monitor in real-time, and doing 
so is both expensive and invasive.  Thus, nondestructive approaches to process analyses are 
essential tools for connecting lab and environment.  To this end, we are developing protocols that 
use the flux and isotopic composition of the greenhouse gas nitrous oxide to resolve alternative 
biotic (e.g., nitrification and denitrification) and abiotic processes, such as iron catalyzed 
reduction of nitrite, that contribute to its emission from the subsurface.  ENIGMA has developed 
a program to connect measurements of nitrous oxide to biologically mediated processes through 
field observations (For more information on ENIGMA field observations see “Spatiotemporal 
Dynamics of Groundwater and Sediment: Geochemistry, Microbial Communities and Activities 
in a Contaminated Aquifer” by Walker et. al.) and laboratory simulations (For more information 
on ENIGMA lab to field plan see “A Multi-Laboratory Effort to Use Synthetic Communities to 
Discover, Characterize, and Dissect Key Microbial Processes Relevant to Field Observations” by 
Valenzuela et. al.), thereby establishing a noninvasive metric for quantifying activity without 
destructive sampling. 
 
Contamination by nitrogen species is a concern in many terrestrial and aquatic environments 
impacted by past and current human activities, including release associated with intensive 
agriculture and industrial activity, and from wastewater treatment.  This contamination has been 
shown to lead to altered plant, animal, and microbial communities and to increased production of 
the greenhouse gas nitrous oxide, primarily through either nitrification or denitrification.  The 
subsurface of the Field Research Center (FRC), near Oak Ridge National Lab in Tennessee, has 
been contaminated with low pH (3-7), heavy metal laden nitrate (~10 g/l) for decades.  To 
understand how this contamination has influenced subsurface processes we are investigating 
environmental variables influencing nitrous oxide emissions, considering both biotic and abiotic 
contributions to this important greenhouse gas.  By using flux analysis and isotopic 



characterization of nitrous oxide, combined with complementary molecular and chemical 
characterization of multiple observation wells, we anticipate developing a more predictive 
understanding of the controlling variables.  Current analyses are focused on wells positioned at 
different depths and spanning a range of pH, nitrate contamination, and metals contamination to 
resolve biotic and abiotic sources of production and to identify controlling environmental 
variables.  Initial data sets have revealed that subsurface fluxes are orders of magnitude higher 
than those observed in other systems, including agricultural soils and the marine oxygen minimal 
zone.  In contrast, the observed surface fluxes are in the range observed for other sites, indicating 
additional consumptive processes within the vadose zone that mitigate surface emissions.  

Funding statement: ENIGMA is a Scientific Focus Area Program at Lawrence Berkeley National 
Laboratory and is supported by the Office of Science, Office of Biological and Environmental 
Research, of the U.S. Department of Energy under Contract No. DE-AC02-05CH11231. 
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Project Goals: ENIGMA (Ecosystems and Networks Integrated with Genes and Molecular 
Assemblies) uses a systems biology approach to understand the interaction between microbial 
communities and the ecosystems that they inhabit. To link genetic, ecological, and environmental 
factors to the structure and function of microbial communities, ENIGMA integrates and develops 
laboratory, field, and computational methods.  

There is an urgent need to improve our understanding of the connections between microbial community 
composition and interactions to their in situ activities. Recently, we reported the implementation of 
BONCAT (Biorthogonal Non-Canonical Amino Acid Tagging) to capture the translationally active cells 
in soils[1] from Oak Ridge, TN. When comparing microbial populations from two soil depths incubated 
under the same conditions for seven days, we found that active populations ranged from 25 – 75% of total 
cells, and accounted for 3-4 million active cells per gram of soil. The BONCAT positive cell fraction for 
each depth was recovered by fluorescence activated cell sorting (FACS) and identified by16S amplicon 
sequencing. On average, 86% of sequence reads recovered from the active community shared >97% 
sequence similarity with cultured isolates from the same location suggesting that we can use our existing 
isolate collection to construct synthetic communities (SynComs) designed to mimic active populations 
and investigate relevant microbial interactions, especially resource partitioning. 

Currently, tracking growth rates and resource use in mixed communities is technically challenging. 
Significant progress has been made using sequencing-based approaches. However, there are limitations in 
sensitivity and throughput. Use of mass spectrometry for analysis of strain specific protein biomarkers 
represents an alternative and promising complementary approach. This approach is routinely used for 
rapid, highly sensitive identification of bacteria in clinical settings. We are adapted this protein-profiling 
approach for use with stable isotope probing to both determine community structure and track resource 
partitioning in our BONCAT positive SynCom experiments. This is accomplished by using strain-specific 
biomarker profiling with matrix-assisted laser desorption/ionization time-of-flight mass spectrometry. 
Initial results show that this approach accurately quantified individual strain abundance in a mixed 
community of six different bacterial strains. Using exometabolomics profiling, we have predicted co-
culture resource partitioning and are now feeding the SynComs with stable isotope labeled forms of these 
metabolites.  With this approach, we will track label incorporation into newly synthesized protein 
biomarkers to compare metabolite use in pure cultures vs. SynComs. These integrated technologies will 
provide important new insights into resource competition and cross-feeding within sediment communities 
to help address our science goals.  
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Project Goals: ENIGMA -Ecosystems and Networks Integrated with Genes and Molecular 
Assemblies use a systems biology approach to understand the interaction between 
microbial communities and the ecosystems that they inhabit. To link genetic, ecological, 
and environmental factors to the structure and function of microbial communities, 
ENIGMA integrates and develops laboratory, field, and computational methods.  

We aim to obtain novel genomes with high quality (of completeness and contamination) from 
ENIGMA samples through single-cell sequencing and integrate them into KBase as good 
references for not-yet cultured bacteria in natural environments.  

As sequencing becomes less expensive, researchers are turning from 16S rRNA surveys to 
metagenomics in order to add a new level of functional and phylogenetic resolution to their 
sequence-based analyses. Metagenomic data harbors additional layers of data on population 
structure, strain dynamics, and genome evolution that cannot be inferred from 16S alone. Yet, 
powerful and user-friendly tools for the analysis of this data are not publicly available.  

Microbial communities across nearly all biological systems, from sediment to groundwater, are 
diverse, dynamic ecosystems comprised of genetically diverse populations. Such diversity can be 
broad, as between species, as well as, within populations, as in strains of species. Typical 
metagenomic approaches explore this diversity in a manner than loses information the genomes 
of individual cells. In contrast, characterizations at the individual cell level yield information 
about interactions between organisms, such as between bacteria and phage, as well as strain level 
differences within a population. However, Public available genomes are good resources as 
reference for functional and taxonomy annotation, while most of them are culturable species 
from host-associated environments. Genomes of good quality and novelty are lacking to serve as 
references for not-yet cultured bacteria in natural environments. Thus, population genetic and 
evolutionary data analysis tools within the KBase environment and single cell sequencing of 
ENIGMA samples could have an outsize impact on environmental microbiology research. 

Here we report new functions that we add to the KBase environment to catalyze metagenomic 
data analysis. First, we have built a standard and comprehensive set of reference genomes to 
which metagenomic reads can be compared. We have designed the pipeline to compare 
metagenomes to references and tested it in our samples. We built the estimators of strain level 



nucleotide diversity, and even inference of strain genomes. We designed the tools to study 
within-population genome rearrangements and mutations. We published one compact tool, the 
meta_decoder (https://github.com/caozhichongchong/meta_decoder), that automatically 
identifies and compares the bacterial strains, mobile genetic elements, and phase variation across 
samples. We have tested meta_decoder using simulated datasets and we are now applying it to 
ENIGMA genomes and metagenomes. 

We profiled 15,343 single genomes by droplet microfluidics (Microbe-seq) of an enigma 
groundwater sample GW-FW-305. We assembled many genomes, including 16 high quality 
bacterial genomes, > 75% completion and < 5% genomic redundancy. Several genomes were 
>97% complete and < 1% redundant, characteristics that are unusual for traditional metagenomes 
from a single sample. We uploaded these novel genomes with high quality (of completeness and 
contamination) into KBase as good references for not-yet cultured bacteria in natural 
environments. 

We collaborate with ENIGMA data management team (John-Marc Chandonia) and KBase team 
(Dylan Chivian). The ENIGMA data we use is the Pseudomonas genomes from Lauren M. Lui 
(Arkin Lab). 
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Project Goals: ENIGMA -Ecosystems and Networks Integrated with Genes and Molecular 
Assemblies use a systems biology approach to understand the interaction between 
microbial communities and the ecosystems that they inhabit. To link genetic, ecological, 
and environmental factors to the structure and function of microbial communities, 
ENIGMA integrates and develops laboratory, field, and computational methods.  

 Over many years of isolation efforts, ENIGMA has leveraged a network of groundwater 
wells at the Oak Ridge Field Research Site in which multi-dimensional gradients of inorganic ion 
contaminants are a complex combinatorial constraint on the microbiome to amass a large culture 
collection.  The microbial isolates in this collection represent a significant percentage of the 
culturable microbial populations from this contaminated aquifer.   Genome sequencing of 
hundreds of these isolates has revealed both macro and microdiversity, and the isolates display a 
range of phenotypes with respect to metal resistance, energy metabolism and nutrient utilization. 
We are using this phenotypic variation to infer the probable niche and range of the various sub-
populations.  Comparison of laboratory phenotypic characterization with field survey data 
enables the inference of probable selective pressures acting on the microbiome in the field.  
Through streamlining genetics and scaling gene function discovery in our isolates, we are linking 
specific genetic mechanisms of survival or sensitivity to field relevant selective pressures.  The 
observations and tools developed through these efforts are being propagated through publicly 
available web interfaces and KBase to facilitate new discoveries from across the scientific 
community.   
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Project Goals: ENIGMA -Ecosystems and Networks Integrated with Genes and Molecular 
Assemblies use a systems biology approach to understand the interaction between 
microbial communities and the ecosystems that they inhabit. To link genetic, ecological, 
and environmental factors to the structure and function of microbial communities, 
ENIGMA integrates and develops laboratory, field, and computational methods.  

Abstract:  Respiratory and catabolic pathways are differentially distributed in microbial 
genomes.  Thus, specific carbon sources may favor different respiratory processes.  We profiled 
the influence of 94 carbon sources on the end-products of nitrate respiration in microbial 
enrichment cultures from diverse terrestrial environments.  We found that some carbon sources 
consistently favor dissimilatory nitrate reduction to ammonium (DNRA/nitrate ammonification) 
while other carbon sources favor nitrite accumulation or denitrification.  For an enrichment 
culture from aquatic sediment, we sequenced the genomes of the most abundant strains, matched 
these genomes to 16S rDNA exact sequence variants (ESVs), and used 16S rDNA amplicon 
sequencing to track the differential enrichment of functionally distinct ESVs on different carbon 
sources.   We found that changes in the abundances of strains with different genetic potentials for 
nitrite accumulation, DNRA or denitrification were correlated with the nitrite or ammonium 
concentrations in the enrichment cultures recovered on different carbon sources.  Specifically, 
we found that either L-sorbose or D-cellobiose enriched for a Klebsiella nitrite accumulator, 
other sugars enriched for an Escherichia nitrate ammonifier, and citrate or formate enriched for a 
Pseudomonas denitrifier and a Sulfurospirillum nitrate ammonifier.  Our results add important 
nuance to the current paradigm that higher concentrations of carbon will always favor DNRA 
over denitrification or nitrite accumulation, and we propose that, in some cases, carbon 
composition can be as important as carbon concentration in determining nitrate respiratory end-
products.   Furthermore, our approach can be extended to other environments and metabolisms to 
characterize how selective parameters influence microbial community composition, gene content 
and function.   
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Project Goals: ENIGMA -Ecosystems and Networks Integrated with Genes and Molecular 
Assemblies use a systems biology approach to understand the interaction between 
microbial communities and the ecosystems that they inhabit. To link genetic, ecological, 
and environmental factors to the structure and function of microbial communities, 
ENIGMA integrates and develops laboratory, field, and computational methods.   

Spatiotemporal variability of groundwater levels and sources could greatly impact the 
geochemistry and the drift, dispersal, and selection of associated microbial communities. As a 
pilot study, one uncontaminated site and two contaminated sites (Area 2 and Area 3) at the DOE 
Oak Ridge Reservation Y-12 Complex in Oak Ridge, Tennessee, were selected for bi-weekly 
sampling. Three groundwater wells at each site were sampled for geochemistry and microbial 
activity measurements. Groundwater was also filtered in succession through 10 µm, 0.2 µm and 
0.1µm filters for assessment of microbial communities (16S and metagenomic). After 
completing five sampling time points from March to May 2019, the preliminary results of 
bacterial communities revealed distinct succession patterns affected by contamination and cell 
size. For the uncontaminated site and Area 2, total microbial cell counts ranged between 5 to 18 
x 106 cells /ml and the counts for Area 3 averaged between 2 to 8 x 106 cells/ml. Cell counts for 
most contaminated site (Area 3) were more consistent over time when compared to the other two 
sites. Total microbial activity was assessed via the uptake of 3H-leucine. Activity measurements 
changed temporally and were an order of magnitude higher for uncontaminated wells compared 
to the contaminated wells (1-3 x 10-5 ng C/cell/d versus 0.6-8 x 10-6 ng C/cell/d, respectively).  
The changes in total microbial activity did not always correlate to changes in microbial cell 
numbers. These results suggest that not all microbes were active over the same times and places 
(i.e., mechanisms of dispersal and selection were likely impacting different populations 
spatiotemporally). The bacterial communities from contaminated wells (Area 2 and 3) were 
similar in diversity and structure compared to those in uncontaminated wells. The unique ESVs 
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respective to each well (contaminated or uncontaminated) were typically lower in abundance 
compared to ESVs detected across areas and wells. The results supported environmental 
filtering, particularly in contaminated wells, for unique, low-abundance populations. In addition, 
detected ESVs from the 0.1µm filters showed decreased relative abundance of area-specific 
species over time, but ESVs from larger fractions (0.2µm to 10µm) did not. While larger-size 
bacteria from different wells always showed different community structure, small-size bacteria 
from different areas became convergent after late April. This implicates the influence of 
migration, corresponding to precipitation changes in April and May that coincided with observed 
changes in the dO18 values of groundwater. While a- and/or b-Proteobacteria generally 
dominated in larger-size bacteria, the phylum Bacteroidetes significantly increased or even 
predominated in the small-size fraction after late April, mainly attributed to the genus 
Hydrotalea. Sulfate-reducing bacteria, a relevant functional group at this site, belonged to the 
orders Syntrophobacterales and Desulfobacterales, which were nearly undetectable in small-size 
bacteria. In contrast, Rhodanobacter, a dominant genus in contaminated wells of this site, was 
detectable in different size fractions and showed decreased relative abundance after late April. 
These preliminary data demonstrated the value of more frequent sampling for an in-depth time 
series analysis.  

Starting in July 2019 a comprehensive, high-resolution time series survey of 27 wells was carried 
out to obtain diurnal and seasonal fluctuations within three levels (mild, moderate, and high) of 
nitrate and heavy metal contamination. With this data, we aim to model these areas and study 
changes within the attached and unattached microbial communities in relation to groundwater 
geochemistry. Measurements were gathered from 27 previously established groundwater wells 
four days/week over the span of 17 weeks (70 days total, July to December) to build both diurnal 
and seasonal time series. In-field geochemical measurements were obtained for dissolved oxygen 
(DO), pH, conductivity, oxidation-reduction potential (ORP), and nitrate concentration. Samples 
were also taken for metals, anions, organic acids, and total organic and inorganic C/N. 
Preliminary results show diurnal and seasonal changes in geochemistry with wide variations 
between each well and levels of contamination. Additionally, one well in each level of 
contamination (3 wells total) was selected to complete a “deep-dive” analysis by sampling for 
microbial communities in groundwater (unattached) and sediment (attached). Groundwater was 
filtered through 8µm and 0.2µm filters for 16S rRNA and metagenomic analysis for a total of 
420 filters. In each of the three “deep-dive” wells, 18 unamended sediment traps were deployed 
throughout the sampling period in order to complete a time series soil analysis. The attached 
microbial communities and soil geochemistry will be compared to the unattached communities 
and groundwater geochemistry. Results for each stage of analysis will be linked to groundwater 
flow vectors and on-site weather data. With this data, we aim to establish a predictive systems 
model to understand potential distribution of microbial communities and associated activities in 
the shallow subsurface. 
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Project Goals: ENIGMA (Ecosystems and Networks Integrated with Genes and Molecular 
Assemblies) uses a systems biology approach to understand the interaction between 
microbial communities and the ecosystems that they inhabit. To link genetic, ecological, 
and environmental factors to the structure and function of microbial communities, 
ENIGMA integrates and develops laboratory, field, and computational methods.  

One of the Grand Challenges of data science is to facilitate knowledge discovery by enabling datasets to 
be readily analyzable both by humans and by machine learning algorithms.  In 2016, a diverse group of 
stakeholders formalized a concise and measurable set of principles, called FAIR, to increase the utility of 
datasets for the purpose of knowledge discovery.  The four principles of FAIR are Findability, 
Accessibility, Interoperability, and Reusability.  Findability means that data are assigned stable 
identifiers, and properly indexed.  Accessibility means the data are easily retrievable by people authorized 
to have access.  Interoperability means the data are clearly documented using a formal language, in order 
to facilitate integrated analyses that span multiple datasets.  Reusability means the data are documented 
sufficiently well that it may be used by other people than those who originally generated it, and that the 
provenance of all data is clear. 

The latter two principles are particularly challenging, yet critical to achieve, for organizations such as 
ENIGMA that draw conclusions based on highly integrative analyses of many types of data generated by 
multiple labs.  Reusability can be difficult because non-specialized data formats often do not allow or 
require specification of key details, even basic ones such as units of measurement.  As a result, it can be 
challenging to reproduce or reuse data, because of undocumented assumptions and conventions. Ensuring 
Interoperability between datasets is hard for many of the same reasons: when different teams within an 
organization produce data, impedance matching must be done in order to perform an integrative analysis.  
Some sources of impedance are differing units, incompatible scaling or normalization of different 
datasets, and different identifiers used by different teams to refer to the same objects. 

We surveyed hundreds of data types throughout ENIGMA, and discovered that the vast majority of data 
(from raw assays to processed results) can be represented by a limited number of mathematical data 
models, such as multi-dimensional arrays of scalars.  We believe that this result is generalizable across 
many fields of research, and indeed, storage formats such as HDF5 and NetCDF-4, along with libraries 
such as Xarray, are well supported and widely used technologies. However, a common file format alone 
is not sufficient to ensure adherence to the FAIR principles of Interoperability and Reusability: in 



addition, all contents, dimensions, and units in these multidimensional arrays must be formally and 
rigorously documented. 

We developed the ENIGMA Data Clearinghouse, the first general-purpose platform that solves this 
problem.  This relies on three key technologies:  1) to rigorously document context for all data, we 
introduce the concept of a "contexton," or unit of context.  Contextons are built using "microtypes," which 
we define as atomic data types representing a simple concept relevant to a domain of interest.  Both rely 
on ontologies, which define a controlled vocabulary for describing a domain of interest.  Together, these 
microtypes and ontologies represent a language that allows users to formally describe all data in that 
instance in a way that is both Interoperable and Reusable.  2) Dynamic data types, which make up the 
vast majority of data, are defined by the users of the system as they are needed, by combining commonly 
used mathematical data structures with contextons.  This "building blocks" approach enables new data 
types to be defined as needed, with low costs, but also ensures that they are documented in the formal and 
rigorous manner that is necessary for Interoperability and Reusability of the data.  A limited number of 
static core types, which are fully specified traditional data structures, are also built using contextons in 
order to ensure Interoperability with the dynamic data.  These static core types include the system type 
Process, which is a special core type needed to document the provenance of each data object.  3) All 
static and dynamic data are referenced in an object graph, where nodes are static or dynamic datasets, and 
edges are processes.  This graph formally annotates the provenance of all data. 

In addition to storing ENIGMA data, the Data Clearinghouse includes rich functionality to make the 
system useful for data analysis, visualization, and managerial oversight.  This functionality includes 
graphing tools, advanced search, an upload wizard, and an API for merging data.  ENIGMA data 
scientists access the Clearinghouse through Jupyter notebooks, running in a shared directory of a server 
running JupyterHub.   

We are also collaborating with the KBase project to harden and deploy these technologies for use by 
ENIGMA team members as well as all other KBase users.  Until the time when these technologies are 
deployed for general use in KBase, we plan to continue to develop our API and store current ENIGMA 
datasets using the Data Clearinghouse server.  This will ensure that all current ENIGMA data types are 
compatible with our tools, and that all data can be seamlessly transferred to KBase when our technology 
is deployed there. 

ENIGMA is a Scientific Focus Area Program at Lawrence Berkeley National Laboratory and is 
supported by the Office of Science, Office of Biological and Environmental Research, of the U.S. 
Department of Energy under Contract No. DE-AC02-05CH11231. 
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Project Goals: 

The project’s overall goal is to develop optimal experimental campaigns to achieve a particular 
objective, namely metabolite yield alteration. The optimal experiments will be designed by 
quantifying the cost of uncertainty in the current predictive model—a transcriptional regulatory 
network model that regulates metabolism—and selecting the experiments that are expected to 
maximally reduce the model uncertainty that affects the attainment of the aforementioned 
objective. This approach will serve as a proof of principle, demonstrating the significant potential 
of computationally guided biology in areas directly relevant to BER’s missions. 
 
Any future bio-economy likely will include a spectrum of engineered organisms. As sources of 
economically valuable products, prokaryotes offer many beneficial attributes (e.g., rapid growth 
and diverse metabolic capabilities), including the production of multiple value-added products that 
can offset the cost of bioenergy products. However, the biological complexity and diversity of 
these organisms impede development of genome-wide engineering strategies. Lack of knowledge 
about proteins that participate in or regulate given processes presents a barrier to predictive 
engineering. Consequently, despite recent molecular advances with Clustered Regularly 
Interspaced Short Palindromic Repeats associated (CRISPR Cas)-based tools, knowing what and 
how to engineer organisms to achieve a desired goal remains a bottleneck, resulting in many 
genome engineering projects that do not meet expected outcomes. Even with simple organisms 
such as prokaryotes, knowledge is highly uncertain and incomplete. Understanding how these 
systems respond to an intervention is even less exhaustive. Thus, such paucity of knowledge 
regarding complex biological systems requires robust optimization strategies. 
 
To accelerate strain improvement strategies, significant paradigm shifts in life science research are 
needed, particularly a move toward tool development for optimizing and controlling highly 
uncertain systems. While computing infrastructures can assist bench scientists in designing 
experiments that can effectively fill knowledge gaps in biological networks, designing and 
implementing these infrastructures remain significant tasks. One valid and successful approach is 
to understand each component (regulation, transport, biochemical pathway, etc.) of the system via 
experiments that capture specific data points. However, data derived from biological experiments 
can be as complex as the organisms from which said information is collected. Data sets and 
experimental results are multifaceted, multidimensional, and originate from different sources (i.e., 
organisms), and interpretation often requires understanding and analyzing multiple fields of 
research. Consequently, engineered organisms may exhibit unanticipated outcomes. For example, 



a system designed for elevated levels of a given metabolite may not differ significantly from the 
parent strain because of unknown pathway branch points or regulation (i.e., “metabolic buffering 
capacity”). 
 
Addressing these challenges requires a probabilistic framework for integrative modeling of 
heterogeneous omics data (especially transcriptomics and metabolomics data), quantification of 
the uncertainty affecting the objective (i.e., strain improvement to optimize metabolite yield), and 
designing the optimal experiment that can effectively reduce this objective-based uncertainty. The 
MOCU (mean objective cost of uncertainty) concept and the MOCU-based OED framework 
proposed in this project are well suited for overcoming these challenges.  
 
This project exploits the team’s collective expertise in systems biology, high-performance 
computing, mathematical modeling, and control of uncertain complex systems to: (1) take 
advantage of existing models and data, even when there is uncertainty, to robustly predict optimal 
experiments; and (2) employ an OED framework to optimize the outcome in an efficient manner 
(i.e., fewer experiments and less guesswork), where optimization is achieved by optimally (most 
favorably) improving knowledge about the model (or the microbial system represented by the 
model) relevant to the objective. To achieve this goal, the team is using a multidisciplinary 
approach involving two interlinked aims. Aim 1 identifies, adapt, and implement the necessary 
algorithms to make OED applicable to biological problems by reducing the cost of uncertainty in 
cellular metabolism. This is achieved by inferring the transcriptional regulatory network (TRN) 
from E. coli gene expression compendia using a Bayesian network (BN) and employing the gene 
expression values predicted by the BN under various control actions/conditions to infer their 
impacts on the metabolite yield. The metabolic outcomes will then be predicted through flux 
balance analysis (FBA) with proper constraints on the metabolic pathways regulated by the TRN 
modeled by the BN. Aim 2 will define, execute, and iterate genome-scale engineering approaches 
guided by MOCU and MOCU-based OED using the aforementioned models in Aim 1. Realization 
of Aim 1 will yield robust predictions, even in the face of uncertainty (i.e., incomplete 
information), informing the model. In Aim 2, the necessary genome manipulations guided by these 
predictions will be performed to quantitatively assess their success and iterate. 
 
This research was supported by the DOE Office of Science, Office of Biological and 
Environmental Research (BER). 
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Project Goals: 
We propose integration of genome-scale modeling with genome engineering to optimize energy and 
metabolte flux through subcellular compartments to promote efficient production of high value and fuel-
related metabolites. Through the proposed research activities, we aim to construct streamlined artificial 
chromosomes encoding reprogrammed biological modules designed for in vivo optimization of electron 
flow efficiency, photosynthesis, and overall cellular growth while directing key metabolic precursors away 
from storage carbohydrates and into lipids or branched chain amino acids (BCAA). The underlying goal of 
the proposed research is to produce strains of diatoms encoding cellularly compartmentalized biosynthesis 
pathways on an artificial chromosome, with the natural genetic background altered to include knockouts of 
respective native genes as well as the installation of in vivo metabolite bioreporters. 
Abstract: 
Diatoms dominate phytoplankton communities by outcompeting other groups for nitrate, yet little is known 
about the mechanisms underpinning this ability. Genome and genome-enabled studies have shown that 
diatoms possess unique metabolic features compared to other phototrophs, such as mitochondrial glycolysis 
and the presence of a urea cycle. In diatoms, the cycle is known to be important for recovery from nitrogen 
limitation, however there are open questions about how the cycle is integrated within the cell-wide 
metabolic network. To develop a whole-cell level understanding of the impact of nitrogen source and status 
on Phaeodactylum tricornutum, we investigated gene expression and metabolic flux in in experiments 
aimed at eliciting shifts in nitrogen status over the short term. Using a combination of transcriptomics, 
proteomics, metabolomics, fluxomics, and flux balance analysis, we have arrived at a systems-level 
understanding of how nitrogen is assimilated and distributed within P. tricornutum. We found a high degree 
of metabolic network connectivity between the chloroplast and mitochondria of pathways at the critical 
intersection of carbon and nitrogen metabolism. We characterize the differentiated function of organellar 
GS-GOGAT cycles and describe aspartate and alanine systems used to exchange amino moieties between 
organelles. We also describe an arginine biosynthesis pathway that is split across organelles in diatoms, 
clarifying the role of the urea cycle. We propose that the unique configuration and high degree of metabolic 
integration between the major energy organelles allows diatoms to efficiently respond to changing nitrogen 
status, conferring an ecological advantage over other phytoplankton taxa. 
 

Supported by DE-SC0008593, Biological and Environmental Research 
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Project Goals: 
We propose integration of genome-scale modeling with genome engineering to optimize energy and 
metabolte flux through subcellular compartments to promote efficient production of high value and fuel-
related metabolites. Through the proposed research activities, we aim to construct streamlined artificial 
chromosomes encoding reprogrammed biological modules designed for in vivo optimization of electron 
flow efficiency, photosynthesis, and overall cellular growth while directing key metabolic precursors away 
from storage carbohydrates and into lipids or branched chain amino acids (BCAA). The underlying goal of 
the proposed research is to produce strains of diatoms encoding cellularly compartmentalized biosynthesis 
pathways on an artificial chromosome, with the natural genetic background altered to include knockouts of 
respective native genes as well as the installation of in vivo metabolite bioreporters. 
Abstract: 
Transcription factors (TFs) regulate gene expression by binding DNA in gene promoters and have an 
important role in activating the cellular response to shifting environmental conditions. To date, several 
diatom transcriptome studies have shown that suites of genes are co-expressed in response to shifting 
conditions (i.e. nutrients or light), identifying putative gene regulons. However, little is known about the 
roles or binding sites of specific TFs that elicit these transcriptional responses as only a few TFs have been 
characterized in diatoms. We investigated transcription factor binding sites, using a combination of 
bioinformatics-based promoter analysis and high-throughput in vitro DNA affinity purification sequencing 
(DAP-seq). DAP-seq enables genome-wide characterization of transcription factor binding sites. We 
identify a nitrate-response element enriched in the promoters of nitrate assimilation genes that is similar to 
the binding site for the human transcription factor ETS. We also characterize the optimal binding sites for 
different genes in the bZIP transcription factor family from P. tricornutum, facilitating description of the 
genes they regulate. Specific knowledge of promoter architecture is valuable for the development of tools 
for molecular investigations and genetic engineering of diatoms and is essential in order to understand how 
reprogramming of gene expression is accomplished to achieve appropriate cellular responses to 
environmental signals. 
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Modeling carbon metabolism of the diatom Phaeodactylum tricornutum during nitrogen 
starvation and during high light and low light conditions 
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https://www.jcvi.org/diatom-systems-biology 
 
Pt has the ability to store up to 45% of dry cell weight as triacylglycerol (TAG), a neutral lipid 
and precursor to biodiesel1. To take advantage of this innate ability, we need to understand how 
metabolic pathways adjust to changing environmental conditions. The goal of the project is to 
promote efficient production of high-value and fuel-related compounds through optimization of 
metabolic fluxes in the diatom Phaeodactylum tricornutum (Pt), a model photosynthetic 
eukaryotic microbe. Our lab focuses on using 13C metabolic flux analysis (MFA) to understand 
changes in metabolism by generating a quantitative flux map of the metabolic reaction 
network.2,3 To create the flux map, we use experimental measurements of growth, product 
formation, and stable isotope labeling to constrain a model of central carbon metabolism. We 
developed a model of Pt based on genomic annotations and incorporated subcellular 
compartments to reflect the organization of central carbon metabolism within the cell. We 
combined our model with experimental isotope labeling studies to elucidate the metabolism of Pt 
under conditions relevant for biomanufacturing. 
 
Our current focus is to investigate metabolic adjustments to variations in light and nitrogen 
availability, two variables which strongly impact Pt growth and lipid accumulation. Under low 
light growth conditions (60µE), we observed significantly higher chlorophyll content compared 
to the chlorophyll content at high light growth conditions (250µE). We also unearthed dramatic 
shifts in metabolic fluxes and pool sizes in Pt under nitrogen-limiting conditions. Particularly, 
most of the TCA cycle metabolite pool sizes were elevated while pool sizes of most nitrogen-
containing metabolites, except urea, decreased significantly. Our near-term goal is to use 13C 
MFA to understand how Pt metabolism adapts to various environmental conditions that are 
essential for maximizing TAG biosynthesis. 
 
(Supported by grant DE-SC0018344: Design, Synthesis, and Validation: Genome Scale 
Optimization of Energy Flux through Compartmentalized Metabolic Networks in a Model 
Photosynthetic Eukaryotic Microbe from the Department of Energy.) 
 
1 Hu, Q. et al. Microalgal triacylglycerols as feedstocks for biofuel production: perspectives and advances. Plant 
Journal 54, 621-639, doi:10.1111/j.1365-313X.2008.03492.x (2008). 
2 Jazmin, L.J. et al. Isotopically nonstationary 13C flux analysis of cyanobacterial isoburyaldehyde production. 
Metabolic Engineering 42, 9-18, https://doi.org/10.1016/j.ymben.2017.05.001 (2017)  



3 Ma, F. et al. Isotopically nonstationary 13C flux analysis of changes in Arabidopsis thaliana leaf metabolism due to 
high light acclimation. Proc Natl Acad Sci U S A. 111(47), 16967-16972, doi: 10.1073/pnas.131948511 (2014) 



Temporal profiles unravel resource allocation mechanisms under nitrogen starvation in the 

diatom Phaeodactylum tricornutum 

Juan D. Tibocha-Bonilla1, Cristal Zuniga1* (crzuniga@eng.ucsd.edu), Andrew E. Allen
2, and 

Karsten Zengler
1
 

1University of California, San Diego; 2J. Craig Venter Institute, San Diego 

The goal of this project is to gain new insights into the photosynthetic eukaryote Phaeodactylum 

tricornutum for bioenergy production using a systems biology approach. We integrated time-course 

target metabolomics data into a metabolic modeling framework to systematically identify and 

quantify the partitioning of carbon and nitrogen between cellular metabolism, cross-talk between 

organelles, and channeling of photosynthetic electron flows. 

Diverse conditions, i.e. growth during day and night, and compartmental cellular organization 
require phototrophs to shift their proteome demands and therefore adjust their metabolism and 
biomass composition during the course of growth. This complex interplay between energy and 
carbon metabolism and its dynamics in phototrophs is still not fully understood. Constraint-based 
modeling is a systems biology tool that contextualizes experimental data, such as uptake rates 
and biomass composition, for successful prediction of growth phenotypes. Currently, the lack of 
time-course biomass composition data has restricted prediction accuracy. Instead of 
recapitulating dynamic changes in cell composition, current models are forced to assume that the 
biomass remains constant. Here, we used experimentally determined metabolomics data to 
determine biomass composition constrains. Dynamic constraints were applied to our previously 
published genome-scale metabolic model of the diatom P. tricornutum

1. We identified temporal 
profiles of metabolic fluxes that indicate long-term trends in pathways and organelle-specific 
activities in response to nitrogen depletion. Additionally, a growth rate sensitivity analysis of 
time-course flux distributions enabled identifying the main metabolite affecting growth (e.g. 
amino acids and lipids). Surprisingly, our dynamic simulations hinted at free energy instead of 
the molecular weight as the main drivers of biosynthetic cost. Our P. tricornutum temporal-flux-
profiles will be used to enlarge the number of gene associations in the model by scanning 
dynamic transcriptomics data sets and by evaluating hidden metabolic and transport activities 
using our in-house developed tools2.  
References 

1. Levering, J. et al. Genome-scale model reveals metabolic basis of biomass partitioning in 
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Microbial decomposers of plant litter play an important role in carbon and nitrogen 

cycling in terrestrial systems. Past research has focused on the direct effects of global changes, 
such as increased temperature, added nitrogen, and reduced water, on microbial abundance and 
composition. However, there is limited understanding of the indirect effects that plant 
communities may have, via plant-microbe interactions, on the microbial response to climate 
change. Here we investigated how drought impacts bacterial communities:  directly through 
abiotic changes in water availability to the microbes and/or indirectly through changes in plant 
communities. To do this, we first surveyed the bacterial communities on plant litter within a 
decade long global change experiment applied to two adjacent ecosystems (a grassland and 
coastal sage scrub, CSS). The Loma-Ridge Global Change Experiment (LRGCE) employs a 
split-plot design where a nitrogen addition treatment is nested within plots receiving either 
ambient rainfall or a ~50% reduction in rainfall. Bacterial composition was characterized for 
each treatment over 2.5 years (n = 214) by 16S rRNA sequencing. We then conducted a 
reciprocal transplant experiment (n = 192) over 1.5 years to disentangle the abiotic effects of 
drought versus plant community effects on microbial composition. The cages contained sterile 
plant litter from grassland or CSS ambient plots and were inoculated with grass or CCS 
microbial communities exposed to ambient or drought conditions. To assay the response of the 
bacterial communities to the separate factors, we characterized composition and their functioning 
(mass loss) over time . Within the LRGCE, bacterial community composition differed greatly 
between the grassland and CSS ecosystems (explaining 12% of compositional variation), 
indicating a strong effect of the plant-litter substrate on the decomposer community. Drought 
also significantly altered bacterial community composition across both ecosystems (4% of the 
variation). However, drought had a much stronger effect on bacterial communities in the 
grassland than the CSS, suggesting that the influence of drought might be mediated by the plant 
community. The main taxonomic drivers to microbial drought response were among the most 
abundant genera overall in grassland or CSS, namely, Curtobacterium, Janthinobacterium, 
Pedobacter, and Methylobacterium. The reciprocal transplant experiment confirmed an indirect 
role of the plant community in the bacterial response to prolonged drought. Lastly, 
decomposition of the litter substrate was strongly dependent upon water availability and the 
ecosystem the plant-litter was taken from.  This work highlights the importance of considering 
plant-microbial interactions on the microbial response to climate change. 



 

Functional Analysis of Candidate Genes Involved in Oil Storage and Stability in Pennycress 
 
Emmanuel Ortiz1* (Emmanuel.Ortiz@unt.edu), Kent Chapman,1 Erich Grotewold,2 and Ana 
Paula Alonso1 
 
1University of North Texas, Denton; and 2Michigan State University, East Lansing 
 
Project Goals: 1) To investigate the function of candidate genes involved in lipid storage and 
stability using transient expression in Nicotiana benthamiana. 2) To use stable 
transformation to evaluate the impact of these candidate genes on lipid droplets, biomass 
content, lipid spatial distribution and composition in pennycress plants. 3) To characterize 
the effect that co-expression of these genes has on central metabolism and the temporal 
organization of storage lipids in developing pennycress seeds.  
 

The US military and commercial aviation industry together consume 20 billion gallons of jet 
fuel per year, the cost of which as more than tripled since 2000. In order to reduce the reliance on 
fossil fuels, and our environmental footprint as well as costs, it is imperative to develop renewable 
sources of aviation fuel. In recent years, pennycress (Thlaspi arvense L.) has been identified as a 
promising alternative oilseed crop suitable for aviation fuel production due to its high oil content 
and fatty acid composition. Biodiesel produced from pennycress exhibits excellent characteristics 
such as low could point temperature, pour point, and cold filter plugging point, with 50% less 
greenhouse gas emissions compared to petroleum-based fuel. Pennycress requires low agricultural 
inputs and can serve as a cover crop to utilize excess nitrogen, slow soil erosion, suppress weeds, 
and attract pollinators when grown in a summer/winter rotation cycle with other conventional 
commodity crops such as corn and soybean. Its yields reach 2,000 Lbs/acre, producing up to 100 
gallons of oil per acre, which is twice more than soybean or camelina (another bioenergy crop 
under consideration). Given that this crop could be grown in the 90 million-acre US Midwest Corn 
Belt without displacing commodity crops, pennycress has the potential to produce 9 billion gallons 
of aviation fuel per year, nearly meeting half of the national demand. 

Our group has been developing tools and resources to improve oil content and quality in 
pennycress (DE-SC0019233). Technoeconomic analyses of the costs associated with production 
and logistic operations revealed that pennycress would be more competitive than other crops 
considered for renewable jet fuel production, such as camelina, carinata, and canola. Also, the 
preliminary findings from our analyses of pennycress natural variation have identified candidate 
genes and metabolites associated with increased oil accumulation. These biomarkers are involved 
in lipid synthesis/degradation, and in primary metabolism. Of particular interest is the correlation 
between transcript levels of candidate genes involved in fatty acid storage and stability with total 
oilseed content at maturity. This finding underlines the central role of the packaging and storage 
of triacylglycerols in our quest to enhance oil production in plant organs. 

While pennycress, as a member of family Brassicaceae, benefits from the fully sequenced 
genome and research tools of the closely related model plant Arabidopsis thaliana, there are still 
significant challenges associated with establishing gene function that would make pennycress 
much more valuable as a bioenergy oilseed crop. A detailed functional genomics study of these 
genes will be the focus of this project. To achieve this goal, we will first evaluate the function and 
subcellular localization of 43 priority candidates in N. benthamiana. In parallel, we will screen for 
changes in lipid droplet morphology and organization as well as variations in overall biomass and 



 

lipid composition. We will then test up to 15 single/combined candidates on pennycress plants 
using stable transformation. Seeds from homozygous mutant plants and wild type will be examined 
to evaluate the impact of the mutation(s) on lipid droplets, biomass content, lipid spatial 
distribution and composition. Finally, we will analyze the effect that co-expression of these genes 
has on the pathways of central metabolism. We will also assess the impact on the temporal 
organization of storage lipids in developing seeds using 13C-labeling and MALDI-MS imaging. 

 
This  research was  supported  by  the  U.S.  Department  of  Energy, Office  of  Science, Office  of 
Biological and Environmental Research, Genomic Science Program grant no. DE‐SC0020325. 



Natural Variation of Pennycress Metabolome and Transcriptome, an Emerging Crop for 
Aviation Biofuel 
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Project Goals: Investigating pennycress natural variation to identify candidate genes and 
biomarkers associated with oil accumulation.  

Pennycress (Thlaspi arvense) is a member of family Brassicaceae which produces seed oil 
ideally suited for use as a renewable source of biodiesel and aviation fuel1. However, for this plant 
to become an economically viable and sustainable bioenergy crop, molecular and genetic resources 
must be developed to guide strategies for increasing oil production through breeding and/or genetic 
manipulation. In this work, we investigated the natural variation of central carbon metabolism in 
pennycress among twenty-one accessions sourced from distinct geographic regions to identify 
candidate genes and biomarkers associated with oil accumulation. The biomass components, 
targeted metabolome, and transcriptome of each line were analyzed at two different stages of 
embryo development, and positive and negative correlations between the levels of intracellular 
metabolites and transcripts with oil accumulation were identified. Additionally, two accessions 
with diverse oil content (30% vs 40%), were analyzed in greater detail under more controlled 
conditions at five developmental time points. One of the pathways that illustrated the largest 
metabolic variation between the two lines was the tricarboxylic acid cycle, in which intermediaries 
displayed significant differences. Also, the content of several compounds involved in sucrose 
biosynthesis and/or degradation suggest contrasting regulation of sugar metabolism. Altogether, 
this work has identified oil biomarkers that may prove useful in the breeding and rational 
bioengineering of pennycress. 

References 
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Project Goals: To develop experimental-computational approaches for in vivo genome-scale 

determination of Gibbs free energies (ΔG) in metabolic networks. 

 

Clostridium thermocellum and Thermoanaerobacterium saccharolyticum are thermophilic 

anaerobic bacteria with complementary metabolic capabilities that utilize distinct glycolytic 

pathways for the conversion of cellulosic sugars to biofuels. We integrated quantitative 

metabolomics with 2H and 13C metabolic flux analysis to investigate the in vivo reversibility and 

thermodynamics of the central metabolic networks of these two microbes. We found that the 

glycolytic pathway in C. thermocellum operates remarkably close to thermodynamic equilibrium, 

with an overall drop in Gibbs free energy 5-fold lower than that of T. saccharolyticum or 

anaerobically-grown E. coli. The limited thermodynamic driving force of glycolysis in C. 

thermocellum could in large part be attributed to the small free energy of the phosphofructokinase 

reaction producing fructose bisphosphate. The ethanol fermentation pathway was also 

substantially more reversible in C. thermocellum compared to T. saccharolyticum. These 

observations help explain the comparatively low ethanol titers of C. thermocellum. The use of a 

near equilibrium glycolytic pathway, with potentially increased ATP yield, by C. thermocellum 

may represent an evolutionary adaptation to growth on cellulose but it has the drawback of being 

highly susceptible to product feedback inhibition. The results of this study will facilitate future 



engineering of high-performance strains capable of transforming cellulosic biomass to biofuels at 

high yields and titers. 

 



Investigating Seed Size and Oil Content in Pennycress, Thlaspi arvense 
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Project Goals: Our goal is to characterize and improve seed size and oil content in 
pennycress to improve its efficiency and utility as a biofuel feedstock and make the seed 
easier for producers to handle. To advance towards this goal, we aim to: 1) Investigate the 
genetic control of these traits in a wild-germplasm collection using association mapping and 
biparental linkage mapping to identify quantitative trait loci (QTL); 2) Identify and 
characterize these traits in EMS induced mutation lines using high-throughput screening 
tools in combination with next generation sequencing techniques; and 3) Generate 
pennycress CRISPR-Cas9 knockouts in the genes known to regulate these traits in 
Arabidopsis. 

Pennycress is a winter hardy cover crop that provides ecosystem services such as reduced soil 
erosion and nutrient loss in between fall corn harvest and spring soybean planting. Unlike 
traditional cover crops, field pennycress produces a mature oilseed in late spring, allowing 
farmers to harvest two cash crops in one year. Wild-derived pennycress lines have been shown to 
yield >1,000 kg ha-1 1. Pennycress seeds contain on average 33% oil by weight, and the oil is an 
excellent biofuel feedstock. However, despite these environmental and economic benefits, 
pennycress is currently limited by its small seed size (1 mg/seed), which can complicate planting, 
harvesting, and handling of the seed. Increasing seed size would also increase the efficiency of 
oil extraction. In conjunction with improved seed size, increased oil content in the seed would 
also improve the economics of growing and processing of pennycress as a biofuels feedstock. 
We have collected wild pennycress accessions representing genetic diversity from North 
America, Europe, and western Asia2. By characterizing these accessions for seed size and oil 
content, we can identify useful variants for improvement. With USDA NIFA funding, we 
previously developed several EMS-induced pennycress mutant lines exhibiting key 
domestication traits such as reduced seed pod shatter, earlier flowering, and improved fatty acid 
profiles3. We have also developed and demonstrated the utility of pennycress Agrobacterium-
mediated plant transformation and CRISPR-Cas9 genome editing by generating pennycress lines 
with undetectable levels of erucic acid in seed oil4. Using these recently developed techniques 
and germplasm, our goal is to identify and characterize traits that will improve pennycress 
efficiency and utility as a biofuel feedstock species and make the seed easier for producers to 
handle. Finally, we will introgress these traits into our elite breeding lines to develop new 
pennycress varieties with increased oil and seed yield.  
 
To complete these objectives, we have compiled a pennycress association mapping panel with 
319 genotypes (267 winter-type, and 52 spring-type individuals). The panel was planted in St. 



Paul, MN for the 2018-2019 growing season. Harvested seed was screened for size using a 
Marvin Seed Analyzer and for oil content using NIRS. Phenotypic variation for both seed size 
and oil content was observed and will be combined with genotyping-by-sequencing derived 
genetic markers to identify marker-trait associations. We expect that the genotypic analysis will 
help us identify QTL associated with seed size and oil content and that these QTL can be used 
for marker assisted selection to develop improved breeding lines with larger seeds and higher oil 
content. In addition to using natural variation, we have also employed mutagenesis and gene 
editing techniques to rapidly improve seed size and oil content. We screened a pennycress ethyl 
methanesulphonate (EMS) mutagenesis population containing approximately 15,000 M2 plants 
for larger seed size. One thousand mutant lines were identified for further screening, and 15 lines 
were identified as large seed mutants without lethal embryo phenotypes. Thousand seed weight 
for these lines ranged from 1.3 to 1.7 g compared to the wild type average of 1.1 g. These lines 
will be grown in the field to test the trait heritability and if the increase in seed size causes a 
reduction in seeds per pod under normal growing conditions. If the large seed size is heritable, 
we will work to identify the causative gene and develop a genetic marker for use in marker 
assisted trait introgression. We have generated high oil pennycress mutants using CRISPR gene 
editing and confirmed the phenotype in field trials. The tt8 mutant has 10% higher oil content 
and has shown growth and yield characteristics agronomically indistinguishable from wild-type 
pennycress.   
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Project Goals: Discovery and characterization of novel biochemistry is key to 
understanding the behavior of complex biological systems. To explain a microbe’s role in 
biogeochemical cycles, or synthesis of various biofuel products from plant biomass, or to 
better understand community interactions within complex biological systems, it is essential 
to identify poorly explained or novel biochemical pathways. Though recent advances in 
system biology and the exponential growth of reference data  suggest that there is an 
enormous amount of untapped enzyme potential, the traditional approaches for discovery 
of new functions and pathways are still mostly trial and error experimental processes. 
Using KBase, we demonstrate a mechanistic-modeling-based approach coupled with 
multi-omics data to support high throughput discovery of new metabolic pathways. 

While there are system-biology approaches that have been developed in isolation for novel 
pathway identification, it has been a great challenge to translate raw data into an improved 
understanding of microbe-mediated chemical transformations in degradation and biosynthesis 
pathways. In KBase, users will be able to combine genomic, metabolic modeling and 
cheminformatic predictions reconciled with omics-data to predict novel pathway reactions as 
depicted in Figure 1. Currently, users are able to upload sequencing data then assemble, annotate 
and build metabolic models from isolate genomes or from metagenomes. Multi-omics data such 
as chemical abundance data (e.g.; FTICR data, MS2 metabolomics data) (Fig 1D), RNA-seq data 
(Fig 1E), and proteomics data (Fig IF) can then be mapped onto models and applied to predict 
active known pathways, reactions, and genes. This is done by optimizing the extent to which 
active reactions in the models are associated with genes with high expression, quantitatively 
measured enzyme levels and positively identified metabolites. However, it is often the case that 
much of the chemical abundance data does not get mapped onto the existing biochemistry 
databases, which suggests that many functioning pathways remain unidentified. 

To predict these new pathways and compounds, we use a cheminformatics pipeline in order to 
expand the existing biochemistry based on enzymatic and spontaneous chemical rules, then 
reconcile against unmapped metabolomics data (Fig. 1C-D). With a continuously interconnected 



metabolic network of known and predicted reactions, it is feasible to activate all pathways that 
are implicated based on omics data. While this strategy can generate multiple probable pathway 
routes, we would be able to filter out high confidence pathways based on thermodynamic 
feasibility of the predicted reactions  (Fig. 1F) and also by eliminating the pathways that lack 
metabolomic, transcriptomic, or proteomic evidence (Fig 1. D, F, E).  By having a set of high 
confidence novel reactions, we would be able to map potential gene candidates via chemical and 
or structural based gene finding approaches (reaction finger-printing) (Fig 1C, D2, D3) coupled 
with genes that are expressed according to transcriptomic and/or proteomic data. Finally, a 
subset of these predicted genes can be validated experimentally (Fig 1J). 

 

Figure 1. The 
figure shows the 
pathway discovery 
pipeline that has 
being implemented 
in DOE KBase and 
the integration of 
omics data at certain 
levels.  The red 
triangle indicates 
the process of 
narrowing down 
into few target 
genes from 
thousands of genes 
in a genome for 
experimental 
validation. Steps 
labeled with a single 
asterisk (*) indicate 
that the specific component of the pipeline has already been implemented in KBase while the labels with 
a double asterisk (**) indicate that the functionality is still being developed.  B1: Community Modeling - 
Construction of community models from individual models. There are two types of models that can be 
built in understanding the microbial communities. (i) Mixed-bag models (on left): Able to assess the 
overall metabolic capability of a community (ii) Compartmentalized community models (on right) able to 
assess the contribution of each member in community 

KBase is funded by the Genomic Science program within the U.S. Department of Energy, Office 
of Science, Office of Biological and Environmental Research under award numbers 
DE-AC02-05CH11231, DE-AC02-06CH11357, DE-AC05-00OR22725, and 
DE-AC02-98CH10886. 
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Project Goals: The Department of Energy Systems Biology Knowledgebase (KBase) is a 
knowledge creation and discovery environment designed for both biologists and 
bioinformaticians. KBase integrates a large variety of data and analysis tools, from DOE 
and other public services, into an easy-to-use platform that leverages scalable computing 
infrastructure to perform sophisticated systems biology analyses. KBase is a publicly 
available and developer extensible platform that enables scientists to analyze their own 
data within the context of public data and share their findings across the system. 
 
The U.S. Department of Energy (DOE) supports biological and environmental research to 
investigate the complex interactions within biological systems and the processes that shape soil, 
water, and ecological dynamics of our biosphere, and to harness these processes for sustainable 
production of energy and materials. KBase enables researchers to advance our fundamental 
knowledge of complex biological and environmental systems by providing the computing 
infrastructure necessary to integrate and analyze heterogenous data types and share their findings 
with the broader community. By simplifying data integration and exploration, KBase enables 
researchers to identify patterns in their data and provides workflows to move beyond patterns to 
predictive understanding of processes. 
 
For many researchers, amplicon datasets (e.g. 16S targeted metagenomes) often provide the first 
insights into the dynamics and functioning of complex natural or synthetic microbial 
communities. Recently implemented tools in KBase will allow researchers to use these amplicon 
datasets to examine: patterns in taxon abundance at different taxonomic levels; differences in the 
overall composition of communities in response to experimental treatments or environmental 
conditions; and microbe-microbe interactions in relation to their environment. While many of 
these approaches can be implemented independently, the computational infrastructure of KBase 
allows researchers to use publicly available data and a breadth of bioinformatic tools to quickly 
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move beyond mere identification of patterns and begin to explore the potential underlying 
mechanisms. 
 
Using data collected as part of the Argonne Wetland Hydrobiogeochemistry project, we 
demonstrate how the amplicon tools in KBase can be used to identify patterns in microbial 
community composition and dynamics in response to environmental heterogeneity. We then 
demonstrate how KBase's diverse and integrated capabilities allow researchers to maximize the 
impact of their data and accelerate scientific discovery through deeper exploration of these 
patterns. Specifically, we demonstrate how connection between amplicon data in KBase and 
application of KBase’s metabolic modeling, genome comparison, and auxotrophy prediction 
tools can generate testable hypotheses regarding the mechanisms underlying predicted microbe-
microbe interactions. These predictions can then be used for the efficient design of focused 
experiments or field campaigns. 
 
The ability to easily explore patterns and predictions both within and across projects will 
continue to be advanced through implementation of metadata standards for environmental 
samples and taxonomic abundance matrices (currently under development by DOE 
Environmental System Science's Data Infrastructure for a Virtual Ecosystem project). We 
discuss how these standards will be used to facilitate import of data from the ESS-DIVE archive 
and the role of such cross-platform standards in advancing our fundamental understanding of 
complex biological and environmental systems. 
 
KBase is funded by the Genomic Science program within the U.S. Department of Energy, Office 
of Science, Office of Biological and Environmental Research under award numbers DE-AC02-
05CH11231, DE-AC02-06CH11357, DE-AC05-00OR22725, and DE-AC02-98CH10886. Data 
were collected by the Argonne Wetland Hydrobiogeochemistry SFA which is funded by the 
Subsurface Biogeochemical Research Program, under Contract DE-AC02-06CH11357. 
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Project Goals: The Department of Energy Systems Biology Knowledgebase (KBase) is a 
knowledge creation and discovery environment designed for both biologists and 
bioinformaticians. KBase integrates a large variety of data and analysis tools, from DOE 
and other public services, into an easy-to-use platform that leverages scalable computing 
infrastructure to perform sophisticated systems biology analyses. KBase is a publicly 
available and developer extensible platform that enables scientists to analyze their own 
data within the context of public data and share their findings across the system. 
 
KBase was designed to enable systems biology analysis of communities of microbes and/or 
plants. KBase is extensible and currently includes powerful tools for metabolic modeling, 
comparative and phylogenomics of microbial genomes that can be used for developing 
mechanistic understanding of functional interactions between species in microbial ecosystems. 
Essential to gaining new insight is obtaining high-quality genomes to annotate, either via 
cultivation or genome extraction, from metagenome assembly.  KBase has incorporated and 
added to a suite of microbiome analysis apps meant to be used in concert, including sequence 
QA/QC tools such as Trimmomatic and FastQC, taxonomic structure profiling of shotgun 
metagenome sequence with Kaiju, custom KBase apps for generating sample-specific in silico 
reads for downstream benchmarking, several metagenome assembly algorithms including 
MEGAHIT, IDBA-UD, and metaSPAdes, custom KBase apps for comparing metagenome 
assemblies, grouping assembled genome fragments (contigs) into putative genomes (bins) with 
MaxBin2 and other binners, and genome completeness and contamination assessment and 
filtering with CheckM.  Tools for fractionation of unassembled reads and unbinned contigs to 
permit taxonomic and functional assessment of unbinned portions of samples are offered, and 
can also be used to reassemble individual bins of interest.  Additionally, we’ve recently released 
tools and services that allow users to search rapidly (seconds to minutes) all reference genome 
databases, metagenomes and published metagenome-assembled genomes (MAGs) using their 
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reads, assemblies or MAGs. This is implemented using a MinHash like sketching process that 
works well for identifying matches above ~90% identity. 
  
We have greatly expanded microbiome analysis in KBase.  In addition to support for 
amplicon-based analyses (please see poster KBase: Leveraging Amplicon Analysis Tools to 
Generate Testable Hypotheses From Complex Natural Communities), it is now possible to 
incorporate and use tools that enable users to get from shotgun reads through to MAGs to 
phylogenomics and metabolic modeling.  As an example from our initial set of tools, a user can 
upload or find data from collaborators or the public and apply one of the metagenome assembly 
apps and bin the assembled contigs so that individual genomes can be extracted from the bins. 
Once individual MAGs are extracted, the highest quality fraction can be piped into a wide range 
of downstream analysis apps in KBase, including genome annotation, phylogenetic placement 
and genome content comparison with respect to one another, KBase reference genomes, and 
other public genome and MAG collections.  Unbinned metagenome assemblies can also have 
gene annotation for analysis.  For high-quality MAGs, metabolic modeling and RNA-seq 
alignment can be performed (please see poster KBase: Omics driven discovery of novel 
functional capabilities in biological systems).  Pangenome calculations among related genomes 
can be combined with phylogenetic and functional analysis to capture evolutionary histories of 
gene families and allow researchers to investigate functional repertoires and niche roles of 
microbial lineages. 
 
In addition to efforts by KBase developers to expand the functionality of our Microbiome tool 
suite, community developers have been adding tools that they use and have developed, including 
members of the DOE Joint Genome Institute (BBMap, MetaBAT2, RQCFileter, JGI 
Metagenome Assembly Pipeline), the ENIGMA SFA, the LLNL Soils SFA (vConTACT2, 
VirSorter), and the LANL Bacterial:Fungal Interactions SFA (GOTTCHA2).  All Apps in KBase 
are openly available for users to apply with their own data. 
 
 
KBase is funded by the Genomic Science program within the U.S. Department of Energy, Office 
of Science, Office of Biological and Environmental Research under award numbers 
DE-AC02-05CH11231, DE-AC02-06CH11357, DE-AC05-00OR22725, and 
DE-AC02-98CH10886. 
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Project Goals: The Department of Energy Systems Biology Knowledgebase (KBase) is a 
knowledge creation and discovery environment designed for both biologists and 
bioinformaticians. KBase integrates a large variety of data and analysis tools, from DOE 
and other public services, into an easy-to-use platform that leverages scalable computing 
infrastructure to perform sophisticated systems biology analyses. KBase is a publicly 
available and developer extensible platform that enables scientists to analyze their own 
data within the context of public data and share their findings across the system. 
 
The U.S. Department of Energy (DOE) supports biological and environmental research to 
investigate the complex interactions within biological systems and the processes that shape soil, 
water, and ecological dynamics of our biosphere, and to harness these processes for sustainable 
production of energy and materials. KBase is an open-source data-science platform funded by 
DOE to enable sharing, integration, and analysis of many types of data associated with microbes, 
plants, and their communities using scalable computing infrastructure. This extensive public 
resource is designed to facilitate large-scale analyses of biological and environmental systems 
while accelerating scientific discovery, improve reproducibility, and foster open collaboration.  
 
KBase offers a suite of scientific applications to enable users to build sophisticated analytical 
workflows, share their findings, and organize their projects. Over 200 apps in KBase offer 
diverse scientific functionality across the realms of comparative genomics, microbial 
communities, metabolic modeling, and transcriptomics. Several tools and services in KBase have 
been co-developed with the DOE Joint Genome Institute. Users can build and share sophisticated 
workflows through a combination of chaining together multiple analysis tools, writing scripts for 
automation, and using batch processing, all within notebook-style Narratives that contain the 
employed data and tools. Projects, laboratories, and even whole institutions can organize their 
users and associated Narratives into a shared Organization with multiple permission levels and 
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management features. Developers can build, test, register, and deploy new or existing software 
as KBase apps using the Software Development Kit, thereby extending the platform's scientific 
capabilities. 
 
Newly added services include several tools collaboratively developed by DOE SFA programs 
and KBase staff, including NWchem, GOTTCHA2, VIRSorter, and vConTACT2. KBase is 
unique in offering these diverse and integrated capabilities to a growing community of several 
thousand users. A central premise of KBase is to maximize the impact of data shared and 
developed between all users on system. This is the premise of KBase’s emerging Knowledge 
Engine technology, which draws inferences between user data and public repositories, so 
scientists can better understand their work in the context of public knowledge. As data 
propagates across the system, it can be continually updated with new information like predictions 
of gene function, allowing the user to see how these changes scale from genes to ecologies and 
better predict outcomes. 
 

 
Figure 1. Integration of data and tools into KBase.  
 
 
KBase is funded by the Genomic Science program within the U.S. Department of Energy, Office 
of Science, Office of Biological and Environmental Research under award numbers 
DE-AC02-05CH11231, DE-AC02-06CH11357, DE-AC05-00OR22725, and 
DE-AC02-98CH10886. 
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Project   goals:  
Over  10,000  metagenomes  collected  from  diverse  habitats  covering  all  of  Earth’s  continents             
and  oceans,  human-  and  animal-host  associated  microbiomes,  engineered  environments,          
and  natural  and  agricultural  soils  were  used  to  generate  over  52,000            
metagenome-assembled  genomes  (MAGs).  Metabolic  models  were  constructed  using  the          
high-quality  non-redundant  MAGs  to  explore  the  distribution  of  metabolic  functions  across            
ecosystems.  To  evaluate  the  quality  of  the  constructed  metabolic  models,  species-level            
genomic  references  were  compared  and  resulted  in  a  high  correlation  of  predicted             
functions,  indicating  the  MAGs  encode  representative  pathways  to  their  isolate           
counterparts.   
 
The  reconstruction  of  bacterial  and  archaeal  genomes  from  shotgun  metagenomes  provides            
insight  into  the  ecology  and  evolution  of  environmental  and  host-associated  microbiomes.            
Genome-scale  metabolic  models  were  built  and  analyzed  for  the  non-redundant,  high  quality             
GEMs  with  >40  representatives  per  environment  (n  =  3255)  using  the  ModelSEED 1 pipeline  in               
KBase 2  (See  supplemental  materials).  In  brief,  GEMs  from  similar  environments,  such  as  human              
and  mammal,  were  shown  to  cluster  by  pathway  presence  (containing  at  least  one  complete  flux                
pathway)  implying  that  pathways  are  differentially  sorted  by  distinct  environmental  factors.  For             
the  607  GEMs  with  close  (>95%  ANI)  RefSeq  genomes  identified,  a  comparison  of  GEM  to                
RefSeq  models  revealed  a  very  high  (>0.98)  correlation  suggesting  that  these  high-quality             
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GEMS  are  very  near  complete  and  representative  of  their  full  metabolic  potential.  To              
demonstrate  that  the  high  correlation  was  not  the  result  of  all  models  being  similar,  correlations                
were  also  computed  for  random  pairs  of  GEM  models  and  RefSeq  models,  resulting  in  a  much                 
lower  correlation  of  0.83.  All  GEMs,  associated  RefSeq  genomes,  and  metabolic  models  are              
freely  available  in  the  “JGI  MAG  Database”  KBase  organization          
( https://narrative.kbase.us/#org/jgimags ).  To  validate  the  high-quality  GEMs  metabolic  models,         
pathway  presence  profiles  were  computed  for  reference  genomes  associated  with  humans  and  the              
built  environment,  as  these  two  environments  have  >100  GEMs  with  associated  reference             
genomes.  The  resulting  profiles  were  nearly  identical  for  all  pathways.  Pearson  correlation             
coefficients  were  calculated  for  each  GEM  and  corresponding  reference  genome  across  55             
metabolic  pathways,  with  an  average  value  >0.98.  When  the  GEM  and  reference  genomes  were               
randomly  paired  and  a  Pearson  correlation  was  calculated,  the  average  correlation  dropped  to              
~0.82,  indicating  that  the  high  correlation  previously  reflects  the  similarity  of  the  GEM  and               
reference   genome.   
 
References  

1.  Arkin,  Adam  P.,  Robert  W.  Cottingham,  Christopher  S.  Henry,  Nomi  L.  Harris,  Rick  L.  Stevens,  Sergei                  
Maslov,  Paramvir  Dehal,  et  al.  2018.  “KBase:  The  United  States  Department  of  Energy  Systems  Biology                
Knowledgebase.”    Nature   Biotechnology    36   (7):   566–69.  
2.  Henry,  Christopher  S.,  Matthew  DeJongh,  Aaron  A.  Best,  Paul  M.  Frybarger,  Ben  Linsay,  and  Rick  L.                  
Stevens.  2010.  “High-Throughput  Generation,  Optimization  and  Analysis  of  Genome-Scale  Metabolic  Models.”            
Nature   Biotechnology    28   (9):   977–82.  
 

KBase  is  funded  by  the  Genomic  Science  program  within  the  U.S.  Department  of              
Energy,  Office  of  Science,  Office  of  Biological  and  Environmental  Research  under            
award  numbers  DE-AC02-05CH11231,  DE-AC02-06CH11357,  DE-AC05-00OR22725,      
and   DE-AC02-98CH10886.  

The  work  conducted  by  the  U.S.  Department  of  Energy  Joint  Genome  Institute,  a  DOE               
Office  of  Science  User  Facility,  is  supported  by  the  Office  of  Science  of  the  U.S.                
Department   of   Energy   under   Contract   No.   DE-AC02-05CH11231.  
 
 
 
 
 
 
 
 
 

https://narrative.kbase.us/#org/jgimags


NWChem Computational Modeling of Metabolites in KBase 

Neeraj Kumar1* (Neeraj.Kumar@pnnl.gov), Andrew McNaughton1, Rajendra Joshi1, Eric 
Bylaska1, Edoardo Apra1, Lee Ann McCue1, Gu Tianhao2, Shane Canon3, Christopher Henry,2 
Adam P. Arkin3, and Bob Cottingham4 

1Pacific Northwest National Laboratory, Richland, WA; 2Argonne National Laboratory, 
Argonne, IL; 3Lawrence Berkeley National Laboratory, Berkeley, CA; 4Oak Ridge National 
Laboratory, Oak Ridge, TN  

https://github.com/nkkchem/CompMolNWChem and https://github.com/nwchemgit/nwchem-
dockerfiles 

Project Goals: The DOE Systems Biology Knowledgebase (KBase) is a free, open-source 
software and data platform that enables researchers to collaboratively generate, test, 
compare, and share hypotheses about biological functions; analyze their own data along 
with public and collaborator data; and combine experimental evidence and conclusions to 
model plant and microbial physiology and community dynamics. KBase’s analytical 
capabilities currently include (meta)genome assembly, annotation, comparative genomics, 
transcriptomics, and metabolic modeling. Its web-based user interface supports building, 
sharing, and publishing reproducible, annotated analysis workflows with integrated data. 
Additionally, KBase has a software development kit that enables the community to add 
functionality to the system.  

Accurate prediction of quantum chemical properties of metabolites and their structure is needed 
to understand metabolism and to design new metabolic pathways for engineered systems. Such 
values can be precomputed for biochemistry databases like the ModelSEED resource that 
underlies KBase, but support is also needed for metabolites that do not yet appear in these 
databases (e.g. compounds proposed by cheminformatics applications or compounds involved in 
newly discovered synthetic pathways). Thus, it is not sufficient just to run property prediction 
apps in existing databases, but also to make these apps available for users to run themselves on 
new compounds of interest. To achieve this task, we recently deployed NWChem1 quantum 
mechanical code in KBase to automate computational chemistry calculations and obtain 
optimized chemical structure with partial charges. This app accepts an arbitrary compound-set as 
input and enables users to select individual compounds from the input set to compute a structure 
for. The app adds mol2 structures to the input compound set for subsequent use in downstream 
applications like AutoDock Vina. Of course, it is also useful to precompute structures for all 
current compounds in the ModelSEED database. However, physics-based computational 
chemistry calculations are quite challenging to apply to a large database as they grow 
exponentially with the system size and require high-performance computing resources.2 Thus, 
we are in the process of applying NWChem to compute high-quality predicted structures for as 
many compounds in the ModelSEED as possible, prioritizing the compounds that appear most 
prevalently in models in KBase. Thus far, structures have been precomputed for all 800 



compounds in a Yarrowia lipolytica Yeast model. We are also currently exploring how to use 
HPC resources to power the NWChem app in KBase to greatly speed the pace of structure 
prediction in this app. In our talk, we will demonstrate this app on some example compounds and 
discuss the results of our analysis of the Yarrowia metabolites. Overall, this new integration in 
KBase empowers the synthetic biology community to test new compounds with known enzyme 
targets via docking calculations and paves the way for computation of a broad set of 
thermodynamic properties (e.g. free energy of formation of metabolites and free energy of 
metabolic reaction) that are useful for numerous systems biology applications.   
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Project Goals: Short statement of goals. (Limit to 1000 characters) 

Fungal genome-scale metabolic models are an efficient way of predicting phenotypes across 
various environmental conditions. These metabolic models are a key tool in understanding 
fungal-bacterial and plant-fungal community behavior. 
  
However, automating the construction of high-quality fungal models has been a challenge. 
Recently, Kbase has introduced a fully automated fungal model construction pipeline. However, 
the underlying biochemistry data that is derived from published fungal models still needs to be 
significantly improved to build high-quality models.   
  
To achieve this task, KBase organized a fungal biochemistry curation jamboree at PNNL. They 
reached out to the fungal community in the DOE space who were willing to contribute to 
curation of the fungal biochemistry.  KBase has also developed an Escher map-based curation 
environment where curators can visualize biochemistry in the form of biochemical pathways and 
have the ability to curate reactions and assign gene families to those reactions. Based on 
feedback from the curation jamboree, KBase, has now set up standards in their curation 
process such as linking of literature citations and evidence-codes justifying the curation events. 
 
Abstract 

Recently, KBase has introduced a methodology to construct genome-scale fungal models in an 
automated fashion based on a set of reactions that are derived from 14 published fungal 
metabolic models. As the basis for the method, they produced a fungal model template that 
encompasses the biochemistry data from the published fungal models and the structural 
annotations from the associated fungal genomes. 
  
KBase's approach uses structural annotations of any user-submitted fungal genome and 
computes a set of orthologous proteins against the curated fungal template in order to assert 
the presence or absence of specific biochemical reactions and pathways. These orthologous 
families are then curated and mapped to biochemistry by expert curators. The  related 
biochemistry data is then propagated to construct a new draft metabolic model. Once the draft 
metabolic models are derived, additional reactions are added based on available functional 
annotations. This method is deployed in the Department of Energy Systems Biology 
Knowledgebase (KBase) (https://narrative.kbase.us/) as an app called "Build Fungal Model". 
This method is able to produce a draft fungal metabolic model in an around one hour. 
  
KBase recognized that the core component of a pipeline for producing high-quality draft fungal 
models is a well curated biochemistry. However, the underlying biochemistry data that is derived 
from the published models needs to be significantly improved and reconciled onto a controlled 



vocabulary in order to avoid redundancy and the incorrect representation of fungal biochemistry. 
To accomplish this, they reached out to fungal experts in DOE space and hosted a “Fungal 
Curation Jamboree” at Pacific Northwest National Laboratory”. Parallel to this effort they built a 
fungal curation environment based on Escher maps (https://escher.github.io/#/) where the 
biochemistry data and the gene associations can be visualized in the form of biochemical 
pathways. This allows the curators to quickly make the curation decisions on reactions and 
associate gene families to those reactions.  This talk will focus on the outcomes of the Fungal 
Biochemistry Curation Jamboree and the lessons learned. 
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(javalos@princeton.edu) 

1Department of Chemical and Biological Engineering; 2The Andlinger Center for Energy and the 
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Project Goals:  

The overall goal of the project is to carry out a comprehensive systems biology study of 
branched-chain higher alcohol (BCHA) production and tolerance in yeast. We will leverage 
the genetically encoded biosensor of BCHA production described in this presentation to 
screen yeast genomic libraries to measure the effects of genetic perturbations on BCHA 
production and tolerance. Introducing this biosensor in strains engineered with optogenetic 
circuits that control BCHA production with light will enable us to establish a closed-loop 
control systems to study these metabolic pathways. This includes measuring transcriptomic 
changes in steady state or dynamic production systems. Ultimately, we will use these 
genomic and transcriptomic data to discover the key cellular networks involved in BCHA 
production and tolerance, which will be instrumental in developing better producing 
strains. 

Branched-chain higher alcohols (BCHAs), including isobutanol and isopentanol, have been 
identified as key biofuels by the Office of Energy Efficiency & Renewable Energy of the U.S. 
Department of Energy [1]. These alcohols have better fuel properties than bioethanol (including 
higher energy density and better compatibility with current gasoline infrastructure), and their 
blends belong to a select group of advanced biofuels with the highest potential to increase spark 
ignition engine efficiency [1]. Furthermore, BCHAs can be upgraded to jet fuel, making them 
excellent renewable fuels for ground as well as air transportation.  

The yeast Saccharomyces cerevisiae is a preferred host organism for BCHA production because 
of its relatively high tolerance to their toxicity, and the potential to retrofit existing bioethanol 
plants (most of which use this yeast) with strains engineered to produce these advanced biofuels. 
Isobutanol and isopentanol are derived from valine and leucine, respectively, which are 
biosynthesized in a common pathway that has been engineered in either the mitochondria or the 
cytosol.  Efforts to commercialize these biofuels are challenged by limited productivities, as well 
as their high toxicity. While significant progress has been made in boosting yields and titers, 
particularly of isobutanol, there are currently no biosensors to enable high throughput screens to 
accelerate further stain improvement, or study their biosynthesis. In addition, very little is known 
about the interplay between different cellular networks and BCHA production and tolerance. Our 
recent study on the relationship between yeast tolerance to isobutanol and its adaptive response 
to nitrogen starvation begins to shed light into these complex phenotypes [2]. 



In this presentation I will provide a detailed description of the development, characterization, and 
application of the first genetically encoded biosensor for BCHA production in Saccharomyces 
cerevisiae [3].  This biosensor is based on the transcriptional regulator of branched chain amino 
acid biosynthesis, Leu3p. The activity of this transcription factor depends on the intracellular 
concentrations of a-iosopropylmalate (a-IPM), which is a byproduct and precursor of isobutanol 
and isopentanol biosynthesis respectively. Therefore, expressing green fluorescent protein (GFP) 
from a Leu3p-controlled promoter results in a robust biosensor for BCHA biosynthesis. Small 
modifications make the biosensor specific for either isobutanol or isopentanol production with 
correlation coefficients of R2 = 0.97 and R2 = 0.99, respectively. With these biosensors, we have 
been able to develop high throughput screens to isolate high BCHA producing strains, identify 
hyperactive variants of three enzymes in BCHA biosynthesis, and support the construction and 
optimization of whole metabolic pathways for isobutanol production in both mitochondria and 
cytosol.  

These biosensors are essential to achieve the goals of the project. We are currently in the process 
of introducing the isobutanol biosensor into the yeast gene deletion library; this has already 
enabled the discovery of new genes that, when deleted, enhance isobutanol production. In 
addition, we are conducting the initial characterization of strains containing both the isobutanol 
biosensor and optogenetic controls of isobutanol biosynthesis [4], with the objective of 
developing a closed-loop control system for BCHA biosynthesis. These advances are significant 
milestones towards our ultimate goal of increasing our basic understanding of BCHA 
biosynthesis and tolerance, as well as expanding our capabilities to control and improve strains 
for their production.  

References 
1. Farrell, John, John Holladay, and Robert Wagner. “Fuel Blendstocks with the Potential to Optimize Future 

Gasoline Engine Performance: Identification of Five Chemical Families for Detailed Evaluation.” 
Technical Report. U.S. Department of Energy, Washington, DC. 2018. DOE/GO-102018-4970. 

2. Kuroda K#, Hammer SK#, Watanabe Y, Montaño-López JJ, Fink GR, Stephanopoulos G, Ueda M, Avalos 
JL. Critical Roles of the Pentose Phosphate Pathway and GLN3 in Isobutanol-Specific Tolerance in Yeast. 
Cell Systems 9; 534-547 (2019). 

3. Zhang Y, Hammer SK, Carrasco-López C, García-Echauri S, Avalos JL. A genetically encoded biosensor 
for mitochondrial and cytosolic biosynthesis of branched-chain higher alcohols in Saccharomyces 
cerevisiae. (In preparation). 

4. Zhao EM, Zhang Y, Mehl J, Park H, Toettcher JE, Avalos JL. Optogenetic regulation of engineered 
cellular metabolism for microbial chemical production. Nature 29; 555 (7698):683-87 (2018).  

 

This research is supported by the DOE Office of Science, Office of Biological and Environmental 
Research (BER), grant no. DE-SC0019363. 

 



Rapid   automated   curation   of   genomes   from   metagenomes   and   integration   into   KBase  
 
Rohan   Sachdeva 1*    (rohansach@berkeley.edu),   Livia   Moura 2 ,   Dylan   Chivian 3 ,   Jennifer  
Pett-Ridge 4 ,   and    Jillian   F.   Banfield 1,3  
 
1 Innovative   Genomics   Institute,   University   of   California,   Berkeley;    2 University   of   São   Paulo,  
São   Paulo,    3 Lawrence   Berkeley   National   Laboratory,   Berkeley;    4 Lawrence   National   Livermore  
National   Laboratory,   Livermore  
 
http://genomicscience.energy.gov/research/sfas/llnlsoil.shtml  
http://kbase.us  
 
Project   Goals:  
 
The   large   scale   recovery   of   metagenome   assembled   genomes   (MAGs)   has   often   resulted   in   the  
placement   of   the   genome   as   the   operational   unit   through   which   microbial   biology   and   systems  
are   understood.   The   underlying   assembled   sequences   of   these   mass-produced   genomes   have  
characteristic   errors   from   the   assembly   process   that   can   result   in   MAGs   that   do   not   represent   a  
true   biological   organism.   Ultimately,   erroneous   genomes   limit   their   utility   for   making   robust  
ecological,   evolutionary,   and   energetic   inferences   about   microbial   systems.   Assembly   errors   can  
be   fixed,   but   repair   necessitates   time   consuming   manual   human-guided   curation   that   ultimately  
restricts   the   number   of   curation   targets.   To   address   this,   we   are   developing   FixAME,   an  
automated   curation   system   that   is   being   integrated   into   KBase.   FixAME   rapidly   identifies   and  
repairs   many   common   assembly   errors   across   entire   metagenomic   assemblies   and   can  
substantially   increase   the   accuracy   and   completion   of   MAGs.   FixAME   also   improves   the   overall  
contiguity   of   metagenomic   assemblies   while   simultaneously   sidestepping   the   bottleneck   of   costly  
human-guided   manual   curation.   
 
Funding   statement.  
Funding   for   this   project   was   provided   by   the   Department   of   Energy   -   Microbes   Persist:   Microbes  
Persist:   Building   a   KBase   Foundation   for   Microbial   and   Viral   Ecogenomics   in   Soil”   under   the  
Lawrence   Livermore   National   Laboratory   Soil   Microbiome   Science   Focus   Area.  
  
 
 



Optimizing Tradeoffs Implicit During Bioenergy Crop Improvement: Understanding the 
Effect of Altered Cell Wall and Sugar Content on Sorghum-associated Pathogenic Bacteria 
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Tovar,1 Wilfred Vermerris,3 and Rebecca Bart1,* (rbart@danforthcenter.org) 
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Project Goals: The first project goal is to quantitatively model the disease triangle that 
describes sorghum, pathogenic bacteria, and the environment. Field and laboratory 
experiments are being combined to determine bacterial susceptibility of genetically diverse 
sorghum genotypes that differ in cell wall and sugar composition. Standard plant 
pathology techniques combined with powerful phenomics approaches are providing a 
holistic view of this pathosystem within variable environments. Further, transcriptomics is 
being employed to elucidate mechanisms used by bacterial pathogens to induce sorghum 
susceptibility. Microbial pathogens are known to manipulate the sugar and cell wall 
characteristics of their hosts. Consequently, these characteristics are being analyzed during 
pathogen invasion. This research will reveal the mechanisms underlying resistance to 
pathogens that must be maintained during biofuel trait optimization.  

Plant-derived production of renewable fuels and chemicals has the potential to enhance 
US farming and agricultural economic opportunities, increase domestic energy security, and 
reduce fossil fuel dependency and greenhouse gas emissions. Realizing the potential of these 
alternative energy sources necessitates the development of high-biomass-yielding crops. These 
specialized crop varieties may harbor modifications to cell walls, which are a major barrier to 
pathogen entry, and to the tissue distribution of sugars, which are the food source for the 
pathogen; hence they are likely to present previously unseen challenges for disease resistance. 
Over the last several years, disease from the bacterial pathogen Xanthomonas, has caused 
significant yield losses in many crops where bacterial diseases had historically been rare, 
including corn and cotton. It is currently unclear why these diseases are emerging. Xanthomonas 
is a known pathogen of sorghum (Sorghum bicolor (L.) Moench), though similar to corn and 
cotton, the incidence and impact of the disease has historically been low. Taken together, these 
observations highlight a vulnerability in sorghum resilience to pathogens that is likely to be 
magnified by alterations in cell wall and sugar content. In this project, we aim to establish the 
sorghum – Xanthomonas pathosystem as a model for deducing how latent microbial pathogens 
might exploit key biofuel crop traits. 
 We will report on a screen of over one hundred and fifty sorghum varieties for 
resistance/susceptibility to Xanthomonas and an accompanying GWAS analysis. We will also 
summarize the results from a dual-RNA sequence experiment to simultaneously reveal gene 
expression patterns in both host and pathogen during compatible and incompatible interactions 
and characterization of cell wall and sugar profiles during pathogen attack.  
 
This	research	was	supported	by	the	DOE	Office	of	Science,	Office	of	Biological	and	
Environmental	Research	(BER),	grant	no.	DE-SC0018072. 
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1Carnegie Institution for Science, Stanford, CA; 2National Renewable Energy Lab, Golden, CO; 
3Donald Danforth Plant Science Center, St. Louis, MO 
 
Project	Goals:	This	project	aims	to	leverage	Setaria	viridis	as	a	model	system	to	develop	
novel	technologies	and	methodologies	to	redesign	the	bioenergy	feedstock	Sorghum	bicolor	
to	enhance	water	use	and	photosynthetic	efficiencies.			
	
URL:	www.foxmillet.org	
	
C4 plants, such as Sorghum bicolor and Setaria viridis, have CO2 concentrating mechanisms in 
specialized cell types (bundle sheath and mesophyll cells) to enhance water use and photosynthetic 
efficiencies. Current mathematical modeling of C4 photosynthesis does not sufficiently capture 
leaf biochemical and anatomical phenotypes under dynamic environments. Linkage mapping has 
been widely used to identify quantitative trait loci (QTL) in many plant species but usually requires 
a time-consuming and labor-intensive fine-mapping process. Here, we developed two 
computational pipelines to identify candidate genes to improve important agricultural traits, such 
as height and biomass production. First, we developed QTG-Finder2, a machine learning-based 
algorithm to prioritize the causal genes in QTLs, and used orthologs of known causal genes as a 
training set. The model trained with orthologs could recall about 64% of Arabidopsis and 83% of 
rice causal genes when the top 20% ranked genes were considered, which is similar to the 
performance of models trained with known causal genes. Using QTG-Finder2, we trained and 
cross-validated Sorghum bicolor and Setaria viridis models. The sorghum model was validated by 
causal genes curated from the literature and could recall 70% of causal genes when the top 20% 
ranked genes were considered. We also applied the Setaria model and public transcriptome data 
to prioritize a plant height QTL and identified thirteen candidate genes. Second, we will present a 
computational framework of multiscale modeling to investigate how plants allocate metabolic 
resources for biomass production in response to drought. The framework is centered on a cell type-
specific genome-scale metabolic network model of S. bicolor constrained by cell type-specific 
RNA-seq data. A C4 photosynthesis biochemical model was then integrated with the cell type-
specific model to simulate dynamic environments by controlling carbon and energy sources of the 
metabolic network model. We collected a variety of data to inform the metabolic network model, 
such as photosynthesis data, biomass composition data, and RNA-seq data for Sorghum under 
well-watered and water-limiting conditions at multiple time points. Using the computational 
framework, we simulated plant growth and predicted that knocking out 23 genes and 
overexpressing 28 genes can improve biomass production. Finally, we have developed a pipeline 
to mine pan-genome information to identify potential causative polymorphisms in linkage with 
GWAS identified loci. We	will	cross-validate	these	independent	pipelines	computationally	
and	 test	 the	 prioritized	 candidate	 genes	 experimentally	 by	 generating	 and	 phenotyping	
knock-out	lines. 



 
Funding Statement: This research was supported by the U.S. Department of Energy, Office of Science, 
Office of Biological and Environmental Research, Genomic Science Program grant nos. DE- SC0018277 
and DE-SC0008769. 
	



PEPC kinetics and the efficiency of C4 photosynthesis in Sorghum bicolor  
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url: http://foxmillet.org  

Overall Project Goals: This project aims to leverage Setaria viridis as a model system 
to develop novel technologies and methodologies to redesign the bioenergy feedstock Sorghum 
bicolor to enhance water use and photosynthetic efficiencies. Here we specifically focus on 
Objective #1: Engineering photosynthesis to improve performance under water stress. 

Abstract: Due to the predicted increase in food demand, studying the biochemical components 
of C4 photosynthesis may provide insight into enhancing photosynthesis in crop plants to 
increase yield. Currently, photosynthesis can be reduced in C4 crops by drought conditions which 
reduce intercellular CO2 concentrations (Ci) in the plant. The initial carboxylation reaction in C4 
plants is catalyzed by phosphoenolpyruvate carboxylase (PEPC) and leads to elevated CO2 
around Rubisco. The C4 isozyme of PEPC originated from a non-photosynthetic PEPC and it has 
been suggested that specific amino acid substitutions in PEPC confer differences in the affinity 
of the enzyme for PEP (KPEP).  These changes in KPEP may be an unavoidable side effect of 
selecting for a higher affinity for HCO3- (KHCO3) to maintain rates of PEPC when stomatal 
conductance (gs) is low. However, experimental evidence for amino acid changes influencing in 
planta kinetic properties of PEPC and rates of C4 photosynthesis is lacking. Therefore, the 
objective of this aim is to determine how specific amino acid differences between the C3 and C4 
isozymes of PEPC influence the efficiency of C4 photosynthesis when the availability of 
atmospheric CO2 is low. To accomplish this objective, we are measuring the kinetic properties of 
28 PEPC isozymes from both C3 and C4 plants from members of the Poaceae family.  These 
enzymes were overexpressed and purified from the PEPC-less PCR1 Escherichia coli strain. The 
kinetic measurements have been compared to determine if there is a tradeoff between KPEP and 
KHCO3.  These PEPC kinetic parameters were measured in a temperature-controlled cuvette 
linked to a mass spectrometer. The ultimate goal of this research is to introduce an enhanced 
PEPC enzyme into sorghum to increase photosynthesis under drought conditions.  The outcome 
of this research will enhance C4 photosynthetic efficiency and will lead to an increase in whole 
plant water use efficiency.   

Funding statement: This work was supported by the Office of Biological and Environmental 
Research in the DOE Office of Science (DE-SC0008769). 
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Project Goals:  

This project aims to leverage Setaria viridis as a model system to develop novel technologies and 
methodologies to redesign the bioenergy feedstock Sorghum bicolor to enhance water use and 
photosynthetic efficiencies.  

url: www.foxmillet.org 

Water use efficiency (WUE), which is physiologically distinct from drought tolerance, is a key 
target for improving crop productivity, resilience and sustainability.  This is because water 
availability is the primary limitation to crop yield globally and irrigation uses the largest fraction 
of our limited freshwater supply. The exchange of water and CO2 between a leaf and the 
atmosphere is regulated by the aperture and pattern of stomata. Mechanistic modeling indicates 
that stomatal conductance could be reduced or stomatal movements accelerated to improve water 
use efficiency in important C4 crops. While molecular genetics has revealed much about the 
genes regulating stomatal patterning and kinetics in Arabidopsis, knowledge of the genetic and 
physiological control of WUE by stomatal traits in C4 crops is still poor. Understanding of 
natural diversity in stomatal traits is limited by the lack of high-throughput phenotyping 
methods. In response, a rapid method to assess stomatal patterning in model C4 species grown in 
the field has been implemented. The leaf surface is scanned in less than two minutes with an 
optical tomographer, generating a quantitative measurement of a patch of the leaf surface. An 
algorithm was designed to automatically detect stomata in 10,000s of these images via training 
of a neural network approach. We identified trait correlations as well as genotype to phenotype 
associations for stomatal patterning, leaf gas exchange and canopy water use through 
quantitative trait loci and genome wide association studies. Transgenically modified expression 
of stomatal patterning genes has produced sorghum with greater WUE. Plants were grown in a 
new field facility for comprehensive evaluation of leaf, root and canopy WUE traits under 
Midwest growing conditions. 
 
Funding statement: This work was supported by the Office of Biological and Environmental 
Research in the DOE Office of Science (DE-SC0008769). 
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Project Goals: This project aims to leverage Setaria viridis as a model system to develop 
novel technologies and methodologies to redesign the bioenergy feedstock Sorghum bicolor to 
enhance water use and photosynthetic efficiencies.  

Improving Sorghum bicolor as a biofuel crop requires methods to edit genes and manipulate 
gene expression in vivo. We are optimizing mutagenesis strategies using CRISPR/Cas and 
CRISPR/Cpf1 nucleases to achieve targeted gene knockouts, gene replacements and transgene 
insertions.  Further, we are implementing base editor technology to achieve precise sequence 
changes without the need for a DNA double strand break.  To achieve regulated gene expression, 
we are optimizing the use of programmable transcription factors (activators and repressors) 
derived from nuclease inactive dCas9 and dCpf1. The programmable transcription factors will be 
deployed in an innovative strategy for biocontainment of transgenes. To achieve genetic 
containment, we will identify genes (target genes) that compromise viability of Sorghum bicolor 
when overexpressed by the programmable transcription factors. We plan to introduce mutations 
into the target gene so that it is no longer recognized by the transcription factors. We will then 
combine all components of the synthetic circuit needed for genetic containment and test efficacy. 

This project is funded by grant DE-SC0018277 from The DOE Department of Biological and 
Environmental Research 
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Project Goals:  

This project aims to leverage Setaria viridis as a model system to develop novel technologies and 
methodologies to redesign the bioenergy feedstock Sorghum bicolor to enhance water use and 
photosynthetic efficiencies.  

url: www.foxmillet.org 

Abstract: The development of a genome-level knowledge base linking genes to phenotypes in 
sorghum for bioenergy goals through the use of genome editing and stable plant transformation 
technology is critical to understanding fundamental physiological functions and important to 
crop improvement. A required but often underappreciated technology for this goal involves the 
capability to create, test and cultivate transgenic and genome edited plants. The need and 
centrality of transgenic lines in sorghum is technically difficult yet essential to the analysis of 
traits genes. Standard plant transformation protocols are often limited by various factors 
including: (1) tissue culture expertise and facility intensive resources; (2) genotype and explant 
dependence, (3) low efficiencies; and,  (4) time and labor intensive efforts. We have established 
reliable protocols for the standard Agrobacterium-mediated introduction for stable genetic 
constructs into sorghum cv BTx430. Using these protocols, we have established lines of 
transgenic sorghum to phenotypically study  various  genes of interest.  Stable lines of sorghum 
have been and are currently being produced to investigate the selected target genes for the 
analysis of photosynthetic and water use efficiencies. For example, these experiments include:; 
(1) sorghum RNAi constructs for knockdowns such as for voltage-gated chloride channel 
proteins, alpha carbonic anhydrase 7 (CA) and nine-cis-epoxycarotenoid dioxygenase 4, and 
myb domain protein 60; (2) constructs to test the fidelity of phosphoenol pyruvate carboxylase 
(PEPC) promoter expression, CA overexpression and PEPC with altered kinetics; (3) additional 
versions of  CA overexpression aimed to test a range of increased mesophyll CA activity; (4) Ta 
Cas 9, dTa Cas9, and, dCas9 transcriptional activator for improved editing, and; (5) constructs to 
evaluate improvements to the transgenic process with the intent to increase transformation 
frequencies and shorten the time to T1 seed.  These lines are currently in various stages of the 
transgenic process. The recent developments using morphogenic regulator-mediated 
transformation (MRMT)  is a breakthrough toward enabling rapid transformation and genome 
editing.  We have explored current applications using transient expression of Baby boom and 
Wuschel2 delivered by microprojectile bombardment in sorghum. Our program supports the 
central and essential aspects to provide the transgenic lines to investigate photosynthetic  and 
water use efficiencies in sorghum. 

http://www.foxmillet.org/


Funding statement: This work was supported by the Office of Biological and Environmental 
Research in the DOE Office of Science (DE-SC0008769). 



Using synthetic genetic circuits to tightly control root architecture. 
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Project Goals:  

Establish a functionally characterized parts list of gene regulatory parts to construct 
orthogonal circuits in plants. 

Build a new robotics system for the reliable automated imaging of root systems in plants 

 

Previous work has demonstrated that the development of crown roots increases the flux of water 
through the plant, while the density of stomata and their aperature determine the rate water 
evaporates from the leaf surface.  By modulating the growth of crown roots and stomatal 
patterning, we will change the rate at which water is taken up and lost to the atmosphere by the 
plant.  This work will test the hypothesis that plants tend to exhibit responses that are more 
conservative than necessary due to their origins as wild species.  Fine-scale control of 
developmental pathways affecting root and shoot development will take advantage of synthtetic 
biology approaches that enable reconstruction of regulatory circuits in plants with specific design 
specifications. 

Funding statement: This work was supported by the Office of Biological and Environmental 
Research in the DOE Office of Science (DE-SC0008769). 

 



Metabolic Flux Analysis of Sucrose-Secreting Cyanobacterium Synechococcus 
elongatus  

Bo Wang (bo.wang.2@vanderbilt.edu) 1*, Cristal Zuniga (crzuniga@ucsd.edu) 2*, Karsten 
Zengler 2-4, Jamey D. Young 1, 5, Michael J. Betenbaugh 6 
1 Chemical and Biomolecular Engineering, Vanderbilt University, Nashville, TN. 2 Department of 
Pediatrics, University of California San Diego, La Jolla, CA. 3 Department of Bioengineering, University 
of California San Diego, La Jolla, CA. 4 Center for Microbiome Innovation, University of California San 
Diego, La Jolla, CA. 5 Department of Molecular Physiology and Biophysics, Vanderbilt University, 
Nashville, TN. 6 Department of Chemical and Biomolecular Engineering, Johns Hopkins University, 
Baltimore, MD. 

 

The goal of this project is to combine autotrophs and heterotrophs as a novel synergistic and 
symbiotic platform for the production of sustainable biofuel precursors. Photosynthetic 
microorganisms fix sunlight and CO2 and provide organic carbon source and oxygen to the 
heterotrophs that are prolific producers of complex metabolites. Synthetic microbial communities 
of cyanobacterium-fungus will be studied through genome-scale metabolic modeling and 13C 
metabolic flux analysis. Our current focus is to evaluate the metabolic response of the 
cyanobacterium Synechococcus elongatus PCC 7942 to osmotic stress and sucrose secretion.  

Cyanobacterial strains that are capable of secreting sucrose to support growth of heterotrophs in a 
co-culture system have gained significant interest from the biotechnology community. Efforts on 
strain development and process optimization have taken place since a decade ago, and the 
technology has been advanced significantly. However, most efforts have been focused on 
investigating local pathways that are closely related to sucrose biosynthesis and secretion, and the 
global intracellular metabolism, which is crucial for detecting bottlenecks in the network, has not 
yet been investigated.  

In this study, we investigate the global metabolic fluxes in the sucrose-secreting (cscB+) strain 
versus the wild type. Synechococcus elongatus PCC 7942 synthesizes sucrose under NaCl stress 
as a means of coping with osmotic pressure, while overexpression of CscB, a sucrose transporter, 
confers the secretion of sucrose out of cells. We use two complementary approaches, i.e., 13C 
metabolic flux analysis (MFA) and Genome-Scale Modeling (GSM), to elucidate the difference 
of intracellular resource allocation by quantifying metabolic fluxes between these strains. 13C-
MFA uses 13C-labelled compound as tracer to displace the 12C atom of intracellular metabolites, 
and the metabolic fluxes can be quantitatively mapped through tracking the labelling status of 
these metabolites along a time course and computational modeling. Constrain-based GSM 
combine genome-scale network reconstructions with detailed biochemical and physiological 
information to provide in silico estimation of intracellular metabolic flux under a condition-
specific set of constraints. 13C-MFA and GSM can be applied to decipher network regulations and 
hence guide metabolic engineering. 

We performed 13C-MFA and GSM for three cyanobacterial cultures – [wild type], [wild type + 
NaCl], and [cscB+ + NaCl] – under photoautotrophic conditions. For 13C-MFA, we use 13C-

mailto:bo.wang.2@vanderbilt.edu
mailto:crzuniga@ucsd.edu


labelled bicarbonate as tracer, and use GC-MS and LC-MS/MS to quantify labeling trajectories of 
more than a dozen of intracellular metabolites along a time course. We use INCA software to 
simulate the flux and generate the quantitative flux map. For GSM, we evaluated the solutions 
space using random sampling, using experimentally observed sucrose secretion rates as constrains 
in the model of the cyanobacteria to validate growth phenotypes and resource allocation under 
various growth conditions. This unbiased assessment provides a distribution of all possible flux 
distributions of the network at given conditions. Additionally, we evaluated osmotic stress 
conditions by increasing the salts concentration five times from 28 mM to 130 mM. Predicted flux 
distributions across the solution space were compared for all three conditions, showing significant 
changes in transport and carbohydrate metabolism.  

 

This project is supported by Biological and Environmental Research, Department of Energy, 
through grant DE-SC0019388: Creating Multifunctional Synthetic Lichen Platforms for 
Sustainable Biosynthesis of Biofuel Precursors. 



Optimizing Carbon Metabolism in Co-Culture for Applications to Sustainable Biosynthesis 

Foteini Davrazou,1 Jackson Jenkins2* (jjenki71@jhu.edu), Pavlo Bohutskyi,3 Michael Guarnieri,1 
and Michael Betenbaugh2 

1National Renewable Energy Lab, Golden, CO; 2Johns Hopkins University, Baltimore, MD; 
3Pacific Northwest National Laboratory, Richland, WA 

Project Goals: The goal of this project is to develop synthetic lichen communities of              
autotrophic and heterotrophic microbes as a novel sustainable symbiotic platform for the            
production of biofuel and its precursors. Carbon-fixing autotrophs provide oxygen and           
organic substrates to their heterotrophic neighbors, which in turn produce carbon dioxide.            
By optimizing and enhancing these interactions, we can create a robust, sustainable            
synthetic lichen community. Multi-omics driven genetic engineering will improve         
metabolite exchange and product generation capabilities with the microbial co-culture.  

Lichens are communities of auto- and heterotrophic microbes that collect sunlight and carbon             
dioxide and apply it to power the group’s activities. They also represent a novel biotechnology               
platform that can transform CO2 and sunlight into valuable energy-related biochemicals,           
eliminating the need for costly substrate feeding. Unfortunately, natural lichens have slow            
growth rates, making them impractical for most industrial applications. In this project, our goal is               
to enhance the exchange of metabolites between autotrophs and heterotrophs, creating superior            
synthetic lichens able to generate useful products of interest to the energy and chemical              
industries. Key metabolite excretion bottlenecks will be identified in each partner, then the             
organisms will be modified as appropriate in order to share particular metabolic intermediates             
with their heterotrophic partners for channeling into key metabolic pathways, thus generating            
energy-related precursors of biochemicals or biofuels with high commercial value. To achieve            
these goals, we have screened several photoautotrophs and heterotrophs to find mutualistic            
coculture partners. One such photoautotroph, Picochlorum renovo, exhibits a rapid growth rate            
and is tolerant to a wider range of temperature and salinity than many other microalga. Genetic                
engineering toolboxes have been created to improve coculture applications with this organism.            
Additionally, we have engineered overexpression of the invertase enzyme in Yarrowia lipolytica,            
allowing for the consumption of sucrose and other less-utilized organic carbon sources. Other             
coculture partnerships with heterotrophic fungi and yeast (including R. glutinis and filamentous            
Aspergillus fungi) have been successfully conducted with cyanobacteria including Nostoc and           
engineered sucrose-secreting S. elongatus.  

We have further explored the growth of S. elongatus/R. glutinis cocultures in continuous             
conditions using a custom-built, feedback-controlled photobioreactor equipped with a radial          
LED-based irradiation system. Since the organisms are cultured together, it is challenging to             
assign the origin of most essential metabolites to a particular specie in both the extracellular and                



intracellular domains. To address this issue, we tested a new co-culture incubation strategy             
through incubation of cells using membrane segregation, hydrogel matrix immobilization, and           
other segregation techniques.. We also developed an analytical pipeline allowing investigators to            
identify extracellular and intracellular metabolites, estimate their fluxes and to assign them to the              
originating species.  

 

References 
1. Dahlin, L.R., Gerritsen, A.T., Henard, C.A. et al. Development of a high-productivity, halophilic, 
thermotolerant microalga Picochlorum renovo. Commun Biol 2, 388 (2019). 
https://doi.org/10.1038/s42003-019-0620-2 
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 Title: Ectomycorrhizal fungi: mediators of plant-microbial interactions and terrestrial 
biogeochemistry  

Jennifer M. Bhatnagar1* (jmbhat@bu.edu), Colin Averill,2 Hui-Ling Liao,3 Ko-Hsuan Chen,3 

Edward Brzostek,4 and Rytas Vilgalys2 

1Boston University, Boston, MA; 2ETH Zurich, Switzerland; 3University of Florida, Gainesville, 
FL; 3University of West Virginia, Morgantown, WV; and 5Duke University, Durham, NC  

Project Goals: Short statement of goals. (Limit to 1000 characters) 

Interactions between plants and soil microorganisms can reshape projections of terrestrial 
biogeochemical cycles, yet the mechanisms by which these interactions operate are poorly 
understood. The goal of this project is to determine the role of plant and soil resources in 
shaping interactions between coniferous plants, their major root fungal symbionts 
(ectomycorrhizal fungi, EMF), and free-living saprotrophic decomposers (SAPs) in soil that 
control forest biogeochemistry. Our project leverages a model plant-EMF system that 
dominates coniferous forests in U.S. and abroad; plants in the Pinaceae and their EMF symbionts 
in the genus Suillus. We have discovered that plant-EMF-SAP interactions in this system are 
driven by soil carbon (C) and nitrogen availability to SAPs. Ongoing experiments now focus on 
how increases in plant C availability to EMF (caused by elevated CO2) affect plant-microbial 
interactions and biogeochemistry. Future work will integrate experimental data into a microbial-
explicit biogeochemistry model, FUN-CORPSE and validate the model with data on soil 
microbial community and biogeochemistry from the Duke FACE experiment. 

Funding statement. This material is based upon work supported by the U.S. Department of 
Energy, Office of Science, Office of Biological and Environmental Research, under contract 
numbers JGI/EMSL FICUS 48480, 49514, and 49989; JGI CSP #503285; and Award Numbers DE-
SC0012704 and DE-SC0020403. 

 

 

 

 

 



Developing a molecular-level model of cofactor-trafficking in chloroplasts 

Crysten E. Blaby-Haas*1 (cblaby@bnl.gov), Desigan Kumaran1, Miriam Pasquini1, Qizhi 
Zhang2, Sam Seaver2 

1Brookhaven National Laboratory, Upton, NY; 2Argonne National Laboratory, Argonne, IL. 

Project Goals: Bioenergy crops that thrive in marginal soils and maintain performance in 
diverse and fluctuating environments are an essential component of a sustainable energy and 
carbon portfolio. However, understanding and predicting productivity in these 
environments is challenging, in part, because of the general lack of sequence-to-function 
information in the plant lineage. The Quantitative Plant Science Initiative (QPSI) is a 
versatile and scalable capability that aims to bridge the knowledge gap between genes and 
their functions. A central aspect of our strategy is combining genome-wide experimentation 
and comparative genomics with gene-, protein-, and molecular-level experimentation. In this 
way, we leverage the scalability of ‘omics data and bioinformatic approaches to capture 
system-level information for DOE-relevant crops, while generating experimentally 
determined sequence-specific understanding of gene and protein function. By incorporating 
molecular-level experimentation into our workflow, we can address the question of how a 
protein functions and establish mechanistic insight into how sequence variation impacts 
phenotype. This knowledge also serves as a touchstone for accurate genome-based 
computational propagation across sequenced genomes and forms the foundation for robust 
predictive modeling of plant productivity in diverse environments.  

To ensure that sustainable, low-impact bioenergy can be developed, a fundamental understanding 
of how plants can acclimate to poor nutrient quality is needed. Micronutrients are of growing 
importance in maximizing bioenergy/bioproduction crop yield, and the trace metal nutrients 
present unique challenges. Bioavailability of these nutrients in the soil is dynamic and variable, 
and yield-impacting deficiency can suddenly appear as more intensive cropping, higher yielding 
crops, insufficient nutrient management, and nutrient imbalances are becoming more widespread. 
Additionally, because these elements are essential for the proper assimilation and metabolism of 
macronutrients, such as nitrogen, poor macronutrient availability is exacerbated by metal 
deficiency. To support the development of bioenergy crops with improved micronutrient stress 
resilience, our goal is to develop a genome-based, molecular-level and system-level understanding 
for the two most abundant trace metal nutrients in plants: zinc and iron. 

In addition to the thylakoid membrane, many metal-dependent proteins localize to the chloroplast. 
They do not necessarily participate in photosynthetic electron transfer directly but serve a support 
role ensuring the proper functioning of photosynthesis. The chloroplast is also the site of multiple 
metabolic pathways that are dependent on a transition metal at one or more steps. To ensure 
metalloprotein biogenesis in the chloroplast, plants have unique challenges to overcome. Cofactors 
must be transported across multiple membranes, while avoiding potentially cytotoxic interactions. 



While permeases involved in chloroplast metal transport are relatively well characterized, how 
metal ions are loaded into most metalloproteins is unknown. Since unchelated metal ions can be 
toxic, mechanisms that mediate trafficking from the site of transport to each metalloprotein should 
exist. Here, we present the discovery of (1) a chloroplast metal transferase, which we propose is a 
zinc-chaperone essential for proper translation and protein modification during zinc scarcity, and 
(2) an unprecedented trinuclear zinc-heme-zinc protein, which we propose may function as a heme 
chaperone in cyanobacteria, but with the addition of an oxidase domain, has evolved a function in 
heme degradation in plants. We also present our work toward developing a plant subsystem editor. 
This public platform will enable the in silico integration of functional annotations, comparative 
plant genomics and metabolic reconstruction, which we are using to build process-level models of 
how plants mediate cofactor trafficking and metabolism-centric adjustments to cofactor use in the 
chloroplast.      

This research was supported by the DOE Office of Science, Office of Biological and 

Environmental Research (BER). 
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Project Goals: Bioenergy crops that thrive in marginal soils and maintain performance in 
diverse and fluctuating environments are an essential component of a sustainable energy and 
carbon portfolio. However, understanding and predicting productivity in these 
environments is challenging, in part, because of the general lack of sequence-to-function 
information in the plant lineage. The Quantitative Plant Science Initiative (QPSI) is a 
versatile and scalable capability that aims to bridge the knowledge gap between genes and 
their functions. A central aspect of our strategy is combining genome-wide experimentation 
and comparative genomics with gene-, protein-, and molecular-level experimentation. In this 
way, we leverage the scalability of ‘omics data and bioinformatic approaches to capture 
system-level information for DOE-relevant crops, while generating experimentally 
determined sequence-specific understanding of gene and protein function. By incorporating 
molecular-level experimentation in our workflow, we can address the question of how a 
protein functions and establish mechanistic insight into how sequence variation impacts 
phenotype. This knowledge also serves as a touchstone for accurate genome-based 
computational propagation across sequenced genomes and forms the foundation for robust 
predictive modeling of plant productivity in diverse environments.  

The development of ‘omics technologies provides an unprecedented opportunity for the study of 
plants as complex biological systems. With these technologies and the associated genome-wide 
data, nearly any plant species, including DOE-relevant crops such as poplar and sorghum, can be 
fast-tracked to a level of understanding that was previously attainable for only a few “model 
organisms”. The challenge is shifting from acquiring genomic data, such as whole-genome 
sequences and transcriptomics datasets, to using that knowledge to enable predictive biology. 
Central to this challenge is the paucity of sequence-to-function understanding in the plant lineage, 
generally, and in bioenergy crops, specifically. While our aspiration is a large-scale capability that 
generates gene and protein functional understanding in bioenergy crops, our initial focus addresses 
the need for micronutrient stress resilience for sustainable bioenergy/bioproduction. Of the 
essential micronutrients, insufficient zinc and iron bioavailability causes widespread decreases in 
crop yield. We will broadly use resources developed in the DOE complex together with a multi-
omics experimental strategy to discover adaptive responses to suboptimal zinc and iron availability 
in two DOE flagship bioenergy crops, poplar and sorghum. This data will be used for a 
computational simulation of cofactor availability in the chloroplast, the major metal sink and site 



of carbon fixation and energy generation. At the same time, we will deploy an interdisciplinary 
approach and use high-throughput methodologies to provide a layer of experimentally grounded 
sequence-specific understanding of molecular-level functions for major players involved in 
chloroplast metal trafficking. These studies will serve to improve our model of micronutrient 
dynamics in bioenergy crops and to provide a foundation for establishing how metal scarcity and 
excess affect the biomass yield of bioenergy crops.   

This research was supported by the DOE Office of Science, Office of Biological and 

Environmental Research (BER). 
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1 Pacific Northwest National Laboratory (PNNL), Richland, WA; 2 Dept. of Plant Sciences, 
University of Tennessee, Knoxville, TN; 3 Dept. of Biology, West Virginia University, Morgantown, 
WV; 4 Dept. of Plant Sciences, University of California, Davis, CA 
 
Project Goals: The main goal of the SyPro project is the development of transgenic trees with 
sustained photosynthetic activity and increased biomass production under the simultaneous 
occurrence of water deficit, increased soil salinity and elevated temperatures. To achieve that, 
we intend to (1) identify stress-responsive genes and proteins in specific cell-types of poplar 
leaves and roots; (2) discover novel cis-regulatory elements; (3) construct stress-responsive 
synthetic promoters; and (4) use these promoter-gene fusions to develop abiotic stress-
tolerant poplar. The transgenic poplar trees will be evaluated under both controlled and field 
conditions.  
 

Plants react to abiotic stress with a combination of physiological, biochemical, and 
developmental changes. These responses include alterations in signaling components, gene 
transcription, synthesis of proteins and metabolites which occur in a cell-type and tissue-specific 
manner 1. However, each cell-type in plant tissues is defined by specific transcriptional, protein, 
and metabolic profiles that determine its function and response(s) to stress 2. Thus, determining 
the plant responses to environmental changes requires an understanding of the cell/molecular 
properties of specific single cell-types within a tissue. 

In this work, clones of Populus tremula x alba (INRA 717 1-B4) were rooted for at least 25 
days, grown in the greenhouse for 45 days and the plant response(s) to water deficit, salinity, 
heat, and the combination of all three stresses were monitored. Leaf and root tissues were 
collected at different time points, fixed and embedded for cell-type specific omics analyses. We 
targeted distinct poplar cell types and tissues including leaf mesophyll, xylem/phloem, root 
epidermis and cortex cells using cryo-sectioning and laser-capture microdissection (LCM) 
techniques. Samples from same plants were also collected for whole tissue omics (RNA-seq, 
metabolite) analysis.  

To decode the structural and regulatory gene networks that mediate spatiotemporal 
specialization, we employed a cell-type specific gene expression profiling approach. To this end, 
RNA was extracted from 400-500 cells per cell-type. Full length cDNA and template libraries were 
generated, quantified and sequenced. Our data revealed that under all investigated water-deficit 
stress conditions including Early Water-Stress (EWS), Late Water-Stress (LWS), and Recovery (R), 
585 and 138 transcripts were significantly regulated in leaf palisade and vascular cell types, 
respectively. The observed transcriptional changes were further assessed at the protein 
translation level. For proteomics analysis, total protein was extracted from 300-800 cells per cell-
type, and samples were processed within ultrasmall-volume “nanowells” (nanoPOTS technology) 



3. In response to water-deficit stress and water recovery conditions, a total of 2,384 and 3,490 
proteins were identified as leaf palisade mesophyll and vascular-specific proteins, respectively. 
Among these, 498 (in palisade cells) and 270 (in vascular cells), 184 (in palisade cells) and 336 (in 
vascular cells), and 392 (in palisade cells) and 428 (in vascular cells) proteins were exclusively 
identified at EWS, LWS, and R phases, respectively, as unique candidate cell-type specific 
drought-responsive proteins. Our pathway enrichment analysis revealed a number of proteins 
involved in amino acid and carbohydrate metabolism, photosynthesis, sucrose 
biosynthesis/degradation and antioxidant metabolism as responsive proteins exclusively in 
palisade mesophyll or vascular cells in water-deficit stress and post-recovery phases. These 
findings are being correlated with whole tissue metabolite profiles and linked to the 
spatiotemporal accumulation of selected metabolites using a MALDI-MS imaging approach4. 
These results will be presented and discussed. 

Overall, our results indicate that specific cell-types in poplar tissues are defined by 
distinctive transcriptional and protein profiles under abiotic stress. This information is being used 
for motif discovery, the results of which will be used for engineering of cell-, tissue- and stress-
specific promoters. Subsequent poplar transformation with constructs of stress-mitigating genes 
driven by these promoters will be performed. These efforts will contribute to the design of stress-
tolerant poplar trees, a strategic bioenergy crop, and to a better understanding of the roles of 
different poplar cell types on the response to abiotic stress.  
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Crops are frequently subjected to abiotic stresses including water deficit, salinity, and heat. Here we 
show the performance of a set of rationally-designed osmotic stress-inducible synthetic promoter in 
hybrid poplar, a strategic bioenergy crop. We mined poplar transcriptome data for signature promoter 
motifs that are putatively drought- or salt-responsive. De novo motif-detecting algorithms yielded 30 
water stress- and 34 salt stress candidate DNA motifs using E-value threshold of 0.001 from the 
respective promoters of drought- and salt-responsive co-expressed genes from poplar data sets. In drought 
responsive motifs, a novel domain was comprised of 3 to 9 conserved motifs (SD1-9) found in 16 co-
expressed gene promoters. A newly-identified well-conserved motif (SS16) for salt-response was 
discovered. Fifteen synthetic promoters using mined sequence were fused to a green fluorescent protein 
(GFP) gene. These promoters were screened by transient expression assays using poplar leaf mesophyll 
protoplasts and agroinfiltrated Nicotiana benthamiana leaves under osmotic stress condition. Twelve of 
these synthetic promoters induced GFP expression in both transient expression systems. Especially, two 
SD (SD3-1 and 6-2) and three SS (SS16-1, 16-2, and 16-3) synthetic promoters responded significantly to 
low water content and high salinity, respectively, in agroinfiltration test. These five synthetic promoters 
were then selected for generating stable transgenic Arabidopsis to validate the inducibility in plants. SD3-
1 and 6-2 responded to water deficiency, while SS16-1, SS16-2, and SS16-3 responded to high salinity in 
Arabidopsis. Orthogonal synthetic promoters for multiple crops is a ‘grail’ of biotechnology. The current 
results appear to provide multiple expression profiles and choices to deploy osmotic stress-inducible 
promoters that may be effective in multiple plant species.  The design-build-test strategy appears fruitful 
for tuning abiotic-stress tolerance responses in the next steps of the research in engineered poplar trees. 
 
 
 
 
The SyPro Poplar project is supported by the U. S. Department of Energy (DOE), Office of 
Biological and Environmental Research (BER), Genomic Science Program. 
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The vast majority of Earth’s organic matter is stored in soil. The products of microbial 
metabolism as well as dead microbes (necromass), along with residues from plants and 
other organisms at different stages of decomposition, constitute a large fraction of that 
soil organic matter (SOM). The ability of microbes to modify and degrade SOM depends 
on physicochemical characteristics of the soil, affecting SOM stability and persistence. 
While the contributions of microbes to the decomposition and loss of SOM have been 
intensively studied, their role in maintaining terrestrial SOM is poorly understood. 
Specifically, how fungi, bacteria, and archaea participate in SOM production, its 
interaction with minerals, and the formation of soil aggregates remains a significant gap 
in our understanding of the terrestrial carbon cycle. Herein, we employ field and laboratory 
experiments to further understand the role of microbial communities in stabilizing SOM under 
drought and fluctuating wet-dry cycles in clay-rich tropical soils. We begin by identifying traits 
characteristic of the single cell physiological response to drought stress through real-time and 
non-destructive Fourier-transform infrared spectroscopy at the Advanced Light Source at LBNL. 
This dataset serves as a baseline for the interpretation of molecular data generated across several 
different scales in complexity, beginning with simple community responses to drought within an 
abstraction of the soil environment. We scale up through a mesocosm experiment with intact soil 
cores collected from Isla Buena Vista, a kaolinite rich soil within a tropical rainforest, which also 
serves as the location of a long-term drying experiment (termed Parched.Panama), that serves as 
the final experimental scale. We use a combination of metagenomic sequencing and 
metabolomic profiling to examine how traits expressed within the laboratory and field 
experiments feedback on to the composition of soil organic matter. These three interacting scales 
will be used to parameterize and benchmark a mechanistic model coupling above- and 
belowground processes (the ecosys model), to predict the fate of SOM on longer time scales. 
 
Department of Energy Early Career Research Program Grants to N.J. Bouskill, #FP00005182 
and D.F. Cusack #DE-SC0015898. This research used resources of the Berkeley Synchrotron 
Infrared Structural BioImaging (BSISB) Program at the Advanced Light Source, which is a DOE 
Office of Science User Facility under contract no. DE-AC02-05CH11231. 
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Project Goals: The main goal of this project is to develop more predictive metabolic models 
of diurnal growth for algal systems. We are using a multi-paradigm multi-scale approach 
which enables us to include phenomenon not previously integrated into metabolic models, 
such as diel light, diffusion of metabolites/nutrients, cell-cell interactions, as well as temporal 
and spatial tracking of cells. This model will further be enhanced with experimental data collected 
over 24 hour diel growth for transcript abundance and changes in biomass composition.  Validation 
and improvement of the model will be performed by comparing predictions to 13C-MFA of cells 
grown in the lab as well as in large outdoor ponds.    

Photosynthetic microorganisms have the potential to become economical and sustainable sources of fuels, 
as the energy required for the cell to grow can be sourced from natural sunlight alone; however, we have 
yet to harness their full power due to a general lack of tools for engineering their metabolism. Metabolic 
models have been shown to drastically reduce the development time for commercial production strains of 
heterotrophic bacteria; however, these models are less applicable to photosynthetic systems due to the 
transient nature of diurnal (day/night) growth. Current metabolic models are not capable of accurately 
predicting growth rates in day/night growth cycles, let alone genetic changes which would lead to increased 
yields. Our work is focused on constructing an approach to diurnal modeling that allows for extension of 
current metabolic models into a transient space, using organism specific circadian information. We are 
currently using circadian gene expression data from Chlamydomonas reinhardtii to cluster gene expression, 
convert discrete data into continuous functions and implement these as additional constraints on our 
metabolic model. We will present the result of this work on how these constraints are able to further 
constrain the model and better predict growth in diurnal light. Ultimately,  the availability of such models 
will introduce a new frontier in the ability to use in silico tools to investigate the metabolism, growth and 
phenotype of photosynthetic microorganisms. It will enable us to gain insight into why photosynthetic 
organisms have drastically different productivities when grown in continuous light compared to diurnal 
cycles and how to circumvent this.   
 
 
This research was supported by the DOE Office of Science, Office of Biological and 
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Project goals: We aim to recover metagenome assembled genomes of bacteria active in soil 
carbon cycling by enriching for isotopically labeled DNA from 13C-labeled substrate treated soils 
with metagenomic-SIP. The goal of this project is to investigate these genomes for signatures of 
bacterial life history strategies that drive dynamic function in soil carbon cycling. 
 

Soil dwelling microorganisms are an essential part of soil carbon cycling yet their biology 
and ecology are still poorly understood. There is a lack of representative, cultured isolates from 
this system and diverse, high-quality genomes are only now being recovered from large 
metagenome studies. DNA-stable isotope probing (DNA-SIP) has recently allowed us to more 
thoroughly explore the ecology of bacteria active in the soil carbon cycle. Previously, we ran a 
high-resolution DNA-SIP experiment to characterize bacteria involved in breaking down nine 
chemically distinct carbon substrates mimicking natural components of plant litter. By analyzing 
13C-labeling patterns of community members over 48 days, we uncovered discrete ecological 
groups which we believe define important life history strategies. We hypothesize that these 
ecological groups have distinct genome characteristics explaining their carbon assimilation 
dynamics.  

To elucidate the biology behind these ecological groups and better understand their 
functional potential, we performed metagenomic-SIP on a subset of samples. Metagenomic-SIP 
enriches for isotopically labeled genomic DNA from treated environmental samples and has 
been shown to improve assembly and binning of 13C-labeled genomes from diverse 
communities. Preliminary analysis indicates that metagenomes were enriched for taxonomic 
groups corresponding to 13C-labeled OTUs. For example, we observed an enrichment of genes 
from the Verrucomicrobia genus Chthoniobacter, a prominent assimilator of carbohydrates, 
with few cultured representatives. By comparing abundance of COG orthologues between 13C-
treatment and 12C-control samples, we also observed substrate and timepoint specific 
enrichment of relevant gene categories and pathways. For instance, cell mobility genes were 
highly enriched in early timepoint samples but less so in later timepoints. Similarly, mobile 
elements including prophages and transposons were enriched in early timepoint samples and 
those treated with highly labile substrates. We further found characteristic enrichment of CAZy-
classified glycoside hydrolases families across samples. Through assembly and binning of 
metagenome assembled genomes (MAGs) we aim to further identify genomic signatures of life 
history strategies important to soil carbon cycling. This study is part of ongoing research with 
the goal of unearthing the role of the soil microbial community in global carbon cycling.  

 
Supported by the Department of Energy, Office of Biological & Environmental Research Genomic 
Science Program, award numbers DE-SC0010558 and DE-SC0004486 and from the Joint Genome 
Institute Community Science Program project number 503502  



 
Phenolic acid-degrading populations of Paraburkholderia prime decomposition in 

forest soils  
 

Roland C. Wilhelm1* (rwilhelm@cornell.edu), Christopher DeRito2, James Shapleigh2, Eugene 
Madsen2 and Daniel H. Buckley1 

 
1 School of Integrative Plant Sciences, Bradfield Hall, Cornell University, Ithaca, NY, 14853, USA 
2 Department of Microbiology, Wing Hall, Cornell University, Ithaca, NY, 14853, USA 
 
Project Goals 
 Our project aimed to characterize the microbial populations involved in the metabolism of plant-
derived carbon (C) and their influence on soil carbon cycling. We targeted the ecological and functional 
traits of phenolic-acid degrading bacteria, since phenolic acids are a major component of plant root 
exudates and lignin. These populations have also been recently identified as contributing to the soil 
priming effect, in which exogenous C stimulates the mineralization of endogenous soil organic carbon 
(SOC). We used stable isotope probing, metagenomics and culturing to link the ecology of phenolic-acid 
degrading bacteria with soil C-cycling. 
 
Abstract 

Plant-derived phenolic acids are metabolized by soil microorganisms whose increased activity 
can prime the decomposition of SOC. We characterized bacteria that enhanced SOC mineralization in 
forest soils when primed with 13C-labeled p-hydroxybenzoic acid (PHB). We investigated whether PHB-
induced priming could explain differences in SOC content among mono-specific tree plantations in a 70-
year-old common garden experiment. A set of closely related Paraburkholderia and Caballeronia 
phylotypes dominated PHB degradation in all soils despite large differences in community composition 
with respect to tree species and soil type. We isolated the principal PHB-degrading phylotype 
(Paraburkholderia sp. RP11T) and found it encoded a large number of oxidative enzymes (laccase, 
peroxidase and dioxygenase) and confirmed its ability to degrade phenolics. RP11T uniquely encoded 
paralogs of the enzyme responsible for PHB oxidation (pobA). The RP11 phylotype (RP11ASV) increased 
dramatically in relative abundance (23-fold) after PHB amendment, corresponding with the priming of 
3 - 13 µmols C g-1 dry wt soil of native SOC. In contrast, glucose amendment reduced SOC 
mineralization by -3 to -8 µmols C g-1 dry wt soil. RP11ASV abundance and pobA expression correlated 
with PHB respiration rates and were inversely correlated to in situ SOC accumulation. The metabolic 
state of RP11T cells was critical for priming, which occurred solely during PHB respiration. We conclude 
that the metabolism of plant-derived phenolic acids stimulates soil priming with potential impacts on 
SOC cycling. 
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Project Goals: The Vision of the RCSB PDB is to enable open access to the accumulating 
knowledge of 3D structure, function, and evolution of biological macromolecules, 
expanding the frontiers of fundamental biology, biomedicine, and biotechnology. 

Protein Data Bank (PDB) was established as the 1st open access digital data resource in biology 
and medicine. Today, the PDB is one of two global resources for experimental data central to 
science as a public good (the other key Primary Data Archive being the International Nucleotide 
Sequence Database Collaboration).  PDB currently houses >160,000 atomic level biomolecular 
structures determined by crystallography, NMR spectroscopy, and 3D electron microscopy. It is 
managed by the Worldwide Protein Data Bank partnership (wwPDB; wwpdb.org) according to the 
FAIR principles (i.e., Finability, Accessibility, Interoperability, and Reusability). 

Through an internet information portal and downloadable data archive, researchers and educators 
can access 3D structure data for large biological molecules, such as proteins and DNA. These are 
the molecules of life, found in all organisms on the planet. Knowing the 3D structure or shape of 
a biological macromolecule is essential for understanding the role the molecule plays in health and 
disease of humans, animals, and plants, food and energy production, and other topics of concern 
to global prosperity and sustainability.  

The RCSB PDB operates the US data center for PDB, serves as Archive Keeper for the global 
PDB archive, and makes PDB data available at no charge to all Data Consumers without 
limitations on usage.  Studies of website usage, bibliometrics, and economics demonstrate the 
powerful impact of the PDB data on basic and applied research, clinical medicine, education, and 
the economy.  

During calendar 2019, >800 million structure data files were downloaded from the RCSB PDB by 
Data Consumers working worldwide. During this same period, the RCSB PDB processed >5,530 
new atomic level biomolecular structures plus experimental data and metadata coming into the 
archive from Data Depositors working in the Americas and Oceania. In addition, RCSB PDB 
served millions RCSB.org users worldwide with PDB data integrated with ~40 external data 
resources providing rich structural views of fundamental biology, biomedicine, and energy 
sciences, and supported >650,000 PDB101.rcsb.org educational website users around the globe.  

 



RCSB PDB serves a rich collection application programmable interfaces (APIs) that enable 
searching of and access to PDB data content. These APIs enable search by key citation, biological 
and structural features, and retrieval of individual PDB structure entries, reports, and chemical and 
molecular reference data.  Building on this functionality in 2020, RCSB PDB will deploy new API 
services that integrate structure and sequence comparison in combination with more granular 
access to the corpus of PDB data. 

Access to PDB data and services contribute to patent applications, drug discovery and 
development, publication of scientific studies, innovations that can lead to new product 
development and company formation, and STEM education. 
 
Publications 

1. The Protein Data Bank (2000) Nucleic Acids Research 28: 235-242. doi: 10.1093/nar/28.1.235. 
2. RCSB Protein Data Bank: biological macromolecular structures enabling research and education in 
fundamental biology, biomedicine, biotechnology and energy (2019) Nucleic Acids Research 47: D464–D474. 
doi: 10.1093/nar/gky1004. 
3. RCSB Protein Data Bank: Enabling biomedical research and drug discovery  
(2019) Protein Science 29: 52-65 doi: 10.1002/pro.3730. 
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This project will carry out a multi-omics approach to uncover the mechanisms that drive 
cooperative fungal-bacterial interactions that result in the degradation of lignocellulosic 
plant material in the leaf-cutter ant fungal garden ecosystem. This approach will provide 
the knowledge needed for a predictive systems-level understanding of the fungal-bacterial 
metabolic and signaling interactions that occur during cellulose deconstruction in an 
efficient, natural ecosystem.   

Naturally evolved microbial systems that are capable of efficient deconstruction of plant 
cell wall biomass exist. Biomass deconstruction in these natural communities is often dependent 
on bacterial-fungal symbiosis, yet the molecular underpinnings of these interactions are poorly 
understood. An excellent example of such a system is the leaf-cutter ant fungal garden 
ecosystem, which employs inter-kingdom interactions to liberate energy rich carbohydrates from 
plant lignocellulose biomass. Unfortunately, the microbial community dynamics of the leaf-
cutter ant fungal garden ecosystem are a challenge to assess because of the high heterogeneity of 
species composition and phenotype occurring across space and time during plant biomass 
deconstruction. 

To understand how the fungal garden is able to degrade plant matter with such efficiency, 
it is necessary to study the metabolic interactions and biochemical pathways utilized by its 
microorganisms in each microscopic region of the fungal garden. This research will accomplish 
that with novel microscale metabolomics, lipidomics, and proteomics approaches that can 
analyze very small samples, providing detailed information on the location and function of 
fungal and bacterial molecules. In this initial study, we evaluated the lipidomic differences 
between the leaves feeding the gardens, microscopic hyphae called gongylidia produced by the 
fungus to feed the ants, and spatially-resolve regions of the fungus garden at initial to advanced 
stages of leaf degradation. The lipid species identified in the sample types and garden regions 
varied significantly. Lipids containing alpha-linolenic acid from the leaves were enriched in the 
top of the gardens, but not dominant in the middle or bottom regions. Furthermore, gongylidia 
were dominated by lipids containing linoleic acid. These microscale lipidomic measurements 
deciphered biomass lipid metabolism and bacterial-fungal lipid syntheses by spatially resolving 
those regions where specific deconstruction activities are enriched, thus functionally reducing the 
heterogeneity of the system.   
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Identifying Plant Genes Associated With Pathogen Antagonism in Populus trichocarpa	
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Project Goals: Within the leaves of P. trichocarpa, antagonistic interactions among non-
pathogenic endophytes and pathogens can result in reduced plant disease severity. The 
overarching goal of our project is to use genome-wide-association-studies (GWAS) to identify 
and validate plant SNPs/genes associated with the abundance of pathogen antagonists and 
effective disease suppression in the P. trichocarpa leaf microbiome. Aim 1: Identify plant 
SNPs/genes associated with P. trichocarpa leaf microbiome composition and the abundance of 
putative pathogen antagonists in contrasting common garden environments. Aim 2: Identify 
plant SNPs/genes associated with the abundance of known fungal antagonists of Melampsora 
leaf rust in P. trichocarpa, and with fungal antagonism of Melampsora leaf rust, in a controlled 
greenhouse environment. Aim 3: Validate the effect of selected genes associated with fungal 
antagonism of Melampsora leaf rust using the CRISPR/cas9 system to introduce loss-of-function 
mutations.	

Abstract: Managing plant microbiomes to facilitate pathogen antagonism could complement 
traditional methods of combating disease (e.g., breeding for resistance and fungicide), enhancing 
the productivity and sustainability of Populus feedstock production for biofuels. Because plants 
play an active role in shaping the composition of their microbiome, breeding or genetic 
modification aimed at promoting pathogen antagonism could provide one approach to 
microbiome management for disease protection. However, before the promise of enhanced 
pathogen antagonism through these methods can be realized, many basic questions must be 
answered regarding the genomic basis of host control over endophyte colonization. Toward this 
end, our research seeks to identify plant genes that influence the species composition of the P. 
trichocarpa leaf microbiome across contrasting environments, with a focus on known and 
putative antagonists of Melampsora leaf rust.  
 
This abstract focuses on the results of our first study aim. We used ITS metabarcoding to 
characterize fungal communities in the leaves of > 500 P. trichocarpa genotypes planted in two 
common garden environments (Corvallis OR, Boardman OR), in both early (June) and late 
(September) season. These gardens represent a dramatic contrast in the abiotic environment – 
approx. 110 cm rain/yr in Corvallis vs. 20 cm rain/yr in Boardman – and dissimilar regional 
propagule pools of plant pathogens and endophytes. Greater moisture availability is known to 
positively impact fungal growth and survival. We found large differences in fungal species 
composition between sites (Fig 1), and between the early and late season samples within each 
garden (Fig 1). Species richness and diversity also varied across space and time. Observed 
richness was greater in the wet site, though differed minimally between early and late season 



sampling points in both gardens. However, evenness increased over time in Corvallis and 
decrease over time in Boardman. 	

 

 

In our preliminary GWAS analysis of the four datasets, the majority of plant SNPs/genes 
associating with differential relative abundances of individual fungi varied among the datasets. 
However, across all datasets we identified fungi significantly associated with genes involved in 
phytohormone action, cell wall modification, lipid metabolism, and protein modification (among 
others). Boardman shows a larger number of genes associated with vesicle trafficking, while 
Corvallis has a higher prevalence of solute transport genes. In comparing early versus late season 
samples within gardens we see modest differences in the prevalence of genes associated with 
protein homeostasis, protein modification, and solute transport. Some fungi were consistently 
associated with SNPs/genes across all four datasets, including putative pathogen antagonist 
species in the genus Cladosporium. Though about half the fungi for which we found significant 
associations with SNPs/genes were identified in just one dataset.  
	
Funding Statement: This work was supported by the Departments of Energy’s Office of 
Science, Office of Biological and Environmental Research, and the Department of Agriculture, 
National Institute of Food and Agriculture, Agriculture and Food Research Initiative (DE-
SC0019435). 
 

	

Figure 1. Species composition and diversity of foliar fungi sampled from identical Populus trichocarpa 
genotypes in two contrasting common gardens (Boardman and Corvallis, Oregon) and at two time points (June 
and September). Left: Non-metric multidimensional scaling (NMDS) reveals large differences in species 
composition between gardens and at early and late season time points. Right: Observed species richness was 
consistently higher in the wetter environment (Corvallis). Shannon diversity in the two gardens was similar early 
in the growing season but diverged over time. 
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Project Goals: The goals of this new project are to develop hybrid machine learning/simulation 
models of Pseudomonas fluorescens/ Laccaria bicolor interactions and dynamics. These hybrid 
data-analytic/simulation models will be used to carry out virtual experiments and develop 
fundamental understanding of the interactions between Pseudomonas fluorescens and Laccaria 
bicolor. At the same time, we will carry out experiments aimed at developing and testing 
quantitative assays to measure the same interactions, and whose data will inform the virtual 
experiments. We will:  

• Evaluate the impacts of (1) thiamine and phenazines and (2) trehalose, produced respectively 
by P. fluorescens and Laccaria, on the metabolisms of each other. Metabolic exchange is an 
emerging theme in bacterial-fungal and bacterial-bacterial interactions.  

• Characterize Laccaria-stimulated chemotaxis of P. fluorescens by coupling trehalose 
signaling and metabolism to chemotaxis P. fluorescens.   

• Experimentally investigate (1) Pseudomonas fluorescens chemotaxis and metabolism of 
Laccaria produced metabolites, and metabolism of P. fluorescens produced metabolites in 
Laccaria.  

Abstract. In comparison to bacterial-bacterial interactions, there is very little known about 
bacterial-fungal interactions even though these interactions are thought to be fundamentally 
important to DOE missions in sustainability, crop biofuel development and biosystem design. In 
biofuel crops, many crop root systems live in mutualistic symbiosis with fungi and bacteria. 
Mycorrhiza helper bacteria (MHB) increase host root colonization by mycorrhizal fungi, which 
in turn act as a micro-root system to provide the plant with soil nutrients. Recent work on the 
Populus root microbiome has determined that the interactions between the mycorrhizal fungus 
Laccaria bicolor and the bacterium, Pseudomonas fluorescens are key to fitness of the plant. 
These organisms, Laccaria and P. fluorescens, are the focus of this project to understand 
fundamental principles of interactions between fungi and bacteria from the perspective of 
material exchange and energetics, and how material and energetics are linked in inter- and intra-
microbial subsystems.  

The first task of this project is to develop a hybrid simulation-machine learning model of 
Laccaria. We are constructing a hybrid simulation-reinforcement learning model for Laccaria 
that combines metabolic control analysis, physics-based mass action kinetics with experimental 
data to predict experimentally faithful dynamics of the organism. The model will include all of 
central metabolism and secondary metabolism including protein production and the production 



of biosynthetic enzymes. Under this task, we are using the Laccaria model to understand the 
growth energetics of Laccaria under various conditions pertaining to the questions of interest. 
We will evaluate the material and energy flow in Laccaria when sub- inhibitory levels of 
phenazines are present, with the naïve hypothesis is that material flow will be redirected away 
from respiration, possibly towards filament growth or branching. We will evaluate the impact of 
thiamine uptake from the environment on metabolism, with the naïve hypothesis that filament 
growth and branching will increase. We will predict conditions in which trehalose synthesis and 
export are favorable, and conditions in which water generated from metabolism is exported out 
of the cell. Currently the model includes central metabolism, cell wall synthesis and trehalose 
synthesis, as shown in the figure.  

The second task is to construct a similar hybrid simulation-machine learning model of P. 
fluorescens, but to also couple the metabolism of this model with chemotaxis. We will use the P. 
fluorescens model to evaluate the change in growth and thermodynamic cost of thiamine 
production, and to understand the mechanism of trehalose stimulated chemotaxis of P. 
fluorescens.  

The thiamine biosynthesis pathway is regulated by a thiamine riboswitch in P. fluorescens. 
When thiamine taken up from the environment, the riboswitch turns off the production of the 
enzymes needed to synthesize thiamine. The thermodynamic cost of thiamine production can be 
determined by understanding the changes in enzyme expression/activity, which the model will 
predict, when thiamine is present or not. The cost of enzyme synthesis can be estimated from 
either average cost of protein synthesis, or specifically from the amino acid sequences of the 
specific enzymes.  

In order to understand the interplay and feedback between metabolism and chemotaxis, we are 
coupling metabolism to chemotaxis in P. fluorescens. Stimulation of the two-component 
chemoreceptor system alone is not sufficient to drive chemotaxis. Energy must also be redirected 
from other cellular processes to drive the rotation of flagella. Virtual experiments are helping us 
to develop hypotheses on how metabolism might be redirected for this purpose.  

The third task is to experimentally investigate (1) P. fluorescens chemotaxis and metabolism of 
Laccaria produced metabolites and (2) biofilm formation between P. fluorescens and Laccaria.  

We are initially focusing on several Pseudomonas strains that have differential responses on 
Laccaria (e.g. GM41, GM18, GM17). Bacteria utilize a chemoreceptor-phosphorelay system to 
sense and respond to chemical gradients. The binding of attractants to membrane bound methyl-
accepting chemotaxis proteins (MCPs) initiates this process which leads to effects on motility 
behavior.  

This project is supported by the U.S. Department of Energy’s Office of Biological and Environmental 
Research. 



LEARNING REGULATION AND OPTIMAL CONTROL OF ENZYME ACTIVITIES 
AND APPLICATION TO SYSTEMS BIOLOGY DATA OF NEUROSPORA CRASSA. 
 
William R. Cannon1, Samuel Britton2,  Mark Alber2, Jennifer M. Hurley3, Meaghan S. 
Jankowski3, Tina Keliher4, Jeremy D. Zucker1, Scott E. Baker5, Jay C. Dunlap4 

1  Biological Sciences Division, Pacific Northwest National Laboratory, Richland, WA, 99352;  
2 Department of Mathematics, University of California, Riverside, Riverside, CA 92521 
3 Department of Biological Sciences, Rensselaer Polytechnic Institute, Troy, NY, 12180 
4 Department of Molecular and Systems Biology, Geisel School of Medicine at Dartmouth, 

Hanover, NH 03755 
5 Environmental Molecular Sciences Laboratory, Pacific Northwest National Laboratory, 

Richland, WA, 99352  

Project Goals: The goal of this research is to develop and implement a new computational and 
theoretical method for modeling biological systems that fills a gap in modeling mass action 
dynamics. Based on statistical thermodynamics, the method bridges data-poor scales (parameters 
for mass action kinetics) and data-rich scales (chemical potentials of metabolites, and metabolite, 
protein & transcript data) to enable predictive modeling from enzymatic reactions (10-3 to 1 s-1) 
to gene and protein regulation (~20 minutes) to circadian rhythms (24 hours). 

  

 
Timescales that the simulations using statistical thermodynamics will cover. Enzymatic reactions 
occur on the millisecond to second timescale while gene and protein expression occur on the 
minute to ~30-minute scale and the circadian rhythm occurs over a period of 24 hours.  
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Abstract. Experimental measurement or computational inference/prediction of the enzyme 
regulation needed in a metabolic pathway is hard problem. Consequently, regulation is known 
only for well-studied reactions of central metabolism in model organisms. In the last year, we 
use statistical thermodynamics and metabolic control theory as a theoretical framework to 
determine the enzyme activities that are needed to control metabolite concentrations such that 
they are consistent with experimentally measured values. A reinforcement learning approach is 
utilized to learn optimal regulation policies that match physiological levels of metabolites while 
maximizing the entropy production rate and minimizing the work needed to maintain a steady 
state. The learning takes a minimal amount of time, and efficient regulation schemes were 
learned that agree surprisingly well with known regulation. The learning is facilitated by a new 
approach in which steady state solutions are obtained by optimization rather than ODE solvers, 
making the time to solution seconds rather than days. The optimization is based on the Marcelin-
De Donder formulation of mass action kinetics [1]. Consequently, a full ODE-based, mass action 
simulation with rate parameters and post-translational regulation is obtained.  
We demonstrate the process on the central metabolism of  Neurospora crassa  
which requires different regulation schemes under different nutrient conditions. While many 
reasons have been proposed as to why enzyme activities are regulated, very few of the proposals 
lead to specific hypotheses that can be tested. We hypothesize that the post-transcriptional 
regulation of enzymes is at least in part driven by the need to maintain the solvent capacity in the 
cell, a directly testable hypothesis.  
We investigate this hypothesis  computationally by  
combining experimental metabolomics data with 
steady state concentrations predicted 
computationally from equations for reformulated 
mass action kinetics, which can be solved either by 
simulation or by optimization.  Using quantitative 
metabolomics data, including both absolute 
quantitation and relative quantitation over circadian 
time (right) as well as physical and biological 
principles, we can predict the control of activity 
required to bring metabolite levels down to observed 
values using reinforcement learning (RL) or 
metabolic control analysis (MCA, local MCA). The 
predicted activities (below) agree with known 
regulation of central metabolism in model organisms 
(highlighted in bold in figure axis). Moreover, the 
results show that regulated enzymes have higher free 
energies of reaction precisely because of the 
regulation, turning common wisdom about enzyme 
regulation upside-down. Instead of highly non-
equilibrium reactions being the targets for regulation 
in metabolic pathways [2, 3], regulation results in 
reactions being much further from equilibrium than 
non-regulated reactions. Being further away from equilibrium than other reactions is an effect, 
not a cause, of regulation.  
 

 

 
Key metabolite levels in the glycolysis 
pathway in Neurospora oscillate in a 
circadian manner in time with the 
circadian oscillation of the enzymes that 
are responsible for producing them.  
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(Top) Plot of predicted enzyme activity vs enzyme for enzymes of glycolysis, the pentose 
phosphate pathway and the TCA cycle. Enzymes in bold on x-axis are known to be post-
translationally regulated. Activities with values of 1.0 are not regulated while values of 0.0 
indicate full regulation. (Bottom) Free energy of reactions for the reactions catalyzed by the 
respective enzymes.  
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Project Goals: Our primary goals are to accelerate the development of superior switchgrass 
cultivars and to expand the range of switchgrass cultivation in the Northeast.  We are building on 
the cultivars, populations, and field trials resulting from previous projects by expanding progeny 
trials and creating higher levels of associations from genomics information.  To this end we are 
addressing the following specific objectives: 1) Expanding the selection and testing of superior, 
disease-resistant switchgrass cultivars for marginal environments in the Northeast; 2) Mapping 
QTL for anthracnose resistance, Bipolaris resistance, and yield; 3) Identifying associations of 
SNPs and candidate genes with anthracnose and Bipolaris disease ratings; and  4) Identifying 
genome-wide and metagenome-wide variations associated with Genotype-by-Environment 
interactions affecting yield characters and disease susceptibility in switchgrass.  

Abstract: 

Switchgrass is a fast growing, perennial, warm-season grass, native to North America with great 
potential for development as a bioenergy crop. In the humid Northeast, fungal diseases are 
prevalent, and these can reduce the yield and quality of harvests. We are building upon previous 
research, populations and genomics tools to accelerate the development of superior, disease-
resistant, climate-resilient switchgrass (Panicum virgatum L.) cultivars for expanding the range 
of biomass cultivation in the Northeast. The project is specifically focusing on improvement of 
resistance to anthracnose (caused by Colletotrichum navitas), Bipolaris leaf spot (caused by 
Bipolaris oryzae), and environmental stress-resistance. In this poster, the results of the 
metagenomics and phenotypic data collections and analyses in year 1 will be presented. 

In year 1 (December 2018 – November 2019), progress was made on all project objectives.  This 
included seeding new plots of advanced experimental populations and standard check cultivars at 
all 3 test locations, developing a uniform set of methods for phenotyping and conducting disease 
ratings across the project, and identifying superior breeding lines for growth and disease 
tolerance from mature cultivar nurseries at Cornell University and Rutgers University. New 
progeny trials were established with 5,760 seedlings of progeny from 180 advanced breeding 
lines selected in the USDA NEWBio project.  These progeny trials will be evaluated for disease 
resistance and growth phenotypes in years 2 and 3. The [Lu et al. 2013] association panel was 
well established at all 3 trial sites by the start of the project, and growth was abundant at the field 
sites during the 2019 growing season.  The Cornell, Rutgers, and PSU groups completed data 
collection for plant growth (height and circumference in cm), plant vigor (rated from 1 to 5), and 



anthracnose severity (rated from 1 to 5) from replicates for all 552 genotypes in the panel. 
Bipolaris infections were not observed in 2019. Values for plant volume were computed as a 
proxy for biomass yield. Heritability estimates for each trait in 2019 were calculated from the 
phenotypic data. All replicates at the 3 trials will be scored for disease ratings and growth traits 
again in project year 2 (the 2020 growing season). We observed substantial, normally-distributed 
quantitative phenotypic variation between the sites and among genotypes for all of the traits 
studied. A trend in site-productivity of Rutgers>Cornell> PSU was observed for height, 
circumference and volume. Anthracnose incidence was severe at all 3 sites. Furthermore, 
heritability levels were high for all of the traits at all 3 trial sites.  The results in year 1 indicate 
strong genetic and site effects on variation in traits that should allow GWAS and GxE analyses to 
uncover genes and alleles important in biomass productivity and disease-resistance. 

A third year of phenotypic data was collected from Rutgers University’s QTL mapping family, 
including scores for anthracnose severity and plant vigor. The 3 years of phenotypic data will 
next be used to construct a genetic linkage map and to identify QTL. Most of the plants were too 
severely infected in the 2019 growing season to permit high quality and contamination-free DNA 
to be purified from field-collected samples. Thus, after disease ratings were taken, the mapping 
population was cut back and all 240 plants were brought into the greenhouse for re-growth under 
controlled conditions for the collection of fresh tissues for DNA isolations.  

In pre-award work, triplicate soil and root samples were collected from all of the association 
population plants within 2 days after the clonal “plugs” of each genotype were collected in 
triplicate from the switchgrass provenance trial common garden site at Cornell University near 
Ithaca, NY [Lu et al. 2013]. DNA was isolated from all rhizosphere soil samples. The 382 
samples with highest DNA quality and representing all wild population groups [Lu et al. 2013] 
were selected for the initial “pre-transplant” metagenome sequencing. Amplicons for the 16S 
rRNA gene and ITS loci were generated, and separate NGS libraries produced, for each of the 
382 samples. From the pooled libraries, app. 60Gb of sequence was produced on an Illumina 
HiSeq 2000. The pre-transplant metagenome data revealed an established rhizosphere microbial 
community with a rich composition of at least 493 bacterial genera and 57 fungal genera. This 
provides the composition of rhizosphere microbiomes representing past interactions between the 
switchgrass genotypes and both aboveground and belowground environmental conditions at the 
original nursery at Cornell, representing the common starting point of our project.  From the 382 
samples at the transplant stage, we selected 128 association panel genotypes in which to conduct 
detailed monitoring of changes in rhizosphere microbiome composition that may occur as the 
association population becomes re-established in the 3 different field trial sites in PA, NJ, and 
NY. The 128 genotypes were selected to maximize the range of switchgrass source populations 
represented.  In July 2019, triplicate rhizosphere soil samples were collected from all 3 replicates 
of the 128 core set of genotypes at all 3 sites, to assess changes in the microbiomes that may 
have occurred during the establishment of the genotypes at the 3 trial sites.  DNA isolations, 
amplifications, and sequencing will be completed early in year 2 (2020). 
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Examinations of the Fungal Genus Monosporascus Reveal its Potential as an Experimental 
Model for Studying Bacterial-Fungal Interactions  
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Project Goals: The vast taxonomic diversity and the complexity of interactions within the 
soil microbiome presents many challenges. Many of the interactions between soil-dwelling 
bacteria and fungi are not yet well-understood, and a more comprehensive understanding 
of these relationships and their response to environmental pressures would lead to 
substantial agricultural, environmental, and energy-focused advancements. These potential 
developments align with the foci of the DOE, and would influence multiple scientific 
disciplines. The aim of this Science Focus Area (SFA) is to better understand the diverse 
and abundant interactions within the soil rhizosphere, specifically between fungi and 
bacteria, and decipher the mechanisms behind their communication. Herein we discuss 
continued efforts towards establishing experimental models to examine and compare 
bacterial-fungal interactions. 

The genus Monosporascus represents an enigmatic group of fungi important in agriculture and widely 
distributed in natural arid ecosystems. Of the eight described species of Monosporascus, two (M. 
cannonballus and M. eutypoides) are important pathogens on the roots of members of the Cucurbitaceae 
in agricultural settings. The remaining six species are capable of colonizing roots from a diverse host 
range without causing obvious symptoms of disease. To explore evolutionary relationships within the 
genus and gain insights into potential ecological functions, we sequenced and assembled the genomes of 
three M. cannonballus isolates, one M. ibericus isolate and six phylogenetically distinct New Mexico 
isolates. The assembled genomes were significantly larger than what was expected for the 
Sordariomycetes, despite having predicted gene numbers similar to other members of the Class. 
Differences in predicted genome content and organization were observed between endophytic and 
pathogenic lineages of Monosporascus, 

The sequencing results from several of these Monosporascus isolates contained a significant number of 
bacterial reads, despite the isolates being grown on diverse antibiotics and having been sub-cultured 
several times before sequencing. The majority of these sequences were classified as Ralstonia pickettii 
(Burkholdariaceae) at both the read and contig levels. Here we show fluorescence in situ hybridization 
(FISH) imaging indicates that Monosporascus is capable of harboring and maintaining R. pickettii as a 
bacterial endosymbiont. Phylogenetic comparisons indicate that the R. pickettii sequences found within 
Monosporascus represent multiple distinct lineages that are closely related to previously identified 
environmental isolates. Broad-scale evolutionary comparisons conducted with the limited sequencing data 
also suggest differences between the endosymbiotic and environmental R. pickettii lineages. The diversity 
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Mark Flynn (mflynn@lanl.gov),1* Chien-Chi Lo,1 Paul Li,1 Karen Davenport,1 Bin Hu,1and 

Patrick S. G. Chain 1 

 

1Los Alamos National Laboratory, Los Alamos, NM 
 
http://bioedge.lanl.gov 
https://edgebioinformatics.org 
 
Project Goals: Our goal is to add a new capability, read-based taxonomy, to KBase. These 
classification tools will allow KBase users to analyze bacterial-fungal interactions by 
determining which organisms are present in a microbiome sample. 
 
Interactions between bacteria and fungi play a critical role in soil ecosystems. To facilitate the 
study of these interactions we have added a new capability to KBase, read-based taxonomic 
classification.  Currently KBase has only one taxonomy classifier, the amino acid-based Kaiju 
algorithm. While it is highly sensitive and able to detect all organisms in a sample that are in its 
database, it has very low specificity which results in many false positive classifications. To help 
overcome this problem, we have added four taxonomic classifiers to KBase: Centrifuge, 
Kraken2, as well as two profilers developed by our team at LANL: GOTTCHA2 and PanGIA. 
These nucleotide-based classifiers each make different trade-offs between sensitivity and 
specificity.  GOTTCHA2 uses unique signatures within genomes to significantly reduce the 
number of false positives while maintaining high sensitivity. PanGIA strikes a balance between 
sensitivity and specificity. Centrifuge and Kraken2 have higher sensitivity and are considerably 
faster than GOTTCHA2 and PanGIA but have lower specificity. We chose to add all four 
classifiers to KBase since there may be circumstances where several tools in conjunction would 
provide a more comprehensive analysis. 
We are in the process of creating an app that allows the generation of a custom database of 
unique genomic signatures from any user-supplied set of references. This app will be used to 
power the dynamic updating of a database of unique fungal sequence signatures as the JGI adds 
additional fungal genome assemblies to their publicly available datasets. 
Adding these new capabilities will allow users to make use of KBase’s flexible platform to: 1) 
perform enhanced metagenomic data analytics; and 2) and determine unique genomic signatures 
at each taxonomic rank for fungal genomes (similar to what exists for bacterial genomes) to 
allow unambiguous assignment and to reduce false discovery. 
 
 

This work was supported by the U.S. Department of Energy, Office of Science, Biological and 
Environmental Research Division, under award number LANLF59C 
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Project Goals: The vast taxonomic diversity and the complexity of interactions within the 
soil microbiome presents a unique challenge. Many of the interactions between soil-
dwelling bacteria and fungi are not yet well understood, and a more comprehensive 
understanding would lead to substantial agricultural, environmental, and energy-focused 
advancements. These potential developments align with the foci of the DOE, and would 
influence multiple scientific fields. The aim of this Science Focus Area (SFA) is to better 
understand the diverse and abundant interactions within the soil rhizosphere and decipher 
the mechanisms behind their communication. Herein, we explored an unexpected endo-
hyphal signal that was revealed following an amplicon screen of fungi from diverse culture 
collections.  

The endo-hyphal microbiome contains many uncharacterized inhabitants and interactions. This 
fungal microbiome, coupled with an extensive network of extracellular interactions with bacteria 
and plants within the soil, contribute to the complex ecosystem services facilitated by fungi. We 
sought to characterize the members of the intracellular fungal microbiome as a way to better 
understand the roles of fungi and their associated endosymbionts. Based on a 16S rRNA 
amplicon screen of four distinct fungal collections from different geographic locations, we 
identified taxonomic signatures of many bacteria not previously known to be associated with 
fungi. Rather unexpectedly, one of the amplicon sequence signatures that was found across all 
culture collections, was a recurrent signal for various plant chloroplasts. Several techniques were 
utilized in validating the potential associations between fungi and the chloroplasts (which we 
anticipate are represented by these signatures), including FISH staining, phylogenetic analyses, 
qPCR and PCR amplifications, as well as broader bioinformatic screens. This discovery is 
leading to several new avenues of research to explore the acquisition, maintenance, evolution, as 
well as any physiological or ecological function of chloroplasts within fungi.  

This SFA is supported by the U.S. Department of Energy, Office of Science, Biological and 
Environmental Research Division, under award number LANLF59T.  
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Project Goals: This project intends to inform the use of soil microbiomes to address DOE 
priorities in overcoming energy and environmental challenges. We are focusing on 
understanding the role of bacterial:fungal interactions in ecosystem development by 
connecting microbial diversity to actionable phenotypic responses. To do so, genomic and 
metagenomic sequencing of soil microbes will be combined with advanced imaging 
techniques and metabolomics to determine a mechanistic route in which these organisms 
associate to augment soil fertility and plant growth.    

Abstract:   Surveying the metagenomes of soil microbiomes has led to the understanding that 
there is an intricate network of microbes that interact with each other both extra- and 
intracellularly. Fungi contribute largely to the complexity of soil ecosystems and 16S amplicon 
sequencing revealed that they house their own diverse microbiomes comprised of previously 
unreported bacterial endosymbionts. More impressively, 16S signatures of plant chloroplasts have 
also been observed and appear to persist within the fungi across generations. Here, we sought to 
investigate the existence of chloroplasts within fungi at the cellular and molecular level. Using 
amplified fluorescence in situ hybridization techniques we were able to visualize abundant signals 
closely corresponding to chloroplast spatially distributed across the fungal hyphae of several 
environmental isolates. Understanding how chloroplasts can be utilized and maintain within Fungi 
may greatly change our perspective to the role of chloroplasts across kingdoms 

This work was supported by the U.S. Department of Energy, Office of Science, Biological and 
Environmental Research Division, under award number LANLF59T, and in part by the Center of 
Integrated Nanotechnologies, a DOE user facility at Los Alamos National Laboratory. 

LA-UR-20-20727 



of both the host fungus and these closely related endobacterial partners suggest this relationship could be 
valuable in establishing an experimental model for studying bacterial-fungal interactions.   

This work was supported by the U.S. Department of Energy, Office of Science, Biological and 
Environmental Research Division, under award number LANLF59T. 
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Project Goals: Improving our understanding of plant genomes and metabolomes is critical 
to unlocking higher plant productivity, developing new strategies to protect crops from 
stress, and identifying sources of new plant-based products. Progress towards these goals is 
currently limited by the fact that we do not know the identity of most plant metabolites, 
their biochemical origins, or the function of most of the genes involved in their synthesis 
and regulation. We are addressing these challenges using our recently developed stable 
isotope feeding/LC-MS/genome wide association (GWA) strategy to identify functional 
gene-metabolite relationships for metabolites that are derived from amino acids in 
Arabidopsis and sorghum. The aims of this work are to establish precursor-of-origin 
annotations for plant metabolites; use metabolite annotations to identify functional gene-
metabolite relationships using GWA; and authenticate these associations by reverse 
genetics and biochemical assays of enzyme activity.   

Enhanced sensitivity and throughput for analytical tools in metabolomics, principally liquid 
chromatography-mass spectrometry (LC-MS), permit the measurement of thousands of 
metabolites in complex plant extracts in a single analytical run. Parallel reductions in the cost of 
nucleic acid sequencing technologies and informatics has identified all of the genes encoded by 
many plant genomes and provided data about their expression. Despite these technical leaps, we 
cannot rationally design plant products because we do not know the functions of most genes in 
plant genomes nor the identity of most plant metabolites. We propose to provide fundamental 
understanding of metabolic gene functions and leverage “omics” datasets to annotate gene 
functions and identify metabolites.  

Whole genome sequencing has identified millions of single nucleotide polymorphisms (SNPs) 
segregating in populations of many plant species, including Arabidopsis and sorghum. It is now 
possible to use these nucleotide polymorphisms to identify the genetic mechanism of natural 
variation in traits, including metabolite accumulation. The advantage of combing metabolite 
profiling and this Genome Wide Association (GWA) analyses lies in the ability of metabolite 
levels to report on enzyme function and genetic mapping to reveal gene-metabolite associations 
without prior knowledge that any such association exists.  

We have developed a robust isotopic labeling/ LC-MS/ GWA approach to meet the challenges 
associated with identifying metabolites and annotating genes within plant metabolic pathways. 
We initially focused on identifying phenylalanine-derived metabolites in Arabidopsis, and genes 



associated with their production. The experimental approach and bioinformatic pipeline is now 
being adapted to identify metabolites derived from any metabolic pathway for which isotopically 
labeled precursors are available. Briefly, metabolites were extracted from Arabidopsis stems fed 
[6-13C] ring-labeled Phe or unlabeled Phe and metabolite profiles were obtained by LC-MS. The 
chromatograms were aligned and queried for the presence of unlabeled and isotopically labeled 
“peak pairs” in 13C-Phe-fed samples to both detect and measure the relative abundances of 
unlabeled metabolites and their isotopologues. This method identified more than 500 
phenylalanine-derived LC-MS features (the “phenylalanome”), many of which represent 
compounds that had not been described previously. Matches for these 500 phenylalanome mass 
features were identified in an unlabeled LC-MS dataset collected from an association mapping 
panel of Arabidopsis. GWA identified strong associations between these mass features and 
multiple genes encoding known enzymes in the phenylpropanoid pathway as well as enzymes 
with no validated functions. Many of these associations were confirmed by mutant analysis when 
the phe-derived metabolite was gained or lost in a mutant corresponding to the gene predicted by 
GWA. Thus, this approach can be used to simultaneously discover the pathway of origin for 
metabolites and to definitively link genes of unknown function to pathways, metabolic products, 
and reactions. 

This work will synthesize our capacity to sequence plant genomes and classify metabolites based 
on their pathway of origin to provide functional annotation to genes associated with plant 
metabolism. Here we propose to classify metabolites produced from metabolic pathways that 
require an amino acid as their precursor, then utilize GWA and mutant resources in Arabidopsis 
and Sorghum to inform species-specific annotations for genes associated with plant metabolism.  

This work is supported by the U.S. Department of Energy under Award DE-SC0020368. 
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Project Goals: Characterize the requirements for the portability of recombineering 
methods 
Abstract: Improved methods for genome editing in bacteria would enhance our ability to engineer 
human commensals, pathogens, and chassis for biosynthesis. Currently, methods of homologous 
recombination are limited in microbes since Cas9 is lethal in a majority of species. Phage encoded 
RecT proteins improve the efficiency of homologous recombination, but these proteins have been 
established in few species and are not broadly portable. Here, we reveal that this host-limitation is 
minimally defined by a requirement for compatibility between phage RecTs and the host’s single-
stranded DNA-binding protein (SSB). We characterize the RecT-SSB interaction, finding that it is 
mediated by 7 amino acids on the SSB C-terminal tail, and provide evidence that RecTs are 
portable between species where a host SSB interaction is maintained. Co-expressing cognate 
RecT-SSB pairs broadens recombineering activity, and in certain species improves recombination 
efficiency up to ~1000 fold even when the RecT proteins alone are non-functional. We use both 
rational selection of RecT proteins, and the screening of RecT-SSB pairs to establish 



oligonucleotide recombination in L. rhamnosus and C. crescentus. We then show how dominant 
negative versions of the host MutL protein can enable efficient single-nucleotide mutagenesis in 
species beyond E. coli. In L. lactis we use an optimized recombineering method with dominant 
negative mismatch repair to generate libraries of variants at selected genomic loci, and show that 
the method far surpasses the capabilities of error-prone or mutagenic methods. Specifically, we 
make millions of mutations within the spectinomycin binding pocket, and characterize a 
unidentified landscape of epistatic effects that include 2-5 mutations. Due to the requirement for 
many simultaneous mutations, these variants are inaccessible through error-prone genomic 
diversification methods, but have the highest fitness in the presence and absence of selection. This 
work elucidates requirements for the portability of recombineering methods and emphasizes 
recombineering as the pre-eminent technique for generating genomic variants beyond what is 
accessible using evolution. 

 
This project has been funded by DOE grant DE-FG02-02ER63445. Dr. Church is a founder of 
companies in which he has related financial interests: ReadCoor; EnEvolv; and 64-x. For a 
complete list of Dr. Church’s financial interests, see also arep.med.harvard.edu/gmc/tech.html 
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Project Goals: Develop high-throughput computational and experimental approaches to 
deeply characterize natural allosteric transcription factor function so to accelerate the 
design and engineering of new factors that respond to molecules of special interest to the 
Department of Energy.   

Recent progress in DNA synthesis and sequencing technologies have enabled systematic studies 
of protein function at a massive scale.  We apply deep mutational scanning, a process whereby a 
library of protein variants modified at each position to every alternative amino acid are 
assembled and assayed in parallel, to study the sequence-structure-function relationships of 
allosteric transcription factors in bacteria. Such transcription factors are interesting since they 
intrinsically couple the binding of a small molecule to the binding of DNA and have emerged as 
useful tools in synthetic biology as intracellular biosensors. We constructed deep mutational 
scanning libraries for several allosteric transcription factors, including lacI, and screened these 
libraries to determine variants that can no longer bind DNA or no longer release DNA under 
induction from their native inducers. We also screend protein variant response to several new 
ligands to gain an understanding of protein-ligand binding relationships. Furthermore, we utilize 
advanced deep learning methodologies, integrating experimental results with large-scale 
measures of protein conservation and associated predictions from molecular modeling/simulation 
tools, to reveal essential regions of protein function and to provide useful predictions for custom 
biosensor design. 

This project has been funded by DOE grant DE-FG02-02ER63445. Dr. Church is a founder of 
companies in which he has related financial interests: ReadCoor; EnEvolv; and 64-x. For a 
complete list of Dr. Church’s financial interests, see also arep.med.harvard.edu/gmc/tech.html  
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Our goals are to establish broad genetic code expansion tools in the primary gram-positive 
model bacterium Bacillus subtilis. We aim to transfer and characterize most noncanonical-
amino acid incorporation systems present in E. coli to B. subtilis and utilize them for 
several applications. 

Encoding nonstandard amino acids (nsAAs) into proteins allows for expansion of the genetic code 

beyond the standard 20 amino acids for probing, labelling, or controlling proteins in a minimally 

disruptive manner. However, genetic code expansion has been unavailable in many bacterial model 

systems, such as the primary gram-positive model and common industrial organism, Bacillus subtilis. 

Here we describe the use of several classes of genome-integrated synthetases to incorporate a variety 

of different nsAAs into proteins in B. subtilis (figure 1) including nsAAs used for biorthogonal labelling, 

fluorescence imaging, and photo-crosslinking. We also demonstrate a nsAA-titratable protein expression 

system in this bacterium. Unlike E. coli codon expansion systems, where nsAAs were not incorporated 

into native UAG codons even before recoding efforts, B. subtilis nsAA systems incorporate nsAAs into 

many genomic proteins at native UAG codons. This feature presents both challenges and opportunities 

for follow-up work in B. subtilis nsAA research and genome modification. The general and effective 

expansion of nsAA technology to B. subtilis can facilitate new experiments in this important model 

bacterium and enable industrial protein production of nsAA-containing proteins. 

 

 

Figure 1. nsAAs so far incorporated into proteins in the organism B. subtilis  



This project has been funded by DOE grant DE-FG02-02ER63445. Dr. Church is a founder of 

companies in which he has related financial interests: ReadCoor; EnEvolv; and 64-x. For a 

complete list of Dr. Church’s financial interests, see also arep.med.harvard.edu/gmc/tech.html. 
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Project Goals: Explore recombineering using substrates produced in-vivo, via specialized 
bacterial retro-elements. Construct a pooled Functional Genomics system, combining 
efficient editing and NGS-based tracking of mutants. Deploy this tool toward Energy-
related goals, and work toward expanding its functionality to diverse bacteria. 

Tremendous genetic variation exists in nature, but our ability to create and characterize 
individual genetic variants remains far more limited in scale. Likewise, synthetic variants aid our 
understanding of gene and genome function, but computational design of variants outpaces 
experimental measurement of their effect. Here, we show in-vivo production of single-stranded 
DNA via the targeted reverse-transcription of Retrons enables efficient and continuous 
generation of precise genomic edits in Escherichia coli at greater than 90% efficiency. This tool 
also effectively couples phenotypes to a targeted sequencing output, enabling pooled high-
throughput screens of genetic variants, a process we call Retron Library Recombineering (RLR). 
We measure antibiotic resistance resulting from synthetic variants using both qualitative and 
quantitative RLR protocols for pooled phenotypic measurement. RLR can also be performed 
using natural variants as input, and we demonstrate this by using sheared genomic DNA of an 
evolved bacterium as an input substrate for RLR. In this way, we identify causal variants leading 
to antibiotic resistance, and demonstrate a saturating genomic RLR library, in which tens of 
millions of barcoded experiments are performed within each single pool, and all genetic variants 
in a strain are exhaustively tested. Pooled genomic editing using ssDNA produced in vivo thus 
presents new avenues for creating and exploring variation at the whole genome scale. We also 
introduce our future directions, in which RLR could enable unique applications in Bio-Energy 
and Negative Carbon Emissions, if adapted for use outside of Escherichia coli.  
 

This project has been funded by DOE grant DE-FG02-02ER63445. Dr. Church is a founder of 
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Parallelized in vivo Construction of a Synthetic 57-Codon E. coli Genome 

Nili Ostrov1, Akos Nyerges1* (Akos_Nyerges@hms.harvard.edu), Maximilien Baas-Thomas2
, 

Shirui Yan1, Alexandra Rudolph2, Jenny Ahn1, and George M. Church1,3 

1Department of Genetics, Harvard Medical School, Boston, MA; 2Program in Biological and 
Biomedical Sciences, Harvard University, Cambridge, MA; 3Wyss Institute for Biologically 
Inspired Engineering, Boston, MA 

http://arep.med.harvard.edu 

Project Goals: We are assembling a fully recoded, 3.97 Mb Escherichia coli genome, in 
which seven codons are replaced with synonymous alternatives in all protein-coding genes. 
For this aim, the full recoded genome was de novo synthesized and assembled in vivo into 
87 segments. In the final steps of genome construction, we combine these 87 segments in 
vivo to assemble the fully recoded genome.  

We present the synthesis of a fully recoded, 57-codon Escherichia coli genome, in which seven 
codons are replaced with synonymous alternatives in all protein-coding genes. To this aim, the 
entirely synthetic recoded genome was assembled into 50 kb episomal segments which were  
then individually tested for functionality. The genome is constructed by CRISPR/Cas9-mediated 
in vivo recombineering, in which each synthetic segment replaces its corresponding wild-type 
sequence. Multiplex Automated Genome Engineering (MAGE)1 and directed evolution with 
random genomic mutations (DIvERGE)2 are further used to identify alternative recoding 
schemes. Replacement efficiency was enhanced up to 100% by implementing a novel, three-
plasmid CRISPR/Cas9 knock-in technique. Cycle time was reduced to 11 days by extensively 
streamlining the replacement procedure and accelerating sequencing-based quality-control steps. 
Importantly, no significant decrease in growth rate has been observed in eight recoded clusters 
(total up to 500 kb). In parallel with genome construction, we are optimizing conjugative 
assembly (CAGE)3 for combining recoded clusters. As we approach the final assembly of a 
virus-resistant E. coli genome, intermediate strains are also used to implement dependency on 
non-standard amino acids and encode modules for self-destruction for stringent biocontainment 
of the final strain. Our work expands the toolkit available for large scale engineering in living 
cells and opens a new avenue for the bottom-up synthesis and refactoring of organismal 
genomes. 
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Project Goals:  

This study aims to develop methods for characterizing microbial communities with single-cell 
and spatial resolution. We are employing fluorescent in situ sequencing (FISSEQ) technology for 
acquiring genomic and transcriptomic information to better understand the spatial arrangement 
of microbes in natural and synthetic microbial communities.  

Most investigations reduce microbial physiology to monoculture conditions, which does not 
consider their abundant interactions in natural environments. Indeed, much of our understanding of 
microbes stems from gene deletions, heterologous expression, and in vitro enzyme characterization. 
Microbes need to be studied in situ where their spatial organization holds biological importance for 
responding to the environment (e.g., polymicrobial metabolism, biofilms, horizontal gene transfer). 
However, in situ characterizations of these complex phenotypes in natural environments are generally 
not feasible at scale and remain largely unknown.  

Here, we describe our recent developments for the taxonomic identification of microbes with 
single-cell and spatial resolution. We have established in situ hybridization (ISH)-based probes that can 
distinguish between sequences with as little as one nucleotide difference and with unique barcodes (i.e., 
unique molecular identifier [UMI]) for highly-multiplexed in situ sequencing readouts. For method 
development, we use a synthetic community of 3 microbes and target a conserved region of the small 
ribosomal subunit that differs by a single nucleotide. We find that anchoring probes to a hydrogel 
matrix provides superior nucleotide specificity compared to in situ crosslinking for maintaining spatial 
localization of signal. Furthermore, we extend this method from requiring target-specific reverse 
transcription primers to a mixture of randomers that achieves the same signal and specificity but 
reduces the cost of probe synthesis by half. We also demonstrate simultaneous identification of each 
community member with a unique barcode, which we readout with sequential nucleotide labelling 
using fluorescent reversible terminators. Finally, we have created software for the automated design of 
probes for unbiased taxon discrimination at any given taxonomic level and apply this for discrimination 
on the Domain and Class level for the tree-of-life, including discriminating mitochondria from bacteria 
and bacterial classes. This work forms the framework for investigating the taxonomic structure of 
natural microbial communities with unknown compositions, and forms the foundation for future whole-
transcriptome sequencing of microbes in situ. 

This project has been funded by DOE grant DE-FG02-02ER63445. Dr. Church is a founder of 
companies in which he has related financial interests: ReadCoor; EnEvolv; and 64-x. For a complete 
list of Dr. Church’s financial interests, see also arep.med.harvard.edu/gmc/tech.html. 
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Project Goals:  This project investigates the role of microbial dissimilatory phosphite 
oxidation (DPO) in the global phosphorus and carbon biogeochemical cycles.  As part of 
this we are investigating the natural occurrence of DPO and phosphite in a broad range of 
geochemical environments, and examining the fundamental physiological and biochemical 
aspects of DPO.  We are combining systems biology and -omics approaches with 
physiological and geochemical studies to elucidate the geochemical impact, environmental 
prevalence and metabolic machinery underlying DPO. To achieve our goals, we are testing 
three specific hypotheses: 

1. DPO is an environmentally prevalent metabolism that co-occurs with global 
phosphite reserves 

2. DPO metabolism is universally conferred by the conserved ptx-ptd operon 
3. DPO is universally associated with CO2 fixation 

The work described here advances hypothesis 1.  

Phosphorus (P) is an essential biological nutrient, but the majority of P is biologically 
unavailable because it is trapped in mineral deposits as oxidized phosphate (P+5). Alternative P 
redox states are often ignored in global P cycle models, despite the fact that reduced P species 
have been identified in diverse environments1. Phosphite (P+3) is a highly soluble, reduced P 
compound that can account for up to 30% of total dissolved P in diverse environments2. In 2000, 
Schink et al. isolated the first microorganism capable of dissimilatory phosphite oxidation (DPO) 
in which phosphite is used as a chemolithotrophic electron donor in cellular energy metabolism3. 
This organism, Desulfotignum phosphitoxidans FiPS-3, is an autotrophic acetogen for which 
DPO activity was attributed to the ptx-ptd gene cluster4. However, the biochemical mechanism 
of DPO is still poorly understood. In FiPS-3, the ptx-ptd gene cluster occurs on a genomic island, 
and its closest relatives were incapable of DPO, suggesting that this metabolism was acquired via 
horizontal gene transfer. This gene cluster has since been identified in two instances of Ca. 
Phosphitivorax anaerolimi: strain Phox-21 was identified in an active DPO enrichment 
metagenome; and strain F81 was identified in a full scale anaerobic digester metagenome5,6. 
Both strains of Ca. P. anaerolimi harbor six of the seven ptx-ptd genes, and neither strain shows 
classical signatures of horizontal gene transfer. Both Ca. P anaerolimi strains are missing genes 
for any known electron accepting pathway, host only partial Wood Ljungdahl pathways for 



carbon fixation, and have the genomic capacity to perform syntrophic butyrate oxidation5,6. 
Furthermore, Ca. P. anaerolimi is in a distinct taxonomic clade from FiPS-3, with no 
characterized close relatives6. DPO is the most energetically favorable chemotrophic electron 
donating process known to date, yet D. phosphitoxidans and Ca. P. anaerolimi are the only 
identified representatives, thereby limiting our understanding of the phylogenetic and taxonomic 
diversity of DPO. In an effort to understand the diversity and prevalence of this metabolism, we 
established 42 DPO enrichments from six different wastewater facilities throughout the San 
Francisco Bay area.  Over 70% of our enrichments showed DPO activity, with representative 
enrichments from each of the six sample sites.  No phosphite oxidation occurred in heat-killed 
controls. Genome resolved metagenomics of 11 active enrichments yielded 237 high quality 
MAGS, 19 of which hosted ptx-ptd marker genes (DPO MAGS). The DPO MAGS dominated 
our selective enrichments, and the taxonomy of DPO MAGS spanned six phylogenetic classes 
(including both gram positive and negative bacteria) and yielded 8 novel DPO hosts, 6 of which 
are classified as well-characterized syntrophic bacteria.  Given the diversity of DPO hosts in our 
enrichments, we used the ptxD as a marker gene to identify DPO members in global 
metagenomic databases. We found that the DPO ptxD occurs worldwide, in diverse 
environments, and forms a distinct phylogenetic clade.  Furthermore, when the ptxD from our 
enrichment DPO MAGS were placed into this database, we discovered that the phylogenetic 
relationships of the ptxD followed the same evolutionary pattern as the host taxonomy. Prior to 
this work, DPO was considered a rare metabolism. Our work now shows that DPO is 
environmentally prevalent, phylogenetically diverse, and hosted by a broad range of organisms 
with a propensity for syntrophic metabolism. Future work will involve comprehensive analysis 
of DPO MAG metabolism, including studies on energy conservation, carbon assimilation, and 
syntrophic partnerships within each community.  
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Project Goals:  This project investigates the role of microbial dissimilatory phosphite 
oxidation (DPO) in the global phosphorus and carbon biogeochemical cycles.  As part of 
this we are investigating the natural occurrence of DPO and phosphite in a broad range of 
geochemical environments, and examining the fundamental physiological and biochemical 
aspects of DPO.  We are combining systems biology and -omics approaches with 
physiological and geochemical studies to elucidate the geochemical impact, environmental 
prevalence and metabolic machinery underlying DPO. To achieve our goals, we are testing 
three specific hypotheses: 

1. DPO is an environmentally prevalent metabolism that co-occurs with global 
phosphite reserves 

2. DPO metabolism is universally conferred by the conserved ptx-ptd operon 
3. DPO is universally associated with CO2 fixation 

The work described here advances hypothesis 2.  

Phosphorus (P) is essential for all life, and predominantly exists on Earth as oxidized phosphate 
(P+5).  The majority of this is trapped in mineral deposits, resulting in biological P limitation for 
most ecosystems.  Global P cycle models consistently overlook alternative P redox states, yet 
reduced P species have been identified in diverse environments and frequently serve as a 
biological P source when soluble orthophosphate is limited1. In 2000, Schink et al. identified a 
novel microbial metabolism in which phosphite was used as a chemolithotrophic electron donor 
in cellular energy metabolism2. This metabolism, denoted dissimilatory phosphite oxidation 
(DPO), was first identified in Desulfotignum phosphitoxidans FiPS-3, where DPO activity was 
attributed to the ptx-ptd gene cluster. The ptx-ptd gene cluster of FiPS-3 is composed of seven 
genes (ptxDE-ptdCFGHI), whose functions have been assigned based on proteomics, 
heterologous gene expression, and homology assignments3. However, the biochemical 
mechanism and evolution of DPO is still poorly understood. In FiPS-3, the ptx-ptd gene cluster 
occurs on a genomic island, and its closest relatives are incapable of DPO, suggesting that this 
metabolism was acquired via horizontal gene transfer. However, this gene cluster has since been 
identified in two instances of Ca. Phosphitivorax anaerolimi: strain Phox-21, which was 
identified in an active DPO enrichment metagenome; and strain F81, which was identified in a 
full scale anaerobic digester metagenome4,5. Both strains of Ca. P. anaerolimi only harbor six of 
the seven ptx-ptd genes, and neither strain shows classical signatures of horizontal gene transfer. 
Furthermore, Ca. P. anaerolimi is in a distinct taxonomic clade from FiPS-3, with no 
characterized close relatives. DPO is the most energetically favorable chemotrophic electron 
donating process known to date, yet D. phosphitoxidans and Ca. P. anaerolimi are the only 



identified representatives, thereby limiting our understanding of the diversity and evolutionary 
history of DPO. In this work, we have used the ptxD as a marker gene to probe metagenomic 
databases for the ptx-ptd operon. We found that the DPO ptxD is prevalent in global 
metagenomes, is phylogenetically diverse, and forms a monophyletic clade with the ptxD from 
known DPO representatives. We evaluated the gene neighborhoods of the contigs within the 
DPO ptxD clade and found that the ptx-ptd gene cluster also showed diversity in synteny and 
gene inclusion. In addition to the ptxD identified in global metagenomes, Ewens et al. 
(unpublished) recently enriched for several new DPO representatives whose ptxD fell within the 
database-generated DPO clade.  The host taxonomy of these enrichment representatives spanned 
gram-positive and gram-negative bacteria, and also corresponded with the evolutionary lineages 
of the ptxD, suggesting that ptxD is vertically inherited. To test whether this pattern was true for 
the ptx-ptd operon as a whole, we repeated our database search using the ptdC and ptdF as 
probes, and we found that the phylogenetic relationships of those genes corresponded with those 
of the ptxD. We also identified divergent ptxD with unique ptx-ptd operon structures, indicating 
a potentially greater diversity of ptxD than was previously recognized. This data collectively 
suggests that DPO is a vertically transferred metabolism, and that the genomic island found in 
FiPS-3 is an exception. Given the broad taxonomic diversity of DPO hosts, DPO is likely to be 
an ancient metabolism that dates back to the last common ancestor of gram-positive and gram-
negative organisms, with present-day metabolic diversity attributed to subsequent adaptive 
radiation. These hypotheses are corroborated by work from Pasek et al., suggesting that early 
metabolisms may have relied on reduced phosphorus compounds6. Today’s DPO 
microorganisms may therefore be the fossils of an ancient metabolism that has otherwise been 
lost since the oxidation of Earth’s phosphite following the great oxygenation event7. 
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1. Identification of genomic regions that control response to two damaging poplar diseases, 
leaf spot and leaf rust. In field trials in two US locations and in controlled infection 
experiments, genome-wide scans will identify poplar loci underlying disease susceptibility. 

2. Characterization cell functions governing the response of poplar to leaf pathogens. We 
will integrate gene expression studies with developmental and microbial responses to 
identify mechanisms that contribute to disease resistance. 

3. Identification of genes that regulate these responses and whose manipulation could result 
in sustainable, long-term tolerance to the target pathogens. Candidate genes will be 
evaluated based on their molecular and cellular properties. Individual candidate genes will 
be tested using transgenic approaches and genome editing. 

 

Pathogenic fungi that colonize poplar leaves and stems reduce yield and can cause failure of 
industrial bioenergy plantations. Despite extensive study of poplar pathosystems, the genetic 
control of poplar resistance to pathogens is still poorly understood, underscoring the need for 
new approaches. We developed a unique functional genomics resource based on gene dosage 
variation in an elite biomass poplar hybrid (1). We pollinated Populus deltoides with gamma 
irradiated P. nigra pollen to produce ~ 800 F1 seedlings. These contain large-scale deletions and 
insertions that together tile each chromosome multiple times. This resource, developed through 
previous funding from USDA-DOE Plant Feedstock Genomics for Bioenergy Program, has been 
used to define loci affecting phenology and biomass (2), and, more recently, leaf shape. Under  



natural infection in the field, as well as under controlled inoculations in the greenhouse, we 
observed a wide variation in disease resistance within our population and were able to identify 
dosage QTLs influencing resistance of poplar to some of its most important fungal diseases: leaf 
rust and leaf spot (Melampsora sp., Septoria sp. and Sphaerulina musiva). Next, time-course 
analysis of gene expression during progression of disease symptoms will be performed for 
selected genotypes and used to develop predictive models of transcriptional networks underlying 
disease susceptibility. A final set of experiments will aim to identify candidate genes for 
functional analysis by manipulation using CRISPR-Cas9. Such dosage-sensitive candidate genes 
with significant effects on disease resistance phenotypes could be exploited in breeding programs 
through the selection of germplasm with naturally-occurring allelic variation or indels/copy 
number variation covering resistance loci. 
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Project Goals: This DOE BER sustainability project aims to identify the key genes and gene 
regulatory networks that enable “extreme survivor” plants to adapt and grow in marginal, nitrogen 
(N)-poor soils in the hyper-arid Atacama Desert in Chile. These “extreme survivor” species cover 
the main branches in flowering plants and include 7 grass species of particular interest for biofuels. 
We focus on 28 “extreme survivor” Atacama species and compare their encoded genes to 
Californian “sister” species that live in a N-replete conditions in arid (27 species) or mesic (27 
species) environments. Deep RNA-sequencing of these “triplet species” was used to fuel a 
phylogenomic analysis that can identify genes that support the evolutionary divergence of the 
extreme survivors in Atacama Desert from their sister species in California. The genes thus 
identified will help to discover the mechanisms underlying physiological and developmental 
processes that allow plant survival in nitrogen-poor, dry soils. The genes and network modules so 
uncovered can potentially be translated to biofuel crops to greatly increase biomass and nitrogen 
use efficiency in marginal, low-fertility soils. 

This collaborative project exploits the genomes of “extreme survivor” plants adapted to thrive in 
marginal, Nitrogen (N) poor soils in the hyper-arid Atacama Desert in the Chilean Andes. It uses a 
previously validated phylogenomic pipeline we developed called PhyloGeneious [1], which can identify 
genes that provide support to species divergence. By applying this phylogenomic pipeline to the gene 
sequences of “triplet species”, we can identify the genes that distinguish these “extreme survivors” in 
Atacama from their related “sister” species adapted to similarly dry regions in California (CA) not 
constrained by N and/or water availability and to mesic “sister” species growing in N and water (W) 
replete conditions. These “extreme survivor” species from the Atacama desert broadly cover the main 
branches in flowering plants, and therefore offer a wide range of genomic backgrounds within which the 
survival traits repeatedly arose i.e., multiple independent origins of trait.  
 To maximize our ability to separate the trait-relevant signature from overall speciation events, our 
“triplet species” sampling covers multiple independent origins of the low-N adaptive trait. In published 
studies, we showed that our phylogenomic pipeline could; i) identify genes that underlie convergent 
evolution of antioxidant synthesis in Rosids in a study of 150 plant genomes [1]; and ii) identify 100+ 
genes associated with the loss of Arbuscular Mycorrhizal (AM) symbiosis in the Brassicaceae [2]. We 
further extend this phylogenomic approach to the study of “extreme survivor strategies” as follows: 



Aim 1.  Species collection and deep transcriptome sequencing: (NYU, NYBG, Chile). Progress: We 
sequenced all 28 species collected in the Atacama Desert and 50 of their CA “sister” species, with a 
resulting average gene coverage of 87%, based on the BUSCO single-copy orthologs assessment. 
Aim 2. Phylogenomic Analysis: Perform phylogenomic analysis of 82 “triplet species” to identify genes 
that repeatedly support nodes that distinguish the “extreme survivors” in the Atacama Desert from their 
sister species in CA (AMNH, NYU).  Progress: We performed phylogenomic analysis that includes each 
of the major plant lineages (Poaceae  - 13 taxa; Caryophyllales – 10 taxa; Lamiids – 12 taxa; 
Campanulids – 17 taxa; Fabaceae – 12 taxa). This analysis identified 1022 genes, with a strong exclusive 
signal of positive selection in multiple Atacama “extreme survivors” species.  
Aim 3. Network Analysis: We used the Arabidopsis gene-network tool from VirtualPlant 
(virtualplant.bio.nyu.edu), and reveled a sub-network of 35 positively selected genes, that are connected 
through a transcription factor (TF) hub, bZIP63 (Figure 1). This transcription factor is known to regulate 
primary metabolism in order to boost cellular energy in response to starvation, as part of the SnRK1-TOR 
signaling pathway [3]. We are currently using the TARGET system, developed in our lab, to validate the 
targets of bZIP63, to complement our in planta studies in Aim 4. 
Aim 4. Functional Validation: To functionally validate top-ranked candidate genes for low-N adaptation 
in Arabidopsis and Brachypodium (NYU, Chile, U Wisconsin). Progress: We have begun to transform 
Brachypodium with the 28 most promising candidates from our phylogenetic analysis using our Atacama 
set and their closest sequence available sister 
species.  
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Figure 1. Sub-network of 35 positively selected 
genes found exclusively in multiple Atacama 
“extreme survivors” species. Based on the 
Arabidopsis orthologous genes, we found a set of 
positively selected genes in Atacama that are 
connected through the transcription factor 
bZIP63, known to regulate primary metabolism 
in order to boost cellular energy in response to 
starvation, as part of the SnRK1-TOR signaling 
pathway [3]. 

PEX22

bZIP63
PAB8

EXO70D3

VPS35C

ADK2

KAS III

XERICO

ECR1

PDC3

Acetaldehyde
Pyruvate

2-(alpha-Hydroxyethyl)thiamine diphosphate

Thiamin diphosphate

Acetaldehyde

CO2

3-Oxohexadecanoyl-[acp]

Acyl-carrier protein

Acetyl-CoA

Dodecanoyl-[acyl-carrier protein]

3-Oxooctanoyl-[acp]

Acetoacetyl-[acp]
3-Oxodecanoyl-[acp]Butyryl-[acp]

Malonyl-[acp]

Hexanoyl-[acp]

3-Oxohexanoyl-[acp]

Acetoacetyl-[acp]3-Oxotetradecanoyl-[acp]

Malonyl-[acyl-carrier protein]
3-Oxododecanoyl-[acp]

Decanoyl-[acp]

coenzyme A

CoA

Acetyl-[acyl-carrier protein] Tetradecanoyl-[acp]

Octanoyl-[acp]

5-phospho-ribosyl-glycineamide

H2O

N10-formyl-THF
Tetrahydrofolate10-Formyltetrahydrofolate

5'-phosphoribosyl-N-formylglycineamide

Formate

L-Serine

Phosphatidylserine

Ethanolamine
L-1-phosphatidylserine

CMP

CDP-diacylglycerol

Phosphatidylethanolamine

Adenosine

AMP

ADP

ATP

PURU2

PSS1

SCL15

PGPP1ASG5

GYF domain-containing protein
SKIP8

lysine ketoglutarate reductase trans-splicing-like protein

CAF1I

Eukaryotic aspartyl protease

RING/FYVE/PHD-type zinc finger

RNA-binding (RRM/RBD/RNP motifs)

Ubiquitin-like protein

Transcription elongation factor (TFIIS)

PP2C protein
LRR protein

SPI-1

eIF3F

GATL7

NUDT8
ORP1D

AL7
IAA15

ABCI17

BSK6

Transcription Factor

Protein coding gene

Metabolic gene

Metabolite

Tr
an

sc
rip

tio
n

Stress Signaling
Primary metabolism

Proteolysis

Protein transport

Tr
an

sl
at

io
n

≥ 1 TF binding site
protein interaction
metabolic reaction



Genome-wide association analysis of anthracnose resistance response in the NPGS sweet 
sorghum collection 
 
Hugo Edgardo Cuevas, USDA-ARS, Mayaguez, PR, Louis K Prom, USDA, College Station, 
TX, Joseph E. Knoll, Crop Genetics and Breeding Research Unit, USDA-ARS, Tifton, GA, 
Jason Wallace, University of Georgia, Athens, GA and Wilfred Vermerris, Department of 
Microbiology & Cell Science, University of Florida, Gainesville, FL  
 
Abstract Text: 
Anthracnose, caused by the fungal pathogen Colletotrichum sublineolum in Kabat and Bubák 
(syn. Colletotrichum graminicola [Ces.] G.W. Wilson), is a prevalent disease in warm and humid 
sorghum cultivation regions. In highly susceptible lines, anthracnose can cause substantial yield 
losses (up to 50%) of both grain and biomass. Several recent studies have identified loci 
responsible for broad-spectrum resistance to anthracnose in sorghum accessions on 
chromosomes 5 and 9, however, these resistance sources are in grain sorghum germplasm. The 
identification of novel anthracnose resistance sources present in sweet sorghum germplasm 
will expedite the development of new resistant sweet sorghum cultivars and hybrids by 
avoiding time-consuming introgression breeding approaches with non-sweet sorghums 
serving as donor of the resistance alleles. 
 
The sweet sorghum collection of the USDA-ARS National Plant Germplasm Systems (NPGS) is 
the primary source of genetic diversity for the development of new sweet sorghum varieties for 
biofuel production. Recently, we established a sweet sorghum diversity panel (SWDP) of 233 
accessions that includes advanced breeding materials and represent ~15% of the NPGS sweet 
sorghum collection. A two-year replicated field trial of the SWDP for anthracnose resistance 
response in Texas, Georgia, Florida and Puerto Rico identified 29 accessions resistant across 
locations, while another 145 accessions showed variable resistance response against location 
pathotypes. Phylogenetic analysis among resistant accessions suggests that the SWDP contains 
multiple sources of resistance. However, it is yet unknown if these resistance sources are 
identical to those identified in grain sorghum germplasm. 
 
A genome-wide association study (GWAS) based on 157,843 single-nucleotide polymorphisms 
(SNPs) and employing the fixed and random model Circulating Probability (farmCPU) analysis 
identified three genomic regions associated with anthracnose resistance (Figure 1). The distal 
genomic region of chromosome 8 was associated with resistance response observed in Florida, 
and an associated SNP was located within an R-gene. Genomic regions on chromosomes 1 and 8 
were associated with resistance responses observed in Georgia. Candidate gene analysis 
identified a cluster containing genes involved in salt stress/antifungal activity on chromosome 1 
and an R-gene on chromosome 8.  The candidate genes at both loci were in linkage 
disequilibrium and less than 15 kb downstream of the associated SNP. Resistance response in 
Texas and Puerto Rico were associated with a genomic region on chromosome 8 that includes an 
R-gene. Candidate R-genes among Puerto Rico, Texas and Georgia were 18 kb apart suggesting 
that each gene might be specific for each location’s pathotype.  
 
The results of this study indicate that the NPGS sweet sorghum germplasm collection contains 
multiple anthracnose resistance sources. A genomic scan revealed these resistance sources are 



different from those known in grain sorghum germplasm. It is imperative that these resistance 
sources be used effectively to increase the durability of anthracnose resistance of new biofuel 
sorghum varieties. When the goal is to produce a particular cultivar across a large geographic 
area, multiple sources of resistance effective against the local pathotypes need to be combined.    
  
Figure 1. Genome-wide association analysis for anthracnose resistance response among 233 
NPGS sweet sorghum accessions evaluated in Florida (FL), Georgia (GA), Puerto Rico (PR), 
and Texas (TX) during 2017 and 2018. 
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Project Goals: The goal of this project is to determine the mechanisms by which Rhodococcus 

opacus PD630 is able to convert depolymerized lignin to lipid-based biofuels. Our previous work 
has examined how R. opacus metabolizes several aromatic model compounds, but it does not 
extend to how this bacterium is able to tolerate and utilize depolymerized lignin as a sole carbon 
source. The specific aim of this work is to tailor the depolymerization reaction conditions and 
catalysts to generate lignin breakdown products suited to the metabolism of R. opacus.  
 

 R. opacus is a soil bacterium that is naturally able to tolerate and utilize aromatic substrates 
as sole carbon sources, as well as accumulate high titers of lipids [1, 2]. To date, published studies 
have focused on how R. opacus is able to tolerate and consume model aromatic compounds 
(phenol, benzoate, etc.), and have provided many novel insights into this species’ aromatic and 
lipid metabolism [3-6]. However, there is a gap in knowledge about how R. opacus consumes real-
world lignin breakdown products (LBP), as well as how the specific thermocatalytic process 
conditions and catalysts used to produce LBP affect R. opacus metabolism. Our team has 
employed diverse lignin chemical conversion processes, cell cultivation, GC-MS analysis of LBP 
consumptions, 13C-based dynamic labeling of intracellular metabolites, and metabolite pool size 
quantifications, which offer rich insights into LBP metabolism in R. opacus. 
 First, we characterized LBP composition and its effect on R. opacus growth. We found that 
the LBP composition is highly dependent on the biomass source (e.g., switchgrass or poplar), 
reaction conditions (e.g., solvent, temperature, and residence time), and the catalyst (e.g., 
palladium or nickel on activated carbon). Our palladium catalyst produced more aromatic 
compounds than the nickel catalyst did. R. opacus was able to consume LBP generated with either 
catalyst as the sole carbon source, although cultures reached higher cell density when grown using 
LBP from the palladium catalyst.  

Second, we developed a convenient method for gas chromatography–mass spectrometry to 
analyze and compare the compounds present in LBP cultures. This method can identify which 
compound R. opacus is able to consume. By GC-MS analyses of culture samples with different 
LBP compositions, we found that the major fractions of LBP consumed in all R. opacus culture 
samples were a mixture of ketone, furfural, and phenolic compounds.   



Third, we measured and compared the intracellular concentrations of ~20 central carbon 
metabolites when R. opacus was grown with glucose, benzoate, phenol, and three defined aromatic 
mixtures. We found that metabolic concentrations were highly variable based on the carbon 
substrates present. This finding shows that R. opacus has a flexible metabolism, and demonstrates 
how changes in LBP composition can affect central metabolism. 

Fourth, we measured intracellular metabolite concentration from cells growing with LBP, 
and have carried out isotopic pulse-trace experiments with LBP. LBP-fed cells had higher 
intracellular sugar phosphate concentrations than glucose-fed E. coli did, and their intracellular 
TCA cycle metabolite concentrations were ~50% of those of E. coli, suggesting that R. opacus is 
able to co-consume the sugar and aromatic fractions of LBP. Isotopic pulse-trace experiments have 
indicated that there is a significant lag phase (~3 hours) for the uptake of LBP after medium 
switching from phenol to LBP, likely because the cells need lag phase to sense the LBP and to 
produce the appropriate transporters and degradation enzymes.  

Future work will focus on optimizing the thermocatalytic reaction parameters to produce 
LBP more compatible with the metabolic capabilities of R. opacus. Additionally, transcriptomic 
analysis will be performed to establish how accurately growth on the model compounds simulates 
growth on real LBP. The findings from this work improve our understanding of R. opacus’ 
metabolism for future lignin valorization, and they will inform development of a machine learning-
based predictive model. 
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Project Goals: We aim to combine adaptive evolution and multiple–omics approaches to identify 
aromatic tolerance and utilization mechanisms in the promising biofuel production strain 
Rhodococcus opacus PD630 (R. opacus). Our systems biology approach provides insights into the 
catabolic potential of R. opacus as a chassis for the conversion of lignocellulose, specifically 
thermochemically depolymerized lignin (i.e., aromatics), into valuable products.  
 
The oleaginous microbe R. opacus is naturally tolerant to aromatic compounds commonly found 
in lignin-derived mixtures. We have demonstrated the potential of R. opacus for increased 
survivability in higher concentrations of aromatic compounds through adaptive evolution. 
Through genomic and functional characterization of wild type and adapted strains, pathways for 
aromatic degradation and funneling into central metabolism have been elucidated. Expression 
profiles have only been generated for select carbon sources, however, limiting our understanding 
of aromatic utilization and tolerance [1, 2]. 

To increase our knowledge of aromatic utilization and tolerance, we grew wild type R. 
opacus PD630 and mutant strains in minimal media supplemented with model lignin breakdown 
products at a total aromatic concentration permissive to WT growth. Additionally, we grew the 
mutant strains at higher concentrations of the relevant aromatics – which were not permissive to 
WT growth – to examine the transcriptional changes which supported the increased-tolerance 
phenotype. Additionally, 13C metabolic flux analysis and targeted metabolomics were completed 
for WT/mutants growth on phenol to rigorously measure and compare how aromatic substrates 
were consumed [3, 4]. 

We found similar transcriptional profiles in the established beta-ketoadipate pathway and 
aromatic gene clusters for mutant and wild type strains grown on the same carbon source. Instead 
of wild type and mutant strains differing in aromatic transcription profiles, the carbon source seems 
to drive differences in expression. An amino acid labeling experiment performed with phenol 
supported this finding by showing only minor differences between WT and mutant strains, 
suggesting that enhanced aromatic tolerance in adapted strains might be the product of not only 



increased rates of aromatic utilization but also other unknown factors. Further work is currently 
underway to characterize and define unknown mechanisms of aromatic tolerance and utilization 
through analysis of differentially expressed transcripts, use of machine learning-based transcript-
to-flux prediction models, and recently developed synthetic biology tools [5-8]. This study will 
deepen our understanding of aromatic tolerance and utilization mechanisms in diverse R. opacus 
mutants by expanding the list of aromatic compound mixtures in which these strains are fully 
characterized. 
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Project Goals: The development of renewable biofuels is a key mission of the DOE 
Genomic Science program. Lignocellulosic biomass has the potential to be an abundant, 
renewable source material for production of biofuels and other bioproducts. The use of 
organic solvents to optimize biomass pretreatment has shown considerable promise, but 
their disruption of microbial membranes is key to toxic effects limiting fermentation titers. 
The Oak Ridge National Laboratory (ORNL) Scientific Focus Area (SFA) Biofuels 
Program utilizes multi-length scale imaging with neutron scattering complemented by high 
performance computer simulations, NMR, biochemistry and targeted deuteration to 
provide fundamental knowledge about the molecular forces that drive solvent disruption of 
the critical assemblies of biomolecules that comprise plant cell walls and microbial 
biomembranes. 

Lignin – carbohydrate complexes (LCCs) are hypothesized to form through interactions of 
lignin with polysaccharides such as pectin and hemicellulose in the plant cell wall. Here, we report 
on putative LCCs formed between lignin and the pectin homogalacturonan (HG). A recent study 
showed that HG is found in the middle lamella and cell wall corner region that is also reported to 
be the location where lignification is initiated.1,2 In addition, a transgenic switchgrass with reduced 
pectin, formed by suppressing galacturonic acid synthesis (GAUT4-kd), was shown to have 
reduced recalcitrance and released higher sugar compared to the wild-type (WT) switchgrass.3 
These studies provided the motivation to investigate the potential for LCCs formed due to 
interactions between lignin and pectin.  

We compared the structural properties of WT and GAUT4-kd mutant switchgrass using small-
angle neutron scattering (SANS). No differences were found in either the cellulose microfibril 
structure or the arrangement of the cell wall matrix copolymers in the native plants indicating that 
this particular mutation has negligible effects on the structure of the cell wall. However, after hot 
water pretreatment the GAUT4-kd variant formed significantly more lignin aggregates that were 
greater in size compared to wild-type switchgrass. Our data shows that despite being subjected to 
the same pretreatment conditions, more lignin is re-distributed to form aggregates in GAUT-kd 
and suggests that interactions between lignin and HG could decrease lignin aggregation in 
switchgrass. To further investigate lignin – HG interactions, we synthesized a model composite by 
polymerizing coniferyl alcohol to form a lignin-like polymer (i.e., dehydrogenation polymer 
(DHP)) in the presence of HG. Small-angle X-ray scattering (SAXS) of the composite showed a 
network-like structure unlike that obtained from a physical mixture of the individual polymers. 
Fourier transform infrared spectroscopy showed a unique absorption band in the ester region 
(~1730 cm-1)4 that was only present in the composites and not in the HG, DHP or physical mixture 
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of HG and DHP. Furthermore, solid state nuclear magnetic resonance (SSNMR) analysis provides 
dynamic evidence of interaction between the synthetic lignin polymer and homogalacturonan. 

Overall, studies of intact mutant and wild-type switchgrass and model composite materials 
provide evidence for formation of a lignin-polysaccharide complex. Interactions of 
polysaccharides with lignin, and the role polysaccharides play in changing lignin morphology 
during pretreatment, are critical to understand to improve pretreatment regimes and for conversion 
of these plant cell wall polymers to bioproducts.  
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Project Goals: The development of renewable biofuels is a key mission of the DOE Genomic 
Science program. Lignocellulosic biomass has the potential to be an abundant, renewable 
source material for production of biofuels and other bioproducts. The use of organic solvents 
to optimize biomass pretreatment has shown considerable promise, but their disruption of 
microbial membranes is key to toxic effects limiting fermentation titers. The Oak Ridge 
National Laboratory (ORNL) Scientific Focus Area (SFA) Biofuels Program utilizes multi-
length scale imaging with neutron scattering complemented by high performance computer 
simulations, NMR, biochemistry and targeted deuteration to provide fundamental 
knowledge about the molecular forces that drive solvent disruption of the critical assemblies 
of biomolecules that comprise plant cell walls and microbial biomembranes. 

Converting plant biomass to renewable chemicals, fuels and materials can have both economic and 
environmental impact: sustainable economic growth and reducing the carbon footprint from the industries. 
The plant polymer lignin is especially well suited as a precursor for valuable renewable biomaterials 
because of its abundance and high content of carbon. However, the rigidity of lignin makes it the most 
recalcitrant component of plant biomass. To facilitate deconstruction and conversion of biomass, it is 
therefore necessary to soften lignin. At an atomic level softening the lignin means increasing lignin atomic 
fluctuations, making the molecules more dynamic. This is usually done by using high temperatures1 or 
pretreatment solvents. Elucidating the motions that give rise to enhanced lignin dynamics may yield 
fundamental insights that enable rational improvement of biomass pretreatment and processing. However, 
knowledge about these changes in the dynamics of lignin that arise from the solvent-induced effects is 
lacking to this day. This study aims to understand the underlying processes that cause the dynamical 
increase of lignin motion in tetrahydrofuran (THF) solvent, a novel promising multifunctional solvent for 
biomass pretreatment and fractionation.  

Comparative studies of THF and the organic solvents ethanol and gamma-valerolactone (GVL) for 
extraction of lignin from switchgrass strains found differences in conservation of structural properties 
dependent on both solvent and lignin characteristics. We studied wild-type Alamo and two transgenic 
switchgrass strains, one with altered lignin composition (downregulation of caffeic acid 3-O-
methyltransferase (COMT) gene) and one with decreased lignin content (overexpression of a lignin 
biosynthetic repressor MYB transcription factor) that reduce recalcitrance of switchgrass. The two-
dimensional 13C-1H heteronuclear single quantum coherence (HSQC) nuclear magnetic resonance (NMR) 
was carried out on solubilized lignin to obtain structural information on lignin structures. Chemical and 
physical characterization showed that ethanol pretreatment preferentially cleaved beta aryl ether linkages, 
while S/G ratio was significantly lower in THF and GVL lignins obtained from COMT and MYB 
switchgrass, and p-coumarate of THF and GVL lignins was much higher in all three switchgrass samples. 

In order to elucidate lignin molecular motions, we employed both experimental and computational 
methods. Quasi-elastic neutron scattering (QENS) experiments provided direct information on molecular 
dynamics and geometry of motions in a non-invasive manner that does not unduly perturb the material. The 
high incoherent scattering cross section of the hydrogen atoms makes the QENS ideal for extracting self-



correlations (dynamics) in materials such as lignin. Molecular Dynamics (MD) simulations access a broad 
range of time scales (see Figure 1) and provides a full atomistic model of the system. Additionally, MD 
probes similar length- and time-scales as QENS, so that a theoretical neutron scattering profile can be 
calculated from the atomic positions in the simulation trajectories, thus results from MD and QENS can be 
directly compared. For the QENS experiment lignin was extracted and purified from Poplar feedstock 
corresponding to a molecular weight of 4514 g/mol with composition ratios of S ~ 58%, G~ 30% and H ~ 
12 %2.  The lignin molecules and their solvation concentrations for the MD simulation were modelled to 
replicate the experimental samples. 

Both techniques show that in the presence of the solvent there is a dynamical transition at which lignin 
purified from polar becomes more dynamic. This dynamical transition is found even at small solvent 
concentrations and temperatures as low as -20 °C (see Figure 2). We furthermore investigate how THF 
solvent concentrations affect the atomic fluctuations of the lignin. In conclusion, the study provides a 
molecular-level understanding of the technologically important motions of lignin that will facilitate the 
rational improvement of biomass deconstruction and lignin processing.  

 

 
Figure 1: Simulated mean square displacement (MSD) for both 
dry and solvated lignin at 25 °C. MSD quantifies the amplitude of 
atomic fluctuations and is a measure of lignin softness. In the 
simulations, MSD is calculated over a broad time-range. The 
nano-second timescale, indicated by an arrow, is directly 
compatible with the experimentally obtained QENS spectra. 

Figure 2: Experimentally measured 
QENS signal at -20 °C for dry and 
solvated lignin. The broadening of 
the signal indicates mobility and is a 
measure of lignin softness. 
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Project Goals: The development of renewable biofuels is a key mission of the DOE 
Genomic Science program. Lignocellulosic biomass has the potential to be an abundant, 
renewable source material for production of biofuels and other bioproducts. The use of 
organic solvents to optimize biomass pretreatment has shown considerable promise, but 
their disruption of microbial membranes is key to toxic effects limiting fermentation titers. 
The Oak Ridge National Laboratory (ORNL) Scientific Focus Area (SFA) Biofuels 
Program utilizes multi-length scale imaging with neutron scattering complemented by high 
performance computer simulations, NMR, biochemistry and targeted deuteration to 
provide fundamental knowledge about the molecular forces that drive solvent disruption of 
the critical assemblies of biomolecules that comprise plant cell walls and microbial 
biomembranes. 

In order to perform structural studies on the disruption of biomembranes additional tools to 
selectively manipulate biomembranes in vivo are needed. We previously developed a system to 
control both the chemical and isotopic composition of the hydrophobic region within the cellular 
membrane of the model bacterium, Bacillus subtilis.1 Briefly, blocking de novo fatty acid (FA) 
biosynthesis using cerulenin as an irreversible inhibitor of beta-ketoacyl-ACP synthase II (FabF), 
in a strain that is unable to catabolize FAs (∆fadN), forces growing cells to take-up exogenous 
FAs from the growth medium to construct their membrane. This feeding strategy has enabled the 
biophysical properties of biomembranes in viable bacterial cells to be studied using neutrons as a 



non-destructive probe. If cells are grown in a high D2O background while being fed protiated 
FAs, the membrane can be “visualized” using small-angle neutron scattering (SANS) techniques 
due to the differences in scattering length density between hydrogen and deuterium. By tuning 
isotopic contrast within the plane of the membrane, we have also shown that lateral structure 
exists in viable bacterial cells consistent with the presence of lipid domains (aka lipid rafts). 
Having demonstrated the potential of our approach to study bacterial membranes using SANS 
techniques in vivo, we now aim to expand the utility of our methods by determining how 
microbial membranes respond to second-generation biofuels and plant biomass pretreatment 
solvents. Amphiphilic solvents partition into biomembranes affecting their nanoscale structure 
and ability to form an effective barrier to the extracellular environment. A better understanding 
of how membranes respond to different solvents at the molecular scale will improve molecular 
dynamics simulations and potentially, the ability to engineer more resilient biomembranes.  

While our strategy to introduce neutron contrast in the bilayer by feeding exogenous FAs has 
been effective, it is necessary to understand the systemic changes in B. subtilis cells induced by 
the labeling procedure itself. In this work, analysis of cellular membrane compositions was 
paired with shotgun proteomics to assess how the proteome changes in response to the directed 
incorporation of exogenous FAs into the membrane of Bacillus subtilis. Key findings from this 
analysis include an alteration in lipid headgroup distribution, with an increase in 
phosphatidylglycerol lipids and decrease in phosphatidylethanolamine lipids, possibly providing 
a fluidizing effect on the cell membrane in response to the induced change in membrane 
composition. Changes in the abundance of enzymes involved in FA biosynthesis and degradation 
are observed; along with changes in abundance of cell wall enzymes and isoprenoid lipid 
production. The observed changes may influence membrane organization, and indeed the well-
known lipid raft-associated protein flotillin was found to be substantially down-regulated in the 
labeled cells – as was the actin-like protein MreB. Taken as a whole, this study provides a 
greater depth of understanding for this important cell membrane experimental platform and 
presents a number of new connections to be explored in regard to modulating cell membrane FA 
composition and its effects on lipid headgroup and raft/cytoskeletal associated proteins. 
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Project Goals: The goal of this research is to quantify the effect of long-term warming on 
the temperature sensitivity of CUE and extracellular enzyme activity.  
 
The predictions of how soil carbon stocks will change with chronic warming are sensitive to the 
assumptions made about microbial parameters such as carbon use efficiency (CUE). CUE is the 
fraction of carbon (C) taken up by the microbial cells and retained in biomass in relation to the 
fraction lost via respiration. Microbial CUE partitions the flow of C to the atmosphere, 
decomposer communities and potential soil C stocks. Because there are still uncertainties about 
what drives long- and short-term responses of CUE, more research is needed to better predict soil 
carbon stocks in a warming world. In this ongoing work, we sampled soils from two long-term 
experimental sites that have been heated for 28 or 13 years in a mid-latitude hardwood forest at 
the Harvard Forest LTER. We collected organic and mineral soils in summer and fall and 
measured the response of carbon use efficiency and extracellular enzyme activity  to increasing 
temperature from 4°C to 30°C. Respiration, a CUE component, and extracellular enzyme activity 
both showed a smaller response to increasing temperature in heated than control soils. In the next 
steps of this work we will measure carbon quality. Our working hypothesis is that substrate 
quality plays a role in the adaptation of CUE to long-term warming. We expect to find depletion 
in the more labile soil carbon pool in heated compare to control soils which could account for the 
smaller CUE observed in these soils. This work will elucidate the effect of long-term warming to 
soil carbon pools and to microbial CUE response to temperature helping us better predict 
possible feedback mechanisms between soil and the atmosphere.  
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A role for differential Rca isoform expression in C4 bioenergy grass 
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Project Goal:  

Enhancement of crop production of C4 bioenergy grass by modifying posttranslational 

modification of Rubisco activase 

 

ABSTRACT 

Rubisco activase (Rca) facilitates the release of sugar-phosphate inhibitors at Rubisco catalytic 

sites during CO2 fixation. Most plant species express two Rca isoforms, the larger Rca-α and the 

shorter Rca-β, either by alternative splicing from a single gene or from separate genes. The 

mechanism of Rubisco activation by Rca isoforms has been intensively studied in C3 plants; 

however, the functional role of Rca in C4 plants exposing Rca to much higher [CO2] is less clear. 

In this study, we selected five C4 bioenergy grasses to investigate the role of Rca in C4 

photosynthesis. All five C4 plants contained two Rca genes, one encoding Rca-α and the other 

encoding Rca-β, which are closely positioned in the genome. A variety of abiotic stress-related 

motifs exist in the Rca-α promoter of each grass, and while the Rca-β gene was constantly 

highly expressed at ambient temperature, Rca-α isoforms were expressed only at high 

temperature but surpassed 30% of Rca-β content. The pattern of Rca-α induction upon 

transition to high temperature and reduction upon return to ambient temperature was the 

same in all five C4 grasses but may be unique to C4 grasses. In sorghum (Sorghum bicolor), the 

induction rate of Rca-α isoforms was similar to the recovery rates of gas exchange and Rubisco 

activation from high temperature, which inferred a functional correlation between Rca-α 

isoform expression and maintenance of Rubisco activation at high temperature. Therefore, our 

research suggests Rca-α isoforms have a functional role in carbon fixation by supporting 

Rubisco activation at high temperature. 

 

 

 

Funding: This work was funded by the DOE Center for Advanced Bioenergy and Bioproducts 
Innovation (U.S. Department of Energy, Office of Science, Office of Biological and 
Environmental Research under Award Number DE-SC0018420). 



An Ecosystem-Scale Comparison of Sorghum, Maize, and Miscanthus as Three Bioenergy 
Crop Candidates  

Caitlin E. Moore,1* (caitlinm@illinois.edu), Adam C. von Haden,1 Mark Burnham,1 Ilsa 
Kantola,2 Christy D. Gibson,1 Wendy H. Yang,1 Evan H. DeLucia,1,2 and Carl J. Bernacchi1,3 

1Center for Advanced Bioenergy and Bioproducts Innovation, University of Illinois at Urbana-
Champaign, Urbana, IL; 2Institute for Sustainability, Energy and Environment, University of 
Illinois at Urbana-Champaign, Urbana, IL; 3Global Change Photosynthesis Research Unit, 
USDA/ARS, Urbana, IL 

http://cabbi.bio/research/sustainability-theme/ 

Project Goals: The primary goal of our research team is to measure carbon, nitrogen, 
water, and energy fluxes from annual and perennial bioenergy crop systems across spatial 
and temporal scales. We achieve this using a suite of above and below ground measurement 
approaches, including eddy covariance flux towers, soil respiration chambers, and 
quantum cascade lasers for fluxes and regular survey sampling for pool quantification of 
each of these variables. Our efforts will provide a better understanding of how carbon, 
nitrogen, water, and energy partitioning change over time for annual and perennial crops, 
which is important for determining the long-term sustainability of bioenergy crop systems.  

Abstract text. Perennial cellulosic crops have been the focus of bioenergy research and 
development due to sustainability advantages associated with their higher soil carbon storage and 
reduced nitrogen requirements compared to annual crops. However, perennial crops can take 
several years to fully establish and their sustainability benefits can be quickly negated if 
converted to other land uses. The development of a photoperiod sensitive, high yield energy 
Sorghum bicolor (sorghum) variety may offer an annual cellulosic crop alternative that could 
provide a better ecologically sustainable bioenergy source than its annual Zea mays (maize) 
counterpart and be more easily integrated into current crop rotation cycles. The University of 
Illinois has a rich history of using eddy covariance flux towers to quantify carbon, water, and 
energy fluxes over both maize and miscanthus (Miscanthus x giganteus) crop systems in the 
Midwest region of the United States. With support from CABBI, a new flux tower was installed 
in a sorghum field to compare against the existing maize and miscanthus records. We present 
results from the first growing season where all three crops were measured with the aim of 
characterizing ecophysiological similarities and differences in carbon, nitrogen, water, and 
energy flux between these three key bioenergy crop systems.    
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Project Goals: In the context of design and engineer environmentally resilient crops with 

maximum yield and resource use efficiency, this project implements the use of UAV-acquired 

multispectral and thermal imagery to screen water use efficiency (WUE) and productivity traits 

in sorghum/Miscanthus field trials at scale. 

Abstract Text: 

Sorghum bicolor is a model C4 feedstock grass that has significant potential for improved 

production of biofuels and bioproducts. Phenotyping biomass production is a key element of field 

trials for breeding, quantitative genetics, and bioengineering that will increase productivity, 

resilience, sustainability, and value of crops. Traditional harvest methods for evaluating biomass 

production (yield) are very labor intensive and destructive, limiting the scale and speed of 

research. Remote sensing using cameras mounted to unmanned aerial vehicles (UAV) allows 

rapid, non-destructive, high-frequency data collection. Nevertheless, analytical methods are 

needed to exploit the high spatial and temporal resolution in images to predict final yield. Data 

has an explicit spatial nature that suggests that the true underlying relationship among 

dependent and independent variables can be spatially varying. Models that do not take this 

under consideration can draw limited inference. The application of Geographically Weighted 

Regression (GWR) as a spatially adjusted approach to improve yield prediction has been tested 

in wheat [1] and rice [2].  

In this study, we introduce the Geographical Random Forest (GRF) concept. The principle idea is 

similar to that of GWR [3], in which we move to local computation (plot vicinity) rather than 

global (whole extent of experimental area) one, but relaxing normality assumption and non-

linear dependencies between UAV-based features, and yield prediction. First, we identify the 

most informative features in image data from UAVs to predict yield of 870 diverse bioenergy 

sorghum accessions. Second, we then test GWR and GRF as local spatially adjusted approaches, 

and compare these spatially adjusted approaches with Principal Component Regression (PCR) as 

an “aspatial” global benchmark. Yield of biomass across a diverse population of accessions of 

biomass sorghum was predicted from UAV imagery with high precision and accuracy (r=0.93, 

RMSE = 3.06). The most important data descriptors predicting yield were: (1) UAV-derived height 

of the canopy 49 days after planting (DAP) associated with a period of fast vertical growth in mid-

season; (2) canopy ground cover prior to canopy closure 43 DAP; and (3) canopy nitrogen status 

via Normalized Difference Red edge (NDRE) prior to canopy closure 43 DAP. PCR performance 
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was moderate, but with significant bias given its “aspatial” global fit. It overestimates low yield 

and underestimated high yield plots. GWR predictability outperforms PCR, it slightly improves 

accuracy and reduces bias, suggesting the benefit of a “locally” computed model. GRF 

outperforms GWR, suggesting the superiority of GRF as a spatially corrected, and non-linear 

model calibrated and computed locally rather than globally. This methodological advance will be 

used to advance CABBI research goals by evaluating field trials for breeding, quantitative 

genetics, and bioengineering that will increase productivity, resilience, sustainability, and value 

of crops. 
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Project Goals: Agricultural activity causes significant nitrate (NO3-) leaching and nitrous 
oxide (N2O) gas fluxes, polluting groundwater and contributing to global greenhouse gas 
emissions. Improving our understanding of microbial NO3- and N2O production via 
nitrification in agricultural soils could lessen the detrimental effects of bioenergy crop 
production. Sorghum is one of a handful of grasses that exude secondary metabolites with 
the potential to inhibit nitrification, but the characterization of biological nitrification 
inhibition (BNI) has been limited to laboratory and greenhouse studies. It is likely that 
environmental conditions alter the extent of BNI in the field, so we leveraged two sorghum 
trials in 2018 and 2019 to characterize BNI in rhizosphere soil under varying 
environmental and management conditions.  

The heavy use of nitrogen (N) fertilizer to maximize crop yield represents a major disturbance of 
the N cycle that causes nitrate (NO3

-) leaching into groundwater and emissions of the greenhouse 
gas nitrous oxide (N2O) into the atmosphere. As a result, implementing annual bioenergy 
cropping systems to reduce our dependence on fossil fuels has other detrimental environmental 
impacts. In the soil ecosystem, bacterial and archaeal nitrification of ammonium (NH4

+) to NO3
- 

and subsequent denitrification of NO3
- to N2O and N2 are key steps leading to NO3

- and N2O 
production. Laboratory and greenhouse studies show that sorghum, a candidate annual bioenergy 
feedstock, exudes secondary metabolites into the rhizosphere that inhibit nitrification. However, 
conditions in the field are likely to alter biological nitrification inhibition (BNI). We 
implemented two sorghum field trials in 2018 and 2019 and compared bulk and rhizosphere soil 
potential nitrification rates, potential denitrification rates, and microbial communities. During 
both seasons, BNI was strongest during the period of maximum plant growth, but was limited 
early and late in the growing season. BNI was substantially stronger in 2019, when the drier 
growing season likely caused hydrophilic BNI compounds to accumulate in rhizosphere soil. 
Although fertilizer addition weakened BNI in 2018, the apparent greater strength exerted by 



reduced precipitation in 2019 outweighed any fertilizer effect. Potential denitrification was 
stimulated in the rhizosphere, suggesting that carbon (C) exudation by sorghum roots stimulates 
heterotrophic microbes and thus indirectly inhibits nitrification by creating competition for NH4

+. 
Shifts in the rhizosphere microbial community relative to bulk soil, and the association of 
nitrifier relative abundance with potential nitrification rates when BNI was strongest mid-season, 
show that sorghum has some capacity to alter its rhizosphere community in a way that reduces 
NO3

- production. Overall, we show that plant growth stage, precipitation variability, fertilization, 
and rhizosphere competition interact to control BNI in the field. Thus, although BNI has the 
potential to be an environmental benefit of bioenergy sorghum, its magnitude will strongly 
depend on growth conditions and the seasonal timing of NO3

- production and leaching. 
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Project Goals:  We aim to develop efficient genetic tools for metabolically engineering the acid-
tolerant yeast Issatchenkia orientalis, including a stable episomal plasmid, a set of constitutive 
promoters and terminators, a CRISPR/Cas9-based gene deletion capability, and an in vivo DNA 
assembly method to produce biofuels and chemicals. 
Abstract: 

The nonconventional yeast Issatchenkia orientalis is a potential platform microorganism for 
production of organic acids thanks to its unusual ability to grow in highly acidic conditions. 
However, lack of efficient genetic tools, including a stable episomal plasmid and precise genome 
editing tool, remains a major bottleneck in metabolic engineering of this organism. Here we 
isolated one functional 0.8 kb centromere-like (CEN-L) sequence through in silico centromere 
prediction and library-based screening from the I. orientalis genome, which greatly improved the 
stability of the episomal plasmid1. We also discovered and characterized a set of constitutive 
promoters and terminators under different culture conditions by using RNA-Seq analysis and a 
fluorescent reporter1. In addition, the optimized CRISPR/Cas9 system consisting of an improved 
Cas9 and single guide RNA (sgRNA) expressed by a fusion RPR1’-tRNA promoter could 
achieve efficiencies of 97%, 90%, and 47% for single, double, and triple gene disruptions2. 
Lastly, we developed an in vivo assembly method in I. orientalis, which could achieve ~100% 
fidelity for assembly of a 7.4 kb-plasmid using 7 DNA fragments ranging from 0.7 kb to 1.7 kb1. 
These genetic tools should be generally applicable for rapid strain development and metabolic 
engineering of this organism for production of biofuels and chemicals. 
References:  
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Project Goals: We have developed a coarse-grained, mechanistic, and dynamic model of 
yeast physiology that integrates key processes of metabolic, gene regulatory, and signaling 
networks underlying cellular metabolism. The proposed model describes the cell’s dynamic 
resource partitioning (proteome allocation) under varying glucose-replete and glucose-
limited conditions. The model successfully captures key metabolic characteristics of yeast, 
including the Crabtree effect and diauxic shift observed during batch growth and the 
critical dilution rate seen in chemostat cultures. 

S. cerevisiae has proven itself to be an industrial workhorse, where metabolic engineering has 
turned it into a cell factory for sustainable production of biofuels, pharmaceuticals, and other 
valuable chemicals. However, there have been experimental challenges in reprogramming the 
cells for production of heterologous chemicals due to the complexity of the underlying metabolic 
network. Mathematical modeling provides a potential solution to this problem. Genome-scale 
models have guided previous engineering attempts by predicting how mutations of a specific 
gene target or a group of targets could alter chemical production. Here, we provide a 
complementary approach to genome-scale modeling. We propose a coarse-grained, mechanistic, 
and dynamic model of yeast physiology that describes global resource allocation under varying 
nutrient conditions. The model is simple but is still able to capture key characteristics of yeast 
metabolism.  

As protein synthesis is one of the most energetically expensive cellular processes and because 
cellular growth rate is proportional to protein synthesis rate1, we chose to investigate resource 
allocation at the level of the proteome. Based on previous work of coarse-grained modeling of E. 
coli2, we categorize the approximately 6000 proteins of S. cerevisiae into nine major proteome 
sectors: R (including gene expression machinery), 8 E proteins (including proteins that promote 
forward metabolic flux), and Z (housekeeping proteins and the remainder of the proteome). We 
found this to be the minimal number of coarse-grained enzymes required to reproduce the correct 
phenotype. Next, we developed a biophysical model that combines transcription and translation 
processes to describe protein synthesis. This module describes resource partitioning through 
competition for ribosomes among the different proteins. We then consider the cell’s resource 
partitioning among amino acids, energy (ATP), ethanol, and storage carbohydrates. We chose 
PKA and SNF1 as coarse-grained global regulators that adjust the fermentation and respiration 
rates in response to varying glucose levels and TORC1 as the global regulator that responds to 
amino acid levels. These regulators adjust the resource allocation between the R and E sectors to 
meet metabolic demands.  



We see that the model successfully captures key characteristics of yeast metabolism. Simulations 
return different proteome partitions for varying nutrient compositions. This changing proteome 
allocation provides a possible mechanistic explanation for the Crabtree effect as well as the 
diauxic shift and critical dilution rate that are observed in our simulations of batch and chemostat 
cultures. Under good nutrient conditions (glucose-replete), PKA and TORC1 promote cell 
growth and synthesis of R proteins, which minimizes the resource allocation to the E sector 
proteins. However, once glucose is depleted or in glucose-limited conditions, SNF1 shifts the 
metabolism toward ATP generation through remodeling of the proteome.   

This work advances the fundamental understanding of microbial physiology by capturing and 
providing a quantitative and mechanistic explanation of the metabolic characteristics of S. 
cerevisiae. With addition of specific metabolic pathways to this simple framework, it has the 
potential to predict the effects of perturbations of the network on cell growth and chemical 
production to offer insight into the rational design of metabolic pathways.  
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 Project Goals:  The creation of a new mass spectrometry workflow for high throughput 
screening of microbial biocatalysts producing free fatty acids.  

Abstract 

Free fatty acids are value-added chemicals used as biofuels and industrial chemicals. Especially, 
there has been an increased need for medium chain fatty acids (MCFA) due to greater utility and 
little supply. Currently, there has been a lack of a high throughput analytical method of fatty 
acids profiling for biocatalyst research. We developed a MALDI-TOF based high throughput 
screening workflow for measuring fatty acids produced by microbial colonies. First, using 
shorter acyl-chain phosphatidylcholine (PC) as a proxy for MCFA from baker’s yeast colonies, 
we isolated the variants of fatty acid synthase (FAS II) from mutant libraries that produce 
increased MCFA in liquid culture. Also, we developed a MALDI method based on N-Phenyl-2-
naphthylamine (PNA) matrix showing sensitivity and robustness in measuring free fatty acids 
from E. coli colonies. For high throughput colony screening by these methods, we have 
developed a workflow using a colony picking robotics of an automation facility called Illinois 
Biological Foundry for Advanced Biomanufacturing capable of screening up to 10,000 colonies 
per day. Finally, we further developed an optically guided MALDI-TOF microMS workflow1 as 
a robotics-free high throughput colony screening tool, where the updated software has been 
launched as a web application for collaborators to use for HT colony screening.    
 
Publications 
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Project Goals: To improve understanding of how plant-soil-microbe interactions influence 
nitrogen cycling in bioenergy crop soils, this project aims to relate microbial functional 
gene diversity and abundance to rates of gross nitrogen cycling and gaseous nitrogen fluxes 
in bioenergy crop soil and to develop cost-effective, scalable tools to capture the 
phylogenetically diverse nitrogen cycle genes in environmental samples. 

The development of molecular biological tools in combination with advanced sequencing 
technologies (e.g., 16S rRNA amplicon sequencing) has enabled high throughput 
characterization of community composition and structure. However, these approaches are often 
restricted to characterizing microbial community structure and cannot reliably provide 
information on the functional potential of genes. Metagenomic sequencing can be an improved 
approach to investigating diverse functional genes in environmental samples. However, these 
functional groups often comprise only a small fraction of the environmental DNA, resulting in 
high costs and low sequencing coverage. Another method to characterize functional genes 
leverages PCR-based methods. For PCR-based methods to target functional genes, the reliability 
of primer sets is a prerequisite, as the primer sets ultimately determine what is amplified in the 
environmental samples. Unfortunately, conventional PCR primers are known to detect a limited 
range of the diverse genes involved in nitrogen cycle. Further, the majority of currently available 
primers have been designed mainly for isolated strains instead of environmental biodiversity, and 
there is a lack of cost-effective and scalable platforms to cover the high diversity of target genes. 
As high throughput qPCR has become applicable for environmental samples, we can now assay 
hundreds of primer sets and genes in a single run. Thus, we have developed a pipeline to perform 
high throughput primer design based on abundant nitrogen cycle genes based on their abundance 
in over 1,900 existing soil metagenome samples. Through the pipeline, >400 novel primer sets 
were designed targeting denitrification (napA, narG, nirK, nirS, norB, nosZ) and nitrification 
(amoA-AOA/AOB) genes. We have optimized BioMark HD, a high throughput qPCR system, 
for studying nitrogen cycling Miscanthus soil samples from the DOE CABBI LAMPS site. 
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Project Goals: This study provides a comprehensive analysis of the potential impact of incentivizing 
greenhouse gas (GHG) mitigation from cellulosic ethanol feedstocks in a risk-averse crop production 
context. We examine the impact of payments linked to GHG reduction on cropping decisions of risk-
averse farmers in the rain-fed area of the United States at various biomass prices with a focus on 
aggregate GHG mitigation, aggregate cost to reduce emissions, and the spatial distribution of 
feedstock. Additionally, the project explores whether the manner of payment influences cropping 
decisions by comparing lump-sum upfront payments for total GHG mitigated to annual payments for 
GHG mitigated each year. Additionally, we explore the cost-effectiveness of a GHG reduction 
payment approach for achieving a given emission reduction target compared to a uniform 
establishment cost payment.  

Abstract text: 
Motivation: Cellulosic ethanol feedstocks such as corn stover and energy crops have the 

potential to provide substantial greenhouse-gas reduction benefits, first, through aboveground 
emission reduction as cellulosic ethanol can displace less carbon-intensive gasoline and, second, via 
carbon mitigation through soil carbon sequestration. These feedstocks vary greatly in terms of their 
GHG intensities, production costs, and risks due to differing and spatially varying input requirements, 
yields, and soil carbon sequestration effects. For instance, corn stover is a low cost but low yielding 
source of biomass readily available to farmers planting corn but harvesting stover also results in the 
removal of soil carbon that would have otherwise remained sequestered in the ground. In contrast, 
energy crops like miscanthus and switchgrass provide spatially varying GHG reduction benefits 
through relatively high annual yield over the mature period of the crop, substantial soil carbon 
sequestration through the life of the crop, and their ability to grow on marginal land. Long 
establishment periods with high upfront costs and uncertain yields due to weather variations, however, 
reduce incentives for risk-averse, impatient, and credit-constrained farmers to produce these GHG 
mitigating energy crops. 

Previous research shows that upfront subsidies to reduce establishment costs can incentivize the 
adoption of energy crops by risk-averse decision-makers but have not yet considered directly 
incentivizing the spatially varying GHG mitigation that these feedstocks provide that make them 
appealing  in the first place. Areas that have the lowest cost for energy crop cultivation, for instance, 
may not necessarily be the areas with the highest GHG mitigation potential due to spatial differences 
in high sequestration and high yield areas, spatial differences in high miscanthus and switchgrass yield 
areas, and payment for GHG mitigation benefits of corn stover. Earlier research finds heterogeneity in 
emission reduction potential from different sources and sites. Uniform payments schemes such as 
those under the Renewable Fuel Standard and the Biomass Crop Assistance Program that do not take 
variation in GHG reduction potential into account may not be incentivizing those crops that provide 
the most GHG mitigation. Providing payments based on emission reduction would take advantage of 
spatial variability in GHG reduction potential, yields, and costs by creating differing incentives for 



feedstocks in different locations and increase the production of cellulosic ethanol where greenhouse 
gas intensity of biofuel produced and overall cost of production is lowest.  

The purpose of this paper is, first, to examine the impact of payments linked to GHG reduction 
on the cropping decisions of risk-averse farmers in the rain-fed area of the United States at various 
biomass prices with a focus on aggregate GHG mitigation, aggregate cost to reduce emissions, and the 
spatial distribution of feedstock. Second, we explore whether the manner of payments influences 
cropping decisions by comparing lump-sum upfront payments for total GHG mitigated to annual 
payments for GHG mitigated each year. Third, we explore the cost-effectiveness of a GHG reduction 
payment approach for achieving a given emission reduction target compared to a uniform 
establishment cost payment. To the best of our knowledge, this study is the first one that provides a 
comprehensive analysis of the potential impact of incentivizing GHG mitigation from cellulosic 
ethanol feedstocks in a risk-averse crop production context. 

Methodology: We first present a theoretical framework under which a representative farmer 
optimally chooses her land allocation between conventional and energy crops. We examine how GHG 
mitigation payments will affect the farmer’s optimal land allocations under various risk and time 
preferences and credit constraint specifications. We show that crop allocations will depend in part on 
yield riskiness, the temporal profile of returns, and diversification of the farmer’s crop portfolio.We 
then use a stylized integrated model simulation framework that links an economic model with a 
biogeochemical model, DayCent, to analyze farmers’ cropping allocation under GHG reduction 
payments while accounting for spatial and temporal heterogeneity in crop yields and GHG intensities. 
We use a Copula method to generate joint distributions in all crop yields and conventional crop prices 
to measure the risks of feedstock yields and conventional crop prices for each county. Each county is 
considered a representative farmer maximizing expected utility under various exogenously determined 
GHG reduction payment scenarios and carbon and biomass prices for an exogenous degree of risk 
aversion, time preferences, and credit constraints. The model is simulated for a fifteen-year cropping 
cycle for energy crops, where farmers can choose to allocate crops on cropland and marginal land and 
choose whether to harvest a portion of the corn stover from areas under corn production.  

Data: Our numerical simulation focuses on the 1,919 rainfed counties in the eastern United States. 
In order to reflect the stochastic nature of prices and yields, county-level yields for thirty years for 
corn grain, corn stover, soybean, miscanthus, and switchgrass from DayCent and thirty-year harvest 
and futures corn and soybean Chicago Board of Trade prices are used to estimate a joint distribution 
for all yields and conventional crop prices. Belowground sequestration rates for conventional and 
energy crops are calculated from DayCent. Aboveground displacement is calculated as the sum of 
electricity co-product credits, material input use, emissions generated through electricity, diesel, 
transportation, and ethanol production, each of which are calculated using input intensities taken from 
the Greenhouse gases, Regulated Emissions, and Energy use in Transportation (GREET) model, 
model, nitrogen application rates from DayCent, and simulated yields. Additionally, land acreage by 
county for both cropland and marginal land is taken from National Agricultural Statistics Service 
(NASS). Input quantities for energy crops are compiled from Ohio State Extension documents, with 
input costs from NASS. Input quantities and costs for conventional crops are compiled from state 
extension documents and NASS. Parameters for the landowner’s risk and time preferences are 
obtained from the literature. The model is solved for cropping shares under exogenous payment 
scenarios with exogenously varying biomass payment and an exogenous cost of carbon. 

Results: Results show that without GHG reduction payments farmers require high biomass prices 
(at least $50 per ton in a not risk-averse, not credit constrained, and low discount scenario, and $70 
per ton in the risk-averse, credit constrained, and high discounting scenario) to induce them to plant 
energy crops. GHG reduction payments cause farmers to adopt energy crops at low carbon prices 
when biomass price is between $30 and $60 per ton, with the potential to incentivize up to 200 million 
tons of biomass and displace or mitigate 350 million metric tons of carbon.  



The manner in which GHG reduction is paid for influences feedstock adoption. Yearly payments 
are more cost-effective in driving farmer adoption when farmers are not risk-averse, not credit 
constrained, and have a low discount rate. For example, at a biomass price of $40 per ton, an $80 
dollar price per ton of carbon drives farmers to produce 100 million metric tons of energy crops per 
year compared to 50 million metric tons when payment is upfront. Upfront payments being better are 
driving adoption when farmers are risk-averse, credit constrained, and have a high discount rate, with 
farmers producing 80 million metric tons from upfront payments but only 25 million metric tons from 
yearly payments.   

GHG reduction payments are able to induce farmers to mitigate GHG more cost-effectively than 
uniform payments. For example, a uniform establishment cost share subsidy at a biomass price of $40 
per ton in a less constrained scenario would cost 350 million dollars and result in 30 million metric 
tons of carbon displaced or mitigated. An upfront GHG reduction payment can achieve the same GHG 
mitigation goal for a cost of 250 million dollars by incentivizing just 46 counties that are able to 
mitigate GHG the most with the emissions reduction goal being met through a mix of energy crops 
and corn stover use. 

Potential for generating discussion: Current bioenergy programs such as BCAP and RFS 
incentivize the production of energy crops but do not directly incentivize GHG mitigation and the 
impact of incentivizing GHG mitigation on biomass feedstock production by risk-averse farmers has 
not yet been studied. This study provides comprehensive economic analysis of the impact of GHG 
reduction payments on aggregate GHG mitigation, energy crop production, cropping choices, and 
geographical configuration of land allocation. Therefore, it should be of interest to economists and 
policy analysts who are interested in programs that support GHG mitigation or bioenergy production. 
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Project Goals:  

This project aims to identify natural variation in canopy structure and self-shading among over 
800 sorghum accessions and to investigate the effect of self-shading on photosynthetic traits in 
the lower canopy with the eventual goal of optimizing light distribution and photosynthesis 
throughout the canopy. 

Abstract: 

Crops are being grown at ever higher densities, resulting in increasing pressure to maintain 

photosynthetic function under low light . While many C3 plants have the ability to partially 

acclimate to low light levels over the course of a leaf lifespan1,2, it is unclear whether C4 plants 

have this same capacity, as previous studies in maize3 and sugarcane4 have yielded conflicting 

results.   We compared upper and lower canopy leaves in diverse accessions of Sorghum bicolor 

with heavy self-shading (planophile accessions) and with less self-shading (erectophiles), over 

two field seasons at two sites. Parameters measured included maximum quantum yields of CO2 

assimilation (ΦCO2) and whole chain electron transport (ΦJ), light-adapted respiration RD, 

maximal photosynthetic capacity Amax, maximal electron transport rate Jmax,, and activity of three 

C4 specific enzymes. We hypothesized that lower canopy leaves would show less of a decrease 

in photosynthetic efficiency relative to sunlit leaves in naturally occurring accessions with 

greater self-shading.  

We found that: 

  Shaded leaves exhibited lower ΦCO2 and ΦJ than sun leaves, but this decline was less in 

erectophile accessions (12-19%) than in planophiles . 

mailto:jaikumar@illinois.edu


 Due to combined effects of increased light penetration and improved photosynthetic 

efficiency in the lower canopy, we estimated that erectophile accessions support higher 

carbon assimilation in the lower canopy and on a whole-canopy basis than planophiles, 

with the advantage in lower canopy photosynthesis being greater in late season. 

 Unlike the effect on photosynthetic rates, decreases in C4 enzymatic activity and in RD  

were not ameliorated by reducing the degree of self shading.  

Breeders have found that erectophile lines of maize and sorghum are associated with higher 
yields, which has been attributed to a more optimized distribution of light.  This study shows an 
additional major contributor, maintenance of photosynthetic efficiency under low light 
conditions. 
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Project Goals: As part of the CABBI Feedstock Production theme, the overall goal of our 
research program is to enhance the production of vegetative lipids in bioenergy grass stems 
for industrial purposes. 

Abstract text.  

Triacylglycerols (TAGs) are storage lipids commonly found in plant seeds. As one of the most 
energy-rich compounds found in nature, TAGs have become an important target for renewable 
biofuel feedstocks. Seed-based TAGs are mostly dedicated for food and animal feed uses. 
Vegetative biomass, because of its high capacity for fatty acid (FA) synthesis, represents a 
potential renewable, sustainable, and economical platform for TAG accumulation to offset some 
of the growing demand for fossil oil. Substantial progress has been made to enhance the 
production of vegetative lipids in bioenergy grass stems for industrial purposes by engineering 
factors directly involved in TAG biosynthesis and degradation. To further enhance TAG 
biosynthesis in vegetative tissues, we hypothesized that supplying the lipid synthesis machinery 
with additional energy may help to overcome some intrinsic limits. Our study has identified three 
adenosine triphosphate (ATP)-related factors (PAP2, NTT1 and NTT2) that, when 
overexpressed, have positive effects on TAG accumulation in plant cells. Purple Acid 
Phosphatase 2 (PAP2) has been shown to elevate ATP content and vegetative biomass when 
overexpressed in Arabidopsis, probably by dephosphorylating proteins and affecting their 
transport into chloroplasts and mitochondria. Arabidopsis plants overexpressing PAP2 showed 
increased FA synthesis rates in both leaves and siliques. The TAG content was also increased in 
Nicotiana benthamiana leaves when co-expressing PAP2 with lipogenic proteins (WRI1, 
DGAT1 and OLE1). The other two factors tested are plastid envelope-localized nucleoside 
triphosphate transporters (NTT1 and NTT2) that transport ATP from the cytosol into plastids. 
Transient overexpression of NTT1 or NTT2 alone or in combination with WRI1 significantly 
increased TAG accumulation in N. benth. leaves. Our findings provide novel targets that can be 
stacked with lipogenic factors to enhance TAG accumulation in plant vegetative tissues and 
potentially overcome the yield drag associated with high levels of vegetative TAG accumulation. 
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Project	  goals:	  To	  establish	  an	  efficient	  CRISPR/Cas9	  gene	  editing	  system	  in	  sorghum	  (Sorghum	  
bicolor,	  genotype	  Tx430)	  
	  
In	  many	  grasses,	  including	  sorghum,	  immature	  zygotic	  embryos	  are	  the	  preferred	  source	  tissue	  
for	  the	  induction	  of	  embryogenic	  callus	  cultures	  capable	  of	  efficient	  DNA	  transfer,	  selection	  of	  
transformed	  cells,	  and	  regeneration	  into	  fertile	  plants	  (Raghuwanshi	  and	  Birch,	  2010).	  	  One	  
advantage	  of	  embryogenic	  callus	  cultures	  is	  they	  form	  a	  compact	  structure	  of	  large	  numbers	  of	  
rapidly	  dividing	  cells,	  offering	  more	  genomic	  targets	  for	  transformation.	  	  Current	  protocols,	  
irrespective	  of	  the	  DNA	  delivery	  method,	  achieve	  20%	  to	  50%	  transformation	  efficiency	  (Guo	  et	  
al.,	  2015;	  Liu	  et	  al.,	  2015;	  Belide	  et	  al.,	  2017).	  	  However,	  these	  protocols	  require	  the	  
maintenance	  of	  robust	  stock	  plants	  for	  a	  continuous	  supply	  of	  immature	  embryos	  that	  have	  a	  
short	  window	  (two	  days)	  of	  competence	  for	  callus	  initiation.	  An	  alternative	  approach	  adapted	  
from	  Cho	  et	  al.	  (1998)	  produces	  highly	  generable	  green	  callus	  tissue	  that	  can	  be	  maintained	  for	  
up	  to	  two	  years,	  and	  although	  high	  transformation	  efficiencies	  with	  microprojectile	  
bombardment	  have	  been	  reported,	  it	  has	  not	  been	  widely	  used	  because	  of	  low	  efficiencies	  with	  
Agrobacterium	  transformation.	  	  Many	  of	  the	  issues	  associated	  with	  DNA	  integration	  following	  
microprojectile	  bombardment	  are	  not	  a	  concern	  in	  genome	  editing	  experiments,	  so	  we	  are	  
revisiting	  whether	  the	  green	  callus	  system	  may	  be	  a	  more	  efficient	  protocol	  for	  CRISPR/Cas9	  
genome	  editing	  in	  the	  sorghum	  genotype	  Tx430.	  	  We	  have	  successfully	  produced	  multiple	  
transgenic	  callus	  lines	  containing	  a	  monocot	  optimized	  Csy4-‐Cas9	  gene	  fusion	  and	  four	  guide	  
RNAs.	  	  Plants	  are	  currently	  in	  regeneration	  and	  being	  characterized	  for	  possible	  edits,	  and	  
experiments	  are	  in	  progress	  targeting	  mutagenesis	  of	  several	  genes	  expected	  to	  alter	  nitrogen	  
utilization	  and	  carbon	  partitioning.	  
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Project Goals: 

1) Developing and deploying enabling bio-technologies for precision breeding of oil producing 
sugarcane. 

2) Elevating the yield of biomass and vegetative lipids in sugarcane. 
 

Abstract: 

Genome editing tools such as CRISPR/Cas9 and other RNA guided nucleases (RGNs) have been 
employed in several crops. They enable targeted mutagenesis or gene targeting following DNA 
break repair by Non-Homologues End Joining (NHEJ) or Homology Directed Repair (HDR), 
respectively. NHEJ generates an abundance of random insertions and deletions (InDels). 
Frameshift mutations associated with these InDels of unspecified size and sequence might result 
in loss of function phenotypes of agronomic importance. Gain of function mutations, on the other 
hand, generally require precise nucleotide editing in the target gene for the replacement of 
inferior alleles with superior alleles by template mediated HDR. We present data confirming 
highly efficient HDR mediated precision nucleotide editing in multiple alleles of the acetolactate 
synthase (ALS) gene in the highly polyploid sugarcane which confer herbicide resistance. 
Faithful transmission of superior ALS alleles with introduced target mutations at 574 and/or 653 
amino acid locations to vegetative progenies was confirmed with Sanger sequencing, PacBio 
SMRT sequencing and resulted in herbicide resistance.  

Creation of knockout phenotypes is challenging in highly polyploid crops like sugarcane. We 
will present a rapid readout system that accelerates identification of multi-allelic edits by 
targeting candidate genes in chlorophyll biosynthesis. This system with facilitate the comparison 
of alternative RGNs and delivery systems. 

Following successful demonstration of both, gene targeting and targeted mutagenesis in 
sugarcane, we are currently generating sugarcane lines with CRISPR/Cas9 mediated genome 
editing to suppress flowering and hydrolysis of triacyl glycerol (TAG). Extending the vegetative 
phase in sugarcane is expected to increase the yield of biomass and vegetative lipids. Targeted 
mutagenesis of the TAG lipase should further elevate lipid accumulation. 
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Project Goals: Short statement of goals. (Limit to 1000 characters) 

Issachenkia orientalis is an emerging non-model ascomycetes yeast with unparalleled ability to 
tolerate multiple stresses, including extremely low pH, high temperature, and high concentrations 
of lignocellulosic inhibitors, salts, alcohols, and organic acids. These unique characteristics may 
make I. orientalis an attractive chassis for producing biofuels and bioproducts directly from 
lignocellulosic hydrolysates. Understanding how I. orientalis evolved to tolerate multiple 
stresses may allow engineering of a strain more suitable for industrial use than natural isolates 
are. We performed a population genomics study of 162 strains collected from various habitats 
and identified 305,435 single nucleotide polymorphism (SNPs), 16,177 insertions and deletions 
(indels), and other genetic variations, including ploidy, gene copy number, and pan-genome 
variations. We are currently working on genome-wide association study (GWAS) to understand 
genetic variations underlying various phenotypes. Here we discuss the results for fluconazole 
resistance, an unfavorable characteristic for industrial utilization of microbes. 
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Project goals: Our overall objective is to identify the genomic and biochemical mechanisms 
by which plants influence their rhizosphere microbiome and its functions, enabling future 
germplasm improvement; and to determine the impact of altered rhizosphere nitrogen 
cycling functions on nutrient retention and sustainability in agroecosystems. Our 
interdisciplinary team employs a combination of metagenomics, measures of N cycling 
process rates, and plant breeding genetics to address these knowledge gaps. 
 
The plant microbiome helps plants acquire scarce resources and is an essential target for 
improving agricultural sustainability, particularly for biofuel feedstocks where reduction of 
anthropogenic inputs is desirable. However, the ability of modern crops to recruit and structure 
their microbiome may be altered by domestication and breeding. Selection for crop plants based 
on aboveground traits in high nutrient environments may inadvertently lead to changes to 
belowground plant physiology and relationships with the soil microbiome. In doing so, we have 
likely altered microbiome functions that contribute to sustainability and environmental quality 
(e.g. nutrient acquisition, nutrient retention, and GHG production).  
 
The first step to investigate this is to examine the structure and activity of the microbiome as a 
function of plant genotype, with a specific focus on N cycling functional groups. The functional 
capacity of the rhizosphere microbiome and the benefit to the host plant, as well as ecosystem 
services such as nutrient cycling and greenhouse gas emissions, vary with the composition and 
abundance of microbial assemblages. We hypothesized that plant genotypes differ in their ability 
to recruit microbial functional groups, and ultimately that the functional profile of the microbial 
community can be treated as a selectable plant phenotype and optimized through plant breeding. 
We used targeted functional metagenomic sequencing to survey the rhizosphere of diverse 
genotypes of several crops to compare their capability to recruit microbial nitrogen cycling 
functional groups, and examined rates of nitrogen transformations. Using maize as a model for 
bioenergy grasses, we observed significantly different N cycling microbial community structure 
among crop genotypes that represent the endpoints of directed evolution. In addition, differential 
abundance and composition of N cycling functional groups was associated with significant 
reduction in nitrification and denitrification in specific maize lineages. We are following up with 
examination of sorghum genotypes that strongly vary in nutrient use efficiency. Our results allow 
the linkage of host-associated microbial communities and ecosystem function and suggest that 
there is genetic capacity to optimize recruitment of N cycling functional groups, and improve 



crop sustainability. Understanding the mechanistic underpinnings of this relationship will allow 
breeders and ecosystem scientists to select bioenergy crop cultivars that interact with the 
nitrogen cycle in ways that improve the efficiency and sustainability of agriculture, while 
protecting environmental quality. 
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Project Goals: Our research aims to enhance production of triacylglycerols (TAG) with specialty fatty acids 

in sorghum (Sorghum bicolor (L.) Moench) stems. Metabolic engineering of TAG biosynthesis with specialty 

fatty acids (e.g., medium-chain and hydroxy fatty acids) can increase TAG value and functionality for 

renewable alternatives to petroleum-based oils. Sorghum is regarded as an ideal feedstock for bioenergy 

because of its capacity for high biomass productivity with low agronomic inputs. Applying synthetic biology 

for modular and multiple gene assembly, we are introducing multigene-expression vectors in sorghum and 

currently evaluating the most effective transgene combinations using tobacco systems to increase the 

throughput of the design-build-test-learn cycle of our synthetic biology efforts. 

 

Plants store triacylglycerols (TAG) in their seed as energy sources for germination and seedling establishment. 

Although TAG is principally stored in seeds for this purpose, numerous studies indicate that vegetative tissues 

also have the ability for TAG synthesis that can serve as energy-dense, renewable alternatives to petroleum-based 

oils. Sweet sorghum (Sorghum bicolor (L.) Moench) is regarded as an attractive feedstock for bioenergy because 

of its capacity for high biomass production under rain-fed conditions on marginal soils. The goal of this research 

is the synthetic re-design of lipid metabolism in stalks for enhanced TAG production and storage and to generate 

TAG with specialty fatty acids (e.g., medium-chain and hydroxyl fatty acids) to increase TAG value and 

functionality. Accumulation of TAG is achieved by the three major processes: push, pull, and protect (3P). Fatty 

acid synthesis can be pushed using master transcription factors such as WRINKLED1 (WRI1), pulled into TAG 

assemply by acyltransferases such as diacylglycerol acetyltransferase (DGAT), or protected from degradation by 



oil body coat proteins such as oleosin. In addition to this fundamental gene combination (WRI1 + DGAT + oleosin), 

specific acyltransferases and acyl-ACP thioesterases are required for specialty fatty acid synthesis. We have 

identified and characterized the specific acyltransferases and acyl-ACP thioesterases from various plant species. 

We currently focus on medium-chain and hydroxy fatty acids because they are suitable for jet fuel and industrial 

heat-tolerant lubricants, respectively. By applying synthetic biology for modular and multiple gene assembly, we 

generated diverse vector constructs for TAG biosynthesis with specialty fatty acids. We are currently evaluating 

the most effective transgene combinations using tobacco systems to increase the throughput of the design-build-

test-learn cycle of our synthetic biology efforts. The most effective combinations are then used for sorghum 

transformation. 
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Project Goal: The goal of this project is to investigate sugar alcohol production from plant-

based sugars and glycerol in the oleaginous yeasts Rhodosporidium toruloides and Yarrowia 

lipolytica. We are also interested in understanding the mechanism of sugar alcohol 

production and the key genes involved in the polyol synthesis process. 

 

Sugar alcohols are commonly used as low-calorie, natural sweeteners. They have also been 

proposed by the Department of Energy as potential building blocks for bio-based chemicals. They 

can be used to produce polymers with applications in medicine and as precursors to anti-cancer 

drugs 1. Production of these sugar alcohols by yeast often results, from redox imbalances 

associated with growth on different sugars, accumulation of toxic intermediates, and as a cell 

response to the high osmotic pressure of the environment 2-3. The ability of yeast to naturally 

produce these sugar alcohols from simple sugars provides a potentially safer and more sustainable 

alternative to traditional chemical hydrogenation. 

In our study, we found that the oleaginous yeast R. toruloides IFO0880 produces D-arabitol 

during growth on xylose in nitrogen-rich medium 3. Efficient xylose utilization was a prerequisite 

for extracellular D-arabitol production. D-arabitol is an overflow metabolite associated with 

transient redox imbalances during growth on xylose. R. toruloides is also able to produce galactitol 

from galactose 2. In addition, R. toruloides was able to produce galactitol from galactose at reduced 

titers during growth in nitrogen-poor medium, which also induces lipid production. These results 

suggest that R. toruloides can potentially be used for the co-production of lipids and galactitol 



from galactose. We further characterized the mechanism for galactitol production, including 

identifying and biochemically characterizing the critical aldose reductase. Intracellular metabolite 

analysis was also performed to further understand galactose metabolism.  

We also explored sugar alcohol production in Y. lipolytica. It is known to produce erythritol 

during growth on glycerol. The heterologous overexpression of a sugar polyol phosphatase 

increases erythritol production two fold in Y. lipolytica. Intracellular metabolite analysis was also 

performed to further understand glycerol metabolism in wild type and engineered strains. We also 

overexpressed the key genes involved in glycerol assimilation pathways and the pentose phosphate 

pathway.  

R. toruloides and Y. lipolytica have traditionally been used for the production of lipids and 

lipid-based chemicals 4-5. Our work demonstrates that these non-model yeasts can also produce 

arabitol, galactitol, and erythritol. Collectively, our results further establishes that R. toruloides 

and Y. lipolytica can produce multiple value-added chemicals from a wide range of sugars and 

glycerol. 
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Project Goals: The Center for Advanced Bioenergy and Bioproducts Innovation’s (CABBI) 
mission is to develop efficient ways to grow bioenergy crops, transform biomass into 
valuable chemicals, and market the resulting biofuels and other bioproducts. A key part of 
this mission is to ensure the sustainability of a bioenergy economy by maintaining or 
enhancing ecosystem services (e.g., soil carbon sequestration, nitrogen retention). However, 
our ability to predict the extent to which different management strategies and bioenergy 
feedstocks impact ecosystem services is limited by simplified models that do not represent 
the diversity of microbial traits or the ability of plant-microbial interactions to feedback on 
soil biogeochemical cycling. Thus, the goal of this project within CABBI is to quantify these 
traits and interactions that regulate soil carbon and nitrogen cycling to develop and 
validate a plant-microbial interactions model that predicts impacts on ecosystem services. 
 
Enhancing soil carbon sequestration may enable the bioenergy industry to achieve carbon 
neutrality. To realize this potential, we must develop a predictive understanding of how 
management and feedstock decisions impact carbon stabilization in soil organic matter (SOM).  
However, there remains uncertainty in how interactions between plant traits (i.e. litter chemistry, 
rhizosphere exudation) and microbial traits (i.e. carbon use efficiency (CUE), turnover) drive 
SOM formation for bioenergy feedstocks. This hinders modeling efforts to predict the long term 
effects of transitioning between bioenergy feedstocks on soil carbon sequestration. 
 
To address this uncertainty, we investigated key plant and microbial trait interactions influencing 
SOM formation for traditional bioenergy corn and alternate Miscanthus x Giganteus 
(miscanthus) feedstock systems. Plant-microbial interactions influence SOM formation indirectly 
through litter chemistry with rapidly, decomposing litters driving efficient microbial biomass 
production that upon death is thought to preferentially form mineral-associated SOM over 
particulate SOM. Thus, we hypothesized that low carbon to nitrogen ratio (C:N) corn litter 
decomposes faster and forms more mineral associated SOM than high C:N miscanthus litter.  
Directly, plants influence SOM formation by exuding carbon to microbes in the rhizosphere 
(zone of soil proximal to plant roots) in exchange for nutrients, promoting microbial activity and 
mineral-associated SOM formation.  Given differences in fertilization rates and root traits 
between feedstocks, we hypothesized that soil microbes in miscanthus systems have a greater 
capability to use root exudates to drive greater biomass production and mineral associated SOM 
formation than heavily fertilized corn systems.  To test these hypotheses in the lab, we incubated 



13C isotopically labeled aboveground and belowground litter from each crop in soil collected 
from experimental plots at the University of Illinois Energy Farm to assay microbial traits and 
trace the fate of litter into microbial biomass, CO2, and mineral vs. particulate SOM pools. We 
simulated root exudates by adding a cocktail of organic acids to half of the incubated samples.  

In support of our first hypothesis, preliminary results show that corn litter initially decomposed 
very rapidly, prompting greater respiration losses of carbon compared to miscanthus litter. In the 
last four weeks, corn litter decomposition slowed as litter C was likely immobilized in microbial 
biomass and mineral associated SOM.  By contrast, miscanthus litter C continued to decompose 
at a consistent rate by less efficient microbes with more of the litter likely remaining in 
particulate SOM forms. Supporting our second hypothesis, exudate carbon additions promoted 
decomposition of litter over SOM in corn.  By contrast, miscanthus showed the opposite pattern 
with exudates primarily speeding up SOM decomposition.  Collectively, these results indicate 
that there is an important interaction between litter chemistry and root traits that controls the 
formation and decomposition of SOM in bioenergy systems.   In addition, these data can be used 
directly to reduce parameter uncertainty in microbial traits and the fate of bioenergy plant inputs 
in microbial-mediated decomposition models.   
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Project Goals  

Complete use of glucose and xylose is a prerequisite for producing biofuels and chemicals 
from lignocellulosic biomass. We have constructed an engineered Saccharomyces cerevisiae strain 
(CT2) capable of rapidly and efficiently producing ethanol from glucose and xylose. To construct 
a platform yeast strain for the production of CABBI target molecules (organic acids, alcohols, and 
lipids), metabolic designs enabling the maximum production of target molecules with no 
byproducts were tested in the CT2 strain using 2,3-butanediol (2,3-BDO) as a target molecule. We 
envision that this new strain, which efficiently and rapidly produces 2,3-BDO without byproduct 
formation, can be further engineered to produce other CABBI target molecules via modifications 
in metabolic, redox balance, and energetic pathways.  

 
Abstract  

2,3-butanediol (2,3-BDO) is a versatile commodity chemical which can be used for making 
synthetic rubbers, anti-freeze, and liquid fuel additives. While production of 2,3-BDO by microbial 
fermentation has been demonstrated before, use of potential human pathogenic microorganisms, 
formation of byproducts, and low productivities limited the commercialization of the fermentation 
processes.            
 As an alternative, we engineered Saccharomyces cerevisiae, which is a GRAS (generally 
recognized as safe) and preferred microorganism by industrial biotechnology companies, and 
achieved efficient and rapid production of 2,3-BDO without byproduct formation. Key objectives 
were to 1) introduce a 2,3-BDO production pathway, 2) to eliminate the formation of byproducts, 
such as ethanol and glycerol, and 3) to re-wire redox-balancing metabolic pathways for the 
production of 2,3-BDO with a high yield (>80%) and productivity (>1 g/L∙h).  
 To these ends, we first deleted major isozymes of PDC (pyruvate dehydrogenase) and ADH 
(acetaldehyde dehydrogenase) genes in S. cerevisiae to minimize ethanol production while 
maintaining sufficient acetyl-CoA pool for cell growth. Second, heterologous genes—alsS, coding 
for acetolactate synthase, and alsD, coding for acetolactate decarboxylase, from B. subtilis were 
overexpressed. Third, we eliminated glycerol accumulation by deleting both GPD1 and GPD2, 
which code for glyceraldehyde-3-phosphate dehydrogenase. Fourth, we introduced a NAD+ 
regenerating pyruvate-malate cycle to resolve the redox imbalance from deletion of the glycerol 



producing pathway. Lastly, we enhanced the expression level of PYC1 and PYC2 to enhance the 
NAD+ regenerating capability of the pyruvate-malate cycle. As a result, our best strain was able to 
produce 2,3-BDO with a much higher productivity (1.1 g/L∙h) than previously constructed 2,3-
BDO producing strains (0.1~0.2 g/L∙h) in a batch fermentation with 100 g/L of glucose. In addition 
to the rapid production of 2,3-BDO, the best strain produced negligible amounts of glycerol and 
ethanol. As such, the engineered yeast offers the potential for economical downstream processing 
and efficient catalytic upgrading of 2,3-BDO. 
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Project goals: 
To achieve full automation of the Design-Build-Test-Learn process for biosystems design via 
an integrated robotic system coupled with machine learning algorithms. 
 
https://www.igb.illinois.edu/DOEcenter 
 
Abstract: 
Large-scale data acquisition and analysis are often required in the successful implementation 
of the design, build, test, and learn (DBTL) cycle in biosystems design. However, it has long 
been hindered by experimental cost, variability, biases, and missed insights from traditional 
analysis methods. Here, we report the application of an integrated robotic system coupled with 
machine learning algorithms to fully automate the DBTL process for biosystems design. As 
proof of concept, we have demonstrated its capacity by optimizing the lycopene bio- synthetic 
pathway. This fully-automated robotic platform, BioAutomata, evaluates less than 1% of 
possible variants while outperforming random screening by 77%. A paired predictive model 
and Bayesian algorithm select experiments which are performed by Illinois Biological Foundry 
for Advanced Biomanufacturing (iBioFAB). BioAutomata excels with black-box optimization 
problems, where experiments are expensive and noisy and the success of the experiment is not 
dependent on extensive prior knowledge of biological mechanisms.  
 
 



 

Figure 1: The overall workflow of BioAutomata. After setting the initial parameters, designing 
the sequence space of variable regions (such as promoter variants in a combinatorial pathway 
assembly), and defining the objective function, BioAutomata selects which experiments are 
expected to result in the highest improvement of yield, performs those experiments, generates 
data and learns from it, updating its predictive model given the newly presented evidence. It 
will then decide on the next experiments to perform to reach the goal set by the user while 
trying to minimize the number of experiments and the cost of the project 
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Project Goals:  

Objective 1: Discover how extremophytes and stress sensitive species differ in the cell-type 
functions of roots and those triggered downstream of ABA 

Objective 2: Define how changes in the wiring of gene regulatory networks produce 
innovations in transcriptional regulation in extremophytes and how bioenergy crops have 
diverged. 

Objective 3: Establish a data driven, predictive framework for accelerating functional testing 
of stress resilience genes using Arabidopsis and Camelina as a chassis for engineering. 

 

The current post-genomics era is defined by a multitude of genome sequences that are available 
to study.  Experimentally tractable molecular genetic model species were some of the first to 
have their genomes sequenced.  Today, however, genomes of organisms that are difficult to 
culture, rare or even extinct exist in our data repositories.  While their genome sequences have 
been unlocked, the nature of the genes contributing to this fascinating diversity in physiology 
and development is currently hidden due to a lack of methods available to extract significant 
functional meaning.  Which genes allow cactus to survive the desert heat, or sea grass to grow in 
ocean water, or some ferns to tolerate desiccation?  In agriculture, domestication has led to the 
breeding of rapidly growing cultivars that perform well when the climate cooperates, but often 
fail when water or nutrients are limiting.  Bioenergy crops will be grown on soils of poor quality 
so as not to compete with other agricultural sectors, yet these environments will dramatically 
impact biomass accumulation.  If the innovations that nature has selected for across plant species 
can be discovered, we have an opportunity to address these challenges and improve the 
sustainability of agriculture in ways that are simply impossible by traditional breeding. 

Innovations in gene function allow wild plants to inhabit environments that are 
commonly stressful to domesticated crops.  Our interdisciplinary team seeks to identify such 
innovations by defining the regulatory and physiological context that genes function across 11 



sequenced Brassicaceae genomes, including bioenergy crops, and crop wild relatives, using 
recent advances in single-cell RNA sequencing (scRNA-seq) and DNA affinity purification 
sequencing (DAP-seq) technologies.  Furthermore, machine-learning algorithms will utilize the 
evolutionary history of gene duplication events and functional genomics data to identify 
innovations in gene function associated with growth control under environmental stress.  
Putative genes associated with extremophyte resilience will be introduced into stress sensitive 
species to test whether extremophyte physiological properties can be transferred to naïve 
genomes.  These studies will utilize a molecular genetic model that can be rapidly characterized 
using scalable and open source phenomics systems.  Through our investigation, we will establish 
an experimental and data analytics pipeline that will be broadly applicable to the study of gene 
function at the plant family level and result in a road map for improving plant traits for bioenergy 
and beyond. 
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Project Goals: The goal of the PMI SFA is to characterize and interpret the physical, 
molecular, and chemical interfaces between plants and microbes and determine their 
functional roles in biological and environmental systems.  Populus and its associated 
microbial community serve as the experimental system for understanding the dynamic 
exchange of energy, information, and materials across this interface and its expression as 
functional properties at diverse spatial and temporal scales.  To achieve this goal, we focus 
on 1) defining the bidirectional progression of molecular and cellular events involved in 
selecting and maintaining specific, mutualistic Populus-microbe interfaces, 2) defining the 
chemical environment and molecular signals that influence community structure and 
function, and 3) understanding the dynamic relationship and extrinsic stressors that shape 
microbiome composition and affect host performance. 
 
Computational prediction of the binding of small organic metabolites and other ligands to 
biological macromolecules has far-reaching implications for a range of problems, particularly 
metabolomics. Small metabolites are implicated in a host of roles, including symbiotic 
relationships between plant and microbe. Nonetheless, critical tasks such as predicting the bound 
structure of a protein-ligand complex along with its affinity have proven to be very difficult, owing 
largely to the inherent approximations in generating physically reasonable bound conformations 
of the ligand and an accurate free energy or proxy thereof.  In recent years, machine learning-based 
methods have proven to be more robust than the standard linear sum of energetic terms, suggesting 
a complex, potentially non-linear interaction among terms.  However, these methods are often 
trained on a small set of features, with a single functional form for any given energetic or physical 
effect, and often with little mention of the rationale behind choosing one functional form over 
another.  Moreover, a systematic investigation of the effect of machine learning method is not 
undertaken, with a single method being favored for reasons that are often obscure.  Here we 
undertake a comprehensive effort towards developing high-accuracy, machine-learned scoring 
functions, systematically investigating the effects of machine learning method and choice of 
features, and, providing insights into the relevant physics using methods that assess feature 
importance.  Here, we show synergism among disparate features, yielding Pearson correlations 
(R2) with experimental binding affinities of up to 0.865 and enrichment for native bound structures 
of up to 0.913 in an independent test set consisting of the well-known CASF-2013 benchmark.  
We deploy these models to predict the relative activity of metabolites in two systems of importance 
in plant-microbe symbiosis, one plant-bacterial (the LuxI enzyme and its potential substrates), and 
the other an enzyme that synthesizes plant defense hormones.  We show the ability to discriminate 



low- from high-activity substrates and describe further how these methods shall be deployed on a 
larger scale to screen larger sets of molecules.  
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Project Goals: The goal of the PMI SFA is to characterize and interpret the physical, 
molecular, and chemical interfaces between plants and microbes and determine their 
functional roles in biological and environmental systems.  Populus and its associated 
microbial community serve as the experimental system for understanding the dynamic 
exchange of energy, information, and materials across this interface and its expression as 
functional properties at diverse spatial and temporal scales.  To achieve this goal, we focus 
on 1) defining the bidirectional progression of molecular and cellular events involved in 
selecting and maintaining specific, mutualistic Populus-microbe interfaces, 2) defining the 
chemical environment and molecular signals that influence community structure and 
function, and 3) understanding the dynamic relationship and extrinsic stressors that shape 
microbiome composition and affect host performance. 
 
We have created Parakraken, a parallelized kmer profile-based taxa identification approach, which 
uses full kmer profiles from every publicly available genome sequence (including bacteria, 
archaea, fungi, viruses, nematodes, insects, protists, etc.)  to allow detection of the cryptic 
phytobiome in the DNA or RNA sequence of any host tissue.  We are using Parakraken to identify 
taxa in different host tissues across a genome wide association study (GWAS) population of 
Populus trichocarpa.   We also have other independent layers of ‘omics data across this population 
and over 28,000 temporal-climactic phenotypes (climatypes) measured across the original 
locations of the genotypes in the population.  In addition, we have developed new methods for 
GWAS using the presence/absence of genes in the pan genome of this population.  Furthermore, 
we have developed supercomputing and explainable-AI approaches to find complex epistatic 
architectures responsible for the host’s ability to detect and modulate its microbiome and other 
phenotypes.   The result is a comprehensive systems biology model of a plant and its microbiome, 
its adaptation to its climactic environment and the metabolic intermediaries involved therein.   
Thus, we combine the results of these approaches with many orthogonal layers of information in 
order to score each hypothesis supported by multiple lines of evidence to prioritize specific 
mechanisms for experimental validation. 
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Project Goals: The goal of the PMI SFA is to characterize and interpret the physical, 
molecular, and chemical interfaces between plants and microbes and determine their 
functional roles in biological and environmental systems.  Populus and its associated 
microbial community serve as the experimental system for understanding the dynamic 
exchange of energy, information, and materials across this interface and its expression as 
functional properties at diverse spatial and temporal scales.  To achieve this goal, we focus 
on 1) defining the bidirectional progression of molecular and cellular events involved in 
selecting and maintaining specific, mutualistic Populus-microbe interfaces, 2) defining the 
chemical environment and molecular signals that influence community structure and 
function, and 3) understanding the dynamic relationship and extrinsic stressors that shape 
microbiome composition and affect host performance. 

Beneficial interactions between plants and fungi in the below-ground world are important for 
improving ecosystem stability and crop resilience.  The establishment of plant-fungal associations 
in the rhizosphere requires complex molecular cross-talk between symbiotic partners (Martin et 
al., 2017).  Mycorrhiza-induced small secreted protein MiSSP7 can move from the mutualistic 
fungus Laccaria bicolor into the roots of Populus to facilitate the establishment of symbiosis with 
host trees (Plett et al., 2014; Plett et al., 2011).  Yet, to our knowledge, there is no prior evidence 
showing that proteins can move from plant roots into the hyphae of their fungal partners.  Recently, 
we predicted that more than 400 P. trichocarpa small secreted proteins (PtSSPs) could be 
responsive to symbiosis with L. bicolor (Plett et al., 2017).  We hypothesized that some of these 
PtSSPs can move from plant roots into L. bicolor hyphae.  To test this hypothesis, we selected a 
subset of 14 PtSSPs (i.e., PtSSP1, PtSSP2, …, PtSSP14), based on computational analysis of 
DNA-binding capability and signal peptides for secretion, for experimental characterization of 
protein movement from plant roots into fungal hyphae.  Transgenic Arabidopsis thaliana and 
poplar plants were created to overexpress these PtSSPs fused to green fluorescent protein (GFP).  
The transgenic plants were co-cultured with L. bicolor to assess the movement of the PtSSP-GFP 
fusion proteins.  So far, we have found that PtSSP1, PtSSP5 and PtSSP8 could move from roots 
of transgenic Arabidopsis and/or poplar into the hyphae of L. bicolor.  We are currently 
establishing a microfluidic platform to monitor the movement of PtSSP-GFP fusion proteins from 



transgenic yeast cells into L. bicolor hyphae,  and  using computational approaches to predict the 
protein domains and 3D structures of these PtSSPs. 

In summary, the results from our experiments support our hypothesis that PtSSPs can move from 
plant roots into the hyphae of L. bicolor.  In the near future, we will study the impact of these 
mobile poplar small proteins on fungal gene expression and identify the potential fungal proteins 
interacting with the poplar small proteins. 

References 
Martin, F.M., Uroz, S. and Barker, D.G. (2017) Ancestral alliances: Plant mutualistic symbioses 

with fungi and bacteria. Science 356, eaad4501. 
Plett, J.M., Daguerre, Y., Wittulsky, S., Vayssières, A., Deveau, A., Melton, S.J., Kohler, A., 

Morrell-Falvey, J.L., Brun, A. and Veneault-Fourrey, C. (2014) Effector MiSSP7 of the 
mutualistic fungus Laccaria bicolor stabilizes the Populus JAZ6 protein and represses 
jasmonic acid (JA) responsive genes. Proceedings of the National Academy of Sciences 
111, 8299-8304. 

Plett, J.M., Kemppainen, M., Kale, S.D., Kohler, A., Legué, V., Brun, A., Tyler, B.M., Pardo, 
A.G. and Martin, F. (2011) A secreted effector protein of Laccaria bicolor is required for 
symbiosis development. Current Biology 21, 1197-1203. 

Plett, J.M., Yin, H., Mewalal, R., Hu, R., Li, T., Ranjan, P., Jawdy, S., De Paoli, H.C., Butler, G., 
Burch-Smith, T.M., Guo, H.-B., Ju Chen, C., Kohler, A., Anderson, I.C., Labbé, J.L., 
Martin, F., Tuskan, G.A. and Yang, X. (2017) Populus trichocarpa encodes small, 
effector-like secreted proteins that are highly induced during mutualistic symbiosis. 
Scientific Reports 7, 382. 

The Plant Microbe Interfaces Scientific Focus Area is sponsored by the Genomic Science 
Program, U.S Department of Energy, Office of Science, Biological and Environmental Research 
 
 



Plant-Microbe Interfaces: Identification of gene products involved in plant colonization by 
Pantoea sp. YR343 using a plant-responsive diguanylate cyclase 

Jennifer Morrell-Falvey1,2,3*(morrelljl1@ornl.gov), Amber N. Bible,2 Mang Chang,3 and Mitchel 
J. Doktycz1,3 
 

1Biosciences Division, Oak Ridge National Laboratory, Oak Ridge, TN; 2Department of 
Biochemistry & Cellular and Molecular Biology, University of Tennessee, Knoxville TN; 3UT-
ORNL Graduate School of Genome Science and Technology, University of Tennessee, 
Knoxville TN 
 
http://pmiweb.ornl.gov/ 

Project Goals: The goal of the PMI SFA is to characterize and interpret the physical, 
molecular, and chemical interfaces between plants and microbes and determine their 
functional roles in biological and environmental systems.  Populus and its associated 
microbial community serve as the experimental system for understanding the dynamic 
exchange of energy, information, and materials across this interface and its expression as 
functional properties at diverse spatial and temporal scales.  To achieve this goal, we focus 
on 1) defining the bidirectional progression of molecular and cellular events involved in 
selecting and maintaining specific, mutualistic Populus-microbe interfaces, 2) defining the 
chemical environment and molecular signals that influence community structure and 
function, and 3) understanding the dynamic relationship and extrinsic stressors that shape 
microbiome composition and affect host performance. 

Populus deltoides (poplar) hosts a diverse microbiome that influences its growth and productivity. 
The ability of plant growth promoting bacteria to exert beneficial effects on plant hosts is mediated 
through chemical and physical associations with plant tissues. Pantoea sp. YR343, a gamma-
proteobacterium isolated from the rhizosphere of P. deltoides, forms robust biofilms along the root 
surfaces of Populus and possesses plant growth-promoting characteristics, such as phytohormone 
production and phosphate solubilization.  The mechanisms governing biofilm formation along 
plant roots by bacteria, including Pantoea sp. YR343, are not fully understood and many genes 
involved in this process have yet to be discovered.  Because the signaling molecule cyclic di-GMP 
plays an important role in biofilm formation, we employed a strategy for identifying putative 
colonization factors by modulating c-di-GMP expression in Pantoea sp. YR343.  To this end, we 
identified three diguanylate cyclases, enzymes that synthesize c-di-GMP, that are expressed during 
colonization of plant roots.  Overexpression of one of these diguanylate cyclases (encoded by 
PMI39_02884) significantly impacted exopolysaccharide production, motility, and biofilm 
formation.  This overexpression strain was utilized for a genetic screen to identify genes that 
respond to high levels of c-di-GMP. Several genes were identified, including a UDP-galactose 
lipid carrier transferase (PMI39_01848) and a capsule polysaccharide transporter (PMI39_03059), 
which are predicted to function in EPS production.  Transposon mutants affecting these genes were 
further characterized for their ability to colonize plant roots.  
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Project Goals: The goal of the PMI SFA is to characterize and interpret the physical, 
molecular, and chemical interfaces between plants and microbes and determine their 
functional roles in biological and environmental systems.  Populus and its associated 
microbial community serve as the experimental system for understanding the dynamic 
exchange of energy, information, and materials across this interface and its expression as 
functional properties at diverse spatial and temporal scales.  To achieve this goal, we focus 
on 1) defining the bidirectional progression of molecular and cellular events involved in 
selecting and maintaining specific, mutualistic Populus-microbe interfaces, 2) defining the 
chemical environment and molecular signals that influence community structure and 
function, and 3) understanding the dynamic relationship and extrinsic stressors that shape 
microbiome composition and affect host performance. 

The ectomycorrhizal fungus, Laccaria bicolor, forms mutualistic association with roots of Populus 
species, in which L. bicolor provides Populus access to mineral nutrients from the soil, such as 
complex organic nitrogen, in exchange for fixed carbon derived from photosynthesis.  This 
mutualistic interaction is enabled by the extensive crosstalk between fungi and the plant host. 
Proteolytic cleavage products (PCPs) are emerging as key signaling molecules that mediate cell-
to-cell crosstalk.  PCPs are post-translationally processed products of proteins that are involved in 
various biological processes that occur between and within plants, fungi, and bacteria. The 
discovery and characterization of PCPs have been challenging because these signaling molecules 
usually function at extremely low concentrations and undergo extensive post-translational 
processing that are not well understood.  Moreover, PCPs originating from small open reading 
frames are often overlooked in gene predication/annotation tools due to their small size, and thus 
are missing in the reference database.  In this study, we utilized a molecular weight based selective 
enrichment strategy, combined with high-performance tandem mass spectrometry and de novo-
assisted database searching to improve the identification of PCPs.  We benchmarked the qualitative 
and quantitative performance of the purposed approach using reference synthetic peptides.  
 
Initial work focused on evaluating this approach to identify PCPs from different tissues of Populus 
interacting with L. bicolor. In total, we identified 1660 Populus and 2870 L. bicolor PCPs.  Besides 



qualitative identification of well-known PCPs, the LC-MS/MS method was able to capture a total 
of 157 PCPs that were significantly more abundant in root tips with established ectomycorrhiza as 
compared to root tips without established ectomycorrhiza and extramatrical mycelium of L. 
bicolor.  These PCPs mapped to 64 Populus proteins and 69 L. bicolor proteins, with several of 
them previously implicated in biologically relevant associations between plant and fungus, 
including a variant of the Mycorrhiza-Induced Small Secreted protein MiSSP7.6.  We then 
extended this approach to identify the PCPs involved in regulating Populus and L. bicolor 
interaction at high nitrate concentrations.  Even though ectomycorrhizal interactions are often 
prevalent in the presence of nitrate, little is known about this symbiotic interaction when soils are 
exposed to extremely high level of nitrate from anthropogenic sources like fertilizers. 
Experimental observation shows that the rate of L. bicolor colonization in Populus root is regulated 
at high nitrate concentration.  To better understand this regulatory mechanism, PCPs were 
extracted and identified from the root tissue of Populus with/without L. bicolor interaction that 
were further treated with different concentrations of nitrate.  In total, we identified 1443 PCPs in 
root tissue of Populus with L. bicolor interaction, out of which 126 PCPs were differentially 
abundant in different concentrations of nitrate.  While the data-analyses are still underway, some 
of these differentially abundant PCPs mapped to 19 Populus proteins and 79 L. bicolor proteins, 
with several of them being oxidative stress-related proteins.   Overall, PCPs identified in these 
studies help further our understanding of molecular progression involved in selecting and 
maintaining a symbiotic relationship between Populus and L. bicolor.  Moreover, the method 
implemented in this study provides an avenue for identifying novel PCPs in other biological 
system.  
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Project Goals: The goal of the PMI SFA is to characterize and interpret the physical, 
molecular, and chemical interfaces between plants and microbes and determine their 
functional roles in biological and environmental systems.  Populus and its associated 
microbial community serve as the experimental system for understanding the dynamic 
exchange of energy, information, and materials across this interface and its expression 
as functional properties at diverse spatial and temporal scales.  To achieve this goal, we 
focus on 1) defining the bidirectional progression of molecular and cellular events 
involved in selecting and maintaining specific, mutualistic Populus-microbe interfaces, 
2) defining the chemical environment and molecular signals that influence community 
structure and function, and 3) understanding the dynamic relationship and extrinsic 
stressors that shape microbiome composition and affect host performance. 
 
A black cottonwood poplar (Populus trichocarpa) lectin receptor-like kinase (PtLecRLK1) 
was recently identified that mediates the symbiosis between P. trichocarpa and Laccaria 
bicolor (Labbé et al., 2019).  When PtLecRLK1 was heterologously expressed in 
Arabidopsis thaliana, a non-host species for L. bicolor, the transgene induced the ability of 
Arabidopsis to display interstitial hyphal growth and Hartig net-like extracellular structures 
created by L. bicolor, and suppressed the host’s defense responses upon exposure to L. 
bicolor, a key mechanism initiating colonization.  Given that Arabidopsis is not known to 
harbor ectomycorrhizal relationships, a new study was initiated to determine if 
heterologously expressing PtLecRLK1 in a grass species that is a known host of 
ectomycorrhiza can result in establishing a symbiotic relationship that, otherwise, would not 
occur.  Four transgenic switchgrass (Panicum virgatum) lines expressing PtLecRLK1 were 
generated and gas chromatography-mass spectrometry (GC-MS)-based metabolomics were 
conducted on roots of transgenic plants in contrast with wild-type plants growing in the 
presence of L. bicolor.  The largest metabolomic responses of transgenesis were associated 
with accumulation of numerous nitrogenous metabolites, which are likely associated with 
the observed decline in plant growth.  Given that there were declines in fatty acids and 
organic acids, which have been observed previously with symbiosis, the metabolomic results 
suggest that many of the early steps in successful colonization occurred, but that later-stage 
events were lacking.  
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Project Goals: The goal of the PMI SFA is to characterize and interpret the physical, 
molecular, and chemical interfaces between plants and microbes and determine their 
functional roles in biological and environmental systems.  Populus and its associated 
microbial community serve as the experimental system for understanding the dynamic 
exchange of energy, information, and materials across this interface and its expression as 
functional properties at diverse spatial and temporal scales.  To achieve this goal, we focus 
on 1) defining the bidirectional progression of molecular and cellular events involved in 
selecting and maintaining specific, mutualistic Populus-microbe interfaces, 2) defining the 
chemical environment and molecular signals that influence community structure and 
function, and 3) understanding the dynamic relationship and extrinsic stressors that shape 
microbiome composition and affect host performance. 
 
Collectively, Populus and its microbiome have the potential to produce a large number of highly 
diverse and unique metabolites. As our definition and understanding of the plant and its 
microbiome has progressed, so too has the backlog of information and open questions generated 
from the thousands of uncharacterized proteins and metabolites that comprise these systems.  To 
address this problem, we are developing new tools in order to rapidly test and define the function 
of uncharacterized proteins and metabolic pathways.  Cell-free systems have developed into a 
powerful tool for synthetic biology and metabolic engineering with applications across multiple 
disciplines. Developments in cell-free biology have remarkably improved its capacity for 
expressing proteins as well as created the field of cell-free metabolic engineering. We are 
advancing cell-free systems as a rapid means for exploring protein function and metabolite 
production using two complementary approaches. The first, uses crude cell-free extracts to 
produce proteins related to potential metabolic pathways in newly isolated organisms.  Upon 
modular assembly of the pathway and metabolite analyses,  active and inactive pathways are 
differentiated.  The second, focuses on developing cell-free extracts as bioproduction platforms by 
analytically verifying the metabolic pathways resident in a cell free system and determining which 
are drawing resources towards and away from the production of specific metabolites.  As a result, 
we have significantly expanded our ability to use cell extracts outside of their native context to 
solve metabolic engineering problems and provide engineers new tools that can rapidly explore 
the function of proteins and test novel metabolic pathways.  
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Project Goals: The goal of the PMI SFA is to characterize and interpret the physical, 
molecular, and chemical interfaces between plants and microbes and determine their 
functional roles in biological and environmental systems.  Populus and its associated 
microbial community serve as the experimental system for understanding the dynamic 
exchange of energy, information, and materials across this interface and its expression as 
functional properties at diverse spatial and temporal scales.  To achieve this goal, we focus 
on 1) defining the bidirectional progression of molecular and cellular events involved in 
selecting and maintaining specific, mutualistic Populus-microbe interfaces, 2) defining the 
chemical environment and molecular signals that influence community structure and 
function, and 3) understanding the dynamic relationship and extrinsic stressors that shape 
microbiome composition and affect host performance. 
 
The long lived woody perennial Populus harbors a diverse consortium of microbial associates.  To 
gain insight into complex Populus host and microbial interactions, we isolated over 3,200 bacteria 
and developed a synthetic community system that employs subsets of these microbes.  The isolate 
collection contains representatives from many of the dominant and abundant community members 
found in Populus field studies.  However, much of the microbial taxonomic diversity from the 
Populus rhizosphere has not been cultured.  We have representatives of 6 of the 21 phyla with 
abundance of >0.1% of the community. Thus, we have ongoing efforts to cultivate and characterize 
Populus rhizosphere bacteria that are under-represented or absent from our existing collection 
using single cell sorting on plant-derived culture systems (Podar et al., 2019). Our prior studies 
utilized reduced communities (< 10 members) to evaluate questions relating to the functional 
genetics underlying plant – microbe interactions.  Now, we have created a synthetic community 
approach that allows for the design and evaluation of large complex communities (>150 members) 
to determine how host plant genetics, nutrient and environmental interactions shape community 
interactions and function.  To create the synthetic community, all 16S rRNA sequences from the 
sequenced bacterial strains within our culture collection were extracted, trimmed to the V4-V6 
region, and aligned.  Using our DISCo-microbe software (Carper et al., 2020), we have designed 
a community consisting of 150 members that spans 4 phyla, 9 classes, 12 orders, 32 families and 
77 genera.  These 150 members have been inoculated into double autoclaved soil containing P. 
trichocarpa plants and exposed to differing environmental conditions for growth over 3 weeks: 
control (C), warm temperatures (W), cold temperature (CT), low nitrogen (LN) and warm 
temperature and low nitrogen (WLN).  Overall, inoculated plants were smaller than the 
uninoculated controls suggesting an initial negative effect from the microbial load. The negative 
effects between inoculated and un-inoculated were statistically significant for number of leaves, 
change in stem height and leaf area, although this effect depended on the environmental condition.  



The W and WLN conditions had the greatest effect phenotypically on the stem height and leaf 
area.  Initial sequencing of the bacterial community of C- and CT-conditioned plants identified 95 
out of 150 bacterial members present in host tissues.  Tissue type (rhizosphere, root, stem and 
leaves) was the main factor in structuring the community in both the weighted (45.8%, p=0.0003) 
and unweighted (34.0%, p=0.0001) UniFrac metrics.  The environmental condition also played a 
role in structuring community with more variation explained from the unweighted (20.3%, 
p=0.0001) than weighted (9.3%, p=0.0035) UniFrac metrics.  This suggests that community 
differences between the environmental conditions is primarily from changes in low abundance 
community members.  The two most abundant members in both environmental conditions were 
Rhodanobacter and Paraburkholderia strains.  Within the CT leaves, a Pantoea strain was the 
most abundant microbe. Additionally, several strains were found across both treatments and all 
tissues sampled, including Rahnella aquatilis, a strain with demonstrated nitrogen fixing ability.  
Further investigations are ongoing to better understand how Populus structures its microbiome in 
response to genetic and environmental change.  
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molecular, and chemical interfaces between plants and microbes and determine their 
functional roles in biological and environmental systems.  Populus and its associated 
microbial community serve as the experimental system for understanding the dynamic 
exchange of energy, information, and materials across this interface and its expression as 
functional properties at diverse spatial and temporal scales.  To achieve this goal, we focus 
on 1) defining the bidirectional progression of molecular and cellular events involved in 
selecting and maintaining specific, mutualistic Populus-microbe interfaces, 2) defining the 
chemical environment and molecular signals that influence community structure and 
function, and 3) understanding the dynamic relationship and extrinsic stressors that shape 
microbiome composition and affect host performance. 
 
It is increasingly recognized that microorganisms living inside or in close association with plant 
tissues are integral for plant health and survival.  Our previous work has shown that Populus 
harbors distinct microbiomes among its different tissues1; however, the temporal stability of these 
microbial communities is unclear as measurements across time have so far been limited.  Here, we 
present work from two subprojects that aim to characterize the initial assembly as well as the intra- 
and inter-annual stability of the Populus microbiome.  To assess the initial assembly of the Populus 
microbiome, we initiated a common garden study consisting of 10 Populus genotypes from two 
Populus species, Populus deltoides and Populus trichocarpa.  Overall, we found that archaeal, 
bacterial, and fungal community assembly of the Populus microbiome is consistent among 
genotypes. The rhizosphere soils provide a significant proportions of taxa in the leaf and root 
endosphere.  Additionally, using a null modeling approach, we estimate that the underlying 
assembly processes are at first stochastic but become more deterministic with time. We have 
continued to sample this common garden four times per year, and we are now in the fourth year of 
this experiment.  These additional years will give us insights to the intra- and inter-annual variation 
of the Populus microbiome upon the first few years of planting.  
 
To assess the inter-annual variation of Populus across longer times scales (i.e., decades), we are 
taking advantage of a time-for-space substitution approach in multiple aspen (P. tremuloides) 
clones, including what is largely considered to be Earth’s most massive organism: Pando.  We 
have so far identified a gradient of ramet ages in four aspen clones, and this summer we plan to 
sample leaves, xylem, fine roots, and rhizospheres for microbiome analysis.  
 
Taken together, these projects will begin to elucidate the stability of the microbiome at both large 
scales and fine resolution in a long-lived plant over the lifetime of the host.  Such information on 



the temporal dynamics of the microbiome may be useful in identifying circumstances where 
microbiome interventions would be most successful. 
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Project Goals: 
This project aims to accelerate the breeding process for bioenergy switchgrass in the North Central 
USA by applying genomic selection to yield limiting traits such as cold tolerance and flowering time.

Abstract text: 
The timing of the transition from vegetative to reproductive growth has a major impact on biomass 
accumulation in switchgrass. Late flowering switchgrass varieties produce greater biomass in both 
spaced and sward conditions. Genomic prediction may allow rapid identification and selection of late 
flowering individuals without the time and expense of phenotyping. Initial analyses were carried out 
using the date of anthesis for 1,532 switchgrass individuals in multiple breeding groups. Marker data 
from genotype-by-sequencing (~450,000 markers after filtering) was used to predict anthesis date 
within each group.  Prediction accuracy within breeding groups indicated accuracy sufficient to reduce 
the time required to identify individuals with superior breeding value. 

Funding statement: 
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Project Goals:  

Switchgrass (Panicum virgatum), a model bioenergy crop due to its high adaptability to many 
environments, may obtain much of its nitrogen (N) through a casual association with free-living 
N fixing bacteria (so-called associative nitrogen fixation or ANF). Quantification of ANF is 
challenging as this process has not been investigated extensively, and is possibly episodic. 
Moreover, information on ANF rates among switchgrass varieties or ecotypes is scarce. We used 
15N2 to measure switchgrass ANF via 1) in-vitro 7-day incubations of plant and soil rhizosphere 
samples, and 2) 48-hour incubations of whole plants moved from the field to a greenhouse. We 
contrasted two high-yielding switchgrass varieties, Cave-in-Rock and Kanlow (upland and 
lowland ecotypes, respectively), grown for 10 years at the W.K. Kellogg Biological Station in 
southwest Michigan. In-vitro experiments demonstrated ANF in roots and soil samples from both 
varieties, but not in leaves+stems from either. Preliminary findings from the greenhouse 
experiment showed a significant interaction between variety and sample type (i.e., plant tissue and 
soil): Cave-in-Rock roots had ANF rates 25-times higher than Kanlow roots, and rhizosphere soil 
from Kanlow plots had ANF rates 2.8-times higher than rhizosphere soil from Cave-in-Rock plots. 
In follow-on experiments, we will further explore how the ANF rate varies with switchgrass 
variety, especially at different phenological stages.   
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Project Goals 

 We aimed to better understand how to enhance the conversion of xylose into fermentative 
end-products by yeast through directed evolution and engineering. 

Abstract 

Plant-based biofuel is considered as sustainable and renewable energy. Xylose, which 
composes up to 40% of the sugar present in plant cell walls, cannot be fermented into biofuels, 
such as ethanol, by native Saccharomyces cerevisiae, the most common biofuel-producing 
organism. Xylose contrasts with glucose, which S. cerevisiae has evolved to ferment at such high 
rates that it will do so aerobically (Crabtree Effect) and preferentially in the presence of other 
carbon substrates (glucose-repression). Despite extensive knowledge of the regulatory networks 
controlling carbon metabolism, little is known about how to reprogram S. cerevisiae to ferment 
xylose at rates comparable to glucose. Previously, we discovered that loss-of-function mutations 
in ISU1, HOG1, GRE3 and IRA2 enabled S. cerevisiae strain engineered with xylose metabolism 
enzymes to respire xylose aerobically and ferment xylose anaerobically. Still, however, these 
genetic changes do not confer xylose conversion rates similar to that for glucose. Here, we report 
on our approach to enhance the rate of xylose fermentation by converting our engineered, 
xylose-respiring yeast strain into one that ferments xylose into ethanol aerobically. First, we 
deleted COX15, which is essential for respiration and rendered the strain unable to grow 
aerobically on xylose. We then evolved the strain to grow aerobically on xylose, subsequently 
isolating two independent clones with the abilities to grow on and convert xylose into ethanol 
aerobically. Evolved strains expressing (or retransformed with) COX15 metabolize xylose 
aerobically and anaerobically faster than the unevolved parent. Whole genome sequencing of 
these clones identified overlapping duplications in Chromosomes IV and XVI; overlapping 
regions included the site where the xylose metabolism enzymes were engineered and the pentose 
phosphate pathway enzyme TKL1. Engineered duplications of the xylose metabolism enzymes 
and TKL1 in the unevolved parent strain enabled greater fermentation of xylose-to-ethanol 
aerobically, suggesting the greater metabolic flux of xylose is a major requirement for aerobic 
xylose fermentation. However, the rationally-engineered strain did not ferment xylose to the 



same extent as the evolved strains, indicating that additional genetic differences lead to their 
Crabtree-like traits or phenotype for xylose. Together, our findings identify genetic changes that 
may allow for faster conversion of xylose from plant biomass into biofuels. 
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Project Goals: 

This project aims to employ machine learning principles to understand the design principles of 
biomolecular function by building empirical models using sequence-activity measurements, and 
in turn, use these models to accelerate the design-build-test cycle. 

Abstract: 

The advent of high-throughput technologies coupled with dropping costs of sequencing has led to 
the generation of new biological datasets paving the way for data-driven engineering of 
biomolecules. The current work describes case studies of engineering two different classes of 
biomolecules (mRNA and DNA) with applications to metabolic engineering and synthetic biology. 

In the first study, ML models were built for predicting the mRNA half-lives in cyanobacteria - a 

photosynthetic microbe that can convert CO2 into a variety of chemicals. A set of 28 sequence and 

structure based features (such as GC content, predicted RBS strength, and minimum free energy 

based on RNA folding) were compiled for the 3,238 genes found in Synechococcus sp. PCC 7002. Half-

live values were measured for the corresponding mRNA transcripts using a rifampicin based 

transcription arrest assay and used as the target variable to be predicted based on the feature values. 

Analyzing the importance of various features used for building the model revealed that stable 

transcripts have higher normalized expression levels, higher translation rates, and are less likely to 

be found in an operon. Later, counts of 3 to 8 lettered sequence motifs in the 5’ and 3’ UTRs 

(untranslated regions) were used as features to build half-life predictors using a variant of random 

forest approach. These models were able to predict the half-lives accurately (with a spearman rank 

coefficient of 0.88 under 10-fold cross validation) and helped reveal of set of putative sequence 

motifs that could be used to enhance the stability of any gene of interest. 

The second study looks at building ML models to predict the inducibility of genes under the control 

of de novo promoters with potential applications to genetic circuit design and development of 

biosensors for detecting intra-cellular metabolites. Using one-hot encoding and support vector 

regression, quantitative models were built to accurately predict the fold-induction ratios for a given 

operator sequence corresponding to three different prokaryotic transcription factors – PmeR, TtgR, 



and NalC. These models helped reveal general insights into sequence determinants of promoter 

activity. 

Insights and recommendations generated from these quantitative biology studies will in turn be 

beneficial for accelerating the bioengineering pipeline as well as improving the success rate for 

future rounds of biomolecular design. 
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Project Goals:  

The objective of this project is to develop biomass deconstruction and separation strategies that 
optimize C yields. 
 

Abstract:  

Lignocellulosic biomass is a promising renewable resource that can be converted into 
transportation fuels or commodity chemicals. Biomass conversion is facilitated by liquid-phase, 
acid-catalyzed dehydration and hydrolysis reactions that are hindered in aqueous solution by low 
reactivity and poor selectivity. One approach to improve biomass conversion efficiency is to 
modify the solvent composition by mixing water with organic, polar aprotic cosolvents (e.g. 
dioxane, tetrahydrofuran, etc.) to form mixed-solvent environments. Mixed-solvent environments 
have been shown to improve the reactivity of biomass conversion reactions by 100-fold compared 
to the same reactions in pure water.1 However, identifying an optimal solvent composition 
experimentally by trial-and-error is cost-prohibitive and lends little physical insight into how these 
mixtures will perform in new processes. Instead, in silico techniques can understand and predict 
the influence of solvent composition on experimental reaction rates and selectivities to guide 
solvent selection. 

We developed classical molecular dynamics (MD) simulation methods to understand the 
effects of mixed-solvent environments on seven acid-catalyzed reactions involving biomass-
derived reactants.1 We found that inclusion of polar aprotic cosolvents leads to the formation of 
water-enriched local domains around hydrophilic reactants, which draws the acid catalyst to these 
regions due to preferred catalyst-water interactions2 and results in improved reaction rates. By 
quantifying the extent of water-enrichment around the reactant, we found that MD measurables 
can accurately predict experimental reaction rates for dioxane-water mixtures, showing that 
classical simulation techniques can inform reaction rates without modeling the reaction mechanism 
or the catalyst.1 We improved the predictive model by analyzing MD trajectories using three-
dimensional convolutional neural networks (CNNs), which can capture complex spatial features 
that are related to reaction rates but are difficult to quantify by human experts. MD simulations in 
conjunction with CNNs were used to screen solvent compositions for the same seven reactions in 



three water-cosolvent mixtures of varying composition (a total of 84 mixed-solvent 
environments).3 Our results show that the CNN methodology accurately predicts experimental 
reaction rates for these and additional reactants/solvents not present in the initial training data, 
enabling reaction rate predictions for a design space that is too large to study with conventional 
quantum mechanical methods. Finally, we used MD simulations to understand the influence of 
solvent composition on experimentally determined product selectivities for representative acid-
catalyzed reactions.4 We synthesized these computationally efficient methods into a workflow for 
the selection of mixed-solvent environments by analyzing relevant biomass conversion reactions, 
such as the dehydration of fructose to 5-hydroxymethylfurfural (HMF).5 We confirmed that the 
solvent system identified with this approach led to high HMF production experimentally. These 
computational models thus enable the rational design of new liquid-phase acid-catalyzed biomass 
conversion processes by guiding solvent selection. 
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Project Goals: Our goal is to engineer Zymomonas mobilis strains with increased terpenoid 
production. Terpenoids precursors in Z. mobilis are synthesized by the MEP pathway. In 
this pathway the last two steps, catalyzed by the enzymes IspG and IspH, present a 
bottleneck. We hypothesize that this is due in part to the stability of the iron-sulfur cluster 
located in each enzyme’s active site. To improve IspG and IspH activity we propose to 
engineer these enzymes, as well as, the ability of Z. mobilis to produce and deliver iron-
sulfur cluster cofactors to these enzymes. 

Terpenoids can substitute for petroleum in the production of compounds of economic interest 
ranging from vitamins and perfumes to biofuels. Bacteria, such as Zymomonas mobilis, produce 
the terpenoid precursors dimethylallyl diphosphate (DMADP) and isopentenyl diphosphate 
(IDP) from glucose via the methyl erythritol phosphate (MEP) pathway. It has been proposed 
that the activity of the MEP pathway is limited at the last two steps, which are catalyzed by the 
enzymes IspG and IspH. Both enzymes carry a [4Fe-4S] cluster in their active sites, which, for 
some orthologs, makes them prone to O2 damage. Additionally, recent data indicate that 
intermediates preceding IspG and IspH accumulate in response to O2. Thus, our objective is to 
determine if Fe-S cluster lability explains the accumulation of IspG and IspH precursors in the 
presence of O2 in Z. mobilis and if engineering approaches can improve the robustness of these 
enzymes. To achieve this goal, we are studying several aspects of both enzymes. First, to test the 
effect of O2 on Z. mobilis IspG and IspH activity, we took advantage of E. coli strains that 
conditionally require IspG or IspH activity for growth. Using this E. coli strain, we have been 
able to replace the E. coli IspG and IspH enzymes with those from Z. mobilis. Under anaerobic 
conditions, Z. mobilis IspH and IspG complement the E. coli growth requirements for these 
enzymes but strains carrying the Z. mobilis IspH show poor growth under aerobic conditions. 
This result suggests that Z. mobilis IspH is sensitive to O2. Current experiments are focused on 
isolating O2-resistant variants of IspH and purifying the [4Fe-4S] form of IspH to test whether 
the Fe-S cluster is O2-labile. We also found that co-expression of Z. mobilis IspG and IspH 
improves the growth of the E. coli strain lacking IspH, suggesting that Z. mobilis IspG and IspH 
might form a complex that protects their Fe-S clusters from O2-mediated damage. Another 
approach to increase IspG and IspH protein activity is through protein overexpression. However, 
since the proteins require Fe-S cofactors, it may also be necessary to increase the production of 
the required cofactor to drive Fe-S cluster occupancy. Thus, we are also studying the function 



and expression of the Z. mobilis Fe-S cluster biosynthetic machinery. In Z. mobilis the Fe-S 
cluster machinery is encoded by the suf operon. We have showed that expression of the genes 
encoding the Z. mobilis Suf pathway can replace the function of the E. coli pathway. We have 
also identified a homolog of the [2Fe-2S]-containing transcription factor, IscR, that regulates Fe-
S cluster biosynthesis in E. coli. The Z. mobilis IscR homolog carries a [4Fe-4S] cluster that is 
highly sensitive to O2. This protein binds to the promoter region of the suf operon in vitro. 
Currently, we are developing an in vivo reporter system that allows us to probe the role of the 
IscR-homolog in Z. mobilis. In summary, we predict that our multipronged strategy will generate 
new knowledge concerning the role of IspH Fe-S cluster stability in MEP pathway function and 
allow us to generate a strain of Z. mobilis with a more robust MEP pathway and improved 
terpenoid production.  

 

This material is based upon work supported by the Great Lakes Bioenergy 
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Project Goals: To increase the economic viability of biofuels by generating fatty acid and 
isoprenoid bioproducts from the organics remaining after biofuel synthesis. 

Current methods of switchgrass fermentation to bioethanol leave behind about 60% of the 
organic material in the hydrolysate after ethanol distillation.  This material is referred to as 
conversion residue (CR).  To increase the economic viability of lignocellulosic biofuels, we are 
engineering Streptomyces species to maximize the conversion of CR carbon into valuable 
isoprenoid and fatty acid bioproducts.  From a library of 120 phylogenetically distinct 
Streptomyces isolates, more than half were capable of growth on undiluted, pH-adjusted CR.  
From these, we generated a collection of Streptomyces that produce the isoprenoid lycopene or 
fatty acid-derived melanin from CR as reporters to assess the production potential of these 
isolates.  The genetic elements used in constructing these reporters are mobilizable between 
Streptomyces species and constructed using a combination of traditional cloning techniques and 
Golden Gate assembly to allow for rapid alterations in expression levels and the generated 
bioproduct. 

Initial screens of the engineered Streptomyces reporter strains showed a wide range of native 
production levels of lycopene and melanin.  We targeted four strains for further development 
using a design-test-learn approach to enhance bioproduct formation.  These strains showed 
differences in carbon utilization on both CR and synthetic CR, a defined medium containing 
approximately one-third the organic compounds of CR at comparable concentrations.  We will 
leverage insight into the mechanisms underlying these differences in carbon utilization from 
transcriptomic analyses and molecular modeling to increase CR catabolism and bioproduct 
formation.  Other opportunities for further engineering include increasing isoprenoid precursor 
pools by introducing refactored MEP and mevalonate pathways and generating new bioproducts 
such as isoprene, limonene, pinene, and bisabolene.  

This material is based upon work supported by the Great Lakes Bioenergy Research Center, U.S. 
Department of Energy, Office of Science, Office of Biological and Environmental Research Award 
Number DE-SC0018409. 
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Project Goals:  

The goal of the Bioenergy Plant Design team is to enhance plant biomass deconstruction, 
composition, and value. As part of this team, one of our specific project goals is the 
modification of lignin content and composition to improve biomass utilization in poplar. 
The strategy employed herein was the deviation of carbon upstream of the 
phenylpropanoid pathway; more specifically, we expressed the bacterial gene QsuB 
targeted to the plastid in attempts to produce protocatechuate. The overproduction of 
protocatechuate resulted in a reduction in total lignin content and the incorporation of 
protocatechuate conjugates into the lignin of transgenic poplar. 

 

Current efforts to improve processing efficiency of lignocellulosic biomass are increasingly 
focused on modifying the lignin of economically and ecologically important plant species. Gain 
of function approaches that not only reduce cell wall recalcitrance but also add value to the 
biomass have become a core strategy in the development of more cost-effective processing 
methods. Lignin is a phenolic polymer found in the secondary cell walls of xylem vessels and 
fibres, where it plays a key role in facilitating water transport and providing structural support to 
the plant. Principally, three canonical p-hydroxycinnamoyl alcohols (monolignols) compose 
lignin: p-coumaryl, coniferyl, and sinapyl alcohols. However, it is now known that lignin can 
also include monomeric units outside the traditional monolignols, such as monolignol ester 
conjugates: p-hydroxybenzoate, p-coumarate, or ferulate, as well as caffeyl alcohol and 5-
hydroxyconiferyl alcohol, and phenolic compounds derived from outside the phenylpropanoid 
pathway such as flavonoids and hydroxystilbene glucosides. Recently, xylem targeted expression 
of a bacterial 3-dehydroshikimate dehydratase (QsuB) in Arabidopsis led to the conversion of 3-
dehydroshikimate, a precursor in the shikimate pathway, into protocatechuate (3, 4-
dihydroxybenzoic acid). This modification specifically diverts carbon away from the 
phenylpropanoid pathway, resulting in a reduction in total lignin and improved saccharification 

https://www.glbrc.org/


efficiency (Eudes et al., 2015). Based on this initial study, our research focused on examining the 
effects of xylem targeted expression of QsuB in hybrid poplar (P. alba x grandidentata). We 
showed that hybrid poplar expressing QsuB accumulated significant amounts of soluble 
protocatechuaic acid (PA), but largely in the glycosylated form. Additionally, transgenic trees 
displayed significantly decreased total lignin, and altered monomeric composition with an 
increased accumulation of H subunits and a concurrent alteration in S and G unit ratio. 
Moreover, the saccharification yields of QsuB poplar increased by as much as 40% compared to 
wild-type trees. Interestingly, in-depth analysis of the QsuB transgenic lignin showed that 
conjugated forms of PA were polymerized to the lignin as ester linked pendant groups, as 
alkaline hydrolysis (saponification) of extracted cell wall material released both phenolic 
glycosides and free protocatechuic acid conjugates. These protocatechuate conjugates may 
therefore also be incorporated in the backbone of the lignin polymer forming a new “zip lignin”. 
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Project Goals: To develop a generalized spatially explicit biofuel supply chain stochastic 
optimization model that accounts for biomass supply uncertainty. 

The overall environmental and economic performance of biofuel supply chains (SC) is highly sensitive to 
the spatial distribution of available land for biomass production. Because large quantities of dedicated 
bioenergy crops have yet to be planted, there is an opportunity to use mathematical programming 
techniques to optimize the biofuel supply chain network design. We modeled the supply chain network 
design problem as a two stage stochastic mixed integer linear program which takes into account the 
uncertainty in biomass supply as a set of discrete scenarios with known probability. Given (i) the spatially 
explicit available land, (ii) biomass yield potential at each site, (iii) potential biorefinery and 
preprocessing depot locations, (iv) potential preprocessing and conversion technologies, (v) cost 
parameters and greenhouse gas (GHG) emission parameters. The model finds the optimal (i) biorefinery 
and depot locations, (ii) technology, (iii) capacity, (iv) transportation, production, and inventory planning, 
(v) crop establishment locations, (vi) and land management; the combination of which minimizes the total 
annualized cost of the supply chain. Model complexity is sensitive to the number of uncertainty scenarios, 
the size of the study area, and the number of supply chain nodes considered. As model complexity 
increases, approximations that sacrifice model accuracy for computational tractability are introduced to 
solve larger problems. A case study is performed in southern Michigan. Our results show that by 
adjusting the cost of carbon ($/MgCO2e), decision makers can decide how much to value reductions in 
GHG emissions with respect to SC costs. Also, by considering uncertainty, the performance of optimal 
supply chain configurations is more robust to the realization of uncertain biomass yields. We show that 
when designing biofuel supply systems it is important to consider the environmental and economic 
tradeoffs between land management, supply chain operation, and capital decisions and how these 
decisions guard against system disruptions and uncertainty. 

 

This work was funded by the DOE Great Lakes Bioenergy Research Center (DOE BER Office of Science 
DE-‐FC02-‐07ER64494) 
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Project Goals: Develop microbes that funnel p-hydroxybenzoic acids, and p-hydroxycinnamic acids to value added 
products.  

Abstract: Plant cell wall consists mainly of a combination of two major polymers: polysaccharides and lignin. 
Lignin is a heteropolymer of different types of aromatic compounds whose chemical properties make it highly 
insoluble, and recalcitrant, to chemical and biological degradation. This presents a major challenge to full 
conversion of lignocellulosic biomass into a portfolio of value added products. Chemical deconstruction of lignin 
produce complex mixtures of aromatic compounds with structures derived from mainly from three phenolic 
subunits: Syringyl (S), Guaiacyl (G), and p-Hydroxyphenyl (H). Some bacterial strains have been shown to utilize 
multiple lignin-derived aromatic compounds as their source of carbon and energy for growth. In this process they 
metabolize a variety of aromatic compounds by funneling them through common intermediates. This natural 
capability presents an attractive opportunity for upgrading aromatic compounds via metabolic engineering of 
suitable strains. We have shown that the α-proteobacterium Novosphingobium aromaticivorans DSM12444 has the 
ability to simultaneously catabolize multiple S, G, and H type aromatic compounds known or predicted to be present 
in chemically depolymerized lignin from a wide range of different biomass feedstocks. Using selected mutations, we 
engineered the bacterium and created a mutant strain capable of transforming aromatic compounds containing S, G, 
and H type substructures into a single product, 2-pyrone-4,6-dicarboxylic acid (PDC). In addition, we studied the 
utilization of the engineered microbe to funnel lignin-derived aromatic compounds from different biomass types into 
PDC in the context of an integrated lignin-to-bioproduct processing chain. We show that products of reductively 
depolymerized lignin from wild type poplar, sorghum, switchgrass, and maple, as well as from plants containing 
mutations that alter lignin biosynthesis (in collaboration with researchers in the Joint Bioenergy Institute) can be 
used as substrates for PDC production by this engineered N. aromaticivorans strain. 

References 
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products of chemically depolymerized lignin into 2-pyrone-4-6- dicarboxylic acid with Novosphingobium 
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S. Liu, D. Padmakshan, J. Serate, D. Xie, Y. Zhang, M. Mcgee, C. E. Foster, J. D. Russell, J. J. Coon, H. 
Kaeppler, N. de Leon, C. T. Maravelias, T. M. Runge, S. M. Kaeppler, J. C. Sedbrook, J. Ralph, Assessing the 
viability of recovering hydroxycinnamic acids from lignocellulosic biorefinery alkaline pretreatment waste 
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Microbial Valorization of Lignin: Using Novosphingobium aromaticivorans to Break the 
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Project Goal:  

To develop the bacterium Novosphingobium aromaticivorans DSM 12444 into a model 

system for understanding how bacteria break the bonds between subunits in lignin and 

metabolize aromatic lignin deconstruction products, and into a platform for converting 

lignin deconstruction products into value-added chemicals 

 

Lignin is a heterogeneous polymer of aromatic subunits that is a major component of 

lignocellulosic plant biomass (comprising up to ~25% of its dry weight).  In biomass processing 

facilities that primarily focus on converting the sugar-rich biomass fractions (cellulose and 

hemicellulose) into value-added commodities, lignin is currently typically burned for heat and 

power generation.  While this utilizes the chemical energetic value of lignin, it wastes lignin’s 

potential as a renewable resource for value-added chemicals that are currently derived from 

petroleum (such as fine chemicals, food additives, plastic precursors, pharmaceuticals, etc.).  To 

help improve the overall economic potential of generating fuels and other renewable 

commodities from lignocellulosic plant biomass, we are therefore investigating ways to generate 

value-added chemicals from lignin using microbes. 

 

The bacterium Novosphingobium aromaticivorans DSM 12444 is a very promising model 

system for valorizing lignin, due to the following characteristics: 

-It efficiently metabolizes all lignin-derived aromatic compounds that it has been tested for 

growth on 

-It can naturally produce some potential value-added chemicals from lignin, such as the flavoring 

agent vanillin and the epoxy/plastic precursor 2-pyrone-4,6-dicarboxylic acid (PDC) 

-It can metabolize glucose, which raises the possibility that a strain could be engineered to derive 

growth and energy from glucose, while converting all or most of the aromatic component of 

plant biomass into a desired commodity 

 

We have been working on characterizing both the microbe’s ability to break the bonds between 

aromatic subunits in the lignin polymer and its ability to metabolize the three major classes of 

mono-aromatic compounds that result from lignin’s deconstruction (the syringyl (S), guaiacyl 

(G), and p-hydroxyphenyl (H) compounds).  As part of this work, we have identified and 

characterized enzymes involved in both processes, such as those responsible for breaking the β-



aryl ether bond, the most common inter-subunit bond in natural lignin, and those responsible for 

opening the aromatic ring of the mono-aromatic constituents. 

 

Our understanding of the metabolic pathways of N. aromaticivorans has enabled us to develop a 

strain which can convert S, G, and H compounds into PDC at nearly the maximum theoretical 

yields.  In addition, we are using what we have learned from PDC production to investigate 

developing strains of the microbe that can produce additional value-added compounds from 

lignin. 

 

This work was supported by a U.S. Department of Energy (DOE) Great Lakes Bioenergy 

Research Center grant (DOE Office of Science BER DE-SC0018409). 
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models of Zymomonas mobilis ZM4  
 
Dylan K. Courtney1,2* (dcourtney2@wisc.edu), Wai Kit Ong,1,2 Shu Pan,1,2 Ramon Bonela 
Andrade, 1,2 Patricia J. Kiley,1,3 Brian F. Pfeger,1,2 Jennifer L. Reed1,2  

1DOE Great Lakes Bioenergy Research Center, University of Wisconsin-Madison, Madison; 
2Department of Chemical and Biological Engineering, University of Wisconsin-Madison, 
Madison; 3Department of Biomolecular Chemistry, University of Wisconsin-Madison, Madison 

http://glbrc.org 
 
Project Goals: Our goal is to establish an updated, accurate genome-scale metabolic 
reconstruction of the bacteria Zymomonas mobilis by leveraging high-throughput 
experimental datasets to fill in knowledge gaps in the organisms’s metabolism. This 
reconstruction will serve both as a knowledge base of our understanding of Z. mobilis 
metabolism and be utilized to enable the design of strains for primary biofuel synthesis as 
part of the Great Lakes Bioenergy Research Center’s larger goals.  

Zymomonas mobilis is an industrially relevant, Gram-negative, ethanologen known for high 
glycolytic fluxes through the Entner Doudoroff pathway, high ethanol production, and 
exceptionally low biomass yields. Here we present iZM4_478, a genome-scale stoichiometric 
model of Z. mobilis ZM4 metabolism and apply it to analyze a published dataset from pooled 
mutant fitness experiments. iZM4_478 contains 752 metabolic and transport reactions (of which 
625 have gene-protein-reaction associations), 478 genes, and 616 unique metabolites, making it 
one of the most complete models of Z. mobilis ZM4 to date. Model predicted essential genes 
were compared to fitness data from the pooled mutant experiments. Several discrepancies 
between the model and dataset were found to be caused by polar effects, mismapped barcodes, or 
heterozygous mutants, highlighting potential challenges inherent to analyzing these high-
throughput datasets. Functionally related modules of reactions and genes in the model were 
identified via flux coupling analysis. The fitness scores across all 492 experiments in the 
reported dataset were analyzed in the context of these modules to identify candidate genes for a 
reaction in histidine biosynthesis lacking an annotated gene and highlight metabolic modules 
where the fitness scores of mutants in the dataset are poorly correlated. Additional genes for 
reactions involved in biotin, ubiquinone, and pyridoxine biosynthesis in Z. mobilis were 
identified and confirmed using mutant complementation experiments. These newly identified 
genes improve our understanding of Z. mobilis metabolism, and the updated model provides a 
platform for future network driven studies of this organism and serves as a starting point for the 
development of kinetic models of Z. mobilis metabolism in the coming years of the Great Lakes 
Bioenergy Research Center 
 

mailto:dcourtney2@wisc.edu
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Project Goal:  
Overarching goal of this project is to develop designer bioenergy crops for sustainable 
production of biomass feedstock under various growth conditions. 
 
Abstract: 
Secondary cell walls, located between the plasma membrane and primary cell wall, are a 
defining feature of xylem fibers and vessels, providing mechanical support for plants and serving 
as a conduit for long-distance transport of water and solutes. They constitute the vast majority of 
plant biomass and are of economic importance to humans as fiber, animal feed, pulp for 
manufacture of paper, and as an environmentally desirable, cost-effective, renewable source of 
energy. The biosynthesis of secondary walls occurs in a highly-coordinated manner by 
successive encrustation and deposition of cellulose fibrils, hemicelluloses and lignin upon 
cessation of cell growth. This process requires a coordinated transcriptional activation of the 
biosynthetic genes for the components, suggesting the existence of one or more central 
transcriptional regulators. The plant specific R2R3-MYB transcription factor MYB46 functions 
as a master switch for secondary cell wall biosynthesis, ensuring the exquisite expression of the 
secondary wall biosynthetic genes in the tissues where secondary walls are critical for plant 
growth, such as the stem. However, suppression of MYB46 function is needed during 
environmental stresses that trigger nascent defense responses including impermanent cessation of 
vegetative growth. Little is known about how this opposing control of secondary cell wall 
formation is achieved with the speed and specificity of plant response to environmental changes. 
Post-translational modification of MYB46 may offer a such regulatory mechanism. MYB46 has 
two conserved mitogen-activated protein kinase (MPK) phosphorylation target sites, suggesting 
that MYB46 is a substrate for phosphorylation by MPKs. While phosphorylation of transcription 
factors is well known to modulate their levels and activities, no evidence has been shown for 
post-translational regulation of secondary cell wall biosynthesis. Here, we show that MYB46 is 
phosphorylated by abiotic stress-activated MPK6 and subsequently degraded by the proteasome 
pathway. This MPK6-MYB46 regulatory module provides novel insights into the tissue- and/or 
condition-specific activity of MYB46, and the interplay of secondary wall formation and 
environmental signaling. 
 
 
 



Pathway Engineering and Re-targeting Boosts Production of High-Value Bioproducts in 
Plants 

Jacob D. Bibik1,2* (bibikjac@msu.edu), Aparajita Banerjee1,2, and Björn Hamberger1,2 
1Department of Biochemistry and Molecular Biology and 2DOE Great Lakes Bioenergy 
Research Center, Michigan State University, East Lansing, MI 

Leveraging synthetic biology approaches, engineered plants offer a sustainable production 
platform for high-value chemicals and other bioproducts. Squalene, a C30 hydrocarbon, is a 
biofuel candidate and the precursor to high-value triterpenoids, a diverse class of natural 
products with applications in the health, cosmetic, and other biotechnological industries. In this 
work, two strategies have been developed to increase plant production yields of squalene and 
triterpenoids by hijacking existing cell structures or building novel structures to sequester 
products within cells. First, the optimized biosynthetic pathways can be re-targeted to plastids, 
natural intracellular compartments, where biosynthesis can occur separate from native competing 
enzymes (Figure 1, right). The second strategy re-engineers lipid droplets as synthetic storage 
organelles with biosynthetic enzymes anchored to the surface, synthesizing and storing products 
in the same location (Figure 1, left). Both strategies are being implemented in poplar, a biofuel 
feedstock, to increase overall crop value through the addition of squalene bioproduction. These 
strategies demonstrate effective metabolic engineering approaches to further develop plants as 
platforms for production of high-value bioproducts.  

 

 

    

 

 

Figure 1: Strategies of re-targeting key squalene biosynthetic enzymes from the native pathway (center) 

to either plastids (right) or anchored to synthetic lipid droplets (left). 

 

This material is based upon work supported by the Great Lakes Bioenergy Research Center, U.S. 
Department of Energy, Office of Science, Office of Biological and Environmental Research under Award 
Number DE-SC0018409. 
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Project Goals: The C4 grass Sorghum bicolor has shown promise as a dedicated bioenergy crop 
due to its ability to accumulate large amounts of biomass within its stem with low inputs on 
marginal lands. The goal of this project is to identify the molecular pathways responsible for 
controlling stem growth in Sorghum to aid in the continued breeding and engineering of Sorghum 
for greater biomass yield and better biomass composition.  

 
Abstract 
 
Stems of the C4 grass sorghum are comprised of nodes and internodes that are produced and elongated 

sequentially during plant growth impacting sink strength, biomass yield and composition. Stems of high 

biomass bioenergy sorghum can accumulate up to 50 internodes that together span 4-5 meters and 

account for ~84% of harvested biomass.  An AGCVIII kinase (Dw2) has been identified that regulates 

sorghum stem internode growth, but the underlying signaling network is unknown. Here we provide 

evidence that mutation of Dw2 reduces cell proliferation in internode intercalary meristems, inhibits 

endocytosis, and alters the distribution of heteroxylan and mixed linkage glucan in cell walls. 

Phosphoproteomic analysis showed that Dw2 signaling modulates the phosphorylation of proteins 

involved in lipid signaling (PLDδ), endomembrane trafficking, hormone, light and receptor signaling, and 

photosynthesis. Together, our results show that Dw2 modulates endomembrane function and cell division 

during sorghum internode elongation providing insight into the regulation of monocot internode 

development. 

 
This work was funded by the DOE Great Lakes Bioenergy Research Center (DOE BER Office of Science 
DE-FC02-07ER64494).  
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Project Goals: We are interested in exploring the role microbial communities play in 
sustainable growth of dedicated bioenergy crops and investigating the role of aerial 
dispersal on the assembly and stability of the switchgrass (Panicum virgatum) leaf 
microbiome. We will use this information to inform efforts to develop fungal inocula that 
can colonize and persist in the endosphere of switchgrass, with the potential to improve 
switchgrass disease resistance and drought tolerance.  
 
Plant-microbial interactions are critically important for the sustainable production of cellulosic 
energy crops. While the majority of previous research into plant-microbial interactions has 
focused on the root and rhizosphere community, plants also host a diverse leaf microbial 
community. This leaf microbiome has the potential to be utilized to improve host disease 
resistance, drought tolerance, and other benefits improving the yield of cellulosic energy crops. 
However, past efforts to manipulate and inoculate leaves with beneficial microbial communities 
have had little success, perhaps because communities establish from seed microbes and are 
difficult to invade. For this reason, it is important to understand what are the sources of the 
microbes that colonize the leaf community and the stability of this community in the face of 
outside, natural, colonists. We established two experiments to test the effects of aerial microbial 
colonists on leaf microbiome development of switchgrass (Panicum virgatum). To determine 
prevalence and magnitude of natural aerial dispersal into leaf microbiomes, we germinated and 
grew switchgrass seedlings in pots with sterile soil and placed them near mature switchgrass 
field monocultures. Seedlings were left in the field for 51 days, and we collected rain and dry 
deposited microbes throughout the period to characterize the abundance and composition of the 
aerial fungal colonists. We found that the fungal community inhabiting the endosphere of 
seedling leaves (endophytes) showed rapid and significant shifts that were driven primarily 
through enrichment of species found in the aerial community. Interestingly, the fungal endophyte 
community of the mature switchgrass leaves did not significantly differ from the seed 
microbiome but did host many aerial dispersed species. In our second experiment we tested the 
direct effects of single rain events on the development of the leaf microbiome of germinating 
seedlings. We germinated and grew seedlings for ~24 days in sterilized sealed petri dishes 
inoculated with either live rain, autoclave sterilized rain, or nanopure water. Seedlings that 
germinated in live rain showed significant shifts in the fungal endophyte community compared 



to the starting seed microbiome but seedlings grown in both sterile treatments showed little to no 
shift in the leaf endophyte community, suggesting an active interchange between the leaf 
microbiome and the aerial community. In further support of this, we found that the temporal 
turnover of the aerial fungal community strongly tracked the seasonal development of 
switchgrass across the year and a half of rain events under analysis. Our results suggest that the 
leaf microbiome of seedlings has greater sensitivity to these aerial colonists while the mature 
endophyte community is more difficult to invade. The invadability of seedling leaf microbiome 
makes it a great target for inoculation of beneficial microbes, but this flexibility also suggests 
that it may be necessary to reinforce inoculations with repeated applications.  
 
This material is based upon work supported in part by the Great Lakes Bioenergy Research 
Center, U.S. Department of Energy, Office of Science, Office of Biological and Environmental 
Research under Award Number DE-FC02-07ER64494 in addition to Award Number DOE DE-
FOA-0001207 to the MMPRNT project. 
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Project Goals: Our aims are to (1) elucidate the genetic elements that enable members of 
the Clostridia class of Firmicutes to produce medium chain fatty acids (MCFAs) via 
reverse beta oxidation and (2) identify environmental conditions that maximize MCFA 
production by anaerobic microbial communities grown on complex organic residues from 
different industrial processes. 

Medium chain fatty acids (MCFAs), 6-12 carbon saturated monocarboxylic acids, are high-value 
compounds that can be produced from a variety of industrial residues by fermentative microbial 
communities. Residues from lignocellulosic biorefineries, starch ethanol plants, and the dairy 
industry are examples of carbon-rich residues considered low-value co-products that are 
typically sent to anaerobic digesters for biogas generation [1] or concentrated and sold as animal 
feed [2]. Following the model of the petroleum industry, diversifying product formation from the 
primary feedstock can help offset operating costs, reduce the selling point of the primary 
products (e.g. biofuel), and ultimately make these industries more economically viable [3]. 

MCFA-producing microbial communities contain microorganisms predicted to perform two 
main general functions within the communities [4]. One set of organisms hydrolyses and 
ferments energy-rich substrates such as carbohydrates (monomeric and oligomeric) to low-
carbon fermentation products such as acetate, ethanol, and lactate, or to low-carbon intracellular 
metabolites such acetyl-CoA and propionyl-CoA, while the second group uses these 
fermentation products to produce higher-carbon products such as MCFA by “chain-elongation” 
via the reverse beta-oxidation pathway.  

We are interested in elucidating the genetic elements necessary for MCFA production by chain 
elongation to enable accurate predictions of MCFA production using genome-scale metabolic 
models of Clostridia. We have characterized and described two MCFA-producing Clostridia, 
Candidatus Weimeria bifida, gen. nov., sp. nov., and Ca. Pseudoramibacter fermentans, sp. nov. 
[5], which were enriched in a continuously stirred tank reactor (CSTR) fed conversion residue 
from a lignocellulosic biorefinery and operated with a 6-day residence time, pH 5.5, and 35°C. 
Metatranscriptomic analyses of the microbial community predicted that these two organisms had 



high expression of gene products in the reverse beta-oxidation pathway, including an electron 
bifurcating Acyl-CoA dehydrogenase (ACD) and associated electron transfer flavoproteins 
(EtfA, EtfB). In addition, both organisms were predicted to have energy conserving mechanisms 
via ion motive force generation using the RNF and the energy conserving hydrogenase (Ech) 
complexes.  The metatranscriptomic data also predicted a difference in preferred organic 
substrates for both organisms. Whereas Ca. W. bifida had high transcript abundance for genes 
involved in carbohydrate metabolism, Ca. P. fermentans had high transcript abundance for genes 
associated with lactate and glycerol utilization. These primary metabolic features were sufficient 
to assemble metabolic models representing MCFA production from carbohydrates and lactate, 
respectively [4].  

The ability to enrich for MCFA-producing Clostridia from the same inoculum source (acid 
digestion bioreactor from wastewater treatment plant) but fed different organic-rich substrates is 
currently under investigation. Identification of microorganisms using 16S rRNA gene amplicon 
sequencing of communities enriched on a synthetic xylose-rich medium, on ultra-filtered milk 
permeate (UFMP) coproducts from the dairy industry, on lignocellulosic biorefinery residues, 
and on thin stillage (TS) from a starch ethanol biorefinery has revealed high abundance of 
Clostridia in all enrichments. The synthetic xylose-rich substrate resulted in the enrichment of a 
Ca. Weimeria strain; the UFMP substrate enriched for organisms related to the recently defined 
Agathobacter genus [6] within the Lachnospiraceae and members of the Clostridiales_Incertae 
Sedis XIII; the lignocellulosic residues enriched for strains of Ca. Weimeria and 
Pseudoramibacter; the TS enriched for Butyrivibrio, Dialister, Pseudoramibacter, and 
Lachnospiraceae in the class Clostridia. Metagenomic analyses of these microbial communities 
is underway. 

Comparative genomic analyses of these enriched members of the Clostridia class of Firmicutes, 
along with the available genomes for related Clostridia will help us improve metabolic models 
for MCFA production, which will guide future investigations on how to optimize MCFA yields 
with either self-assembled or synthetically-created microbial communities. 

References 
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Project Goals: Our major goal is to improve the conversion of sugars from 
lignocellulosic hydrolysates into specialty biofuels such as isobutanol. We 
are engineering non-traditional model species of budding yeast to develop 
an improved understanding of how flux can be directed from the typical 
ethanol fermentation into new pathways such as isobutanol production. 
We also aim to use budding yeast diversity to better understand 
adaptations to growth and production of biofuels under anaerobic 
conditions.  
 
The production of specialty biofuels from dedicated bioenergy crop hydrolysates will 
require genetically engineered microbes capable of rapidly converting sugars into biofuels 
in an oxygen-free environment. The budding yeasts are a diverse group of microorganisms 
containing many species that have these key traits. We are currently using budding yeast 
diversity to address several key challenges to producing the specialty biofuel isobutanol in 
industrial conditions. First, the primary model yeast species, Saccharomyces cerevisiae is 
unable to grow on glucose when lacking genes encoding pyruvate decarboxylase, which is a 
barrier to completely transitioning this organism from ethanol production to isobutanol 
production. In contrast, the yeast Kluyveromyces lactis is capable of growth in the absence 
of any ethanol production machinery. We will present progress in engineering K. lactis for 
isobutanol production in the absence of ethanol production. One drawback to K. lactis as a 
biofuel organism is its inability to grow under strict anaerobic conditions. We are currently 
screening over 1,000 species of budding yeasts for anaerobic growth. These experiments 
will improve our understanding of how anaerobic growth evolved within the budding yeast 
subphylum Saccharomycotina, as well as shed light on how we might engineer obligate 
aerobic yeast species to grow anaerobically. By leveraging genetic diversity among yeasts, 
as well as performing genetic engineering in non-traditional model yeast species, we are 
employing novel strategies to overcoming barriers to specialty biofuel production. 

This material is based upon work supported by the Great Lakes Bioenergy Research Center, 

U.S. Department of Energy, Office of Science, Office of Biological and Environmental 

Research under Award Numbers DE-SC0018409 and DE-FC02-07ER64494. C.T.H. is a Pew 
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Project Goals: Increase the levels of zip-lignin in Sorghum bicolor plants to improve the cell 
wall digestibility. 

Plants have large BAHD acyltransferase families that perform a wide range of enzymatic 
tasks in primary and secondary metabolism. Acyl-CoA monolignol transferases, which couple a 
CoA substrate to a monolignol through an ester linkage, represent a newer class of such 
acyltransferases. The resulting conjugates may be used for plant defense, but are, importantly, 
also used as ‘monomers’ for lignification, in which they are incorporated into the growing lignin 
polymer chain. These conjugates can add value to the lignin in the form of ‘clip-off’ phenolic 
acids. p-Coumaroyl-CoA monolignol transferases (PMT) increase the production of monolignol 
p-coumarates, thereby increasing the value of lignin with p-coumarate and its byproducts. Other 
conjugates can improve cell wall digestibility by incorporating mild-alkali-cleavable ester bonds 
into the lignin polymer backbone. Feruloyl-CoA monolignol transferases (FMT) improve cell 
wall saccharification, after mild pretreatments, by catalyzing the production of monolignol 
ferulate conjugates; their incorporation into the lignin generates so-called “zip-lignins”. Our 
previous work in Brachypodium distachyon and Zea maize has demonstrated that there is 
competition between different monolignol transferase enzymes for substrates, and accumulating 
pools of substrates for the enzymes is important for maximizing monolignol transferase activity. 
In Brachypodium, knocking out the native PMT gene and introducing an FMT gene resulted in 
the highest detectable levels of monolignol ferulates that we have observed to date. The level of 
monolignol ferulates was significantly higher than in the plants that only had increased FMT 
activity. In maize, accumulation of the FMT substrate feruloyl-CoA through knock-down of a 
lignin biosynthetic gene, CINNAMOYL-CoA REDUCTASE (CCR), also significantly increased 
the production of zip-lignin and improved the cell wall digestibility (Smith et al., 2017). We 
hypothesize that the combination of knocking out the native PMT gene and overexpressing the 
native FMT in Sorghum bicolor in the CCR down-regulated background will yield Sorghum 
lines with the highest potential as bioenergy crops.  

The Sorghum bicolor FMT and PMT enzymes were unknown, and therefore we used 
phylogenetics to discover potential FMT and PMT enzymes from Sorghum based on their 
similarity to previously identified rice FMT and PMT enzymes. The enzymes were synthesized 
using the wheatgerm cell-free translation system and tested for monolignol transferase activity. 
Based on these results, we have identified putative FMT and PMT enzymes in Sorghum and 
have compared their activities to those of known monolignol transferases. These putative FMT 



and PMT genes encoding the enzymes were transformed into Arabidopsis thaliana to test their 
activities and abilities to biosynthesize monolignol conjugates for lignification in planta. 
Arabidopsis does not naturally produce monolignol conjugates, which simplifies the detection of 
the novel compounds. The presence of monolignol ferulates and monolignol p-coumarates on the 
lignin of these transformants indicated that the targeted FMTs and PMTs are acting as functional, 
and efficient, feruloyl-CoA and p-coumaroyl-CoA monolignol transferases within plants. 
Constructs have been developed and transformed into Sorghum bicolor to overexpress the native 
FMT, knock-down the native PMT using CRISPR-Cas9 technology, and knock-down the native 
lignin CCR gene using CRISPR-Cas9. When the best lines for each of these transformants have 
been established, the lines will be crossed to generate an FMT overexpression/PMT 
CRISPR/CCR CRISPR triple-transgenic line.  
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Project Goals 

1) Test the influence of surface litter decomposer communities that differ in dissolved organic 
carbon (DOC) production on carbon cycling, balance and emissions in natural soil. 

2) Establish predictive links between carbon emissions, DOC production, and carbon transport 
to deeper soil layers during surface litter decomposition.  

 

Abstract 

Respiration flux resulting from litter decomposition is one of the major components 
counteracting reduction of atmospheric CO2 content by plant carbon uptake in natural 
ecosystems. Respiration fluxes can range from 10 to 50% of the ecosystem-scale gross primary 
production, and turn ecosystems from carbon sinks to carbon sources when plant carbon 
uptake is hindered by natural disturbances such as drought or unusually warm winters at high 
latitudes where sunlight is too low for photosynthetic production. In the litter decomposition 
process, as soil microbes metabolize litter, some of the carbon is immediately released into the 
atmosphere as CO2, while some stays in the soil in other forms including dissolved organic 
carbon (DOC). DOC that travels to deeper layers of the soil is a significant contributor to soil 
carbon stocks. The LANL Microbial Carbon Cycling SFA has previously identified microbial 
decomposer communities that differ in the amounts of CO2 and DOC produced during early 
phases of plant litter decomposition in controlled microcosm systems. In this experiment, our 
goal was to test the impact of microbial composition on carbon flow in a more complex and 
realistic system. To do this, we inoculated natural, arid-soil cores containing 13C-labelled blue 

https://www.lanl.gov/science-innovation/science-programs/office-of-science-programs/biological-environmental-research/sfa-microbial-carbon.php
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grama grass (Bouteloua gracilis) litter with microbial communities previously shown to produce 
either high or low DOC extremes. Our preliminary results show increased CO2 flux from soil 
cores inoculated with the high DOC communities compared to those inoculated with low DOC 
communities or controls. From a carbon balance perspective this suggests that CO2 and DOC 
production during litter decomposition are not always inversely correlated, but can also be 
additive. We expect that further data analysis will reveal if the additive effect was due to faster 
decomposition, and/or presence of specific microbial communities, and if DOC production was 
affected by the natural soil environment.  

 

Funding Statement: This work was supported by the U.S. Department of Energy Biological 
System Science Division, through a Science Focus Area Grant (2018SFAF255). 
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Project Goals 

1) Develop a synthetic marker to serve as an “internal control” that can be used to scale 
bacterial and fungal profiles from next generation sequencing of environmental samples. 

2) Implement this internal control to calculate the fungal to bacterial ratio, a metric which 
can reveal ecosystem functioning. 

 
Abstract 
In soil communities, the ratio of fungal to bacterial taxa in a community can predict responses to 

environmental change and potential impacts on ecosystem function, facilitating both carbon 

management as well as modeling. As such, these processes and the underlying microbial taxa are 

a relevant focus of the LANL Terrestrial Microbial Carbon Cycling SFA program. While 

members of a microbial community can be measured with shotgun metagenomics, the cost of 

this approach severely limits the number of samples that can be examined.  Targeted 

metagenomic methods are less expensive, and therefore more practical for large-scale studies 

involving hundreds to thousands of samples; however, these approaches require separate 

measurements of domains (e.g. bacteria versus fungi) due to the lack of a universal genetic 

marker.  In an effort to mitigate the inequities of targeted approaches, we present the addition of 

a synthetic internal control marker.Compatible with kingdom-specific PCR primers for both the 

bacterial small ribosomal subunit (SSU) V3-V4 region, the fungal large subunit (LSU) D2 

region, and the fungal ITS (internal transcribed spacer) region, this marker can serve as a scaling 

factor to aggregate fungal and bacterial taxonomic profiles for the quantitative analysis of 

targeted approaches. We demonstrate the utility of this universal marker on soil communities 

mailto:miriamh@lanl.gov


with known and unknown composition, using next-generation sequencing and quantitative PCR. 

For environmental samples of unknown composition, our internal marker predicts F:B ratios that 

are consistent with qPCR. Additionally, the marker outperforms qPCR in terms of producing F:B 

values that are closer to the actual values of a defined mock community. Furthermore, the 

internal marker allows for a more streamlined approach than qPCR because it is quantified in 

tandem with standard next-generation sequencing. 

 
Funding Statement: This work was supported by the U.S. Department of Energy Biological 
System Science Division, through a Science Focus Area Grant (2018SFAF255). 
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Project Goals 

1) Determine the relative importance of substrate (i.e. litter type) and functional state 
(DOC abundance) to explain the variance in microbial community composition. 

2) Determine microbial traits that drive contrasting patterns of carbon flow in short-term 
litter decomposition among three litter types 

 
Abstract 

In terrestrial ecosystems, products of microbially-driven plant litter decomposition are  
major inputs to the soil organic carbon pool, a key carbon sink. Microbial composition plays an 
important role in determining the fate of plant litter carbon, which can either be respired as 
CO2 or retained in the soil in other forms. However, the microbial community traits that alter 
carbon flow from litter decomposition are unknown. In this study we sought common microbial 
traits driving variation in carbon flow from three litter types (pine, oak, and a grass mix) during 
short-term decomposition in a common garden experiment. We measured carbon flow as 
carbon dioxide (CO2) production throughout the 44-day experiment and a final dissolved 
organic carbon (DOC) measurement.  Since we observed a greater than 3-fold microbially-
driven DOC range between samples within each litter type and a significant negative correlation 
between DOC and CO2 production, we did taxonomic profiling and selected a subset of high and 
low DOC samples for RNA-Seq analysis to determine differences in functional potential. 

Hypotheses: 1) Plant litter type will select for different decomposer communities, but 
within a litter type, community composition will still vary with DOC abundance (high or low 
DOC).   (2) Some microbial traits driving patterns of carbon flow will be common across the 
litter types.  

Consistent with expectation, litter type explained more of the variance in community 
composition than DOC (12% and 7% respectively), but DOC constrained by litter type explained 
the most variance (31%). Bacteria rather than fungi appeared to drive carbon flow.  Bacteria 
represented 82.1% and 82.5% of the differentially expressed microbial genera between low and 
high DOC, respectively. The limited fungal contribution to differentially expressed genes is 
consistent with a two-tiered decomposition process: 1) fungi dominate litter deconstruction, 
releasing DOC and 2) bacteria dominate consumption of DOC. The latter appears to account for 

mailto:mkroeger@lanl.gov
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the variation in carbon flow observed in short-term decomposition.  Common bacterial 
metabolic function gene expression signals linked to difference in carbon flow across litter 
types included biogenesis of cytochromes and selenoproteins, translation, protein secretion, 
and various carbon metabolism pathways.  Observing significant differences at large functional 
levels that are common across litter types creates testable hypotheses for the mechanisms 
driving differences in carbon flow. Overall, these findings contribute to the goal of 
reprogramming carbon flow through microbiome engineering in terrestrial ecosystems to 
increase soil carbon storage. 
 
Funding Statement: This work was supported by the U.S. Department of Energy Biological 
System Science Division, through a Science Focus Area Grant (2018SFAF255). 
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Project Goals 

1) Generate hypotheses regarding mechanisms behind microbially driven differences in 
carbon flow from complex microbiome data 

2) Use machine learning approaches to identify key microbial taxa linked to differences in 
carbon flow 

 
Abstract 

The LANL Microbial Carbon Cycling SFA aims to inform climate modeling and enable 
carbon management. The SFA uses genomics approaches to reveal microbial processes 
affecting biogeochemical cycling (e.g. C and N cycling) in terrestrial ecosystems. This involves 
discovery of fundamental principles driving the organization and interactions of soil microbes at 
multiple scales. Toward this end, we screened 206 soil communities decomposing plant litter in 
a common garden microcosm environment and examined features linked to divergent patterns 
of carbon flow.  Carbon flow was measured as carbon dioxide (CO2) and dissolved organic 
carbon (DOC) from 44-days of litter decomposition. Two large groups of microbial communities 
representing “high” and “low” DOC phenotypes from original soil and 44-day microcosm 
samples were down-selected for fungal and bacterial profiling. Metatranscriptomes were also 
sequenced from a smaller subset of communities in each group. Our results suggest that the 
high and low DOC phenotypes are a manifestation of both ontogenic effects (time dependent 
differences), and innate functional differences in the microbial communities. A later stage of 
successional development could yield low DOC, and thereby reflect an ontogenic effect.  
However, the difference in average respiration rate between the high and low DOC groups 
clearly indicates innate differences in physiology. To gain further insight, using machine learning 
approaches, we identified features—traits at the organism, pathway, or gene level—linked to 
the high and low DOC phenotypes. The features pointed to several potential mechanisms 
driving differences in carbon flow including organism interactions, substrate range and 
substrate affinity. Further confirmation and elucidation of innate functional constraints can 
inform strategies for soil carbon management.  
 
Funding Statement: This work was supported by the U.S. Department of Energy Biological 
System Science Division, through a Science Focus Area Grant (2018SFAF255) 
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Project Goal 

1) Determine the magnitude of microbial driven variation in carbon flow (DOC & CO2), 
and the likelihood observing carbon flow variation over various geographic scales.   

2) Establish how microbial communities vary in composition and carbon flow with distance.  
 
Abstract 

During litter decomposition, microbial communities release carbon as CO2 and dissolved 
organic carbon (DOC). Some microbial communities produce greater DOC, while others 
produce more CO2. In theory, this variation could be leveraged to increase soil carbon 
sequestration. A key starting point is to find natural communities that represent differences in 
carbon flow.  Here, we examined the relationship of microbial-driven functional variation and 
geographic distance. Is a large geographic scale required to find substantial functional variation?   
We tested whether stochastic assembly, which occurs at local scales, could generate microbial 
communities with substantial functional variation or if larger scale, deterministic processes 
(climate and ecosystem gradients), were required to recover maximal functional variation. We 
tested this hypothesis with over 300 soil samples collected at a local (<10 m to 200 m) and 
regional scale (1 km to >300 km). Soil microbial communities were transferred to lab 
microcosms with sterile blue grama (Bouteloua gracilis) litter. Carbon flow (DOC and CO2) was 
measured over 45 days of decomposition. The range of variation in DOC or CO2 increased with 
physical distance across both collection scales However, only DOC variance was increased by 
including the regional scale. Variance in CO2 reached similar levels at both the local and regional 
scale. Fungal and bacterial community composition were highly correlated with geographical 
distance at the regional, but not local scale. These findings suggest that the full range of 
microbially driven variation in CO2 can be documented among samples collected at a local scale 
(<200m). Whereas DOC variation depends on larger differences in community composition, 
which tend to occur only at larger geographic scales, thus to recover the full range samples 
should be collected up to 150 km apart. These data guide sample collection for future projects 
that seek soil microbial communities driving variation in carbon cycling. 
 
Funding Statement: This work was supported by the U.S. Department of Energy Biological 
System Science Division, through a Science Focus Area Grant (2018SFAF255). 
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Project Goal: Spectroscopic stimulated Raman scattering (SRS) produces label-free chemical 
maps of molecules in living systems. However, the limited speed of the conventional SRS platform 
makes it challenging to study highly dynamic or large-scale samples. To resolve biofuels at the 
single-cell level in real time, we are developing a high-speed SRS system by incorporating an 
ultrafast polygon scanner as a delay tuner. Using the proposed method, we achieved an acquisition 
speed of up to 20 𝜇𝑠 per SRS spectrum. Direct measurement of fatty acid production levels in 
hundreds of individual E. coli cells within 4 seconds is demonstrated. Such high-throughput single-
cell measurements provide insights about production levels and phenotypic variation among cells. 
Understanding these properties can be exploited to improve the design of biofuel production strains.  

 
Abstract 

Stimulated Raman scattering (SRS) is an emerging imaging modality that produces label-
free maps of chemical vibration bonds in living biological environments. Compared to 
spontaneous Raman, the SRS signal is generated by overlapping two lasers, termed pump and 
Stokes, to generate Raman signals with up to 106 orders of signal enhancement. By exciting a 
single Raman band, SRS can reach video-rate. However, most biomolecules have overlapping 
Raman signatures, which reduces its chemical specificity. To overcome the limitation, 
spectroscopic SRS has been developed, which can generate a series of SRS images at consecutive 
Raman excitation bands. Yet, the imaging speed of current spectroscopic SRS is limited to minutes 
per image stack, which is insufficient for rapid imaging of biofuel production for a large E. coli 
production library at the single-cell level.  

We use spectral focusing to generate SRS spectrum at high speeds. The scheme of spectral 
focusing is shown in Fig. 1a. Two femtosecond pulses are chirped by glass rods such that different 
wavelength components are temporally separated, by changing the time delay of the chirped 
pulses, the beating frequency is changed to excite different Raman band. The setup for the SRS 
system is depicted in Fig. 1b. Two 80 MHz femtosecond pulses generated by the same laser source 
(Insight DeepSee+, Spectra Physics, CA) serve as pump and Stoke lasers. The Stokes beam is 
directed to a polygon scanner and is subsequently scanned to a blazed grating. The grating is set 
to Littrow configuration such that the first-order diffraction beam is retroflected to the same optical 
path. The scanning of the polygon mirror results in a path difference of a few millimeters for the 



retroflected beam. The delay range of the Stokes beam is freely adjustable by rotating the blazed 
grating such that the system can cover ~200 cm-1 of the Raman spectrum range. The introduced 
delay is used to tune the beating frequency of the two beams after chirping both beams by high-
dispersive glass rods (SF-57).  

 

Figure 1. Experimental setup and application to imaging E. coli fatty acid production. (a) Concept of spectral focusing. 
Two femtosecond pulses are linearly chirped to separate different wavelength components in the time domain, by 
changing the time delay between the two pulses, the beating frequency for SRS excitation is changed. (b) Optical 
setup. AOM, acousto-optic modulator; C, condenser; F, filter; HWP, half-wave plate; L, lens; M, mirror; OBJ, 
objective; PBS, polarizing beam splitter; PD, photodiode; PS, polygon scanner; QWP, quarter-wave plate. (c) 
Experimental results for imaging wild-type (BW) and fatty acid producing (FAV50) strains. Single color SRS image 
at 2920 𝑐𝑚%& and chemical maps for fatty acid and cytoplasm are shown, indicating a significant increase in fatty acid 
in the FAV50 strain. Scale bar, 10 𝜇𝑚. 

 
Using the platform, we performed spectroscopic SRS imaging of E. coli fatty acid 

production strains. Fig. 1c shows the experimental results for wild type (BW) and fatty acid 
producing (FAV50) strains, where each spectroscopic image stack was acquired within 1.8 
seconds. By performing linear unmixing of the spectroscopic image, we can separate fatty acid 
from the cytoplasm (protein) and generate chemical maps for two components. Comparing the two 
strains, we can observe from FAV50 an overall SRS intensity increase. In addition, the localized 
aggregation of fatty acid formed lipid droplets within the cell body. Cell-to-cell heterogeneity in 
fatty acid production levels in the FAV50 strain were also observed. 

 

This work is supported by DOE grant BER DE-SC0019387 to MJD, WWW, and JXC.  
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Project Goals:

The convergence of metabolic engineering and synthetic biology disciplines has led to 

increasingly efficient microbial production of valuable chemicals such as biofuels. Recent 

advances in genetic engineering techniques, such a CRISPR libraries and efficient cloning 

methods, allow for more extensive, combinatorial strain optimization. However, accurate, 

high-throughput screening techniques have not kept pace with the ability to generate large 

strain libraries. Stimulated Raman scattering (SRS) imaging has the potential to alleviate the 

screening bottleneck by directly detecting chemicals’ Raman spectra within single cells. 

Here, we demonstrate the ability to differentiate production levels of several biofuels within 

E. coli based on unique Raman spectra footprints. The results show the potential of this 

imaging platform to increase throughput in production strain optimization screening while 

maintaining single cell level information. 

This work is supported by DOE grant BER DE-SC0019387.
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Project Goals: Plant oils represent renewable sources of energy-dense hydrocarbons that 
can be used for biofuel, but a major challenge is to produce these oils in high-yielding non-
food crops that can grow under marginal conditions. Our goal is to improve the suitability 
of camelina as a bioenergy crop. The major objectives are to: 1) Develop and apply 
automated, non-destructive high-throughput phenotyping (HTP) protocols to evaluate the 
phenotypic diversity of a camelina panel consisting of 250 accessions, grown under well-
watered and water-limited conditions; 2) Discover alleles/genes controlling morphological, 
physiological, seed, and oil yield traits using genome-wide association studies; and 3) 
Identify, test, and validate useful germplasm under diverse environments and marginal 
production areas. These studies will enable the discovery of new genes associated with crop 
yield and stress tolerance and identify high-yielding cultivars that are suitable for certain 
geographical regions. 
 
In recent years, Camelina sativa has received considerable attention as a potential non-food 
biofuel crop, but significant challenges remain to develop stable, high-yielding, geographically 
adapted germplasm suitable for biofuels production. Here, we are using advanced high-
throughput phenotyping and genomics-based approaches to discover useful gene/alleles 
controlling seed yield and oil content and quality in camelina under water-limited conditions and 
identify high-yielding cultivars suitable for production in different geographical regions. Our 
experimental design includes complimentary field- and greenhouse-based HTP experiments 
conducted on a spring panel of 250 camelina accessions grown under well-watered and water-
limited conditions. 

To develop genomic tools and information for underpinning genome-wide association studies 
(GWAS), the camelina panel was genotyped using genome-by-sequencing technology (GBS), 
resulting in identification of 6,192 high-quality SNPs distributed throughout the genome. 
Population genetics analysis revealed two distinct populations of camelina corresponding to 
main geographical regions of cultivar collection. As an example of the utility of using these SNP 
markers to find genes associated with agronomically important traits, we conducted a GWAS of 
cuticular wax traits in the camelina diversity panel. Cuticular wax content and composition are 
important for regulating non-stomatal water loss in aerial organs of plants, and identification of 
markers and genes associated with these traits might be useful for developing more drought-
tolerant camelina varieties. Wax content and composition were first determined for select 
varieties of camelina and closely related species, resulting in identification of 49 distinct lipid 
molecular species. These compounds were then characterized for the entire camelina diversity 



panel, revealing variations in wax content and composition. Broad-sense heritabilities further 
revealed a strong genetic component for certain lipid classes and lipid molecular species. GWAS 
studies were subsequently conducted, resulting in identification of SNP markers associated with 
certain wax components. Several of these markers were associated with specific genes, revealing 
candidates (and markers) that might be used for rational manipulation of wax content using 
molecular breeding approaches.  

To identify genes regulating camelina oil content, composition, and yield, the entire camelina 
panel was cultivated and analyzed using a greenhouse-based high throughput phenotyping 
system (LemnaTech) available at the Danforth Center, with two replicates of each accession 
cultivated under well-watered and water-limited conditions, from 7 to 35 days after planting. 
Phenotypic data for each plant were collected and included approximately 200,000 images 
produced during the course of the experiment. Images were processed using PlantCV software to 
extract trait data including plant height and plant area. Algorithms are currently being developed 
to detect plant flowering. Seeds were also harvested from each plant and analyzed for oil content, 
composition, nitrogen and glucosinolate content, as well as total seed yield. Data analysis 
showed significant phenotypic variations among genotypes as well stress levels. Data are being 
prepared for subsequent GWAS analyses.  

The camelina panel was also cultivated under well-watered and water-limited conditions in fields 
located in Nebraska and Arizona. Field high-throughput phenotypic data including plant height, 
canopy temperature, and spectral reflectances (e.g., NDVI) were collected using ground-based 
phenotyping vehicles equipped with various sensors and data logging equipment. More than 20 
phenotypic traits related to yield components and fatty acids were collected. These data from 
well-watered and water-limited trails were analyzed and indicated significant phenotypic 
diversity in the camelina population. Genome-wide association analysis using GAPIT was 
conducted to identify putative single nucleotide polymorphism (SNP) markers that are 
significantly associated with these traits. Together, seven and nine significant SNP markers on 
different chromosomes were associated with plant height, seed weight and seed yield under 
water-limited and well-watered conditions, respectively, meaning that some genes might be 
actively triggered under either of the two conditions. No significant markers overlapped between 
environments. BLASTx annotation identified gene functions for 8 out of 16 genes associated 
with significant SNP markers. These functions were mainly related to general maintenance of 
normal cell function and development. These SNP could be good candidates for marker assisted 
selection. Data from more environments, years and locations will be combined for a more 
comprehensive GWAS analysis. This GWAS study will lay a foundation for future molecular 
breeding programs to help accelerate the selection of C. sativa varieties with superior traits of 
interests. Field data will be compared to data obtained from the greenhouse-based studies to help 
identify select cultivars that consistently perform better under water-limited conditions, and also 
provide a means to determine how well greenhouse-based studies mimic conditions observed in 
the field.  
 
   
This material is based upon work that is supported by the National Institute of Food and 
Agriculture, U.S. Department of Agriculture, under award number 2016-67009-25639.  



Genome remodeling to control the persistence of engineered functions in soil microbes  
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Project Goals: Our overarching vision is to develop fundamental understanding of what 
controls the persistence of engineered microbial functions in complex environments. 
Complex traits are often governed by multiple genes, but no methods exist to predict how 
remodeling a genome will impact cellular function or govern the conditions under which a 
microbe will persist. We are developing a data-driven genome reduction strategy to control 
persistence across environmental variations such as temperature or pH, focusing on two 
closely related bacteria: Pseudomonas putida, which is of high value to industrial 
biotechnology; and Pseudomonas fluorescens, a plant growth promoting bacterium. 

Prediction and control of the persistence of recombinant microorganisms in the environment are 
key to threat assessment across the biodefense enterprise. Effective biocontainment strategies 
based on this fundamental understanding will enable DOE Biosystems Design research to advance 
from the laboratory to the field. Key knowledge gaps in controlling microbial persistence in soil 
are how genes function in those conditions and how gene networks contribute to complex 
phenotypes1. Our team’s recent research is beginning to address these gaps through high-
throughput genetics2, synthetic biology chassis development3,4, multi-omics characterization of 
soil communities5, and machine learning applied to biological systems design. We have also 
recently elucidated the impacts of genome reduction on the persistence of violacein bioproduction 
in E. coli and are poised to extend this research to new microbes and new environments. This work 

 
Figure 1. Developing fundamental understanding of how disparate genes contribute to complex phenotypes will 
enable effective control of persistence. (A) Existing biocontainment strategies rely on loss of function phenotypes that 
can bypassed by environmental uptake of complementing DNA or metabolites. (B) A fundamental understanding of 
the genetic determinants of persistence will enable effective, condition-specific biocontainment through genome 
reduction. Removing multiple genes of environmental importance are less likely to be overcome by complementation. 



leverages expertise from the PNNL Soil Microbiome Scientific Focus Area (SFA), which is funded 
to model and predict microbial dynamics in grassland soils. 

This project integrates tools from functional genomics, global proteomics, and synthetic biology 
with machine learning to identify and validate the genetic determinants of microbial persistence in 
soil. The primary outcomes of this project will be (1) to elucidate gene function across 
environmental perturbations in soil via high-throughput genetics and proteomics, (2) to develop 
high-throughput genome editing tools for a plant growth-promoting bacterium, and (3) to create 
machine learning approaches that synthesize genome remodeling designs from multi-omics inputs. 
Ultimately, these efforts will advance science critical to engineering enhanced stability, resilience, 
and controlled performance in DOE-relevant biological systems. 

This work is funded as a pilot project through the Secure Biosystems Design program within the 
Office of Biological and Environmental Research of the Department of Energy (proposal 
#0000246830). 
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Figure 2. This work applies expertise in functional genomics, global proteomics, synthetic biology, and machine 
learning to enable validation of genome reduction as an effective strategy to control persistence. Gene-level 
conditional essentiality scores based on random-barcode transposon sequencing drive the design of pooled 
combinatorial multi-gene CRISPR-Cas repression assays. These assays and data-driven machine learning inferences 
will guide the engineering of conditional persistence phenotypes in soil environments. 



Transgenic Poplar Lines to Probe Host Genes Involved in Defense Against Rust  
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Project Goals: Melampsora larici-populina contains a large number of genes that 
encode candidate secreted effector proteins (CSEPs), which are thought to play 
significant roles in promoting rust infection in Populus spp.  A screen has been 
developed in tobacco leaves and poplar protoplasts for CSEPs that affect host 
immunity.  Two subsets of effectors have been targeted for analysis: one with 
significant homology to CSEPs in other fungal pathogens of plants, and another, 
large family, containing unique members with no similarity to any proteins in 
sequence databases.  Although results from these screens show that many 
CSEPs suppress the host immune response, unexpectedly, several promote an 
immune reaction, triggering a hypersensitive response.  Genes for these immune-
reactive effectors have been used to construct stable transgenic poplar lines with 
constitutive and inducible promoters to identify host genes involved in defense 
against rust, for the evaluation of susceptibility mechanisms in compromised 
hosts, and to provide reagents to the community.  
 
Abstract: Fungal pathogens of plants, such as Melampsora larici-populina which 
promotes rust disease in Populus spp., contain genes for small, cysteine-rich secreted 
proteins that are specifically up-regulated for expression during infection, signifying a 
key role in host colonization by the pathogen.  Computational analysis of the 
Melampsora larici-populina genome suggests that its complement of 1,524 candidate 
secreted effector proteins (CSEPs) belong to 807 structural families, including 600 
single-member families, another 206 families that contain 2-36 members, and one 
family that has undergone a remarkable expansion to 117 members.  Two groups of 
effectors have been the target of this project: (1) 160 Melampsora larici-populina CSEPs 
belonging to 67 structural families, all of which share significant homology among 
pathogenic rust, Septoria or powdery mildew fungi; and (2) a unique 117-member 
family, whose members show virtually no similarity to any protein in sequence 
databases.  The two subsets of CSEPs were expressed transiently in tobacco along 
with well-known ‘autoactive’ domains of R genes or an R gene-AvrP pair that promotes 
a hypersensitive response (HR) or HR-like cell death.  Attenuation (or enhancement) of 
salicylate levels stemming from changes in HR was measured quantitatively using LC-
MS to assess the impact of Melampsora larici-populina CSEPs on mounting an immune 
response.  Although roughly half of the effectors screened affect host immunity, 
interestingly, a smaller subset stimulates an immune response in the screen, and when 
examined alone, promote a hypersensitive response in tobacco.  Transient expression 
of the reactive CSEPs in poplar protoplasts is challenging, and low throughput, but initial 



results support the tobacco-based large-scale screens.  A high-efficiency transformation 
protocol has been developed and used to construct stable transgenic poplar lines that 
express Melampsora CSEPs from strong, constitutive or inducible promoters.  These 
lines are being used to identify host genes involved in defense against rust, for the 
evaluation of susceptibility mechanisms in compromised hosts, and to provide reagents 
to the community.  
 
This research was supported by the DOE Office of Science, Office of Biological and 
Environmental Research (BER), grant no. DE-SC0017886 
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This work aims to improve our understanding of an important nitrogen source, free-living 
nitrogen fixation, (FLNF) and its potential to support the nitrogen demands of bioenergy 
cropping systems like switchgrass (Panicum virgatum). Our work systematically 
characterizes the association between switchgrass and free-living N-fixing organisms 
(diazotrophs) including evaluation of the conditions which promote FLNF, characterization 
the rhizosphere diazotroph community, and testing the “carbon-for-nitrogen exchange” 
hypothesis.  

FLNF is an important terrestrial N source that occurs under diverse environmental 
conditions, which are distinct from symbiotic N-fixation.1 FLNF likely occurs predominately in 
the rhizosphere, where bioavailable carbon (C) is readily accessible. Switchgrass, an important 
bioenergy crop, harbors a diverse rhizosphere community of diazotrophs which it may rely on as 
a significant N source when grown on marginal lands.2,3 It is becoming increasingly clear that 
diazotrophs are present and actively fixing N in the switchgrass rhizosphere, yet it is not known 
if or how fixed N is exchanged between diazotrophs and switchgrass and if this is coupled with 
root C exudation.  

In order to better characterize the switchgrass-diazotroph association and its potential to 
contribute N to switchgrass cropping systems, we first optimized the methods to mimic 
rhizosphere conditions.4 Using these optimized methods, we measured potential FLNF rates 
across two growing seasons of switchgrass growth. We evaluated the impact of legacy and short-
term fertilizer N additions on FLNF rates and the switchgrass-associated diazotroph community 
(nifH gene sequencing) through a greenhouse study of switchgrass grown in Michigan marginal 
land soils. We also examined the impact of N availability and diazotroph presence (inoculation 
with Azotobacter vinelandii) on switchgrass rhizosphere metabolite chemistry, using data from 
hydroponically-grown switchgrass.5 Building from these previous studies, we are now using a 
novel, sterile growth system to assess interactions between switchgrass and known diazotrophs 
and test the “C for N exchange” hypothesis by pairing multiple techniques including fluorescent 



in situ hybridization (FISH), NanoSIMS via 13C and 15N labelling, and assessment of the 
rhizosphere metabolome via NMR and LC-MS.  

Our findings indicate that FLNF in the rhizosphere is promoted by low, but not anaerobic 
oxygen conditions and availability of diverse C sources. We consistently detected FLNF in the 
switchgrass rhizosphere across two growing seasons. We also found that switchgrass cultivates a 
consistent diazotroph community regardless of legacy or short-term N fertilization or initial 
diazotroph community composition. Despite a lack of response to N by the diazotroph 
community, rhizosphere metabolite chemistry is driven more strongly by N availability than by 
diazotroph presence. To examine switchgrass-diazotroph interactions further, we grew 
switchgrass, inoculated with known diazotrophs, in a sterile system. We used NanoSIMS images 
of switchgrass roots labeled via introduction of 99 atom% 13C-CO2 to show direct uptake of 
subsequent 13C labeled root exudate by diazotrophs. Addition of 98 atom% 15N2 will allow us to 
simultaneously visualize if FLNF of diazotrophs is coupled to C uptake. Development of 
diazotroph species-specific FISH probes allowed us to visualize establishment of diazotroph 
populations on switchgrass roots, confirming potential for the “C for N exchange” hypothesis.  
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Relic DNA dynamics mask the resilience of switchgrass bacterial communities to extreme 
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Project Goals: We characterized the active and ‘relic’ (inactive or dead cells) microbiome 
of switchgrass and corn soils over a short-term disturbance. We measured the abundance 
and composition of living and relic bacterial communities before and after an extreme 
rewetting event (80mm of rain after 28 days of drought). Measuring both changes in viable 
taxa and relic DNA provides valuable information about the bacterial taxa most resilient to 
drying rewetting and the sensitivity of different soil bacterial communities to drying 
rewetting.  

The soil microbiome is likely to be an important contributor to the sustainability of cellulosic 
bioenergy feedstocks. Future climates are expected to have more variable rainfall, including longer 
droughts and intensified rainfall events. Plant-microbe interactions can increase the resilience of 
cellulosic energy crops to extreme drying rewetting events, but bacterial responses to short-term 
disturbances like drying rewetting can be context-dependent and difficult to characterize. 
Specifically, DNA-based characterizations include dead or dormant cells, obscuring responses of 
the live community. Here, we asked 1) how do viable bacteria respond to drying rewetting and 
does this differ between corn and switchgrass soil? 2) Does the inclusion of relic DNA mask 
responses and 3) how does the composition of viable communities relate to relic DNA pools across 
a disturbance? To address these questions, we quantified changes in the size and composition of 
the viable bacterial community and relic DNA pools using the chemical treatment propidium 
monoazide (PMA) on soil samples collected at three time points; 6 hours before, 1 hour after, and 
18 hours after an extreme drying rewetting event (80mm of rain every 28 days). We found that 
viable bacterial taxa and relic DNA in corn and switchgrass soil responded differently to extreme 
drying rewetting. In corn soil, we observed an increase in relic DNA 1-hr after extreme rewetting, 
and a simultaneous decrease in the relative abundance of viable bacteria. In switchgrass soil, we 
observed the opposite trend, an increase in the relative abundance of living bacteria, associated 
with a rapid decrease in relic DNA after rewetting. When we completed the analyses without 
controlling for relic DNA, we found that the increase in relic DNA in corn soil masked the 
sensitivity of corn bacterial communities to extreme rewetting, while the decrease in relic DNA in 
switchgrass soil masked the resiliency of switchgrass bacterial communities to extreme rewetting. 
To improve our understanding of the sources of relic DNA, we also looked at the number of taxa 
that appeared in both the viable community and the relic DNA community and found that 72% of 
taxa were present in both the living and relic communities. Furthermore, among the top 25% most 
abundant taxa, 100% were present in both the living and relic communities. However, only 55% 
of living taxa were present before and after extreme drying rewetting. Together, our results indicate 



that relic DNA dynamics differ by soil cropping system and can mask important responses to 
disturbance that are critical for the sustainable production of cellulosic bioenergy crops in future 
climates.  
 
This material is based upon work supported in part by the Great Lakes Bioenergy Research Center, U.S. 
Department of Energy, Office of Science, Office of Biological and Environmental Research under Award 
Numbers DE-SC0018409 and DE-FC02-07ER64494 in addition to Award Number DOE DE-FOA-
0001207 to the MMPRNT project. 
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Project Goals: Switchgrass, a bioenergy candidate, can grow in marginal, drought-prone 
soils, but is limited by drought-sensitive early life stages. We investigated how soil 
microbial communities affect switchgrass germination and seedling growth during 
drought. These findings can be used to inform how switchgrass establishment could be 
improved by selecting or manipulating soil microbial communities that improve 
switchgrass germination and growth under drought.  

A limitation to the bioenergy potential of switchgrass (Panicum virgatum), is its drought-
sensitive early life stages (e.g. germination and seedling establishment). Single microbial isolates 
have been shown to improve switchgrass germination and growth under drought,1,2 but less is 
known about how whole soil communities influence switchgrass drought tolerance. Additionally, 
little is known about how the degree of host-association in the soil communities affects 
switchgrass drought responses. For instance, soils with a high degree of microbial-host 
association, collected from mature switchgrass fields, have negative effects on early switchgrass 
growth3, but no studies to our knowledge have investigated if host-specific, mature switchgrass 
soil microbes affect germination and, further, if these interactions shift under drought. 

We used a greenhouse experiment to investigate how switchgrass germination and seedling 
growth under drought is affected by microbial presence (sterile bulk vs. live bulk soils) and the 
degree of microbial-host association (bulk vs. mature switchgrass rhizosphere soils). We found 
that drought negatively affected switchgrass germination and growth, and that microbially-
mediated drought tolerance is stronger during germination than seedling growth. Seeds sown into 
live soils had 40% higher germination and 63% higher survival than sterile soils under drought. 
The degree of host-microbial association also had greater effects on germination than seedling 
growth, but the effects differed under drought and ambient conditions. Under ambient 
conditions, more seeds germinated in host-specific, rhizosphere soils, but this was reversed under 
drought. The initially similar bacterial community composition of the bulk and rhizosphere soils 
also changed during germination but did not diverge during seedling-growth, suggesting that 
germination-specific signaling may recruit microbes which may aid in germination and survival 
under drought. In summary, this study shows that microbially-mediated drought tolerance differs 
for switchgrass germination and seedling life-stages, where germination is more sensitive to 
drought and more responsive to differences in microbial communities. Future efforts to improve 
switchgrass establishment during drought should focus on germination-specific microbial 
interactions. 
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Project Goals:  

• Overall project objective: To define and functionally characterize genes and 
pathways related to drought stress tolerance in sorghum and the molecular 
mechanisms by which these factors drive phenotypic diversity.  

• Establish a foundation for deep explorations of gene regulatory networks in 
sorghum through integrative genomics analyses. 

• Enhance understanding of how genotype drives phenotype and environmental 
adaptation using high-resolution, field-based phenotyping of sorghum mutant 
collections. 

• Experimentally validate predictions of gene function using molecular and genetic 
assays and targeted gene editing. 

Development of the next generation of bioenergy feedstocks will require strategies that utilize 
resource-limited agricultural lands, including the introduction of novel traits into crops to 
increase abiotic stress tolerance. This project investigates the innate drought resilience of 
sorghum (Sorghum bicolor), a bioenergy feedstock and cereal crop. Drought is a complex trait 
and identifying the genes underlying sorghum’s innate drought tolerance and how they are 
regulated in the broader context of the whole plant and its environment requires advanced 
approaches in genetics, genomics, and phenotyping.  

This project leverages a field-based phenotyping infrastructure at Maricopa, AZ, which provides 
an exceptional capability for managed stress trials in a hot and arid environment through 
controlled irrigation. An automated field scanner system collects high-resolution phenotyping 
data using a variety of sensors throughout the growing season, from seedling establishment to 
harvest. A sorghum mutant population will be phenotyped under the field scanner to compare 
drought-stressed and well-watered plants. Each mutant’s genome has been sequenced so that 
sequence variants can be linked with phenotypes. Being able to assess the genotype-to-
phenotype link in response to drought over the life cycle of the plant will facilitate discovery of 
genes and their functions. State-of-the-art phenotyping data analytics pipelines have been 
developed as part of other DOE-funded initiatives and will be extended here to define stress-
related phenotypes at multiple scales. Advanced genomics methods are being used to construct 
network maps that will provide a framework for predicting and investigating gene functions and 
interrogating differences in the gene regulatory architectures of diverse sorghum genotypes. 

This work will identify control points for enhancing the productivity of bioenergy crops in 
marginal environments through precision breeding or engineering, and thus accelerate the 
development of improved varieties that are high-yielding with limited water resources.  
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Project Goals: Employ genome-resolved metagenomics on public environmental 
sequencing data to assess the diversity and coding potential of giant viruses and predict 
interactions of these viruses with their eukaryotic hosts.

The discovery of large and giant Nucleocytoplasmic Large DNA Viruses (NCLDV) with 
genomes in the megabase-range and equipped with a wide variety of features typically associated
with cellular organisms was one of the most unexpected, intriguing and spectacular 
breakthroughs in virology. Current knowledge about the NCLDV is largely derived from viral 
isolates co-cultivated with protists and algae. Building on the rapidly increasing wealth of 
publicly available metagenome data, we reconstructed 2,074 NCLDV genomes from 8,535 
metagenomes from sampling sites spanning the globe. This led to an 11-fold increase in 
phylogenetic diversity and a parallel 10-fold expansion in functional diversity. Analyzing 58,023
metagenomic major capsid proteins of large and giant viruses revealed global distribution 
patterns and underlined their cosmopolitan nature. The discovered viral genomes encoded a wide
range of proteins with putative roles in photosynthesis and diverse substrate transport processes, 
revealing host reprogramming as likely common strategy in the NCLDV. Furthermore, 
horizontal gene transfer inferences connected viral lineages to diverse eukaryotic hosts. We 
anticipate that the vast diversity of NCLDV revealed here on a global scale will establish giant 
viruses as key ecosystem players across Earth's biomes, associated with most major eukaryotic 
lineages.

References
1. Schulz et al., (2019). Giant virus diversity and host interactions through global metagenomics. Nature https://
www.nature.com/articles/s41586-020-1957-x

This work was conducted by the US Department of Energy Joint Genome 
Institute, a DOE Office of Science User Facility, under Contract No. DE-AC02–
05CH11231 and made use of resources of the National Energy Research 
Scientific Computing Center, also supported by the DOE Office of Science 
under Contract No. DE-AC02–05CH11231



The National Microbiome Data Collaborative: Empowering the Research Community to 
More Effectively Harness Microbiome Data 

Pajau Vangay1* (pvangay@lbl.gov), Lee Ann McCue2, Chris Mungall1, Stanton Martin3, Shane 
Canon1, Patrick Chain4, Kjiersten Fagnan1, Elisha Wood-Charlson1, Nigel Mouncey1, and 

Emiley Eloe-Fadrosh1 

1Lawrence Berkeley National Laboratory, Berkeley, CA; 2Pacific Northwest National 
Laboratory, Richland, WA; 3Oak Ridge National Laboratory, Oak Ridge, TN; and 4Los Alamos 
National Laboratory, Los Alamos, NM 
 
https://microbiomedata.org/ 

Project Goals: The vision of the National Microbiome Data Collaborative (NMDC) is to 
empower the research community to harness microbiome data exploration and discovery 
through a collaborative and integrative data science ecosystem. The NMDC will address 
fundamental roadblocks in microbiome data science through implementation of guiding 
principles to make data findable, accessible, interoperable, and reusable (FAIR). To realize 
this vision, our multi-Lab collaborative partnership will pilot an integrated, community-
centric framework to fully leverage existing microbiome data science resources and high-
performance computing systems available within the DOE complex for data access, 
integration, and advanced analyses.  

Abstract 

The cross-cutting nature of microbiome research in environmental sciences, health, agriculture, 
energy, and natural and built environments requires the development of new solutions and 
community coordination to tackle grand challenges that will accelerate basic discovery and lead 
to transformative advances. The velocity at which microbiome data are generated has far 
outpaced current infrastructure resources for collection, processing, and distribution of these data 
in an effective, uniform, and reproducible manner, even at the largest data centers. The 
Interagency Strategic Plan for Microbiome Research outlined three areas of focus for strategic 
investments over the next five years, importantly highlighting the development of platform 
technologies and specifically support for open and transparent data through the development of a 
user-friendly, robust, integrated system with expert curation. The NMDC will tackle these 
infrastructure challenges in microbiome data science through developing a community-centric 
framework based on large-scale, collaborative partnerships leveraging unique capabilities, 
expertise, and resources available across four DOE National Laboratories (Lawrence Berkeley 
National Laboratory (LBNL), Los Alamos National Laboratory (LANL), Pacific Northwest 
National Laboratory (PNNL) and Oak Ridge National Laboratory (ORNL)). 

During Phase I (the first 27 months), we aim to deliver a set of unique microbiome data science 
capabilities through leveraging existing microbiome resources hosted across the DOE complex, 



as well as taking advantage of DOE’s HPC systems at LBNL. The activities that will enable a 
fully functional NMDC are organized into four aims, which include: leveraging existing 
ontology mapping software and curation resources to enable automated annotation of 
standardized metadata; developing microbiome workflows for metagenome, metatranscriptome, 
metaproteome, and metabolomics data processing leveraging HPC systems, and integrating the 
execution of these pipelines to produce NMDC-compliant data products; developing data 
registration, indexing, and access services to link data through a suite of publicly available APIs; 
and, developing communication and sustainability strategies to assess current and future needs 
and capabilities to empower users, collaborate on web-based interfaces for search functionality, 
and promote the NMDC to the larger scientific community. 

Funding statement 

The work conducted by the National Microbiome Data Collaborative is supported by the Office 
of Science of the U.S. Department of Energy. 
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Project Goals: Our project explores the potential of arbuscular mycorrhizal fungi (AMF) 
to enhance the tolerance of an annual grass to soil desiccation. We specifically ask whether 
AMF can access water in soil unavailable to plants and transport that water across air gaps 
to host plants, thus improving plant-water relations. We used stable isotopes to track and 
quantify water flow from the soil, through fungal hyphae, to plants. In addition, we used 
fluorescent dyes to elucidate the location and mechanisms of water transport in fungal 
hyphae. This research substantially deepens our understanding of AMF functioning and 
AMF-plant interactions. Our findings have possible ramifications for the management of 
plant drought tolerance in the context of climate change. 
  
Arbuscular mycorrhizal fungi (AMF) form symbiotic associations with 80% of surveyed land 
plant species and are well-recognized for mobilizing and transferring nutrients to plants. Yet 
AMF also perform other essential functions, notably improving plant-water relations. Some 
research attributes this solely to improved plant nutrition and better ability to osmoregulate when 
plants are partnered with AMF. However, we hypothesize that AMF can also directly transport a 
significant amount of water to their plant hosts. We used stable isotopes and fluorescent dyes to 
track and measure water transport by AMF to plants in a greenhouse experiment. Avena barbata 
inoculated with Rhizophagus intraradices was planted in one compartment (the ‘plant 
compartment’) of two-compartment microcosms. The second compartment (the ‘no-plant’ or 
‘soil’ compartment) was separated from the first by an air-gap and either an 18 µm mesh, thus 
excluding roots but allowing AMF hyphae in, or a 0.45 µm mesh, thus excluding both roots and 
hyphae. 18O-labeled water and fluorescent dyes (one membrane permeable, the other membrane 
impermeable) were injected into the soil in the no-plant compartment. Transpired water from A. 
barbata shoots was collected, measured, and tested for 18O. Hyphae and A. barbata roots were 
collected and imaged with fluorescence microscopy to identify the presence and location of the 
dyes.  
  
Plants with AMF able to access the soil compartment transpired twice as much water, and the 
transpired water had a 𝛿18O value three times higher, compared to plants with AMF excluded 
from the soil compartment. We detected the presence of both fluorescent dyes in the roots of 
plants with AMF accessing the soil compartment, but not in the roots of plants with AMF 
excluded from the soil compartment. The membrane permeable dye was broadly visible 
throughout the roots and nearby soil, suggesting hyphal transport and diffusion out. The 
membrane impermeable dye was visible in/on hyphae within roots only, indicating that it 
travelled between the hyphal cell membrane and cell wall, since it cannot cross cell membranes. 
Based on these findings, we conclude that R. intraradices transported a significant amount of 
water to A. barbata and likely carried the water more efficiently through hyphae apoplast than 
symplast. We believe our results are the first to show that AMF can directly transport a 



significant amount of water to host plants. We suggest that AMF can play an important role in 
improving plant-water relations, not only indirectly, but also by acting as direct extensions of 
root systems, bridging air-gaps, penetrating micropores, and accessing water in soil not easily 
accessible to roots, and thereby increasing the amount of soil water available to plants. 
  
This research is based upon work supported by the U.S. Department of Energy Office of Science, 
Office of Biological and Environmental Research Genomic Science program under Award 
Numbers DE-SC0010570 and DE-SC0016247 at UC Berkeley.  
 



Connecting switchgrass-microbe-soil interfaces for sustainable bioenergy crop production 
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Project Goals: Our project studies molecular mechanisms driving beneficial plant–
microbial interactions in switchgrass cv. Alamo (Panicum virgatum) growing in marginal 
soils under a range of resource limitations. Genomics and chemistry of plant-microbe 
interactions are examined during switchgrass establishment to gain insight into how 
symbiotic and associative microbes improve plant performance and soil carbon persistence 
in marginal soils. We are integrating focused (single plant-microbe pairing) and 
'community' systems biology approaches to examine the complex interplay among plants, 
microbes, and their physio-chemical environment.  

Switchgrass (SG) is a perennial grass and one of the most promising bioenergy crops in the 
United States. SG is well-adapted to resource-limited environments, such as low-nutrient or 
droughty soils. We hypothesize that SG releases exudates to recruit beneficial rhizosphere 
microbial communities. These microbial communities are associated with improved plant 
performance during environmental stresses and increased C stocks in marginal soils. However, 
the molecular mechanisms that underlie SG-microbe relationships in the rhizosphere remain 
poorly understood. In this study, we analyzed complex exudate chemistry of SG grown under 
nutrient stresses, and link SG exudates to the abundance, activity and substrate preferences of 
bacteria found in the SG rhizosphere. 
We used field, greenhouse and controlled reductionist approaches to dissect SG-microbe 
interactions. We performed a greenhouse study to investigate plant-associated microbes 
connected to the improved plant performance and C and N transformations in marginal soils, and 
used 13CO2 stable-isotope labeling, genomics, and exometabolomics to identify the nature and 
dynamics of C in the SG rhizosphere. For this study, we reconstituted three nutrient-deplete soil 
horizons with different physio-chemical properties in one-meter deep soil columns in greenhouse 
mesocosms. We grew SG clonal plants in these reconstructed soil horizons and subjected these 
mesocosms to N and/or P amendments and two watering regimes. We collected rhizosphere and 
bulk soil from 12CO2- and 13CO2-labeled SG and extracted DNA and exometabolites.   

Analysis of switchgrass exudate chemistry. We used liquid chromatography mass 
spectrometry-based exometabolomics (LC-MS) to analyze small organic molecules (metabolites) 
released by SG grown in soil mesocosms and hydroponic systems. We identified specific 
molecules exuded by SG during phosphorus (P), nitrogen (N) stresses and water limited 
conditions. We found that aromatics such as shikimic acids, salicylic acids, were more abundant 
in the exudates of N-stressed SG plants. In contrast, N-containing compounds such as amino 
acids and nucleosides were depleted in this treatment. During P stress, SG increased production 



of carboxylic organic acids (e.g. succinic, malic acids), whereas osmolytes were more abundant 
in water-limited treatments. 

Linking plant chemistry to microbial community composition. To connect rhizosphere 
metabolites and SG rhizosphere communities, we also identified dynamics of different microbial 
groups under N, P, N/P and reduced water treatments in the mesocosms. We found that N 
addition decreased the relative abundances of Actinobacteria and Bacteroidetes. Phosphorus 
treatment had lower relative abundances of Alphaproteobacteria and Verrucomicrobia. 
Planctomycetes, Chloroflexi and TM6 significantly decreased when any type of nutrients were 
added. A 50% reduction in water resulted in decreased relative abundances of Enterobacteriales 
and Planctomycetales.  

Using a reductionist approach, we sought to disentangle the complexity of interactions between 
exudates and SG rhizosphere microbial communities, and to identify specific linkages between 
exudates and microbial substrate preferences. First, we isolated and characterized 300 bacteria 
from the SG rhizosphere. We then analyzed the abundances of these isolates during SG  
development in soil and identified bacteria associated with SG development. Finally, we used 
exometabolomics to connect stress molecules released by SG under N and P stresses to the 
metabolite uptake preferences of the rhizosphere isolates and related plant growth phenotypes. 
Our results indicate that during N and P nutrient stress SG mediates the release of stress-specific 
exudates to regulate the abundance of specific microbial taxa in the rhizosphere. 
 

This research is based upon work supported by the U.S. Department of Energy Office of Science, 
Office of Biological and Environmental Research Genomic Science program under Award 
Number DE-SC0014079 to the UC Berkeley, Noble Research Institute, the University of 
Oklahoma, the Lawrence Livermore National Laboratory and the Lawrence Berkeley National 
Laboratory. Part of this work was performed at Lawrence Berkeley National Lab under contract 
DE-AC02-05CH11231 and at Lawrence Livermore National Laboratory under contract DE-
AC52-07NA27344.  
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Project Goals: Our project asks how cross-kingdom and within-kingdom interactions 
(involving viruses, bacteria, archaea, fungi, protists, microfauna, and plant roots) provide a 
functional framework for nitrogen (N) cycling in grassland soils. We are using stable 
isotope probing, NanoSIMS, metagenomic and metatranscriptomic sequencing, 
exometabolomics, network analysis, and ecosystem modeling to unravel how biotic 
interactions shape N availability and loss pathways and how these interactions and 
pathways differ among soil compartments (rhizosphere, detritusphere, hyphosphere, and 
bulk soil). Our primary goals are to: 1) determine how biotic interactions control key N-
cycle transformations, such as depolymerization of macromolecular organic N compounds, 
N mineralization and immobilization, nitrification, and denitrification, and 2) assess how 
spatial compartmentalization and transfer between soil compartments (e.g., by fungal 
hyphae and fauna) determine the occurrences and rates of N-cycling processes.  
 
Decades of research have revealed key microbial mediators of terrestrial nutrient cycling, their 
edaphic sensitivities, and the functional genes and enzymes involved. While some aspects of 
bacterial, fungal, and microfaunal mediation of nutrient cycling are reasonably well understood, 
these and other organisms interact in a complex biotic milieu, and we know little about how such 
interactions shape nutrient cycling in soil. Considering interactions among viruses, bacteria, 
archaea, arbuscular mycorrhizal fungi (AMF), saprotrophic fungi, microfauna, and plant roots, 
we will explore the effects of predation, competition, and cooperative/antagonistic interactions 
on terrestrial N- and C-cycling. As an introduction to our new project, here we highlight relevant 
results from our previous work and describe several of our planned experiments. 
 
Building on our large-scale field sampling and manipulative field experiments at the University 
of California’s Hopland Research and Extension Center (HREC) over the last ~20 years, we will 
continue our work on HREC’s Mediterranean grassland soils, which are dominated by the annual 
grass, Avena barbata. In our most recent precipitation manipulation experiment at HREC, A. 
barbata was labeled with 13CO2 to trace C flow from the plant into active soil biota and to 
determine the impacts of reduced precipitation on soil food web dynamics and the C cycle. In 
Spring 2020 we will leverage the existing infrastructure and conduct a 13CO2 field labeling and 
15N pool dilution experiment to establish cross-kingdom interactions and connect them to their 
gross N-cycle effects in the field. To identify how different N-cycling microbial groups, fauna, 
and viruses respond to N inputs, we will add a urea treatment. We will follow changes in 
microbial community composition and activity through SIP-enabled metagenomics, amplicon 
sequencing, and quantification of marker genes for N-cycling processes. Faunal communities 



will be tracked via 18S rRNA gene sequencing, and viral dynamics will be measured via viral 
metagenomics (viromics). We will use liquid chromatography mass spectrometry (LC-MS) to 
identify changes in metabolites in response to urea addition and to link the dynamics of these 
molecules to changes in the relative abundances of microbial, viral, and faunal populations. 
 
In a recent greenhouse experiment, we studied both rhizosphere and bulk soils associated with 
multiple growth stages of the annual grass, Avena fatua, labeled with 13CO2. Analyses of 
metagenomes, ITS regions, and 16S rRNA genes revealed a strong influence of root 
development on the composition and associations of microorganisms and highlighted AMF as 
extensions of plant roots in mediating soil microbial interactions and associated nutrient cycling. 
Our upcoming greenhouse experiment will build on these results to measure microbial 
community dynamics and activity across trophic scales in four different soil compartments 
(rhizosphere, detritusphere, hyphosphere, and bulk soil), along with differences in N-cycling 
processes between compartments and how microbiota interact and/or travel between 
compartments to impact C- and N-cycling. 
 
We expect that viral lysis will impact N-cycling processes, both indirectly through mortality of 
host populations responsible for specific N metabolisms and directly through the release of 
organic N-rich cellular contents. Some viruses of bacteria and archaea are capable of switching 
replication strategies between lysogeny (integration in microbial host genomes as prophages) and 
lysis, depending on host and environmental cues. We will perform laboratory experiments to link 
viral populations to their replication strategies, and then we will follow these populations in our 
field and greenhouse omic data to identify the conditions under which prophage integration or 
lysis is favored for a particular viral population and the conditions under which specific hosts can 
lyse. We will focus particularly on changes in N-cycling processes that could drive switches in 
viral replication strategies or that could result from host lysis. 
 
We have previously shown a strong influence of root development on the composition and 
associations of microorganisms, including specific bacterial-fungal-protozoan co-occurrence 
patterns revealed through network analysis. Based on these previously identified patterns, we 
will prepare simple rhizosphere communities and iteratively add trophic complexity to elucidate 
changes in C- and N-cycling processes across trophic scales. Specifically, plants inoculated with 
AMF in EcoFab systems will be iteratively exposed to different bacterial, microfaunal, and viral 
populations, all isolated from HREC field soil. We will follow changes in community 
composition, dynamics of genes involved in N-cycling processes, and CO2 and N2O emissions.  
 
Combining multiple novel stable isotope techniques with current molecular methods and 
modeling will allow us to explore, map, and quantify the complex web of biotic interactions that 
mediate and control N-cycling in soil. 
  
This	research	is	based	upon	work	supported	by	the	U.S.	Department	of	Energy	Office	of	Science,	Office	of	
Biological	and	Environmental	Research	Genomic	Science	program	under	Award	Numbers	DE-SC0016247	
and	DE-SC0020163	to	UC	Berkeley,	UC	Davis,	University	of	Hawaii,	and	University	of	Oklahoma.	Work	at	
Lawrence	Berkeley	National	Laboratory	was	performed	under	the	auspices	of	the	U.S.	Department	of	
Energy	Contract	No.	DE-AC02-05CH11231,	and	work	at	Lawrence	Livermore	National	Laboratory	under	
U.S.	Department	of	Energy	Contract	DE-AC52-07NA27344.	
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Project Goals: Switchgrass (Panicum virgatum L.) is a perennial C4 grass native to the 
tallgrass prairies and a most promising feedstock in the U.S. for bioenergy production. 
Capable of abundant biomass yield with minimal fertilizer or water, switchgrass can 
survive on marginal soils, and even thrive once established. We hypothesize that successful 
establishment and sustainable cultivation of switchgrass in marginal soils is in part enabled 
by beneficial plant-microbial interactions. We are investigating the succession of 
rhizosphere microbial communities, and ecosystem-scale effects of high- and low-
performing switchgrass plants grown in nutrient-limited soils in southern Oklahoma. The 
outcome of this research will provide a better genomic basis for switchgrass cultivation in 
marginal soils, expand our knowledge of the interactions between soil microbiomes, plants 
and ecosystems, and ultimately guide efforts for translation into agronomic row crops.  
Accrual of soil organic carbon (SOC) acts as a potential carbon sink, helping to mitigate 
anthropogenic C emissions. We hypothesize that cultivation of deep-rooted perennial crops, such 
as switchgrass, could provide long-lasting carbon sequestration, that enhances deep soil C stocks 
via root biomass inputs. But there may be trade-offs associated with this strategy: the preexisting 
soil organic matter (OM) pool may be displaced if rates of microbially-stimulated OM 
degradation increase in response to deep C inputs. In surface soils, many studies have shown 
‘priming’, i.e. that inputs of fresh root biomass and exudates increases OM accessibility and 
stimulate microbial activity. However, it is unknown whether deep soil mineral-associated 
organic C (MOC) may be more vulnerable to microbial mineralization under switchgrass 
cultivation. Our study aims to address this fundamental uncertainty regarding the effects of 
establishment and sustainable cultivation of switchgrass on deep soil C stocks and long-term C 
dynamics in marginal lands.  
We collected deep core soils (0 to ~3 meters) from two N and P poor sites (silt-loam and clay-
loam) in Oklahoma, USA with long-term (>10 years) cultivation of perennial switchgrass and 
adjacent fields managed with annuals crops. Soil cores were collected from three replicate 
locations within each site and cropping system. We measured soil C stocks, 14C, 13C and 15N, soil 
texture and chemistry, root biomass, and microbial community composition. At the silt-loam site 
with low native SOC stocks, switchgrass cultivation caused a 60-80% increase in the median 
SOC stock and a shift towards more modern 14C values. At the clay-loam site, where initial SOC 
stocks where higher, switchgrass root biomass inputs had no significant effect on the overall 
SOC stock. At both sites, δ13C of all soil depths increased with switchgrass cultivation, reflecting 
additional inputs of C4 organic matter into the soil. Microbial community composition was 
significantly different with depth at both sites and responded to switchgrass root inputs in the 



 
 

low-carbon site. These results partially support our hypothesis that deep-rooted perennial 
switchgrass can enhance deep soil C stocks in a relatively short time frame. 
In addition to these bulk soil measurements, we set up the long-term monitoring plots in both the 
silt-loam and clay-loam sites and measured soil respiration monthly between perennial 
switchgrass plots and adjacent fields managed with annuals crops. We estimated continuous root 
biomass inputs between topsoil and subsoil layers based on satellite-measured gross primary 
production (GPP) and measured root biomass distribution with depth. We also measured 
heterotrophic respiration from a 60-day incubation in the lab using the deep core soils incubated 
with additional 13C-labeled plant materials. During this incubation, we found that C 
decomposition was different across sites, root systems, and depths, suggesting that the different 
responses of soil microbial communities to the root biomass input can result in differential 
community level C degradation dynamics.  
We are currently applying ecosystem modeling to estimate whether root biomass input into the 
subsoil layer may impact long-term C dynamics and accelerate the old-C (MOC) loss. For this 
purpose, we improved our MEND (Microbial-ENzyme Decomposition) model to represent 
multiple soil layers and used it to simulate the C processes along the soil profile. We are now 
constraining and optimizing the parameters of MEND to fit our observed CO2 fluxes from the 
lab and the field. The ongoing model analyses will further project the changes of different C 
pools for a longer time-period (such as 100 years) to assess the potential release of the relatively 
stable old-C in deep soils. Our research will provide new insights into the prediction of deep soil 
C accrual after switchgrass cultivation by comprehensively considering microbially mediated 
soil C dynamics along the soil profile.  

 
This research is based upon work supported by the U.S. Department of Energy Office of Science, 
Office of Biological and Environmental Research Genomic Science program under Award 
Number DE-SC0014079 to the UC Berkeley, Noble Research Institute, the University of 
Oklahoma, Lawrence Livermore National Laboratory and Lawrence Berkeley National 
Laboratory. Part of this work was performed at Lawrence Berkeley National Lab under contract 
DE-AC02-05CH11231 and at Lawrence Livermore National Laboratory under contract DE-
AC52-07NA27344.  
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 Project goals: Our primary research goals are to identify and quantify the 
importance of key interactions including predation, competition, and cooperation as 
controllers of (i) N and C mineralization/immobilization, (ii) depolymerization of 
macromolecular organic N compounds, (iii) nitrification and denitrification, and (iv) N and 
C transfers by fungi and fauna that enhance or constrain N-cycling processes.  Our 
primary hypotheses are: (1) Viral infection of bacteria, fungi, and fauna initiates cell lysis 
and plays a significant role in macromolecular depolymerization, and N-mineralization and 
culls specific communities mediating N-transformations. (2) Faunal predation mobilizes 
biomass nutrients present in microbiota, differentially affects specific prey populations, 
and potentially transports viruses, bacteria and fungi across soil habitats. (3) Fungi 
mediate C transfer, transport bacteria, shape bacterial N-transformation, and themselves 
are key to depolymerization, mineralization, immobilization, and denitrification. (4) 
Dominant interactions differ by soil habitats, affecting N process rates. 
 

The rhizosphere is a hotspot for microbial activity and biomass and the entry point for 
organic carbon. Plants deposit a significant proportion of their photosynthates into soil as root 
biomass or exudates, and plant-derived polymeric carbohydrates such as cellulose and 
hemicellulose are the most abundant polysaccharides in soil. Additionally, breakdown and 
utilization of macromolecular nitrogen may be mediated in soil near roots.  Rhizodeposits create 
a high resource, high activity environment, and stimulate microbial succession as roots grow and 
senesce, potentially selecting for organisms that benefit mineral nutrition and plant health. This 
bloom of microbial growth may trigger a succession of viral populations in response. 
Rhizodeposits may also stimulate depolymerization by cellulases, chitinases, proteases, and 
carbohydrate degradation genes. Using Avena fatua, a common annual grass, we analyzed time-
resolved metatranscriptomes to compare microbial functional dynamics related to C and N 
processing in rhizosphere, detritusphere, and combined rhizosphere-detritusphere habitats. We 
also used this dataset to delve into the largely unknown realm of soil RNA viruses and explore 
their diversity and spatiotemporal dynamics. 
 During three weeks of root growth, microbial community composition shifted only 
slightly, whereas gene expression profiles changed significantly, indicating that mRNA is more 
sensitive to changes in environmental conditions and can reflect community shifts before they 
are detectable by diversity markers. With carbohydrate active enzymes (CAZy) identified in the 
metatranscriptomes, we used hierarchical clustering and mapping to a site-specific metagenome 
to identify functional guilds. These guilds revealed taxa specializing in rhizosphere carbohydrate 
degradation vs. taxa that specialize in detritus degradation and, surprisingly, a guild that 
specialized in the breakdown of aging roots. Rhizosphere and detritusphere guilds expressed 
enzymes for cellulose and xylan degradation and their byproducts. This indicates that complex 



cross-feedings networks could promote coexistence within highly interconnected rhizosphere 
communities (Nuccio et al., 2020). 

Nitrogen cycling gene expression varied over time and in the presence/absence of detritus, 
with distinct rhizosphere, detritusphere and aging root functional guilds. The taxonomy of these 
guilds often mirrored those previously identified using CAZymes. Expression of extracellular 
proteases was significantly lower in the rhizosphere compared to bulk soil.  Ammonia oxidation 
(AO) transcripts were dominantly archaeal and more highly expressed in bulk soil, which may 
reflect competition for ammonium with plant roots. While archaeal ammonia oxidation genes 
were several-fold more abundant than their AO bacterial counterparts, expression of archaeal 
ammonia monooxygenase was higher by orders of magnitude, implying that the overexpression 
of AO genes cannot be attributed simply to a higher abundance of ammonia oxidizing archaea. 

Our large metatranscriptomics dataset also allowed us to identify RNA viruses—which are 
understudied in most environments and have been largely ignored in soil (with the exception of 
plant pathogens). There is almost no knowledge of the diversity and host range of these viruses, 
which could have a significant impact on microbial community structure and soil carbon cycling. 
We targeted the RNA-dependent RNA-polymerase (RdRp) gene, which is universal to RNA 
viruses. We improved the set of hidden Markov models (HMMs) used to identify this gene and 
significantly increased the known diversity of RNA viruses in existing databases. Most of these 
viruses likely infect abundant taxa such as fungi and Proteobacteria, indicating that they may 
significantly affect microbial dynamics in soil. The temporal dynamics of RNA-viruses we 
identified also indicate that they are replicating, and therefore infecting their hosts, potentially 
leading to a release of OC into soil. The diversity of RNA viruses as well as of potential hosts 
was structured by the presence or absence of detritus (Starr et al., 2019). 

Our analyses are a step towards understanding multitrophic interactions in soil and 
emphasize the need to think beyond community structure. Gene expression studies may be 
valuable in elucidating the complex to-and-fro between plants and their associated microbial and 
viral communities, as well as identifying the guilds of organisms that orchestrate C and N 
processing in soil. 
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Project Goals: Our project addresses both a fundamental understanding of carbon (C) 
cycling as mediated by multi-trophic interactions in the rhizosphere and the potential 
impacts of altered precipitation regimes on these interactions. Specifically, our work employs 
the use of stable isotopes to identify and quantify pathways of C-flow through multi-trophic 
interactions in the rhizosphere. Primary goals are to broaden knowledge of the roles played 
by multi-trophic interactions in terrestrial C cycling and to discover if drought alters the 
interactions and/or C cycling. This research will substantially expand our knowledge of soil 
microbial ecology, belowground food webs, and terrestrial C cycling under a changing 
climate. 
In all terrestrial ecosystems, populations of organisms such as protozoa and nematodes interact 
with the soil’s free-living and plant-associated bacterial and fungal populations. Together these 
multi-trophic interactions are key regulators of soil carbon and nutrient cycling processes. To 
predict the responses of these processes to environmental change, we have optimized multiple 
approaches to characterize the belowground populations from each trophic level, while also 
incorporating metabolomics analyses to associate changes in community composition with 
biological activity. Our primary objective is to illuminate the contribution of bacterial, archaeal, 
fungal, and other eukaryotic communities to carbon and nutrient cycling in soil by applying multi-
omics approaches, stable isotope tracing, and field manipulations to the development of 
mechanistic network theory of material flows in the soil.  
At a Mediterranean annual grassland undergoing simulated drought (-50% average precipitation), 
soil was collected, and nematode and protozoan populations extracted using gradient 
centrifugation. Specimens were concentrated by filtration and their DNA extracted. Bacterial and 
fungal populations were characterized by amplicon sequencing from whole soil DNA extracts, and 
both diversity and community composition of the analyzed populations showed changes in 
response to drought. After five months of drought, while the diversity of nematodes remained 
unchanged, their community composition changed significantly, with 10-15% of variance 
explained by the water treatment. Protozoan and bacterial communities showed higher diversity in 
soils under ambient conditions, and protozoan community structure was significantly altered. 
Fungi, on the other hand increased diversity in soils under drought along with significant changes 
in community composition.  Differential abundance analyses were identifid specific trophic groups 
that responded to drought. Bacterial groups from the genus Arthrobacter, Gemmatimonas, 
Clostridium, Hydrogenispora, and Anaeromyxobacter  together with protists such as Lagenidium, 
Eustigmatos, Phytophtora, and Theratromyxa declined under drought conditions. Fungal 
populations including Podospora, Rozellomycota, and Olpidium increased under drought 
 



Co-occurrence analyses using Random Matrix Theory was used to define network structure for all 
analyzed trophic groups. Network complexity was found to be higher in soils under ambient water 
conditions than under drought. Predicted modules in the interaction network will be experimentally 
tested using populations of organisms isolated from the field. 
We used liquid chromatography mass spectrometry-based metabolomics (LC-MS) to identify 
differences in metabolites profiles from our field drought experiment. Our results show that the 
drought treatment significantly decreased the relative abundance of primary metabolites such as 
salicylic acid, threonine, guanine and disaccharides, and increased the abundance of metabolites 
known as organic osmolytes (e.g. aspartic acid, asparagine, sorbitol). Metabolite exchange impacts 
the abundance and physiology of organisms at multiple trophic levels and could help define multi-
trophic interactions within rhizosphere communities. Further analyses in metabolite profiles will 
aim to identify molecules associated with signaling for microbial predation, exploratory microbial 
growth, and biofilm production. 
In field 13CO2 labeling of the Avena fatua plants was carried out and rhizosphere samples with 
attached soil were collected for DNA extraction and SIP-fractionation. Currently, labeled DNA 
fractions are being used to identify protozoan groups that had access to labeled C through predation 
of microbial cells.  
The approaches developed here provide the foundation for quantitative molecular understanding 
of how soil trophic networks and cross-kingdom interactions influence C and N cycling and 
ecosystem resilience to environmental change.  
This research is based upon work supported by the U.S. Department of Energy Office of Science, 
Office of Biological and Environmental Research Genomic Science program under Award Number 
DE-SC0016247 and DE-SC0020163 to UC Berkeley. Work at Lawrence Berkeley National 
Laboratory was performed under the auspices of the U.S. Department of Energy Contract No. DE-
AC02-05CH11231, and work at Lawrence Livermore National Laboratory under U.S. Department 
of Energy Contract DE-AC52-07NA27344.  



Spectroscopic Diagnosis of Plant Phosphorus Availability and Relationship to Tissue 
Chemistry and Productivity of a Bioenergy Feedstock 
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Firestone3, Eoin Brodie1,3* 
 
1Lawrence Berkeley National Laboratory, Berkeley, California; 2Noble Research Institute, 
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Project Goals: Switchgrass (Panicum virgatum L.) is a perennial C4 grass native to the 
tallgrass prairies and a promising feedstock for U.S. bioenergy production. Capable of 
abundant biomass yield with minimal fertilizer or water, switchgrass can survive on 
marginal soils, and even thrive once established. We hypothesize that successful 
establishment and sustainable cultivation of switchgrass in marginal soils is in part enabled 
by beneficial plant-microbial interactions. We are investigating the succession of 
rhizosphere microbial communities, and ecosystem-scale effects of high- and low-
performing switchgrass plants grown in nutrient-limited soils in southern Oklahoma. The 
outcome of this research will provide a better genomic basis for switchgrass cultivation in 
marginal soils, expand our knowledge of the interactions between soil microbiomes, plants 
and ecosystems, and ultimately guide efforts for translation into agronomic row crops.  
 
Economic bioenergy/bioproduct feedstock production will likely require the utilization of 
marginal soils. Although crops such as switchgrass (Panicum virgatum L.) may obtain a fraction 
of their nitrogen requirement through associate N-fixation, phosphorus (P) is exclusively derived 
from soil or added fertilizer. Soil P availability is chemically complex and varies significantly 
based on pH, mineralogy, hydrology and the chemistry of inputs - resulting in heterogeneous P 
availability across soils of production systems. Plants and microbes have evolved mechanisms to 
liberate mineral, and organic associated P – these mechanisms frequently require allocation of 
resources in the form of carbon cost. Better understanding of these mechanisms calls for high-
throughput, non-invasive yet accurate prediction tools we have developed, and will lead to 
improved biomass yield and feedstock quality for bioenergy feedstock development program. 
In this work, we used infrared spectroscopy to monitor plant P dynamics and tissue chemistry 
during switchgrass growth, establishing a linkage between P availability and spectral signatures 
using plants grown in a controlled laboratory environment. We used these data as a benchmark, 
assisted by machine learning algorithms, to evaluate P availability in the switchgrass plants 
cultivated in two marginal soils in Oklahoma. This represents a relatively noninvasive approach 
to quantifying inorganic and organic phosphorus content and other chemical constituents of leaf 
tissue during plant growth. We used these data to observe relationships between P availability, P 
uptake and re-allocation dynamics and biomass productivity in subsequent growing years. 
We report three important findings: (1) In response to P stress (but not N stress), switchgrass cell 
wall composition had increased lignin concentration, leading to lower cellulose:lignin ratios—an 
important index of biofuel feedstock quality. P-limitation also appeared to lead to lipid 
accumulation and a relative decrease in amide (protein) content. (2) In our field plots of mixed 
genotypes, plants growth in soils with higher P availability accumulated more organic P and re-
allocated more P during pre-harvest senescence. Within each site, we observed significant 
variability in P pools, reflecting either heterogeneity in switchgrass cultivar genetics, subsurface 



chemical properties or variability in soil-plant-microbial interactions that mobilize P. (3) Greater 
re-allocation of organic P during senescence was associated with increased biomass productivity 
of individual plants during the subsequent growing season.  
Overall this work demonstrates the potential of high-throughput spectroscopic approaches to 
diagnose plant nutrient availability, its consequences for feedstock compositional quality and 
productivity, and the relationships with chemical and biological heterogeneity in soils of 
production systems.  
 
This work was funded by the US Department of Energy Office of Science, Office of Biological 
and Environmental Research Genomic Science program under Award Number DE-SC0014079 
to the UC Berkeley, Noble Research Institute, the University of Oklahoma, the Lawrence 
Livermore National Laboratory and the Lawrence Berkeley National Laboratory. Work 
performed at Lawrence Berkeley National Lab was under contract DE-AC02-05CH11231. 
 



Succession of Rhizosphere Biotic Communities During Switchgrass Establishment in 
Marginal Soils 
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Bates,4 Lauren Hale,4 Na Ding,1 Josh Barbour,1 Nameer Baker,5 Abelardo Arellano,2 Kateryna 
Zhalnina,6 Eoin Brodie,2 Trent Northen,6 Wolf Scheible,1 Michael Udvardi,1 Jennifer Pett-
Ridge,3 Malay Saha,1 Liyou Wu,4 Jizhong Zhou,4 Mary Firestone5 and Kelly Craven1  
1Noble Research Institute, Ardmore, Oklahoma; 2Earth and Environmental Sciences, Lawrence 
Berkeley National Laboratory, Berkeley, California; 3Lawrence Livermore National Laboratory, 
Livermore, California; 4University of Oklahoma, Norman, Oklahoma; 5University of California, 
Berkeley, California; 6Environmental Genomics and Systems Biology Division, Lawrence 
Berkeley National Laboratory, Berkeley, California. 
Project Goals:  Switchgrass (SG; Panicum virgatum L.) is a perennial C4 grass native to the 
tallgrass prairies and a most promising feedstock in the U.S. for bioenergy production. 
Capable of abundant biomass yield with minimal fertilizer or water, SG can survive on 
marginal soils, and even thrive once established. We hypothesize that successful 
establishment and sustainable cultivation of SG in marginal soils are, in part, enabled by 
beneficial plant-microbial interactions. We are investigating the succession of rhizosphere 
microbial communities, and ecosystem-scale effects of high- and low-performing SG plants 
grown in nutrient-limited soils in southern Oklahoma. The outcome of this research will 
provide a better genomic basis for SG cultivation in marginal soils, expand our knowledge 
of the interactions between soil microbes, plants, and ecosystems. 

In the soils surrounding roots (rhizosphere), biotic, chemical and physical drivers enrich 
for specific biotic communities. To generate a better understanding of the plant-microbe 
interactions that facilitate switchgrass cultivation in marginal soils, we investigated the succession 
of rhizosphere communities at multiple trophic levels during switchgrass establishment in 
marginal soils. Two research farms (Red River Farm and Third Street Farm) featuring ‘marginal’ 
nutrient soils were selected from Southern Oklahoma, and genetically diverse switchgrass 
seedlings (lowland ecotype Alamo) were planted at both sites in the spring of 2016. Rhizosphere 
soils were sampled from sixty plants (thirty from each site) at five time points, corresponding to 
different plant developmental stages. Plant growth was monitored at the same time. We then 
surveyed the rhizosphere communities by amplicon sequencing of phylogenetic marker genes 
specific to bacteria (16S), fungi (ITS), and soil protozoa (18S).  

The two marginal soils surveyed in this study have distinct background communities. 
Regardless of the site effect, the bacterial, fungal, and protist communities all showed a 
significantly lower diversity in the rhizosphere than those found in the background soils at both 
sites. This indicates that switchgrass plants grown in the marginal soils exert a selective effect on 
the soil bacterial, fungal and protist populations. The composition of rhizosphere communities also 
differed from that of the background soils. Betaproteobacteria and Gammaproteobacteria were 
enriched, and Firmicutes, Verrucomicrobia and Planctomycetes were depleted in the rhizosphere 
at both sites. The enrichment of beta-proteobacteria in the rhizosphere was particularly dramatic 
at Red River site (silt loam). Rhizosphere fungi that were enriched included Eurotiomycetes ( Red 
River, silt loam) and Leotiomycetes (Third Street, clay loam). Specific groups of protozoa were 



also recruited to the rhizosphere, including those feeding on bacteria and fungi from the genera 
Rhogostoma, Cermononas, and Allas.  

Rhizosphere bacterial, fungal, and protozoan communities all dynamically changed over 
the growing season. In the early growing season (T1-T3), the rhizosphere bacterial communities 
strongly differed from their background populations, while in the late plant developmental stages 
(T4 and T5), they became more similar to background communities. Moreover, specific bacterial 
OTUs were significantly correlated with plant biomass production at the first three time points. 
Analysis of ITS amplicons showed fungal communities in the background soils changed over time, 
and rhizosphere communities became more dissimilar from background communities at late plant 
vegetative growth stages (T2) and late in the growing season. The rhizosphere protist communities 
differed from those found in the background soils starting from two months after planting (T2); 
the largest difference occurred at the end of the growing season (T5).  

We assessed if these differing community-level responses are due to different mechanisms 
of rhizosphere community assembly for bacteria, fungi, and protists. Both decreased stochasticity 
and increased selection were observed in the switchgrass rhizosphere for bacterial communities 
(Red River site) and fungal communities (Third Street site). This site-dependent rhizosphere 
selection might be related to the baseline of the soil communities: Red River soils exhibited 
generally high bacterial diversity, whereas Third Street soils have relatively high fungal diversity. 
Rhizosphere-enhanced selection of bacteria and fungi was most evident in later plant 
developmental stages (T3 and T4). Switchgrass roots also increased the importance of dispersal 
limitation in microbial community assembly, which was more obvious in Red River.  In general, 
homogeneous selection mechanisms were more influential for bacteria rather than fungi or protists; 
heterogeneous selection was more critical for protists; and dispersal limitation showed a more 
noticeable impact on fungi. 

In conclusion, during establishment in marginal soils, switchgrass plants recruited specific 
groups of bacteria, fungi, and protists into their rhizosphere, leading to less stochastic and more 
selected rhizosphere communities that are distinct from background soil communities in diversity, 
composition and structure. These rhizosphere communities were strongly influenced by plant 
developmental stages, and different microorganisms (bacteria, fungi and protists) had distinct 
successional patterns over the growing season. The specific assembly mechanisms of rhizosphere 
communities and their dynamic changes with the plant development may play an essential role in 
switchgrass establishment in marginal soils. 
This research is based upon work supported by the U.S. Department of Energy Office of Science, 
Office of Biological and Environmental Research Genomic Science program under Award 
Number DE-SC0014079 to the UC Berkeley, Noble Research Institute, the University of 
Oklahoma, the Lawrence Livermore National Laboratory and the Lawrence Berkeley National 
Laboratory. Part of this work was performed at Lawrence Berkeley National Lab under contract 
DE-AC02-05CH11231 and at Lawrence Livermore National Laboratory under contract DE-
AC52-07NA27344.  
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Unravelling Rhizosphere-Microbial Interactions in the Rhizosphere of Alamo Switchgrass 
(Panicum virgatum) under Abiotic Stresses 

Na Ding1*(nding@noble.org), Nameer Baker2, Yonatan Sher2, Don Herman2, 3, Wolf Scheible1, 
Michael Udvardi1, Jennifer Pett-Ridge4, and Mary Firestone2,3 
1Noble Research Institute, Ardmore, OK; 2University of California, Berkeley, CA; 3Lawrence 
Berkeley National Laboratory, Berkeley, CA; 4Lawrence Livermore National Laboratory, 
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Project Goals: Switchgrass (Panicum virgatum L.) is a perennial C4 grass native to the 
tallgrass prairies and a promising feedstock for U.S. bioenergy production. Capable of 
abundant biomass yield with minimal fertilizer or water, switchgrass can survive on 
marginal soils, and even thrive once established. We hypothesize that successful 
establishment and sustainable cultivation of switchgrass in marginal soils is in part enabled 
by beneficial plant-microbial interactions. We are investigating the succession of 
rhizosphere microbial communities, and ecosystem-scale effects of high- and low-
performing switchgrass plants grown in nutrient-limited soils in southern Oklahoma. The 
outcome of this research will provide a better genomic basis for switchgrass cultivation in 
marginal soils, expand our knowledge of the interactions between soil microbiomes, plants 
and ecosystems, and ultimately guide efforts for translation into agronomic row crops.  
 

In the rhizosphere, root exudation is a key process for C transfer into the soil, influencing the 
role of soil microbial communities in organic matter decomposition and in nutrient cycling. Root 
exudates increase the number and activity of soil microbes and fauna found in the rhizosphere 
through a myriad of complex interactions. Soil microorganisms depend upon plant C and, in 
turn, provide plants with nitrogen (N), phosphorus (P) and other mineral nutrients in part through 
decomposition of soil organic matter. We grew Alamo switchgrass (SG) in two types of 
greenhouse experiments to investigate how SG growth development and exudates shape 
rhizosphere microbial community composition, nutrient fractions (i.e. P species) and soil 
characteristics, as well as how these interactions are affected by abiotic stresses. In the first 
experiment, we tested the hypothesis that SG rhizosphere microbes enhance its access to organic 
P (Po) pools by stimulating root growth and/or liberating and solubilizing P from Po. In a second 
experiment, we assessed the response of soil extracellular polymeric substances (EPS) stocks to 
SG cultivation under varying N, P, and water stress, testing the hypothesis that soil microbes 
produce EPS (particularly polysaccharides) in response to nutrient and moisture limitation. 

We collected marginal soils for the first experiment from three locations in Oklahoma (Ardmore 
3rd Street, Red River, Anadarko). We amended soils with 50 mg/kg inorganic-P (KH2PO4, 
phosphate) or organic-P (phytate), and used non-amended soils as a control. Phosphate 
significantly enhanced plant biomass, total root length and surface area in all three soils after 8-
weeks growth. Interestingly, phytate was an equally good source of P for plant growth promotion 
in 3rd Street soil. At all sites, phosphate increased resin-P in bulk soils, but substantially 
decreased resin-P in rhizosphere soils from 3rd Street and Anadarko soils, consistent with 
substantial uptake by plants. Phytate addition increased resin-P in the rhizosphere relative to bulk 
soil and decreased NaOH-Po species in the rhizosphere relative to bulk soil in 3rd Street soil, 
consistent with mobilization by the microbiome and plant uptake of P from phytate in this soil. 
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SG accumulated more Pi at Red River in both shoots and roots than soils at other sites; phytate 
addition decreased Pi and increased Na+ in shoots and roots at 3rd street. We also analyzed the 
bacterial and fungal microbiome from the bulk, rhizosphere and root associated compartment 
(endosphere + rhizoplane), respectively. Rhizosphere and bulk soils had a similar number of 
OTUs (α-diversity), and significantly more than were observed in the root associated 
compartment for both bacteria and fungi. Bacterial and fungal communities differed at the genus 
level across compartment and soil types. Soil type (rhizosphere or bulk), compartment and P 
treatment strongly influenced bacterial and fungal community composition. HCl-P and total P 
strongly influenced bacterial community composition at Red River. Organic P pools (NaHCO3-
Po and NaOH-Po) markedly impacted bacterial community composition in soils with added 
phytate. Interestingly, Tichomeriaceae were positively correlated with NaOH-Po in both 
rhizosphere and root-associated soils.  
 
For a second greenhouse experiment, we collected marginal soils from Anadarko, OK. We grew 
ramets of a single switchgrass genotype for 18 weeks in three reconstituted field soil horizons, 
subjecting them to five treatments: added N, P, N plus P, 50% water, and controls. We then 
labeled plants either with 12CO2 or 13CO2 for 12 days before destructively harvesting plants and 
soil horizons. To determine how abiotic stresses altered the size and nature of EPS stocks and 
soil characteristics, we assessed root biomass, soil chemistry, EPS content, the monosaccharide 
composition of EPS, and the amount of water-stable aggregates. 

Soils with both added N and P had the highest EPS content, root biomass, and percentage of 
water-stable soil aggregates. Multiple linear regression analysis showed root biomass was the 
most important determinant for soil EPS production, potentially by controlling carbon supply 
and diurnal changes in soil water stress. Root biomass and soil water potential were also 
correlated with water-stable aggregates, indicating that EPS concentration and soil aggregation 
have similar drivers in this soil. High mannose content confirmed the microbial origin of EPS. 
13CO2 labeling indicated that 0.18% of newly fixed plant carbon was incorporated into EPS. 
Analysis of field soils obtained via deep coring indicates that EPS concentrations are 
significantly enhanced under long-term switchgrass cultivation, suggesting a mechanism by 
which deep-rooted perennial grass cultivation may positively affect soil aggregation in soils with 
low organic material.  
 
This research is based upon work supported by the U.S. Department of Energy Office of Science, 
Office of Biological and Environmental Research Genomic Science program under Award 
Number DE-SC0014079 to UC Berkeley, Noble Research Institute, the University of Oklahoma, 
the Lawrence Livermore National Laboratory and the Lawrence Berkeley National Laboratory. 
Part of this work was performed at Lawrence Berkeley National Lab under contract DE-AC02-
05CH11231 and at Lawrence Livermore National Laboratory under contract DE-AC52-
07NA27344.  
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Project Goals and Abstract: 

The goal of this project is to expand the understanding and utility of the acyl-CoA ligases and BAHD 
acyltransferases in plant engineering. The impressive diversity of bioproducts created by their 
coordinated action includes simple aromatic and aliphatic esters, derivatives of flavanols, anthocyanidins, 
alkaloids, terpenoids, cutin, suberin, and many others. Our work has shown that monolignol esters can be 
polymerized into plant lignins with essentially no impact on growth and viability, but with profound 
positive impacts on the processing and energy content of the engineered plant. The ester-enriched lignin 
created by engineering efforts using monolignol ferulates, biosynthesized via hydroxycinnamoyl-CoA 
monolignol transferases, to produce so-called ‘zip-lignin’ is particularly encouraging.  

Overall there is little experimental evidence for the breadth of substrate specificities, rates of 
catalysis, structural properties, stabilities, tissue localization, or in planta synergistic capabilities of the 
acyl-CoA ligases and BAHD acyltransferases, particularly for important bioenergy crops such as poplar, 
sorghum, and switchgrass. As such, these limited understandings represent major knowledge gaps, and 
potential bottlenecks to the successful engineering of new properties into plant cell walls and optimization 
of the biosynthesis of many other useful metabolic products.  

We are proceeding with a systematic evaluation of all members of these important gene families in 
DOE’s priority bioenergy plants. The proposed research adopts an integrative pipeline approach, 
including genomics, bioinformatics, cell-free translation, in vitro biochemistry, structural biology, optical 
and fluorescence microscopy, chemical synthesis, state-of-the-art methods for cell wall analysis including 
NMR spectroscopy, and cell-wall analytics. We will leverage in-depth knowledge of plant cell wall 
structure, lignin biosynthesis, plant transformation and cultivation, and practical aspects of processing 
plant material. Results will show how we have used this experimental pipeline to identify new 
acyltransferases with a breadth of new activities and have begun to introduce them into bioenergy plants 
and assess their impacts.  

The major deliverable of this project will be experimentally validated lists of acyltransferase and 
ligase genes from DOE priority bioenergy plants with an accounting of their in planta abilities to modify 
the properties of bioenergy crop plants. Ultimately, our acyltransferase toolbox will provide an 
experimentally validated ‘knock-out/knock-in’ list for performing precision engineering of plant 
metabolism to obtain new and improved properties. 

 
This work is funded by the US Department of Energy, Department of Science, Office of Biological and 
Environmental Research, Genome-Enabled Plant Biology for Determination of Gene Function Funding 
Opportunity Number DE-FOA-00002060, project number 248370.  



Using Systems Biology to Untangle the Complex Physiology of Bacterial Xylan Utilization 
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Project Goals: Completion of the project will identify and characterize the physiologically 
relevant carbohydrate active enzymes required to consume the polysaccharides found in 
lignocellulose by the saprophytic soil bacterium Cellvibrio japonicus. Additionally, over the 
course of the project the utility of these enzymes, including assessment of novel functions, 
will be evaluated for biotechnology applications.  
 
Lignocellulose degradation by microbes plays a central role in global carbon cycling, human gut 
metabolism, and renewable energy technologies. While considerable effort has been put into 
understanding the biochemical aspects of lignocellulose degradation, much less work has been 
done to understand how these enzymes work in an in vivo context. Here, we report a systems 
level study of xylan degradation in the saprophytic bacterium Cellvibrio japonicus. 
Transcriptome analysis indicated seven genes that encode carbohydrate active enzymes were up-
regulated during growth with xylan containing media. In-frame deletion analysis of these genes 
found that only gly43F is critical for utilization of xylo-oligosaccharides, xylan, and 
arabinoxylan. Heterologous expression of gly43F was sufficient for the utilization of xylo-
oligosaccharides in Escherichia coli. Additional analysis found that the xyn11A, xyn11B, abf43L, 
abf43K, and abf51A gene products were critical for utilization of arabinoxylan. Furthermore, a 
predicted transporter (CJA_1315) was required for effective utilization of xylan substrates, and 
we propose this unannotated gene be called xntA (xylan transporter A). Our major findings are (i) 
C. japonicus employs both secreted and surface associated enzymes for xylan degradation, which 
differs from the strategy used for cellulose degradation, and (ii) a single cytoplasmic ß-
xylosidase is essential for the utilization of xylo-oligosaccharides. 

Publications 
1. Garcia CA, Narrett JA, Gardner JG. 2019. Complete Genome Sequences of Cellvibrio japonicus 

Strains with Improved Growth When Using α-Diglucosides. Microbiology Resource Announcements. 
8(44). 
 

2. Blake AD, Beri NR, Guttman HS, Cheng R, and Gardner JG. 2018. The complex physiology of 
Cellvibrio japonicus xylan degradation relies on a single cytoplasmic β-xylosidase for xylo-
oligosaccharide utilization. Molecular Microbiology. 107:610-22. 

 
3. Nelson CE, Attia MA, Rogowski A, Morland C, Brumer H, and Gardner JG. 2017. Comprehensive 

functional characterization of the Glycoside Hydrolase Family 3 enzymes from Cellvibrio japonicus 
reveals unique metabolic roles in biomass saccharification. Environmental Microbiology. 19:5025-39. 
 

4.  Nelson CE, Rogowski A, Morland C, Wilhide JA, Gilbert HJ, and Gardner JG. 2017. Systems 
analysis in Cellvibrio japonicus resolves predicted redundancy of β-glucosidases and determines 
essential physiological functions. Molecular Microbiology. 104:294-05. 

 
This work is supported by the U.S. Department of Energy, Office of Science, Office of Biological 
and Environmental Research under Award Number DE-SC0014183. 



PROTIST PREDATION MEDIATES THE TEMPERATURE RESPONSE OF MICROBIAL COMMUNITIES 
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Goals: To understand whether predation by microbial consumers mediates the temperature response 

of microbial communities. 

 

Microbial communities are one of the largest biotic controls on the global carbon cycle. 

Understanding the top-down control that bacteria consumers, such as protists, exert on these microbial 

communities is thus essential to understand feedbacks on global climate. Theoretical and empirical 

studies have shown that temperature responses can be mediated by ecological interactions. But how 

microbial communities may respond to temperature in the presence of predators is poorly understood. 

Here, we examine the effects of protist predation on the structure and function of a freshwater 

microbial community at different temperatures. Microbial communities were collected from a seasonal 

pond at the Duke Forest, and cultured in the presence and absence of two generalist bacterial 

predators, the protists Tetrahymena pyriformis, and Colpidium sp, at two different temperatures (22°C 

and 25°C). Changes in community function were assessed over time through optical density and 

respirometry. Changes in structure were quantified through 16S rRNA amplicon sequencing. The larger 

protist (Colpidium sp) significantly suppressed bacterial biomass and mediated the temperature 

response of microbial respiration rates: predator presence decreased microbial respiration at high 

temperatures compared to lower temperatures. Temperature and time both had noticeable impacts on 

the structure and function of microbial communities, but predation did not affect structure. This 

suggests that predation impacts on microbial community function may occur through reductions in 

biomass, as observed, or other predator induced physiological responses (i.e., the landscape of fear). 

While bacterial impacts on the global carbon cycling are now routinely accounted for in global earth 

system models, biotic controls on microbial temperature responses are not. These results highlight the 

potential for important but largely overlooked impacts of consumption on the temperature response of 

microbial function, but not structure, which ought to be taken into account in future iterations of 

warming forecasting models. 

 

 



A “Marionette” S. cerevisiae Strain to Control Metabolic Pathways 

Marcelo Bassalo1* (bassalo@mit.edu), Chen Ye1, Joep Schmitz2, Hans Roubos2, Ryan Gill3, 
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1Massachusetts Institute of Technology, Cambridge, MA; 2DSM Biotechnology Center, Delft, 
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Project Goals: Optimizing metabolic networks often requires fine-tuning of gene 
expression levels to minimize buildup of toxic intermediates while maximizing productivity. 
Inducible promoters are a straight-forward strategy to systematically test different 
expression levels, providing levers to independently control targeted genes. However, the 
limited availability of orthogonal transcriptional sensors in the yeast, Saccharomyces 
cerevisiae, hinders their use to optimize an engineered biosynthetic pathway. Our objective 
is to expand the set of inducible promoters and develop a “Marionette” yeast strain, 
containing a genome integrated array of optimized sensors. 

 

We have taken steps towards this “Marionette” strain by constructing and testing an initial set of 
4 orthogonal sensors, engineered by placing bacterial operator elements into yeast core 
promoters. We then demonstrate “Marionette” in yeast by tuning a toxic metabolic pathway to 
produce the monoterpene Linalool, a valuable fragrance and fuel additive. Initially, a two-level 
factorial experiment was performed to uncover expression rules of the targeted genes. By 
incorporating these rules, we performed a second optimization round. Overall, this pilot test of 
expression profiles allowed us to explore the equivalent of ~300 kb of pathway variant constructs 
with a single genetic design. Finally, we also demonstrate staging order of operations on the 
controlled genes. 

The ability to establish a synthetic metabolic pathway control to independently tune component 
genes will accelerate metabolic engineering cycles in yeast, enabling rapid testing of multiple 
expression levels that ultimately can be used to train learning algorithms and uncover rules for 
optimal pathway flux.  

 

This research is supported by the Office of Biological and Environmental Research in the DOE 
Office of Science, and from Royal DSM. 
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Project Goals: Our objective is to develop a new standard for the engineering of microbial systems 
based on rational design, engineering, and optimization of hybrid regulatory networks. We will 
create both molecular tools and computational infrastructure to meet this overall goal in both E.coli 
and DOE relevant non-model organisms. Through increasing our understanding of native regulatory 
networks and then using heterologous synthetic circuits to recode them, we will enable predictable 
and dynamic control of multiple designer phenotypes such as: i) growth on various feedstocks in 
consolidated bioprocesses, ii) feedback control to mitigate accumulation of toxic metabolites, iii) 
production of target molecules (C3-C4 alcohols), and/or iv) robustness to process upsets (e.g. temp., 
phage). Here we focus on expanding our work into non-model microbes to engineer designer 
organisms that have exquisite and predictable control architectures governing the expression of a 
range of valuable traits.  
 
The realization of a sustainable bioeconomy requires our ability to understand and engineer complex 
design principles for the development of platform organisms capable of efficient conversion of cheap and 
sustainable feedstocks (e.g. sunlight, CO2, non-food biomass) to biofuels and bioproducts at sufficient 
titers and costs. Despite recent advances in DNA synthesis allowing for the construction of small, 
synthetic genomes and the development of high-throughput genome editing and metabolic engineering 
tools in model microbes, our ability to design genomes and predict design principles for intricate 
functions such as tolerance are still limiting. In the proposed work, we will leverage our knowledge and 
expertise in cutting-edge synthetic biology techniques currently only available for model microbes by 
partnering with expert collaborators in the adaptation of these methods for DOE-relevant microbial 
systems, accelerating and expanding genome editing capabilities for metabolic engineering in these 
organisms. Through doing so, we will be able to more quickly uncover genotype to phenotype 
relationships to better engineer these microbes for optimal production of chemicals and fuels from 
renewable feedstocks. 
 
Zymomonas mobilis ZM4 is a facultative anaerobe that is of interest for the fermentation of biomass 
sugars to biofuels and bioproducts, especially those branching from pyruvate. Collaborator Min Zhang 
demonstrated that carbon flux can be deviated from ethanol production at the pyruvate node into 2,3-
butanediol as well as to farnesene (Yang et. al. 2016). They have generated a large volume of –omics 
data, providing insights into hydrolysate tolerance and feedstock utilization. Transformation efficiencies 
with a variety of vectors have been optimized, homologous recombination is performed routinely for 
genome engineering, and a number of functional promoters, both constitutive and inducible, have been 
characterized. In addition, heterologous expression of Cas9 and targeting gRNA was demonstrated to cure 
native plasmids in Z. mobilis (Cao et. al., 2017), representing initial proof of concept for CRISPR-based 
gene editing and regulation.    

We are currently working to adapt genome engineering tools for Zymomonas to enable technologies such 
as CRISPR interference (CRISPRi) for gene knockdown and CRISPR-Enabled Trackable Geneome 



Engineering (CREATE) for multiplexed editing. The investigators on this project have developed an array 
of vectors for Cas9/dCas9/Cas12a and gRNA expression in a range of organisms, and a large number of 
additional vectors are available through Addgene (http://www.addgene.org/). These vectors have been 
adapted, as necessary, for stable replication and predictable expression. Targeting, cutting, and 
recombination efficiencies are being evaluated and optimized for Cas9/Cas12a/gRNA utilizing an 
appropriate screen/selection method (antibiotic resistance, auxotrophy, counterselective, colorimetric, 
etc.). We will evaluate and optimize knockdown efficiencies using dCas9 in a similar fashion. Although 
we found that Cas9 expression was toxic in Z. mobilis,we have achieved high editing efficiency with the 
Cpf1/Cas12a system. We are additionally working on developing a dCas9 system for CRISPRi.   

Once CRISPR-based genome editing is validated, we will adapt the CREATE method for targeting global 
regulators to mirror the regulator libraries utilized by other teams on this project (Ryan Gill and Chris 
Voigt) to expand the search space for regulatory control switches. Utilizing existing pathway maps for the 
organism, we will build pathway prediction models to identify global regulators to target. Information 
gleaned from the selection experiments (improved growth, tolerance, etc.) will guide further 
improvements to the models for development of synthetic regulatory networks by another team member 
(Adam Arkin). Together, this work will provide a blueprint for the development of systems to accelerate 
the engineering of non-model microbial systems as bioproduction chassis organisms. 
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Project Goals: Our objective is to develop a new standard for the engineering of microbial 
systems based on rational design, engineering, and optimization of hybrid regulatory 
networks. We envision a future biorefinery that is based on the development of designer 
organisms that have exquisite and predictable control architectures governing the 
expression of a range of valuable traits. Computer aided design platforms will guide the 
assembly of synthetic constructs containing orthogonal heterologous circuits to recode 
native regulatory networks. Together, these will enable predictable and dynamic control of 
multiple designer phenotypes such as: i) growth on various feedstocks in consolidated 
bioprocesses, ii) feedback control to mitigate accumulation of toxic metabolites, iii) 
production of target molecules (C3-C4 alcohols), and/or iv) robustness to process upsets 
(e.g. temp., phage). The focus of this proposal is to develop the technical and computational 
infrastructure to enable this vision. We will develop this platform first in the model 
organisms E. coli and S. cerevisiae and then in DOE relevant non-model organisms.  

The sustainable production of biofuels is of continued importance in light of increasing concerns 
about climate change and energy security. Advances in metabolic engineering, synthetic biology, 
and systems biology have provided a number of strategies for the more rapid design, 
construction, and testing of model systems for the production of next generation fuel-grade 
compounds (e.g. C3–C5 alcohols). However, the titer and productivity of engineered strains that 
produce C3-C5 alcohols are still below those required for economic production. The rate limiting 
step is no longer our ability to construct designer strains, but rather how to design and engineer 
increasingly complex networks of combinatorial phenotypes required for the economic and 
sustainable production of these biofuels and other bioproducts. The core challenges are: i) the 
general lack of mechanistic understanding required to predictably rewire targeted phenotypes; 
and ii) the size of the combinatorial mutational space spanning complex phenotypes is much 
larger than the size that can be searched on laboratory timescales. 

To address these issues, we developed a foundation for forward engineering of regulatory control 
architectures, which combines CRISPR Enabled Trackable Genome Engineering (CREATE; 
developed in the Gill lab) and forward engineering of E. coli/yeast regulatory networks to access 
complex targeted phenotypes. We designed, constructed, and mapped libraries of more than 100 
regulatory genes containing more than 100,000 specific mutations to perturb the E. coli and yeast 
global regulatory networks. We performed growth competition experiments for library mutants 
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conferring increased C3-C4 alcohol tolerance and also screened for increased alcohol production. 
The titer of isopropanol and isobutanol in the best producing E. coli mutants were improved 3-
fold and 2-fold compared to the parent strain, and the tolerance for isopropanol and isobutanol 
were increased to 30 g/L and 10 g/L, respectively. The tolerant yeast mutants tolerated 60 g/L 
isopropanol and 15 g/L isobutanol while the parent strain did not grow in these high 
concentrations of alcohol. 

This research is supported by the Office of Biological and Environmental Research in the DOE 
Office of Science.  
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Project   Goals:   Cello   is   a   suite   of   tools   for   biological   circuit   design   and   functional  
prediction   created   by   the   Voigt   and   Densmore   Labs.   Our   objective   is   to   allow   biologists  
to   easily   design   and   analyze   custom   genetic   circuits   using   this   framework   while   also  
leveraging   the   interlinked   resources   within   the   DOE   Systems   Biology   Knowledgebase   to  
support   advanced   information   and   modeling   capabilities   for   gene   and   organismal  
function.   KBase   will   also   ultimately   enable   sharing   of   the   design,   build,   test   and   learn  
processes   that   are   transferable   and   generalizable   across   applications.    We   seek   to  
increase   the   efficacy   of   biological   design   procedures   to   reduce   the   number   of  
experimental   implementation   iterations   necessary   for   product   optimization.  
 
Advances   in   DNA   reading   and   writing   technologies   are   driving   the   adoption   of   new   paradigms  
for   engineering   of   biology.   One   of   the   current   challenges   is   to   be   able   to   decide   which   genetic  
parts   must   be   rewired   to   achieve   higher   production   of   desired   bioproducts.   To   do   this,   there  
must   be   standards   for   rapid   design   and   testing   of   custom   gene   regulatory   systems.   Therefore,  
this   project   aims   to   develop   a   smart   platform    in   which   engineers   can   synthesize   and   test   their  
circuits    in   silico    within   one   virtual   location   and   test   the   circuits   in   an   environment   that   allows  
leverage   of   diverse   information   and   models   of   diverse   biological   function   in   variable  
environments   through   multiple   programs.   In   addition,   engineers   will   avoid   having   to   deal   with  
the   laborious   process   of   managing   the   configuration   of   the   program   on   their   personal  
computers.     Toward   this   goal,   we   used   the   KBase   Software   Development   Kit   to   add   the   Cello  
biocircuit   design   software   into   the   system   and   established   the   framework   for   design   and  
analysis   of   synthetic   genetic   circuits.   
 
Cello   is   a   computer-aided-design   program   created   by   CIDAR   labs   (Boston   University),   the  
Synthetic   Biology   Center   at   MIT,   and   the   Biosystems   and   Biomaterials   Division   at   the   NIST.   The  
program   applies   the   concept   of   Circuit-Design   Automation   from   computer   circuit   design   to  
genetic   parts   in   living   organisms.   It   uses   the   modularity   of   transcription   factors   such   as  
repressors   and   promoters   to   control   the   gene   regulatory   system.   One   of   the   inputs   to   the  
program   is   a   set   of   instructions   which   lists   relationships   between   certain   promoters   and   their  
related   outputs   (e.g.   the   presence   of   compound   A   implies   Gene   B   is   being   expressed,   the  
presence   of   compound   B   means   Gene   C   is   not   being   expressed);   the   other   inputs   are   the  
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promoters   and   outputs   themselves.   This   information   is   used   to   generate   the   instructions   for   a  
plasmid   which   would   realize   these   relationships   and   predict   its   operation   in   the   target   organism.   
 
Now   that   Cello   is   packaged   in   KBase,   users   can   design   genetic   circuits   that   are   predicted   to  
express   target   pathways   under   different   environmental   conditions,   and   produce   and   visualize   a  
plasmid   design   to   implement   this   circuit.   While   still   under   development   and   being   optimized   for  
integration   with   the   rest   of   KBase   capabilities,   this   brings   a   powerful   design   tool   into   a   powerful  
environment   for   everyone   to   use   and   build   upon.   
 
Ultimately,   this   research   will   enable   predictable   and   dynamic   control   of   multiple   economically  
important   traits   such   as   growth   on   plant-derived   feedstocks,   tolerance   to   toxic   byproducts   and  
other   stresses,   and   production   of   multiple   and   complex   target   molecules.   By   deploying   these  
new   biological   engineering   platforms   for   non-model   microorganisms   with   potential   industrial  
relevance,   this   project   will   advance   the   DOE's   mission   to   develop   sustainable   biofuel   production  
from   renewable   sources.  
 
 
This   research   is   supported   by   the   Office   of   Biological   and   Environmental   Research   in   the   DOE  
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Project Goals: The overall goal of this project is to test if plant-microbe interactions are 
limited to influencing the rate of C accrual, while mineralogy regulates the sink capacity of 
biofuel cropping systems. To accomplish this goal, we are (1) characterizing microbial 
necromass, (2) identifying the microbial pathways that contribute to necromass 
accumulation under controlled conditions, (3) characterizing microbial necromass 
accumulation in soil incubation experiments and (4) comparing long-term, cross-site 
microbial responses to cropping system inputs and edaphic factors.   

Abstract text. Crop selection and soil texture influence the physicochemical attributes of the soil, 
which structure microbial communities and influence soil organic matter formation, cycling and 
long-term storage. At the molecular scale, microbial metabolites and necromass alter the soil 
environment, which creates feedbacks that influence ecosystem functions, including soil organic 
matter accumulation. Yet the generalizable mechanisms regulating the accrual and long-term 
stabilization of soil organic matter are still unclear. Using a long-term soil incubation and 13C-
labeling, we are testing the hypotheses that (1) microbial derived necromass is a significant 
component of soil organic matter and (2) soil texture and mineralogy significantly influence 
microbial derived organic matter composition and accumulation. By integrating lab to field 
studies, we aim to identify the molecules, organisms and metabolic pathways that control the 
formation of compounds that contribute to long-term organic matter stabilization in bioenergy 
soils.  

As plant-derived inputs undergo microbial decomposition, some of the resulting organic residues 
are incorporated into microbial biomass, and a significant proportion of soil organic matter is 
attributed to the resulting microbial derived residues, or necromass. This includes biomass 
residues (lipids, proteins, amino sugars) and microbial exudates (enzymes, exopolysaccharides, 
lipids, glycoproteins). Yet little empirical evidence is available to support this conceptual model 
and inform management decisions that aim to amplify biological processes that enhance soil 
organic matter formation and persistence. To address this knowledge gap, we are conducting a 
long-term lab incubation and characterizing microbial residues using mirco-IRMS, GC-MS and 
ssNMR. Soil samples were collected from switchgrass (Panicum virgatum) plots from the DOE 
the Great Lakes Bioenergy Research Center (GLBRC) Intensive Biofuel Cropping System 
Experiments, including sandy loams of the Kellogg Biological Station (KBS) in MI, and silty 
loams from the Arlington Agricultural Research Station (AARS) in WI. These soils were 
amended with 13C-labeled glucose, which was rapidly incorporated into microbial biomass. The 
sandy soils had a microbial community that was more active over the course of the two-month 
incubation, where 18.9 % of the added carbon (C) was respired in the first 24 hours for sandy 



soils (MI) and 17.2% for silty (WI) soils. By tracking the remaining 13C over time, we are 
determining the persistence and form of microbial derived molecules. To demonstrate the 
transformation of microbial necromass into soil organic pools, we waited for the initial 13C 
labeled microbial community to turnover (2 months lab incubation) before sampling. We 
measured C pools and 13C incorporation into microbially derived metabolite, protein and lipid 
pools as well as residuals that were unextractable and strongly associated with the soil. Despite 
respiring roughly 20% of the added glucose as CO2 in the first 24 hours, approximately half of 
the added 13C remained in the soil after 2 months. After extraction ~1/3 of the total soil C 
remained in the soil and contained ~20% of the soil 13C.  Although the metabolite, lipid and 
protein pools contained <0.2% of the samples on a mass basis, they contained 20-25% of the 
remaining label. Relative to proteins and lipids, the metabolites were the most highly enriched 
(>5000d‰ d13C), despite containing the lowest C concentration. Together these data reveal how 
C assimilated by microbes is transformed into pools of soil organic C. By using a cross-site 
approach this study demonstrates the influence of soil texture on the persistence of necromass 
pools. Incubations are on-going, and the final harvest will occur after the turnover of multiple 
generations of the soil microbiome to reveal the form and fate of microbial necromass in soil. 

This research was supported by an Early Career Research Program award to KS Hofmockel, 
funded by the U.S. Department of Energy, Office of Science, Office of Biological and 
Environmental Research Genomic Science program under FWP 68292. A portion of this work 
was performed in the William R. Wiley Environmental Molecular Sciences Laboratory (EMSL), a 
national scientific user facility sponsored by OBER and located at PNNL. PNNL is a multi-
program national laboratory operated by Battelle for the DOE under Contract DE-AC05-76RLO 
1830. 
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Project Goals:  

PNNL’s Soil Microbiome SFA aims to achieve a systems-level understanding of the soil 
microbiome’s phenotypic response to changing moisture. We focus on a multi-scale examination of 
the molecular and ecological interactions occurring within and between members of microbial 
consortia. Integrated experiments are designed to confront spatial challenges and inter-kingdom 
interactions that regulate networks of biochemical reactions. The exchange among bacteria, fungi, 
viruses and plants are being characterized in the context of microbial metabolism and community 
function. These experimental data have been used to parametrize individual- and population-based 
models for predicting interspecies and inter-kingdom interactions. Predictions are tested in lab and 
field experiments to reveal individual and community microbial phenotypes.  Our cross-scale 
experiments are coordinated together to investigate the influence of moisture on the interkingdom-
interactions. Data is captured and shared through an optimized data management pipeline. 
Knowledge gained will provide fundamental understanding of how soil microbes interact to 
decompose organic carbon and enable prediction of how biochemical reaction networks shift in 
response to changing moisture regimes. 

Abstract:  The soil microbiome is an invaluable component of ecosystem function. Improving our 
understanding of the soil microbiome will aid predictions of how microbially-mediated processes are 
affected by external perturbations.  However, the soil microbiome’s extensive taxonomic and functional 
diversity hinders comprehensive analysis of this system. One option for studying the soil microbiome in 
detail is to deconstruct it into discrete functional units for individual analysis. Here, we aimed to dissect 
the complex soil microbiome through targeted enrichments based on metabolic capacity, thereby 
obtaining reduced-complexity consortia we term ‘functional modules’. We hypothesized that, through 
targeted enrichments of a starting soil inoculum, we can obtain functional module communities that are 
low-diversity, reproducible and predictable, and encapsulate a significant extent of soil phylogenetic 
diversity while also enriching for underrepresented soil taxa. Furthermore, we hypothesized that 
functional module communities are also distinct from one another with respect to gene expression 
patterns. 

To generate functional module communities, we cultured a soil inoculum in minimal media with 
specific modifications for the module in question. Module categories included addition of simple carbon 
substrates (e.g. sugars, organic acids) or complex plant polysaccharides, supplementation with antibiotics, 
anaerobic modules with alternative redox acceptors, or imposition of alternative growing conditions 
reflective of common field stresses. In total, 324 communities were obtained across 66 distinct functional 
modules. Analyzing community composition via 16s rRNA amplicon sequencing revealed that all modules 
were significantly reduced in diversity and richness relative to control soil communities, with 
polysaccharide modules significantly more diverse than all remaining categories. With respect to 
reproducibility, anaerobic modules were the least predictable (highest variability between module replicates 
for community composition), followed by polysaccharide and stress modules. 



Our approach isolated not only known soil microbiomes but also several that are not found in 
amplicon analysis of soil.  We found that of the 241 unique taxa in the soil core microbiome, 90 were 
found in at least one functional module core, collectively encapsulating approximately 37.3% of soil 
phylogenetic diversity. While most major soil phyla were represented in module cores, there were several 
that were underrepresented (Verrucomicrobia) or not found (Planctomycetes) and likely require 
alternative strategies for enrichment. In addition, we were also able to obtain 481 taxa that were uniquely 
found in module cores, showing there is a significant extent of soil diversity that becomes measurable 
through our strategy. We also investigated functional trends across a subset of modules using a 
metatranscriptomics approach, to confirm that modules are significantly different at the functional as well 
as taxonomic level. Functional patterns varied by module: for example, pectin and xylan modules were 
elevated for transcripts involved in ‘Glycan biosynthesis and metabolism’ relative to the other three 
modules. Comparing patterns of enriched transcripts showed that each of these five modules has its own 
distinct pattern on the collective microbial metabolic map. These results highlight the potential for 
combining separate modules into functional patterns and ultimately reconstructing the full biochemical 
capacity of the soil microbiome. 

The functional module approach used here has significant applications for microbiome analysis: 
module communities are more tractable for omics analysis while retaining interactions of the native parent 
community. When studying a particular metabolic niche or biochemical process, a reduced-complexity 
consortium of microbes implicated in this process can be obtained through this strategy. Furthermore, 
through investigation of functional trends, one can piece together the full functional potential of a 
microbiome system with higher detail than would be achievable through holistic analyses. Establishing this 
methodology will not only be beneficial for improving our understanding of the soil microbiome but could 
conceivably be applied to other complex microbiomes as well.  

Funding statement: This research was supported by the U.S. Department of Energy (DOE), Office of 
Biological and Environmental Research (OBER), as part of BER’s Genomic Science Program (GSP), and 
is a contribution of the Pacific Northwest National Laboratory (PNNL) Soil Microbiome Scientific Focus 
Area "Phenotypic Response of the Soil Microbiome to Environmental Perturbations". A portion of this work 
was performed in the William R. Wiley Environmental Molecular Sciences Laboratory (EMSL), a national 
scientific user facility sponsored by OBER and located at PNNL. PNNL is a multi-program national 
laboratory operated by Battelle for the DOE under Contract DE-AC05-76RLO 1830. 
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Project Goals: PNNL’s Soil Microbiome SFA aims to achieve a systems-level understanding of the 
soil microbiome’s phenotypic response to changing moisture. We focus on a multi-scale 
examination of the molecular and ecological interactions occurring within and between members of 
microbial consortia. Integrated experiments are designed to confront spatial challenges and inter-
kingdom interactions that regulate networks of biochemical reactions. The exchange among 
bacteria, fungi, viruses and plants are being characterized in the context of microbial metabolism 
and community function. These experimental data have been used to parametrize individual- and 
population-based models for predicting interspecies and inter-kingdom interactions. Predictions 
are tested in lab and field experiments to reveal individual and community microbial 
phenotypes.  Our cross-scale experiments are coordinated together to investigate the influence of 
moisture on the interkingdom-interactions. Data is captured and shared through an optimized data 
management pipeline. Knowledge gained will provide fundamental understanding of how soil 
microbes interact to decompose organic carbon and enable prediction of how biochemical reaction 
networks shift in response to changing moisture regimes. 

Abstract: Increasing evidence suggest that inter-kingdom interactions are critical to microbial resiliency 

under water and nutrient stress. Within soil microbiomes, fungal constituents are believed to be among 

the most successful under water and nutrient limited conditions. This is in part due to the filamentous 

hyphal networks that most soilborne fungi can develop, which permits them to link and exploit discrete 

substrate pools. Furthermore, widespread fungal interactions with plants and bacteria make fungi integral 

to all aspects of C, N, P, and S cycling within soil. Nonetheless, the precise mechanisms of how soil 

fungal communities biosense and access specific nutrient sources under drought remains vastly 

understudied. Here, we explored the presence and role of fungal hyphal networks in native soil 

experiencing drought-like conditions, and then we aimed to gain deeper insight into the processes that 

govern mycelial bridging of nutrient sources within the soil microenvironment.  

We built a controlled soil environment (a so-called ‘SoilBox’)1, which enables determination of 

spatial organization and interaction of soil microbial communities using optical and mass spectrometry 

imaging techniques.2 Within the SoilBox, we were able to visualize fungal hyphal networks bridging 

different chitin islands over distances of 27 mm in native soil under limited soil moisture conditions. 



Moreover, optical and molecular imaging results showed the rate of chitin island decomposition by the 

native soil microbial community under different moisture regimes, where degradation of the islands was 

not significantly altered under dry soil conditions in comparison to soil moisture at field capacity under 

the timeframe we measured. We then inoculated Fusarium chlamydosporum into micromodels that 

concurrently simulate the porosity and mineralogy of soil. We observed increased hyphal density and 

fungal thigmotropism around obstacles and through soil-like pore spaces within mineral-doped soil 

micromodels in comparison to micromodels without minerals. Secondary ion mass spectrometry analysis 

showed K+ and Na+ enrichment and translocation in fungal hyphae grown in mineral-doped channels. The 

translocation from minerals by fungal hyphae resulted in K+ speciation, as was observed using X-ray near 

edge absorption analysis. In comparison, fungal mycelia grown in micromodels without minerals did not 

exhibit thigmotropic behavior, micronutrient cation translocation, or K+ speciation. These results provide 

the first direct evidence of hyphal translocation of micronutrients from a mineral surface under nutrient 

limiting conditions. Taken together, these studies demonstrate that mycelial acquisition and transport of 

mineral-derived inorganic nutrients provides fungal communities a survival advantage, where they can 

access scarce and discrete organic nutrient pools within soil microenvironments and act as nutrient 

highways during drought. 
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Project Goals:  

PNNL’s Soil Microbiome SFA aims to achieve a systems-level understanding of the soil 
microbiome’s phenotypic response to changing moisture. We focus on a multi-scale examination of 
the molecular and ecological interactions occurring within and between members of microbial 
consortia. Integrated experiments are designed to confront spatial challenges and inter-kingdom 
interactions that regulate networks of biochemical reactions. The exchange among bacteria, fungi, 
viruses and plants are being characterized in the context of microbial metabolism and community 
function. These experimental data have been used to parametrize individual- and population-based 
models for predicting interspecies and inter-kingdom interactions. Predictions are tested in lab and 
field experiments to reveal individual and community microbial phenotypes.  Our cross-scale 
experiments are coordinated together to investigate the influence of moisture on the interkingdom-
interactions. Data is captured and shared through an optimized data management pipeline. 
Knowledge gained will provide fundamental understanding of how soil microbes interact to 
decompose organic carbon and enable prediction of how biochemical reaction networks shift in 
response to changing moisture regimes. 

Abstract: 

Soil microbial communities are critical to the overall carbon cycle and to the decomposition of complex 
biopolymers such as chitin and cellulose.  Despite the critical nature of these microbiomes, a detailed 
understanding of how the interactions between members lead to emergence of community functions is 
lacking.  This is due, in part, to the complex nature of the soil microbiome with thousands of species across 
several kingdoms contributing to the overall response of soil.  In order to gain a more detailed view of the 
soil environment, we took an approach based on developing and analyzing reduced complexity microbial 
consortia that contain fewer species than the native soil but are still representative of this site and are more 
experimentally tractable. We hypothesize that analysis of these model consortia can identify reaction 
modules (sets of interacting species or enriched metabolic functions), and other fundamental aspects of soil 
microbiome interactions.  These microbial relationships can serve as functional predictions for future tests 
to be carried out at our native field site, greatly expanding our knowledge of the functioning of soil 
microbiomes. We expect that such consortia will serve as valuable tools for the research community at large 
to identify metaphenomes and microbial traits.  

 To generate reduced complexity soil microbial consortia, we collected samples from our native 
field site containing a grassland silt loam soil.  This native soil was then diluted to various levels, ranging 
from 10-2 to 10-3 and cultured on agar plates containing soil extract (water soluble soil nutrients) as well as 
chitin (100 ppm).  Cultivation was carried out for several months with replating performed once per week 
to maintain the community.  We found that species richness rapidly fell when soil microbial communities 
were cultured on plates, reaching levels of between 20-70 OTUs in only 2-3 weeks.  In addition, several of 
the communities examined via 16s amplicon analysis still represented a fairly diverse community with 



several different phyla, orders and genera represented. Very few of the communities were completed 
dominated by only a few bacterial or fungal species. 

 We also found that consortia could be stored as glycerol stocks or lyophilized stocks and 
reconstituted with a high degree of reproducibility.  Most of the reconstituted consortia tested were very 
similar to the parent consortia on plates and there was consistent similarity across replicates of reconstituted 
stocks showing that regrowth from a stock on a plate is a deterministic process.  We were also able to isolate 
many of the constituent species from these consortia and carry out pair wise incubations to begin to explore 
their interspecies interactions. These data, combined with co-abundance networks of these consortia during 
growth in soil, show that Rhodococcus, Streptomyces and Rhizobiales species found in our consortia are 
likely critical to the functioning of this community. These species occupy high central positions in our 
species co-abundance network and co-cultivation experiments show that, especially in the case of 
Rhodococcus, there are likely beneficial interactions with other species of these consortia. 

This series of representative and reduced complexity are powerful tools that can be used by the soil 
community at large to interrogate the response of soil microbiomes to a number of perturbations and to 
confirm critical interactions between microbial species, particularly inter-kingdom interactions that 
characterize the emergent behavior of soil microbiomes.  Constructed reduced complexity consortia provide 
a means to more powerfully leverage high-throughput, multi-omic techniques to better characterize these 
interactions and the major constituent players that are a part of them.  Further knowledge of these 
interactions will help us better understand the overall metaphenome of soil systems, especially as they 
respond to critical perturbations including drought.  
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Project Goals:  

PNNL’s Soil Microbiome SFA aims to achieve a systems-level understanding of the soil 
microbiome’s phenotypic response to changing moisture. We focus on a multi-scale examination of 
the molecular and ecological interactions occurring within and between members of microbial 
consortia. Integrated experiments are designed to confront spatial challenges and inter-kingdom 
interactions that regulate networks of biochemical reactions. The exchange among bacteria, fungi, 
viruses and plants are being characterized in the context of microbial metabolism and community 
function. These experimental data have been used to parametrize individual- and population-based 
models for predicting interspecies and inter-kingdom interactions. Predictions are tested in lab and 
field experiments to reveal individual and community microbial phenotypes.  Our cross-scale 
experiments are coordinated together to investigate the influence of moisture on the interkingdom-
interactions. Data is captured and shared through an optimized data management pipeline. 
Knowledge gained will provide fundamental understanding of how soil microbes interact to 
decompose organic carbon and enable prediction of how biochemical reaction networks shift in 
response to changing moisture regimes. 

Environmental stress from drought is increasing in frequency with unknown outcomes for soil 
microbiomes. The mechanisms in which the microbial communities respond to dehydration is very 
important, particularly in arid and marginal lands. As soils dry, the water potential across the cell wall 
decreases leading to osmotic stress which is compounded by limited diffusion. To address environmental 
changes caused by differences in moisture level, microbes must shift physiology and metabolic 
interactions to survive. One mechanism microbes employ to offset decreases in moisture levels is the 
production of osmolytes to reduce their internal water potential and maintain fluid balance. Mostly, 
microbes use simple organic molecules with good solubility such as amino compounds (amino acids and 
glycine betaine) and simple sugars (trehalose). However, the synthesis and storage of these compounds is 
energetically costly to the microbe and little is understood about the molecular response to the changes in 
soil moisture, and how that affects the phenotype. 

Here, we aimed to understand how the physiology, metabolism, and interactions of soil microbes 
change in response to moisture, and to use this understanding as a basis for predicting the soil 
metaphenome. While microbes respond to drought by different mechanisms, a common phenomenon is 
the rapid mineralization of soil organic matter and increased rate of CO2 release upon rewetting dry soil, 
termed the ‘Birch Effect’. We are testing the hypothesis that during desiccation in an arid, marginal soil, 
microbes will initially accumulate osmolytes only to rapidly metabolize them upon rewetting. One 
mechanism for the disposal of the osmolytes is the rapid release of CO2, DOC and nutrients, arising from 
intracellular material and varies in magnitude based on the biomass. Most analyses measure respiration on 
the hour to daytime frame, thus missing the immediate rewetting events. To provide information about the 
initial microbial response to wetting, we developed and an atmospheric monitoring instrument (RTMS) 
that measures the levels of CO2, O2, N2, H2O and other relevant gases, simultaneously in real time. In these 



experiments, desiccated soil was rewet, and gas levels were measured in seconds, minutes and hours after 
rewetting.  

After rewetting desiccated soil, we observed a rapid production of CO2 in the first 90 minutes 
after which the rate stabilized. In order to determine the origin of the carbon, we amended the water used 
in the rewetting step with glucose to act as a surrogate for extracellular carbon. In these experiments, we 
observed a biphasic CO2 response; a rapid release of CO2 that leveled off at 90 minutes, and a larger 
production of CO2 over the next 4 hours. We hypothesized that this initial burst was due to the 
metabolism of intracellular compounds and the secondary burst was due to the metabolism of 
extracellular compounds. To test this hypothesis, we used 13C labeled glucose in the experiment to 
differentiate between 12CO2 and 13CO2 production. The 12CO2 portion of the glucose addition resulted in a 
respiration response that was identical in rate and amplitude to that observed in a water-only control. The 
13CO2 production was identical to 4-hour response, leading to the supposition that internal metabolites are 
respired before external ones after rewetting. In the same experiment, we were also able to detect O2, N2 
and H2O over the same time scale.  By taking measurements of all the gasses in real time, we were able to 
deconvolve the order and rate in which the microbial communities were producing or consuming the 
different gasses in the first 90 seconds after the addition of water. 

Evaluation of the soil metabolomes at specified time points within 3 hours after wetting were also 
examined. GC-MS based analysis revealed 119 metabolites, including trehalose, glycine and other sugars, 
and amino acids. Of these metabolites, 58 were confidently identified, and 61 spectral features represent 
opportunities to discover new metabolite identifications. GC-MS based lipidomic analysis revealed 
changes in fatty acid profiles and related molecules in response to rewetting dry soil. LC-MS/MS based 
lipidomic analysis revealed significant changes across multiple lipid classes including 
glycerophospholipids, glycerolipids and sphingolipids. For example, triglycerides, which can potentially 
function as storage molecules and regulate cellular fluidity, were found to increase in rewet soil and also 
showed a higher degree of saturation. Together our multi-omic analysis is contributing towards a deeper 
understanding of the soil microbiome metabolic and metaphenomic responses to drought.  
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Project goals:  
PNNL’s Soil Microbiome SFA aims to achieve a systems-level understanding of the soil 
microbiome’s phenotypic response to changing moisture. We focus on a multi-scale 
examination of the molecular and ecological interactions occurring within and between 
members of microbial consortia. Integrated experiments are designed to confront 
spatial challenges and inter-kingdom interactions that regulate networks of biochemical 
reactions. The exchange among bacteria, fungi, viruses and plants are being characterized 
in the context of microbial metabolism and community function. These experimental data 
have been used to parametrize individual- and population-based models for predicting 
interspecies and inter-kingdom interactions. Predictions are tested in lab and field 
experiments to reveal individual and community microbial phenotypes.  Our cross-scale 
experiments are coordinated together to investigate the influence of moisture on the 
interkingdom-interactions. Data is captured and shared through an optimized data 
management pipeline. Knowledge gained will provide fundamental understanding of how 
soil microbes interact to decompose organic carbon and enable prediction of how 
biochemical reaction networks shift in response to changing moisture regimes. 
 

Although viruses are the most abundant biological entities on the planet, they have been 
challenging to study in soil systems. Based largely on work in other systems, soil viruses are 
hypothesized to be vital to ecosystem functions through transferring auxiliary metabolic genes, 
lysing microbial cells, and inducing microbial taxonomic turnover. Auxiliary metabolic genes 
(AMGs) in marine viruses, for instance, encode numerous metabolic functions involved in carbon, 
nitrogen, and phosphorous cycling. Yet, we have limited understanding of the identity, 
distribution, and ecological function of soil viruses due in part to the vast range of soil ecosystems, 
and until recently the lack of appropriate molecular screening tools.  

Due to the lack of a universal marker gene, such as 16S rRNA that is used in prokaryote 
phylogeny, soil viruses have mainly been identified by screening for viral sequences from 
metagenomes. Recent advances in high-throughput sequencing and computational approaches 
make it feasible to uncover virome from the soil microbiome with high complexity. Current 
bioinformatic tools each have limitations on their abilities to identify viral sequences from 
environmental metagenomes, and viral reference databases are insufficient for soil viromes. We 
therefore developed the ‘VirFunnel’ workflow to increase confidence in soil viral assignments by 
leveraging multiple computational tools and viral reference databases, thereby mitigating the 
weaknesses of each approach with another publicly available tool. The VirFunnel workflow 
includes the VirSorter and VirFinder tools as well as self-curated and public-available viral 



databases (JGI IMG_VR and NCBI RefseqVirus). It contains four distinct modules to (1) provide 
increased confidence in assignment of viral sequences from soil metagenomes (viral mining 
module), (2) assess viral diversity with a standardized and step-wise workflow (viral clustering 
module), (3) determine host composition (host assignment module), and (4) extract potential 
auxiliary metabolic genes (AMG classification module).   

We challenged our resulting computational workflow to uncover viruses from three highly 
complex, deeply sequenced soil metagenomes (>1 Tbp each) that were obtained from native 
grassland soils in Washington, Kansas and Iowa. These soils span a range of physicochemical 
conditions and harbor diverse microbiomes. To date, there have been few studies of soil viruses 
using a metagenome screening approach, and ours represents the first for grassland soils containing 
incredibly high microbial diversity and complexity. By application of VirFunnel, we were able to 
detect 2,631 soil viral sequences representing 28% and 230% more putative viruses than solely 
VirSorter or Virfinder, respectively. These include many previously undescribed soil viruses.  

We were particularly interested in possible ecological roles for viral clusters found in all 
three grassland soils. Commonly detected viral clusters contained significantly more viral 
sequences with more average CRISPR hits than site-specific clusters, indicating more frequent 
virus-host interactions. Some of these viral clusters were linked to multiple hosts across different 
microbial phyla, suggesting a potential for viral generalists with a wide host range in soils. 
Additionally, we identified potential viral AMGs previously undescribed in soils and thought to 
be involved in mannose degradation pathways in all soils. Auxiliary metabolic genes involved in 
xylan degradation were detected in WA and Kansas soils. Since xylan and mannan/mannose are 
common plant cell well components, multiple related AMGs detected across our three disparate 
grassland soils supports recent suggestions that viruses have the ability to cycle plant-derived 
carbon compounds in soil. Finally, we located many AMGs involved in complex carbohydrate 
metabolism, energy acquisition and fatty acid biosynthesis that collectively point to a central role 
for viruses in soil carbon cycles more broadly. 
 To expand our understanding of the soil virome to a global scale, we also collaborated with 
the JGI to collect over 3200 samples with metagenomic shotgun sequences for use in the most 
extensive characterization of soil viruses to date. The 3200 samples are from numerous sources 
including IMG, MG-RAST, EMP, NEON, and other collaborators. We plan use this dataset to 
define the global soil virome in terms of its size, diversity, and function. We will highlight 
biogeographical and eco-evolutionary patterns of viral sequences and their potential hosts, as well 
as identify sequences attributed to giant viruses, virophages, and AMGs.  We predict that viruses 
are involved in multi-domain interactions in soils and play central roles in soil metaphenomes by 
serving as a genetic reservoir of metabolic genes. 
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Project Goals: This project aims develop and apply new methods to understand the ecology 
of soil microorganisms using stable isotope tracers and genomics. This new suite of 
techniques will investigate and describe the microbial ecology of nutrient cycling in soil 
environments as microorganisms grow and die. The work will focus on particular soil 
microorganisms, bacteria and fungi, that make up the majority of life in soil, and which are 
responsible for most of the nutrient transformations in soil that are vital to ecosystems, and 
to people. This project will also evaluate how soil microorganisms and the nutrient cycling 
processes they catalyze are sensitive to shifts in temperature, a major driver of biological 
processes.  

Abstract  

We are combining isotopes and genomics to understand the ecology of soil microorganisms, 
focusing on their responses to warming across biomes.  The work relies on four long-term field 
experiments where temperature-treated and control plots occur in arctic, boreal, temperate, and 
tropical biomes. Our first step in evaluating nutrient uptake is to measure growth rates of 
microorganisms, in situ, because growth is an excellent integrator of resource assimilation. We 
conducted experiments to measure rates of growth of soil microorganisms in response to a large 
temperature gradient in the laboratory (5 - 45 degrees C) and in the field (using in situ warming 
experiments), and have found that soil bacterial growth rates are strongly sensitive to temperature 
in both contexts. We also find considerable taxonomic variation in the temperature responses of 
soil bacteria. Phylogenetic signals of these responses, while often significant, in general do not 
support phylum-level generalizations about bacterial traits. Rather, when signals are statistically 
significant, they appear to reflect finer-scale phylogenetic organization. In the field, warming in 
temperate and arctic ecosystems caused changes in bacterial growth that depended on the duration 
of exposure to the warming treatments, and responses were concomitant not only with changes in 
temperature but also with shifts in the plant community and with effects on soil processes. In 
general, we find that bacterial growth rates — and their responses to warming — scale to measured 
rates of biogeochemical fluxes, making it possible to estimate taxon-specific rates. In general, this 
work aims to ascribe element fluxes with taxonomic resolution, and to test the sensitivities of these 



processes to temperature. The approach used here interrogates community and taxon-specific 
microbial controls over key biogeochemical processes in terrestrial environments, and test 
quantitative ecological and biogeochemical principles using genomics and isotope data, including 
theories of element limitation, growth efficiency, and nutrient use efficiency.  
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Project Goals: This project aims to develop and apply new methods to understand the 
ecology of soil microorganisms using stable isotope tracers and genomics. This new suite of 
techniques will investigate and describe the microbial ecology of nutrient cycling in soil 
environments as microorganisms grow and die. The work will focus on particular soil 
microorganisms, bacteria and fungi, that make up the majority of life in soil, and which are 
responsible for most of the nutrient transformations in soil that are vital to ecosystems, and 
to people. This project will also evaluate how soil microorganisms and the nutrient cycling 
processes they catalyze are sensitive to shifts in temperature, a major driver of biological 
processes.  
 

In DNA-based quantitative Stable Isotope Probing (qSIP) a tracer enriched in heavy stable 
isotopes is added to a microbial community. Microbes that assimilate the tracer and replicate 
their genome incorporate the heavy isotopes into their DNA which can be separated from DNA 
with natural abundance levels of isotopes along a cesium chloride gradient generated in an 
ultracentrifuge. By analyzing the DNA in each of the 20-30 fractions taken from the gradient it is 
feasible to calculate the atom percent enrichment of each bacterial taxon’s DNA. However, it has 
proven challenging to compare qSIP results among different experiments and laboratories. This 
may be because different types of tracers are used or because the equipment used for qSIP is not 
the same in all labs. We propose that using internal standards in qSIP will improve comparisons, 
decrease variance within a qSIP experiment and the amount of labor required for qSIP analysis. 
We constructed 2 different plasmids, approximately 9 kb in size, which contain bacterial 16S V4 
primer sites commonly used to characterize a fragment of the bacterial 16S rRNA gene via 
Illumina based amplicon sequencing.  The sequence in between the primer sites was taken 
upstream from the E. coli 16S rRNA gene and is not highly homologous to known 16S rRNA 
gene sequences, so that it is possible to distinguish between the internal standards and the 16S 
rRNA gene sequences derived from the microbial community. We used one of the plasmids as a 
template in PCR with nucleotides that contained natural abundance levels of 13C and 15N while 
the other plasmid served as a template in PCR with nucleotides that contained 98 atom% 13C and 
15N. As a result the PCR product from one plasmid was approximately 26.5 neutrons heavier 
than the other PCR product. This resulted in a 0.05 g/mL difference in density as measured 
through isopycnic centrifugation on a cesium chloride gradient. We will present a strategy for 



standardizing the difference in density between the two standards so that DNA-qSIP results from 
different laboratories and experiments can be compared. 
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Project Goals: To create large interaction networks using SNPs, transcriptomic, 
metabolomic, microbiome taxa, climatypes and other types of phenotype data as well as 
tissue-specific epigenetic and expression data. The creation of such network-based models 
involves computing ensembles of custom correlation metrics, mixed linear models and 
explainable-AI methods at extreme scales on the Oak Ridge Leadership Computing Facility 
supercomputer Summit. The results of these workflows are modeled as networks (and hyper-
networks) in order to provide an integrated systems biology view of an organism.  This 
includes using a number of previously developed analysis & modeling methods that, in 
combination with explainable-AI approaches, predict (high combinatorial order) epistatic 
architectures for all available traits. This is being developed as a community resource in 
KBase for the model plant Arabidopsis thaliana.  
 

The rapid increase in biological assays, high-throughput phenotyping studies, and 
computational prediction capabilities has resulted in an enormous wealth of biological data for 
many model species. These data layers (e.g., genomic, transcriptomic, metabolomic, protein-
protein interactions, climatype, phenomic) are developed with the goal of understanding the 
operation of overarching biological systems and discovering the basis for emergent phenotypes. 
Each data layer is often interpreted within the context of that specific dataset, which provides 
useful, but limited, insights. This is because biological elements rarely operate in isolation within 
and between the cellular environment; data from a single layer reveals only part of the story, and 
can possibly be misleading. As the primary model plant species, there is a great deal of publicly 
available data derived from Arabidopsis thaliana. We are creating data products composed of A. 
thaliana data layers that will be integrated into KBase. Furthermore, we will develop novel 
algorithms that can be ported into KBase in order to provide a flexible, open-source product for 
plant biologists interested in A. thaliana. We will also develop a systems-biology resource enabling 
KBase users to rank candidate genes and to predict the function of unknown genes. While each 
layer of data intrinsically has a level of ability to predict gene function based on the connectivity 
and topology of the nodes and edges of its network, some layers are more informative than others. 
Various methods of analysis, including explainable machine learning, can be applied to evaluate 
the predictive ability of each layer by cross-validation using known genes from well characterized 
pathways or interaction networks. This resource will also be integrated into the KBase knowledge 
engine, providing a powerful new tool to plant biologists. 
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Project Goals: To create large interaction networks using SNPs, transcriptomic, 
metabolomic, microbiome taxa, climatypes and other types of phenotype data as well as 
tissue-specific epigenetic and expression data. The creation of such network-based models 
involves the running of ensembles of custom correlation metrics, mixed linear models and 
explainable-AI methods at extreme scales on the Oak Ridge Leadership Computing Facility 
supercomputer Summit. The results of these workflows are modeled as networks (and hyper-
networks) in order to provide an integrated systems biology view of an organism.  This 
includes using a number of previously developed analysis & modeling methods that, in 
combination with explainable-AI approaches, predict (high combinatorial order) epistatic 
architectures for all available traits. This is being developed as a community resource in 
KBase for the model plant Arabidopsis thaliana.  
 

The rapid increase in biological assays, high-throughput phenotyping studies, and 
computational prediction capabilities has resulted in an enormous wealth of biological data for 
many model species. These data layers (e.g., genomic, transcriptomic, metabolomic, protein-
protein interactions, climatype, phenomic) are developed with the goal of understanding the 
operation of overarching biological systems and discovering the basis for emergent phenotypes. 
Each data layer is often interpreted within the context of that specific dataset, which provides 
useful, but limited, insights. This is because biological elements rarely operate in isolation within 
and between the cellular environment; data from a single layer reveals only part of the story, and 
can possibly be misleading. As the primary model plant species, there is a great deal of publicly 
available data derived from Arabidopsis thaliana. We are creating data products composed of A. 
thaliana data layers that will be integrated into KBase. Furthermore, we will develop novel 
algorithms that can be ported into KBase in order to provide a flexible, open-source product for 
plant biologists interested in A. thaliana. We will also develop a systems-biology resource enabling 
KBase users to rank candidate genes and to predict the function of unknown genes. While each 
layer of data intrinsically has a level of ability to predict gene function based on the connectivity 
and topology of the nodes and edges of its network, some layers are more informative than others. 
Various methods of analysis, including explainable machine learning, can be applied to evaluate 
the predictive ability of each layer by cross-validation using known genes from well characterized 
pathways or interaction networks. This resource will also be integrated into the KBase knowledge 
engine, providing a powerful new tool to plant biologists. 

 

Oak Ridge National Laboratory is managed by UT-Battelle, LLC for the U.S. Department of 
Energy under contract no. DE-AC05-00OR22725. This program is supported by the U. S. 
Department of Energy, Office of Science, through the Genomic Science Program, Office of 
Biological and Environmental Research, under FWP ERKP972. 
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Project Goals: Short statement of goals. (Limit to 1000 characters) 

Developing durable disease resistance for biofuel crops is crucial, particularly as the range of 
biofuel crop production expands and pathogens of other plant species evolve to cause diseases of 
bioenergy feedstocks. Setosphaeria species are significant fungal pathogens of the 
Andropogonae, and S. turcica can infect both maize and sorghum, making it a strong candidate 
to be an increasing problem for biofuel sorghum. Our overall objective is to gain a systems-level 
understanding of the pathosystem by leveraging natural genetic variation, host specificity of the 
pathogen, and transcriptome analysis to improve biotic stress resistance in sorghum. The 
proactive strategy of paired identification of fungal effectors and plant resistance genes in a 
pathosystem with a high likelihood of producing a host jump is a paradigm shift in disease 
management through host resistance.  
 
This work is funded by DOE award number DE-SC0019189 (Plant Feedstocks Genomics).  
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Emission Signatures of Acetic Acid and Methanol 
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Project Goals: The main goal of the poplar esterified cell wall transformations and metabolic 
integration study (PECTIN) is to quantify O-acetyl and methyl ester cell wall metabolism in 
poplar trees and its interactions with central metabolism and volatile metabolite exchange with the 
atmosphere. We aim to 1) Characterize leaf and stem cell wall esterification reservoirs and 
sources/sink dynamics during plant development, 2) Quantify integration of cell wall esters with 
central metabolism and the atmosphere during abiotic stress, 3) Modify O-acetylation and methyl 
esterification of cell walls through the identification of natural genetic variants, and 4) Evaluate 

impacts of cell wall ester metabolism on plant physiology and stress responses. 

Abstract 

Polysaccharides are major components of plant cell walls that can be converted into fuels by 
microbial fermentation, making plant biomass an important bioenergy resource (Mortimer 2019). 
However, a substantial fraction of plant cell wall polysaccharides are chemically modified with 
methyl and acetyl groups that impact the yield of microbial fermentation. Although little is known 
about the biochemical and physiological functions of those cell wall modifications in trees, 
evidence suggests that they may be highly dynamic and play central roles in the control of cell 
growth, tissue development, and function (e.g. proper development and function of xylem vessels 
and leaf stomata), facilitate within and between plant signaling in response to abiotic and biotic 
stress, and integrate into primary C1 and C2 metabolism. While deesterification reactions result in 
the formation of volatile intermediates (methanol: meOH and acetic acid: AA) these central 
metabolites are not captured by traditional metabolomics analysis, representing an important gap 
in our knowledge of cell wall ester metabolism. Plants emit high rates of meOH, generally assumed 
to derive from pectin demethylation, and this increases during growth and abiotic stress. In 
contrast, less is known about the emission and source of AA. In this study (Dewhirst et al., 2019), 
we connect leaf volatile emissions of meOH and AA to patterns of plant cell wall O-acetyl- and 
methyl-esters for the first time. We present a new concept of leaf cell wall O-acetyl/methyl ester 
ratios and demonstrate that they are quantitatively reflected in the AA/meOH emission ratios.  



Populus trichocarpa leaves in different developmental stages were desiccated and quantified for 
total meOH and AA emissions together with bulk cell wall acetylation and methylation content. 
While young leaves showed high emissions of meOH (140 µmol m-2) and AA (42 µmol m-2), 
emissions were reduced in mature (meOH: 69%, AA: 60%) and old (meOH: 83%, AA: 76%) 
leaves. In contrast, the ratio of AA/meOH emissions increased with leaf development (young: 
35%, mature: 43%, old: 82%), mimicking the pattern of O-acetyl/methyl ester ratios of leaf bulk 
cell walls (young: 35%, mature: 38%, old: 51%), which is driven by an increase in O-acetyl and 
decrease in methyl ester content with age. The results are consistent with meOH and AA emission 
sources from cell wall de-esterification, with young expanding tissues producing highly 
methylated pectin that is progressively demethyl-esterified. In the near future, it will be necessary 
to grow dedicated bioenergy crops as a feedstock for the production of liquid transport fuels and 
bioproducts. The presented methods will help advance rapid non-invasive phenotype screening 
and genetic manipulation of the cell wall ester content, with the goal of increasing biofuel yields. 
Moreover, the methods could be used in future studies at a wide range of spatial and temporal 
scales to help understand the impacts of cell wall esterification on cell wall structure and function, 
and numerous physiological and biochemical process including growth, stress responses, 
signaling, plant hydraulics, and central carbon metabolism. 

References 
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In Vivo Workflows 
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Project Goals: Non-model organisms have unique traits and offer significant advantages 
and benefits for biomanufacturing. One example is gas fermenting acetogens capable of 
converting low cost waste feedstocks to fuels and chemicals, deployed today at commercial 
scale for conversion of steel mill emissions to ethanol. Yet, engineering these non-model 
organisms is challenging due to lower transformation and recombination efficiencies, 
longer cycle times and a more limited set of genetic tools compared to model organisms E. 
coli or yeast. 

Cell-free systems can guide and accelerate non-model organism strain development. We 
are establishing a new interdisciplinary venture, the clostridia Foundry for Biosystems 
Design (cBioFAB) that combines advancements in cell-free and Clostridium engineering 
metabolic engineering to develop industrial-robust production strains for conversion of 
lignocellulosic biomass to next-generation biofuels and bioproducts such as acetone, 
butanol, 3-hydroxybutyrate (3-HB), 1,3-butanediol (1,3-BDO) or monoethylene glycol 
(MEG). 

Climate crisis and rapid population growth are posing some of the most urgent challenges to 
mankind. The accelerating rate of extraction and combustion of fossil resources for fuel, energy 
and chemicals over the past 100 years has resulted in carbon dioxide (CO2) accumulation in the 
atmosphere to levels unprecedented since the Pliocene Epoch (5.3 - 2.6 million years ago). 
Although the effect that elevated atmospheric CO2 will have on the Earth’s climate has been 
predicted by scientists for several decades, it was only in 2016 through the Paris Agreement that 
nations formally laid plans to abate atmospheric CO2 release. In each case, these plans necessitate 
that “above ground” carbon resources increasingly displace fossil resources as feedstocks for fuel 
and chemical production. 

Gas fermentation offers a solution using carbon-fixing chemolithoautotrophic microorganisms. 
After a decade of scale up, the technology has recently been commercialized by LanzaTech with 
the first 48k MTA plant turning emissions from the steel industry into fuel ethanol operating 
successfully and additional units under construction. The process has been demonstrated to accept 
a broad range of feedstocks including waste gases from various industrial sources (e.g., processing 
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plants or refineries) or syngas generated from any biomass resource (e.g., agricultural waste, 
unsorted and non-recyclable municipal solid waste, or organic industrial waste) (1). 

In order to maximize the value that can be added to the array of gas resources that the process can 
use as an input, LanzaTech has pioneered the development of a genetic toolbox for acetogenic 
clostridia, considered genetically inaccessible not even a decade ago (1). While automated high-
throughput engineering is possible for these anaerobic organisms today, cell-free systems offer a 
path to further reducing cycle times and maximizing throughput, accelerating pathway engineering 
by more than an order of magnitude beyond what is feasible today. 

We have demonstrated the application of cell-free systems to guide various aspects of strain 
engineering, including selection of best pathway variants and optimal expression levels (2) or 
prioritizing gene knock-outs for competing reactions. Furthermore, we developed a new 
framework that allows to seamlessly go from cell-free to cell designs and feed into ensemble and 
machine learning models. 

First, we established an in vitro Prototyping and Rapid Optimization of Biosynthetic Enzymes 
(iPROBE) platform where cell lysates are enriched with biosynthetic enzymes by cell-free protein 
synthesis and then metabolic pathways are assembled in a mix-and-match fashion to assess 
pathway performance. Through this approach, we demonstrated optimization of two multistep 
pathways, leading to 20-fold improvement in cellular production (2). Often times, introduction of 
a new pathway into a cellular host leads to formation of unwanted byproducts through native 
reactions. Identification and iterative knock-outs of the responsible enzyme(s) can be cumbersome 
and time-consuming. We have demonstrated that the iPROBE platform can rapidly identify 
candidate enzymes to guide cellular engineering. 

To enable a seamless transition from iPROBE to cellular engineering, we have established a 
GoldenGate based vector system that work in context of cell-free protein synthesis and allow  
identified gene variants to be directly assembled into cellular expression constructs in a single step 
without re-synthesis or complex cloning and we showed automation of the whole workflow. 

Using this platform, we have optimized pathways for acetone, butanol and 3-HB and have 
demonstrated completely new biosynthesis routes to 1,3-BDO and MEG.  

References 
1. Liew et al. (2019) Gas Fermentation – A Flexible Platform for Commercial Scale Production of Low 

Carbon Fuels and Chemicals from Waste and Renewable Feedstocks. Front Microbiol 2016, 7:694. 
2. Karim et al. (2019) In vitro prototyping and rapid optimization of biosynthetic enzymes for cellular design. 
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Project Goals: We are addressing the challenge of designing, building, and 
optimizing biosynthetic pathways in cells in an interdisciplinary venture that 
establishes the clostridia Foundry for Biosystems Design (cBioFAB). Working 
both in vitro and in vivo, the goal is to interweave and advance state-of-the-art 
computational modeling, genome editing, omics measurements, systems-biology 
analyses, and cell-free technologies to expand the set of platform organisms that 
meet DOE bioenergy goals. cBioFAB will (i) reconceive how we engineer complex 
biological systems by linking pathway design, prospecting, validation, and 
production in an integrated framework, (ii) enable systems-level analysis of the 
David T. Jones collection, one of the largest collections of clostridia strains in the 
world, to uncover novel metabolic pathways, regulatory networks, and genome 
editing machinery, and (iii) open new paths for synthesis of next-generation 
biofuels and bioproducts from lignocellulosic biomass. 
 
The recent discovery and in-depth characterization of CRISPR-Cas9 has led to a variety 
of technologies, including genome editing, genome modification, nucleic acid sensing, 
and next generation antimicrobials. Although CRISPR-Cas9 is a powerful tool, it is 
representative of only a small fraction all of CRISPR-Cas systems and is toxic when 
heterologously expressed in many bacteria. Fortunately, about half of all bacteria that 
have been sequenced encode at least one CRISPR-Cas system in their genome which 
provides an alternative to CRISPR-Cas9 for genome manipulation. The most prevalent 
subtype of CRISPR-Cas system is type I-B, which comprises 20% of all naturally 
occurring CRISPR-Cas systems. This subtype is predominant in Firmicutes, including 
solventogenic Clostridia which have immediate relevance to industrial bioprocessing. 
Endogenous type I-B CRISPR-Cas systems have been used to successfully edit the 
genomes of Clostridium pasteurianum, Clostridium tyrobutyricum, and Clostridium 
thermocellum, but expansion to other organisms is hindered by the unique protospacer 
adjacent motif (PAM) sequence of each CRISPR-Cas system required to target a DNA 
sequence. Past efforts address this by generating nucleotide alignments between 
CRISPR array spacers and sequences within a variable database, manually curating 
alignments to hypothesize a few potential PAMs, and then testing these hypotheses 
individually by plasmid interference assays. Here we present a standardized in silico 
pipeline to predict PAM sequences for a given CRISPR-Cas system from annotated 
CRISPR spacers and use crude cell-free extracts to characterize all possible 5-



nucleotide PAM sequences for the Clostridium autoethanogenum type I-B CRISPR 
system. The in silico PAM prediction pipeline is able to recapitulate experimentally 
determined PAMs from a variety of CRISPR-Cas systems. The prediction strength and 
accuracy is heavily dependent on the number of nucleotide alignments generated in the 
first step which makes it difficult to predict PAMs for CRISPR-Cas systems with few 
spacer sequences or within organisms that have few sequenced relatives and mobile 
genetic elements. To test these predictions, we used our recently developed C. 
autoethanogenum cell-free system to experimentally screen PAM sequences by 
depletion of variants from a 5-nucleotide randomized PAM library. The depletion assay 
and subsequent validation indicate a conserved CCW PAM 5’ to the protospacer, 
different from what previous sequence alignment-based methods have predicted. We 
anticipate that this new pipeline and experimental strategy will aid in standardizing PAM 
prediction and in characterizing PAM preferences in new CRISPR-Cas systems. 
 
We acknowledge the Department of Energy grant DE-SC0018249 for funding of this 
project. 
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Project Goals:  

Automation of molecular biology workflows is accelerating strain development cycles in 
model organisms; however, such processes have yet to be fully integrated in non-model 
organisms such as gas-fermenting clostridia. Implementation of automation technology to 
these organisms has been impeded by the biological limitations in transforming, modifying 
and screening the organism in presence of anaerobic conditions and toxic flammable gases. 
As a part of establishing a new interdisciplinary venture, the clostridia Foundry for 
Biosystems Design (cBioFAB) that combines advancements in cell-free and Clostridium 
engineering metabolic engineering we are developing a fully automated system for strain 
generation and screening of Clostridium autoethanogenum. 

 

Rising levels of greenhouse gases in atmosphere, and resulting instability in climate, pose 
significant economic and social challenges at a global scale. Technologies that enable capture 
and conversion of waste gases, such as carbon dioxide and carbon monoxide, into useful product 
streams can help mitigate negative effects of climate change while enabling a new carbon 
(neutral) economy. LanzaTech was founded with this mission in mind, and in its fifteen years of 
existence, it has demonstrated successful conversion of waste gaseous streams into fuels and 
chemicals (such as ethanol, acetone, isopropanol) at scale and commercialization of gas-to-
ethanol production with over 11 million gallons of ethanol produced to date. LanzaTech has, 
over the past two years, developed a custom built, fully automated strain engineering and 
screening platform in context of anaerobic conditions and toxic and flammable gases. 

Currently, the system is capable of performing fully integrated and automated workflows 
including transformation, picking colonies, liquid handling operations. This enables us to do 
automated strain engineering, knock-outs/ins, plasmid introduction and performing high-
throughput growth experiments and make and review freezer stock of the resulting strains. The 
system has a current capacity of screening thousands of strains at a time.  
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We have validated the capabilities of the system through growth experiments in several different 
multiwall plate formats, and through testing thousands of strains for various combinatorial 
libraries for the production of target molecules such as acetone, butanol, 3-hydroxybutyrate (3-
HB), 1,3-butanediol (1,3-BDO) or monoethylene glycol (MEG). 

The large amount of generated data is automatically captured in a custom-built LIMS system and 
feeding into genome scale model and machine learning tools. 
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Project Goals: The interdisciplinary clostridia Foundry for Biosystems Design (cBioFAB) 
project addresses the complex challenge of designing, building, and optimizing biosynthetic 
pathways in biological systems. The goal of the project is to accelerate engineering efforts in 
non-model organisms through in vitro and in vivo metabolic pathway prototyping, 
computational modeling, and integrated omics analysis. Through these diverse approaches, 
the project seeks to provide the tools to enable high-level synthesis of next-generation biofuels 
and bioproducts from lignocellulosic biomass and expand the breadth of platform organisms 
that meet DOE bioenergy goals. 

Although biocatalysts offer economic and efficient solutions for many biomanufacturing processes, 
there are limitations with using live cells for industrial production of potentially toxic compounds. 
Cell-free expression (CFE) systems provide an alternative solution for high-throughput enzyme 
prototyping and subsequent biomanufacturing of valuable chemicals that may or may not be 
compatible with living cells. A key component of CFE systems are cellular extracts, which provide 
the molecular machinery (i.e. transcription, translation) and metabolic intermediates required for 
biosynthesis. The overall activity, productivity and/or capability of these systems is thus 
intrinsically dependent on the extract preparation methodology itself. Routine procedures 
employed during extract preparation include sonication, ribosomal runoff, dialysis, and application 
of exogenous energetic molecules – slight modifications to any of these can affect CFE system 
output. Although the sonication energy applied to lyse cells has been optimized for generating 
highly productive extracts, the effect of runoff and dialysis has not been studied in detail. Proteins 
and metabolites form key components of any extract and improper processing can result in the loss 
of important factors required for optimal biosynthesis. To further investigate the impact of these 
processing steps on extract quality and to better inform future optimization efforts, an integrated 
omics analysis was performed. Cell-free extracts from E. coli BL21 utilizing different processing 
steps – no processing, after runoff, after dialysis, and after dual runoff and dialysis – for two 
commonly used salt conditions (acetate and glutamate) were prepared for proteomic and 
metabolomic analysis. Initial results indicate 87 proteins to be differentially abundant in the acetate 
extracts after both runoff and dialysis were applied; the condition in which the most dramatic 
decrease in activity was observed. Three of these proteins were related to transcription, a critical 
step for CFE, and were also altered after application of runoff alone. The metabolite profile was 



also altered after dual processing, with the greatest effect driven by dialysis. The largest reduction 
was observed in nitrogen-containing metabolites, including amino acids, polyamines, purines, and 
pyrimidines, all of which are likely important for lysate productivity. Overall, this integrated 
analysis will help optimize cell-free extract preparation and provide information about the 
molecules required for cell-free activity in CFE systems.  

This work is sponsored by the U.S. Department of Energy, Office of Science, Office of Biological 
and Environmental Research. Award number DE-SC0018249. 
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Project Goals: We aim to develop a predictive model of metabolism in bacterial cell-free 
systems for the purpose of rapidly prototyping heterologous metabolic pathways. This 
model may be used to both optimize the production of metabolites in cell-free systems, as 
well as to understand how results in these systems should inform design in living 
organisms. 

Metabolic engineering efforts with non-model organisms present many opportunities in small 
molecule production due to the wide variety of metabolic capabilities, including the anaerobic 
fermentation of waste gas streams or plant-based byproducts to valuable chemicals. However, 
these non-model microbes are slow growing, less well-characterized, and more difficult to 
genetically modify than model organisms. Additionally, the same complexity that allows these 
microbes to produce so many interesting compounds makes the task of cloning and testing all 
possible factors within the cell experimentally infeasible. While the maturation of cell-free 
technologies has allowed the rapid testing of many experimental conditions for a heterologous 
pathway outside the cell, there remains a need for methods to analyze these data and understand 
the connection between these cell-free results and how these experimental conditions will 
perform once translated to in vivo production strains. To accomplish this goal, we are using 
kinetic models, based on the metabolic ensemble modeling (MEM) framework, to elucidate the 
underlying kinetic parameters of the pathways of interest in these cell-free systems. Currently, 
we are working towards a model of cell-free metabolism which will both predict conditions to 
optimize production in cell-free, as well as recommend future experiments which will most 
efficiently train our model. Ultimately, we aim to construct a model framework which will utilize 
these high-throughput cell-free experiments to predict, for a given heterologous pathway of 
interest, which enzyme homologs and expression levels are most likely to maximize target 
production rate when applied in vivo. We have developed several novel features to the MEM 
framework which will allow us to uniquely utilize this cell-free data to accomplish these goals.  
 
This poster is based upon work supported by the U.S. Department of Energy, Office of Science, 
Office of Biological and Environmental Research under Award Number DE-SC0018249. 
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Project Goals: Curate a set of generalized enzymatic reaction rules that can predict the entire 

space of possible metabolic reactions, and create a cheminformatics framework to predict 

novel biosynthetic pathways leading to bioproduction of valuable molecules 

Enzyme promiscuity, where enzymes may catalyze a range of side reactions in addition to its 

main reaction, is a widely recognized yet still largely unexplored phenomenon in biological 

systems. This could open up vast possibilities for bioproduction of valuable chemicals, where 

novel biosynthetic pathways leading to molecules of interest can be constructed based on enzymes 

with desired promiscuous reactions. In order to design these biosynthetic pathways, we curated a 

set of generalized enzymatic reaction rules capable of describing most enzymatic transformations, 

which can be applied in the Biochemical Network Integrated Computational Explorer (BNICE) 

platform to predict the entire space of possible metabolic reactions. We have created a minimum 

number of these rules verified to 1) comprehensively cover known reactions across metabolic 

databases, 2) describe reactions with the maximum level of promiscuity, and 3) represent unique 

enzymatic transformations. Based on these rules, a cheminformatics workflow is developed to 

efficiently predict and prune novel biosynthetic pathways towards molecules of interest, and 

systematically identify the most promising ones for experimental validation. By leveraging the 

entire knowledge of possible metabolic reactions through enzymatic reaction rules, we are able to 

accelerate novel pathway design and enable bioproduction towards a wide range of new molecules. 

 

This poster is based upon work supported by the U.S. Department of Energy, Office of Science, 
Office of Biological and Environmental Research under Award Number DE-SC0018249. 
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Project Goals: The Clostridium Foundry for Biosystems Design (cBioFAB) is developing 
an integrated framework that includes computational modeling, cell-free technologies, 
system-level omics data, high-throughput anaerobic strain construction and cultivation 
to rapidly model, design, and predictably engineer industrial clostridia strains to 
manufacture a variety of fuels (e.g., butanol) and building block chemicals. Clostridium 
autoethanogenum is a model acetogen used in commercial scale gas fermentation to 
produce bioethanol and it is being further developed by cBioFAB and related projects.  
 
Clostridium autoethanogenum can use a wide range of CO, CO2 and hydrogen containing gases 
for carbon and energy via the Wood-Ljungdahl pathway. To date, over 11 M gallons (>42 M 
liters) of fuel ethanol have been produced, avoiding nearly 60k metric tons of CO2 emissions. 
A genetic toolbox exists that includes systems for heterologous expression via plasmid and 
chromosomal integration, gene deletion, CRISPR systems, validated genetic parts and codon 
adaptation algorithms. 
 
The Acetone-Butanol-Ethanol (ABE) fermentation was one of the first large-scale industrial 
chemical production processes, widely deployed for the first part of the 20th Century and until 
1983 in South Africa (1). The ABE process is a sugar-based fermentation using species in 
genus Clostridium, but not C. autoethanogenum. Acetone and butanol are non-native products 
for C. autoethanogenum. In collaboration with the US Department of Energy Joint Genome 
Institute (JGI), an historic collection of commercial solventogenic clostridia strains have had 
their genome sequences determined to survey ABE gene variants for heterologous expression, 
to potentially identify industrial robustness traits, regulatory networks and to investigate 
CRISPR systems and relationships between bacteriophage and prophage and immunity. 
 
We have generated 273 new ABE genome sequences, with most being Clostridium beijerenckii 
(179) and Clostridium saccharobutylicum (75) strains and other species including Clostridium 
acetobutylicum, Clostridium butyricum, Clostridium saccharoperbutylacetonicum and 
Clostridium tetanomorphum. There are 208 strains where ten or fewer contigs represented the 
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genome sequences and majority of remaining genome assembled from Illumina only data. The 
16S rRNA gene count ranged from 1 to 23 copies. Each genome was scanned for genes in the 
clostridial acetone fermentation pathway, including thiolases (thlA), 
acetoacetate:butyrate/acetate CoA transferases (ctfAB), and acetoacetate decarboxylases (adc), 
after which identical sequences were dereplicated with CD-HIT (100% clustering threshold) 
to identify the unique candidate genes. A total of 30 (from 508 gene calls) thiolases, 32 (506) 
CtfA, 30 (506) CtfB, and 13 (272) Adc-like unique proteins were identified, which are being 
screened via cell-free protein synthesis (CFPS) and through strain characterization. In a later 
study, the collection was mined for unique gene variants for the butanol pathway with 52 
thiolases (thlA), 40 3-oxoacyl-CoA reductases (hbd), 49 3-hydroxyacyl-CoA dehydratases (crt), 
43 trans-enoyl-CoA reductases (ter), 9 acyl-CoA/aldehyde reductases (acr/ald) and 236 
phosphobutyrylases/butyrate kinases (ptb-buk) sequences identified. These gene variants 
(thlA-hbd-crt-ter) are being screened, along with termination enzymes (acr/ald-ptb-buk), via 
cell-free protein synthesis to identify the most promising candidates for in vivo butanol 
production. 
 
About a third of the sequenced strains in collection have a complete CRISPR system with 
arrays and cas operons. All CRISPR systems across the different species are Type-IB, meaning 
they require multi-subunit effector complex or CASCADE proteins and a 5’ protospacer 
acquisition motif (PAM) for interference. Except for five C. beijerinckii strains, all other 
CRISPR carrying strains have indications of phage and/or prophage infecttion. Of the putative 
infected, ten strains have spacers targeting the integrated phage and/or prophage. One 
C. tetanomorphum strain has 12 spacers targeting putative phage and/or prophage within its 
genome with a likely PAM of “CCN”.  
 
The new genome resources will facilitate biofuel and chemical production for a variety of 
biocatalysts and will enable broader biosystems design.  
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Our project aims to generate a map of protein localizations and protein-protein interactions for 

4,262 genes associated with the chloroplast, the energy-producing organelle which is a hallmark 
of plants. We consider these genes a high priority set because of the organelle’s central roles in 
photosynthesis, metabolism and intracellular signaling, all of which are targets of ongoing biofuels 
crop engineering efforts. Furthermore, chloroplast-associated genes are particularly 
underrepresented in existing systems-level datasets because most high-throughput studies to date 
were performed in model systems that lack chloroplasts. As demonstrated in yeast, protein 
localization and protein-protein interaction data transform our understanding of the genes under 
study by immediately generating specific hypotheses about the mechanism of action of their 
protein products.  

This project consists of two synergistic elements, one in the unicellular model green alga 
Chlamydomonas reinhardtii and the other in the dedicated biofuels oilseed crop Camelina sativa. 
Objectives 1 and 2 are to generate a searchable online resource of protein localizations and protein-
protein interactions for nearly all chloroplast-associated proteins. We will achieve these objectives 
by leveraging high-throughput protein tagging, microscopy and affinity purification-mass 
spectrometry in Chlamydomonas. Objective 3 is to illustrate the value of this resource to biofuel 
crops by validating high-priority localizations and protein-protein interactions in Camelina and by 
building on the newly generated knowledge to advance our understanding of protein interaction 
networks that impact yield and stress resistance. 

The project is based on extensive preliminary data from the PI and Co-I demonstrating 
feasibility, quality and value of the work. Significant progress has already been made towards 
tagging and localizing many of the target proteins. The team has a strong track record of 
developing large-scale resources for the community and advancing our basic understanding of 
chloroplast biology. 

This study will transform our understanding of photosynthetic eukaryotes and will open a 
broad range of engineering opportunities. The localization data has the potential to reveal novel 
classes of protein localization, providing insight into the sub-organellar structure of chloroplasts. 
The localization and protein-protein interaction data will provide key information on the functions 
of thousands of uncharacterized proteins, many of which have no recognizable protein motifs. The 
data will improve annotations for thousands of other genes. The project will also have a long-term 
impact as the scientific community utilizes the resource of strains, constructs and data. 
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Project Goals: As part of a collaborative effort, our project aims to evaluate the potential 
for sustainable switchgrass (Panicum virgatum) production as a biofuel product in North 
America and better understand the potential ecosystem services associated with large-scale 
production of perennial bioenergy crops. Specifically, by linking switchgrass growth 
responses and physiology, belowground plant and microbial activity, and key ecosystem 
carbon (C) pools and fluxes to variations in climate and edaphic properties, we seek to 
provide a conceptual mechanistic framework that explains the interactions between 
switchgrass productivity/morphology/phenology and ecosystem C dynamics.  

We explored stand level ecosystem responses of multiple switchgrass cultivars planted along a 
continental gradient that varied in environmental and soil properties. Stands of switchgrass 
consisting of 3 lowland cultivars (Alamo, Kanlow, and Liberty) and 3 upland cultivars 
(Blackwell, Cave-in-Rock, and Carthage) were established during spring 2016 in 6m x 6m plot 
monocultures arranged in a randomized design with 5 replicates at TX, MO, and IL field sites. 
Baseline characterization of total soil organic C (SOC), permanganate-oxidizable C (POxC; 
representing the biologically active SOC pool), and total soil nitrogen (TN) contents to a depth of 
2m were determined at the time of planting for each of the sites (Figure 1). Measurements of 
plant growth, biomass, phenology, and tissue chemistry were coupled with collection of 
associated soil samples starting at 100% green-up and continuing at 14-20 day intervals through 
all stages of plant development. To determine the effects of the different physiological and 
phenological characteristics of switchgrass cultivars on ecosystem dynamics, we measured CO2 
gas-fluxes including net ecosystem exchange (NEE) and soil respiration (Rs) at all sites for Cave-
in-Rock and Alamo, representing upland and lowland cultivars respectively. In addition, Rs 
measurements were made in root exclusion zones to partition heterotrophic from autotrophic 
respiration (Rh and Ra, respectively). Associated soil samples were analyzed for POxC to 
investigate plant and seasonal effects on the biologically active SOC pool.  

We found initial evidence to suggest that differences in soil properties could lead to variations in 
long term nutrient availability and sustainability among sites that have not yet been manifested in 
plant productivity. In MO, where SOC and TN concentrations were lowest, aboveground plant 



tissues of all cultivars had far wider C:N ratios throughout most of the growing season. 
Phenological differences were most noticeable between northern sites (IL & MO) and the 
southern site (TX) where green-up for all cultivars occurred an average of ~50-days later at the 
northern sites. Flowering times also differed between upland and lowland cultivars, particularly 
in TX where upland cultivars flowered an average of 68-days earlier than lowland cultivars. In 
northern sites, lowland cultivars also flowered later (~24-days), and in 2018 Alamo failed to 
completely senesce before harvest. Overall, after 3-4 years in switchgrass, the active SOC pool 
was smaller relative to pre-planting levels in TX and IL, and slightly greater in MO where initial 
total SOC concentrations were already very low. Variations in active SOC among cultivars are 
evident, however observed patterns are so far not attributable to any definitive environmental 
factors. Soil respiration differences between the lowland cultivar Alamo and the upland cultivar 
Cave-in Rock were most noticeable between the IL and MO sites where overall Rs was greater in 
IL for Alamo, but greater in MO for Cave-in Rock. However, partitioning out Rh from these 
measurements shows similar Ra for both cultivars regardless of site and suggests greater soil 
microbial activity in IL relative to MO. In 2018, a noticeable drop in the amount of active SOC 
at the TX site was linked to a drought that reduced both biomass production and ecosystem 
respiration, which likely also inhibited root exudation and soil microbial activity compared to the 
other sites.  

These findings suggest that switchgrass ecosystem dynamics are affected by ecotype responses 
to latitudinal variations in climatic conditions that are also intimately linked with belowground 
soil C and N processes. Ultimately, understanding the connections between the environmental 
factors underlying plant and soil linkages may have implications for determining optimal 
management strategies for the implementation and sustainability of large-scale switchgrass 
production in North America. 

This research is funded by the Office of Biological and Environmental Research within the 
Department of Energy Office of Science. 
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Project Goals:  

 Establish common gardens of clonally replicated switchgrass genotypes to study 

ecotype divergence, local adaptation, and the spatial scale of genome-by-

environment interaction across broad environmental gradients (e.g., precipitation, 

temperature, and soils). 

 Identify genomic regions underlying adaptation and sustainability in switchgrass 

using genomewide associations. 

 Investigate key switchgrass traits (resource use efficiency, drought tolerance, 

growing season phenology, freezing tolerance, tissue characteristics, and root system 

attributes) in climate adaptation and sustainability of switchgrass feedstock 

production. 

 
As sessile organisms, plants cannot move to escape unpredictable and changing 

environments. Which environments impact plants the most? How do plant genetic responses to 
the environment vary, and how do these responses evolve? One common hypothesis is that 
adaptation to specific environments, or local adaptation, occurs via tradeoffs involved in 
specialization: alleles with antagonistic pleiotropy increase fitness in specific environments, but 
have negative, pleiotropic effects in alternate environments. A contrasting hypothesis at the level 
of the allele is conditional neutrality, where alleles can increase fitness in specific environments 
without costs in alternative environments. As climates shift and climate variability increases, 
access to conditionally neutral alleles that improve fitness in specific stressful environments will 
be essential for improving crop species. Genomics-enabled research is now providing the 
statistical power to discover and characterize allelic variation in genes involved in adaptation. 
 

Switchgrass (Panicum virgatum) is an outcrossing, polyploid C4 perennial grass that has 
been championed as a promising biofuel feedstock. It is a common member of most native North 
American prairie communities and exhibits extensive phenotypic variability and adaptation 
across its range, particularly in response to latitude and precipitation gradients. Here, I report on 
the development of genome-wide association resources for a diversity panel of switchgrass. This 
diversity panel includes over 700 sequenced genotypes sampled from the majority of the range of 
switchgrass across the eastern United States. Clones of the sequenced individuals were planted at 
ten field sites covering 17° of latitude (1800 km) in the central United States. Phenotyping at 
these common garden sites allowed us to evaluate the contributions of individual loci to traits 
and fitness over a wide range of climatic conditions. In this poster, I present genetic analyses of 
climate adaptation in switchgrass using climate variables from each genotype’s location of 
origin, and genetic analyses of phenology data from the 2019 growing season. In particular, I 
present preliminary results from genome-wide association studies aimed at detecting genes 
associated with specific climate adaptations of switchgrass across the species’ latitudinal range.  

mailto:alice.macqueen@utexas.edu
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• Establish common gardens of clonally replicated switchgrass genotypes to study ecotype 
divergence, local adaptation, environmental gradients (e.g., precipitation, temperature, and 
soils). 
 
• Identify genomic regions underlying adaptation and sustainability in switchgrass using 
genome-wide associations. 
 
• Characterize the relative roles of switchgrass genotype and local environments in the 
assembly of the switchgrass bacterial and fungal microbiome communities in natural 
habitats. 
 
 

Plant root-associated microbiota mediate important below-ground processes such as 
nutrient availability, pathogen inhibition, and general growth promotion. Assembly of root 
microbiota is significantly impacted by the genotype of the host plant and the host’s environment; 
however, specific loci in the host genome influencing the composition and relative abundance of 
root microbiota have not been identified. In this study, we use experimental populations of the 
bioenergy crop switchgrass (Panicum virgatum) planted across a latitudinal gradient to identify 
genomic loci affecting the composition of root-associated microbiota. We find many bacterial 
strains display heritable variation, and by using a QTL mapping approach, we identified genomic 
regions in the host plant associated with the abundance of specific bacterial taxa. A majority of the 
identified QTL showed consistent effects across locations, and only a few QTL displayed 
environmental deviations. Interestingly, many of the identified QTL coregulate multiple microbes, 
suggesting that either the same host signaling and response mechanisms govern the acquisition 
and maintenance of multiple bacterial strains, or that QTL may act on microbial keystone species, 
which in turn affect the abundance of other microbial taxa. Together, these results indicate that 
root-associated bacteria are under genetic control of the host and that altering the microbiome for 
greater yields or ecosystem sustainability may be possible through manipulation of host plant 
genetics. 
 
 
This research was supported by the U.S. Department of Energy, Office of Science, Office of 
Biological and Environmental Research award number DE-SC0014156 to TEJ. 
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Project Goals: Short statement of goals.  

Our project aimed at establishing a high-throughput pipeline for characterizing diversity 
and community composition of the switchgrass and Panicum hallii microbiome. The 
pipeline we aimed to establish includes the optimization of 1) sampling techniques of 
various plant tissue types, 2) sample processing protocols as well as 3) the streamlined 
analysis of large 16S rRNA and ITS amplicon sequence datasets. The results of this project 
contribute essential information for the exploration of plant-microbe-soil interactions 
across continental scale environmental gradients. 
 

Abstract text. Please limit to 2 pages. 

Part of the DOE’s strategy to ensure American energy independence is to produce biofuels from 
dedicated biomass crops. Achieving DOE’s ambitious goal of displacing 30% of 2004 gasoline demand 
with biofuels by 2030 will require major increases in plant productivity. Switchgrass (Panicum virgatum) 
has been championed as a promising bioenergy species, but widespread commercial use has partly been 
challenged by its genetic complexity. Panicum hallii is a close relative of agronomic switchgrass with a 
diploid genome and seed-to-seed time of 8 weeks, offering researchers a model system for exploring 
Panicum genetics, genomics, and adaptation for agronomic improvement. Furthermore, plant 
microbiomes are known to influence many aspects of plant health. We present biogeochemical 
dynamics including amplicon and shotgun sequencing data, soil chemistry and metabolite profiles as 
well as plant phenotypic characteristics. Interestingly, we observe significant impacts of soil depth on 
rhizosphere microbiome, but not on bulk soil communities. Drought treatment did not significantly 
change microbial community composition or soil chemistry. Plant development stages significantly 
affected individual bacterial species within depth horizons. This study is rare in its comprehensive 
biogeochemical characterization of environment and biological players and provides a framework for 
soil ecosystem science conducted in future EcoPod experiments. All data is integrated in an interactive 
we application that is publicly available. 
 
This work was funded by the U.S. Department of Energy Joint Genome Institute, a DOE Office of 
Science User Facility supported under Contract No. DE-AC02-05CH11231 and by the Office of 
Science (BER), U.S. Department of Energy, Grant no DE-SC0014156. 
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Project Goals: Land use change, resource limitation and climate extremes threaten the sustainability of both 

agricultural and natural ecosystems. In plants, breeding can improve crop resilience to novel stresses, and 

successful ecological restoration can buffer the effects of ever-shrinking natural habitats; however, these efforts 

require sufficient knowledge of the traits, genes and environments that underlie productivity and adaptation. 

Here, we demonstrate how the development of genomic resources in the biofuel crop and widespread tallgrass 

prairie species, Switchgrass, permits inference of the processes of climate adaptation and definition of genetic loci 

that underlie climate-dependent growth.   

Funding Statement: This research was supported by the US Department of Energy, Office of Science, Office of 

Biological and Environmental Research Award DESC0014156 to T.E.J. and DE-SC0017883 to D.B.L. Funding was 

provided by National Science Foundation Plant Genome Research Program Awards IOS0922457 and IOS-1444533 

to T.E.J. and NSF/IOS-1402393 to J.T.L. This research was also based upon work supported in part by the Great 

Lakes Bioenergy Research Center, US Department of Energy, Office of Science, Office of Biological and 

Environmental Research under Awards DESC0018409 and DE-FC02-07ER64494. The work conducted by the US 

Department of Energy Joint Genome Institute is supported by the Office of Science of the US Department of 

Energy under Contract DE-AC02-05CH11231.  
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Project Goal: 

Multi-Scale Modeling will define conditions of a sustainable biofuel system and identify key tradeoffs 

between genetic diversity, productivity, and ecosystem services. The aim is to use multiscale modeling 

to predict switchgrass performance and sustainability under future climate change. 

 

Abstract: 

Switchgrass, a perennial grass native to North American, is a promising second generation biofuel crop. 

Previous studies have showed that switchgrass yields are sensitive to climatic variability associated with 

temperature and precipitation in space and time. Switchgrass yields are often cultivar-dependent and 

exhibit cultivar x environment interactions as well. In this study, we grew six switchgrass cultivars (two 

lowlands: Alamo and Kanlow; two uplands: Blackwell and Cave-in-Rock; and two hybrids: Liberty and 

Carthage) at three locations across US (TMPL: Temple TX; CLMB: Colombia, MO; and FRMI: Fermin Lab, 

IL) for three consecutive years (2017-2019). Seasonal data on destructive leaf area index (DesLAI), tiller 

count (TC), plant height (HT) was collected and aboveground biomass (DesBIO) was measured each year. 

Our preliminary statistical analyses show that end of season aboveground biomass is strongly affected 

by site and genotype but not year. To further investigate these interactions, multivariate time series 

clustering was used to determine how two phenotypes, seasonal TC and DesBIO, are related for all 

cultivars for all locations. Not surprisingly, the two upland cultivars and the two lowland cultivas make 

two distinct clusters regardless of site. The hybrid Liberty always clutters with the lowland cultivar, 

indicating that phenotypically it is a lowland. On the other hand, the other hybrid, Carthage, 

phenotypically resembles an upland in the northern sites (CLMB and FRMI) and a lowland in the 

southern site (TMPL), thus indicating this cultivar is displaying strong cultivar x environment 

interactions. Next, machine learning (i.e., random forest algorithm) was used to identify the 

environmental variable(s) affecting these phenotypes. Average temperature between each sampling 

interval was identified as the major factor influencing aboveground biomass. There is a positive linear 

relationship between temperature and biomass when average temperature is between 15 to 25°C. At 

average temperature values between 25 to 30°C, biomass plateaus and is constant. This study is an 

example of how intra-annual time series data and machine learning methods (multivariate time-series 

clustering and random forest) can help identify cultivar by site interaction and the shape between 

environmental variables and phenotypes. 
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Project Goals: The JBEI mission is to establish the scientific knowledge and new 
technologies to transform the maximum amount of carbon available in bioenergy crops 
into biofuels and bioproducts. The goal of this project, performed in the Microfluidic 
Assays group in the Technology Division at JBEI, is to develop a robust and easy-to-use 
droplet microfluidic platform to automate the steps involved in engineering of metabolic 
pathways to produce biofuel molecules.   

Synthetic biology offers a promising approach to produce biofuel and other chemicals.  
Optimization of metabolic pathways however, requires conducting a large number of 
experiments that are labor-intensive with repetitive pipetting and plating and require large 
amounts of expensive reagents.  Robotic liquid handling stations represent a solution to automate 
genetic engineering processes however, they still require large volume of reagents and their high 
equipment and maintenance cost can be prohibitive to many users. Microfluidic platforms have 
attracted a significant attention for performing biochemical reactions and analysis as they 
provide improvement over their macroscale counterparts in cost, amounts of reagents required, 
speed, and integration. 

We are developing microfluidic devices for many biofuel research applications including 
enzyme screening, enzyme evolution, and synthetic biology.  Our droplet-based microfluidic 
platforms use digital microfluidic (DMF) format where tiny (nL) aqueous droplets suspended in 
oil are manipulated on an electrode array using electrowetting on dielectric concept (references).  
The systems can handle large numbers of droplets at once as well as actively manipulate droplets 
in a programmable manner, and are capable of multiple steps of droplet manipulation including 
formation of aqueous droplets and encapsulation of reagents and cells, electric-field driven 
merge and split of the droplets to add or remove liquid, on-chip electroporation, and incubation 
steps with localized temperature control.  Electroporation is achieved by placing pairs of 
electrodes in each chamber to apply voltages to the arrayed droplets.  This configuration allows 
us to customize the electroporation condition at each droplet and scale-up the numbers of 



reactions by making high-density electrode arrays.  We integrate optical fibers in the 
microchannels for fluorescence-based detection of encapsulated cells and enzymatic activities in 
the discrete droplets, and for triggering sorting of droplets.  We used the microfluidic platform 
for automating CRISPR-based MAGE recombineering in E. coli to optimize the biosynthetic 
pathway of an example molecule, indigoidine. 
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Project Goals: Establish the scientific knowledge and new technologies to transform the 
maximum amount of carbon available in bioenergy crops into biofuels and bioproducts. 

Harnessing the process of natural selection to obtain and understand new microbial phenotypes 
has become increasingly possible due to advances in culturing techniques, DNA sequencing, 
bioinformatics, and genetic engineering. Accordingly, Adaptive Laboratory Evolution (ALE) 
experiments represent a powerful approach to both investigate the evolutionary forces 
influencing strain phenotypes, performance, and stability, and to acquire production strains that 
contain beneficial mutations. This poster describes a full technology platform focused on ALE 
and successful use cases applying the platform to solve important issues in industrial 
biotechnology. Further, a list of current and future application areas is provided highlighting how 
ALE can be utilized as an efficient design and build tool for strain construction. 
 
The material presented in this poster is part of JBEI - JointBioenergy Institute, and is based 
upon work supported by the U.S. Department of Energy, Office of Science, Office of Biological 
& Environmental Research under its contract number with Lawrence Berkeley National 
Laboratory DE-AC02-05CH11231 
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Project goals: To develop an automated sample preparation workflow for quantitative 
proteomic analysis of engineered microbes. 
 
Mass spectrometry-based quantitative proteomic analysis is key for biotechnology-related 
research and development. Driving this value have been improvements in sensitivity, resolution, 
and robustness of mass analyzers. However, manual sample preparation protocols are often a 
bottleneck for sample throughput and can lead to poor reproducibility. To alleviate these issues, 
we developed a “cells-to-peptides” automated workflow for Gram-negative bacteria and fungi that 
includes cell lysis, protein precipitation, resuspension, quantification, normalization, and tryptic 
digestion1. The workflow takes 2 hours to process 96 samples from cell pellets to the initiation of 
the tryptic digestion step and can process 384 samples in parallel. We measured the efficiency of 
protein extraction from various amounts of cell biomass and optimized the process for standard-
flow LC-MS systems. The automated workflow was tested by preparing 96 Escherichia coli 
samples that resulted in a median coefficient of variation of 15.8% for over 600 peptides that were 
measured. Similar technical variance was observed for three other organisms as measured by 
highly multiplexed LC-MRM-MS acquisition methods. These results show that this automated 
sample preparation workflow provides robust, reproducible proteomic samples for high-
throughput applications. 
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Project Goals: Establish the scientific knowledge and new technologies to transform the 
maximum amount of carbon available in bioenergy crops into biofuels and bioproducts.   

Traditional synthetic biology approaches involve ad-hoc non systematic engineering practices, 
which lead to long development times. Here, we present the Automated Recommendation Tool 
(ART), a tool that leverages machine learning and probabilistic modeling techniques to guide 
synthetic biology in a systematic fashion. Using sampling-based optimization, ART [1] provides 
a set of recommended strains to be built in the next engineering cycle, alongside probabilistic 
predictions of their production levels. We demonstrate the capabilities of ART on a tryptophan 
producing strain and are able to improve production by 17% compared to best designs used for 
algorithm training and 106% compared to the initial strain [2]. 
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Project Goals: Establish the scientific knowledge and new technologies to transform the 
maximum amount of carbon available in bioenergy crops into biofuels and bioproducts.  

Gaseous streams in biorefineries have been historically undervalued and underutilized. Biogas 
produced in existing biorefineries is assumed to be combusted directly on-site to generate 
process heat and electricity along with lignin. However, biogas can alternatively be upgraded to 
biomethane, which can be used as a transportation fuel. Biogenic CO2 generated in biorefineries 
can also play a critical role in climate change mitigation due to the large amount (45 Mt annually 
from fermentation). With economic incentives, cellulosic biorefineries could be redesigned to 
make better use of biogas and concentrated CO2 streams. To date, the trade-offs associated with 
biogas upgrading, bioenergy with carbon capture technologies and biogas on-site combustion in 
cellulosic biorefineries have not been thoroughly investigated. Here, we explore the economic 
and environmental impacts of upgrading biogas and capturing carbon at cellulosic biorefineries 
and identify opportunities to maximize value and environmental benefits. The results indicate 
that biorefineries using biogas upgrading technologies resulted in a similar minimum ethanol 
selling price as the base case. The amount of carbon captured in biorefineries could be ~90 Mt 
per year in the U.S. with a maximum 10% conversion of pastureland and cropland to biomass 
sorghum in future scenarios. 
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Project Goals: The Joint BioEnergy Institute (JBEI) performs fundamental research to 
improve the conversion of biomass to biofuels and bioproducts. A critical aspect of current 
research is to maximize the carbon in plant biomass that is converted by microbial hosts. To 
achieve this goal, we are developing strategies to convert aromatic-rich fractions obtained 
from lignin to biofuels and bioproducts.  

Abstract  

Overcoming the recalcitrance of lignin and developing conversion strategies for aromatics are key 
goals to maximize conversion of carbon in plant biomass. Biomass pretreatment solubilizes and 
depolymerizes lignin, generating mixtures of oligomeric and monoaromatic molecules. While 
monoaromatics are metabolized by a variety of bacteria, the metabolism of aromatic oligomers 
remains largely undescribed.  Identifying bacteria that metabolize these oligomers will improve 
biomass conversions that include lignin as a substrate. Ionic liquid pretreatment with cholinium-
ionic liquids generated aromatic-rich fractions that contained size-defined mixtures of 
monoaromatics and oligomers. Pseudomonas putida rapidly consumed the monoaromatics in these 
mixtures but did not metabolize the oligomers. Enrichment of microbiomes derived from soil 
generated microbial consortia that consumed the oligomers, as demonstrated by the disappearance 
of aromatic molecules in the molecular weight range of 300-2000 Da in gel permeation 
chromatograms and the reduction of characteristic aromatic peaks in the 2D-HSQC NMR spectra. 
Individual microbiomes consumed the oligomers at different rates and targeted variable bond 
linkages, indicating that a diverse range of bacteria were involved in the deconstruction of these 
oligomers. Current efforts are focused on identifying the microbes and enzymes involved in the 
metabolism of aromatic oligomers and developing methods to elucidate the molecular structures 
of these oligomers.  
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Project Goals: 

Although recent advances in synthetic biology allow us to produce biological designs more 
efficiently than ever, our ability to predict the end result of these designs is still nascent. 
Predictive models require a large corpus of high-quality data to be usefully parametrized and 
tested. Suitable datasets for these models are often not generally available. Here, we present the 
Experiment Data Depot (EDD), an online platform designed to act as a repository of 
experimental data and metadata. EDD provides a convenient way to upload a variety of data 
types, visualize these data, and export them in a standardized fashion for use with predictive 
algorithms. In this poster, we describe EDD and showcase its utility for three different use cases: 
the characterization of promoters for synthetic biology parts, leveraging proteomics data to 
improve biofuel yield, and the use of extracellular metabolite concentrations to predict 
intracellular metabolic fluxes. 
 
JBEI Project Goals: Establish the scientific knowledge and new technologies to transform the 
maximum amount of carbon available in bioenergy crops into biofuels and bioproducts.  
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Project Goals: Establish the scientific knowledge and new technologies to transform the 
maximum amount of carbon available in bioenergy crops into biofuels and bioproducts. 

Microbial production of energy-dense terpene biofuels from ionic liquid (IL) pretreated 
lignocellulosic biomass is a promising route to sustainable fuels. One-pot IL pretreatment and 
saccharification effectively releases biomass sugars while streamlining the deconstruction 
process and conserving water. This work describes a one-pot process with sugar-to-fuel 
conversion using the versatile basidiomycete, Rhodosporidium toruloides. This organism is an 
attractive lignocellulosic conversion host due to its ability to utilize a wide range of carbon 
sources, tolerate various ILs, and accumulate acetyl-CoA-derived bioproducts such as fatty acids 
and terpenes. Researchers at JBEI have previously demonstrated the potential of R. toruloides for 
conversion of IL-treated biomass into terpene bioproducts by engineering a strain to produce 
bisabolene, a potential alternative biodiesel. Here, we have selected two tricyclic sesquiterpenes 
that may have applications as jet fuels, epi-isozizaene and prespatane, and demonstrated their 
production from IL-pretreated poplar using R. toruloides.  
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Project Goals:  

Establish the scientific knowledge and new technologies to transform the maximum amount 
of carbon available in bioenergy crops into biofuels and bioproducts. Our current research 
focuses on developing recyclable IL pretreatment technologies while simultaneously 
facilitating the efficient depolymerization of both polysaccharides and lignin.  

Developing a low-cost and high efficiency lignocellulosic biomass deconstruction process is a 
critical step towards the widespread adoption of lignocellulosic biofuels. Ionic liquids (ILs) and 
deep eutectic solvents (DESs) are novel alternative solvents for biomass pretreatment and 
conversion, and they are most notably one of the most effective methods for producing lignin and 
high yields of fermentable sugars for bioenergy production. Despite their commercial potential, 
the cost of IL/DES utilization (typically associated with their synthesis, purification and 
reuse/recycling) is a significant problem that must be addressed before an affordable IL/DES-
based process is commercially viable. Therefore, this study features the use of distillable solvents 
for the development of an integrated biomass pretreatment approach that combines effective 
pretreatment with a simplistic and energy efficient recovery/recycling method.  

Protic ionic liquids (PILs) that are formed with the combination of organic ammonium-based 
cations and organic carboxylic acid-based anions are an attractive group of solvents worth 
considering for this process. PILs are acid-base conjugate ILs that can be synthesized via the direct 
addition of their acid and base precursors. Additionally, when sufficient energy is employed, they 
can dissociate back into their neutral acid and base precursors, while the PILs are re-formed upon 
cooling. This presents a suitable way to recover and recycle the ILs after their application.  

The PIL - hydroxyethylammonium acetate - [Eth][OAc] - has already been demonstrated as an 
effective solvent for biomass pretreatment and is also relatively cheap due to its ease of synthesis.1 
Therefore, this PIL and chemically analogous PILs were studied for their distillability, as well as, 
their effect on biomass deconstruction in a one-pot/consolidated process. Preliminary results 
indicate a PIL recovery of 98% for “neat” IL distillation of [Eth][OAc]), followed by PIL recovery 
[~80-85%] after biomass pretreatment with 15% biomass loading. Following the PIL removal, the 



residual biomass was saccharified to generate ~74% total sugars (compared to ~78% sugars for - 
One pot and ~91% sugars- Early separation).  

This is a promising proof of concept that supports our approach for distilling ionic liquids as a 
recovery method. Once optimized, this will launch our research into economic regimes, making 
an IL-based biorefinery a realizable goal. 
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Project Goals: Establish the scientific knowledge and new technologies to transform 
the maximum amount of carbon available in bioenergy crops into biofuels and 
bioproducts. 
 

Polyketides are one of the largest classes of natural products, possessing immense 
structural diversity and complex chemical architectures. Many polyketides (PKs) are 
among the most important secondary metabolites for their applications in medicine, 
agriculture, and industry. Examples include anticancer drugs (epothilone), antibiotics 
(erythromycin), insecticides (spinosyn A) and antifungals (amphotericin B). These 
particular examples of polyketides are biosynthesized by multimodular enzyme 
complexes known as type I modular polyketide synthases (PKSs). Working in an 
assembly-line fashion, multimodular PKSs assemble and tailor readily available acyl-
CoAs within the host cell into large, complex, chiral molecules. Each of these PKSs 
comprises a series of modules that can be further dissected into a series of domains 
responsible for the extension of the polyketide back- bone through condensation and 
selective reductive processing of an acyl-CoA building block. The collinear architecture 
of these modules, apparent by inspection of the domains present and the predictive 
selectivity motifs harbored within, provide insights into the chemical connectivity and 
stereochemical configuration of the polyketide metabolite from analysis of its coding 
sequence.  

While PKSs have been traditionally studied for the production of pharmaceuticals, 
engineered modular PKSs have the potential to be an extraordinarily effective 
retrosynthesis platform for the bio-production of products from biofuels and commodity 
chemicals to both pharmaceutical and nonpharmaceutical fine and specialty chemicals. 
By rearranging existing polyketide modules and domains, one can exquisitely control 
chemical structure from DNA sequence alone. However, this potential has only just 
begun to be realized as the compounds that have been made using engineered PKSs 
represent a small fraction of the potentially accessible chemical space. We will highlight 
work from our laboratory where we have engineered PKSs to produce a variety of 
commodity and specialty chemicals and developed software and high throughput robotic 
platforms to enable design and construction of PKSs in high throughput.  

The material presented in this poster is part of JBEI – Joint BioEnergy Institute, and is 
based upon work supported by the U.S. Department of Energy, Office of Science, Office 
of Biological & Environmental Research under its contract number with Lawrence 
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Project goal: Assess biofuel/bioproduct pathway economic and environmental performance at 
U.S. national scale 
 

Reliable estimates of bioenergy crop yields and their environmental impacts are essential to 
develop sustainable bioenergy-based land use strategies. In this study, we used the process-based 
Daily Century (DAYCENT) model with site specific environmental data to simulate Sorghum 
(Sorghum bicolor L. Moench) biomass yield, soil organic carbon (SOC) change, and nitrous 
oxide emissions across cultivated lands in the continental USA. The simulated rainfed biomass 
productivity for continental US ranged from 1.4 to 20 Mg ha-1 yr-1, with a spatiotemporal 
average biomass yield of 10−0.9

+0.9 Mg ha-1 yr-1, and a coefficient of variation 35%. The 
spatiotemporal average SOC sequestration and direct nitrous oxide emission rates were 
simulated as 0. 46−0.42

+0.33 Mg CO2e ha-1 yr-1 and 0. 45−0.03
+0.05 Mg CO2e ha-1 yr-1, respectively. Model 

predictions were validated using multiyear observed biomass yield data at multiple locations. 
Compared with field observed data, model predictions of biomass productivity showed a root 
mean square error of 5.8 Mg ha-1 yr-1. Our results suggest 17 million ha cultivated lands in the 
Southern United States will produce economic Sorghum biomass yield (>10 Mg ha-1 yr-1) with 
net carbon sequestration under rainfed conditions. Cultivated lands of Upper Midwestern states 
including Iowa, Minnesota, Wisconsin and Michigan showed lower sorghum biomass 
productivity and net carbon emissions. Our national scale spatially-explicit results are critical for 
robust lifecycle and technoeconomic analysis of future bioenergy scenarios. Future studies 
should focus on representing genotypic variations of bioenergy crops and quantifying their total 
environmental impacts. 
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Project Goals: Establish the scientific knowledge and new technologies to transform the 
maximum amount of carbon available in bioenergy crops into biofuels and bioproducts. 

Switchgrass (Panicum virgatum L.) is a promising perennial dedicated bioenergy feedstock. It can 
be grown on marginal lands and produce abundant biomass. Modification of cell wall composition 
for improved deconstruction is an important strategy for biomass improvement. The JBEI 
Feedstocks team previously developed engineered switchgrass lines overexpressing rice AT10, an 
acyltransferase affecting ferulic acid esterification of xylan in biomass, and lines expressing QsuB, 
a dehydroshikimate dehydratase from Corynebacterium glutamicum, which results in low lignin 
content. These engineering strategies result in increased saccharification efficiency according to 
our previous studies in switchgrass and other plant species. We now conducted field tests of the 
engineered plants in two locations. The plants grown in 2018 and 2019 showed changes in biomass 
composition in general agreement with previous results, although the effects were smaller. In both 
years we observed that plants expressing QsuB had higher biomass yield than control plants when 
grown at the Davis, CA, field site. 
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Project Goals: Establish the scientific knowledge and new technologies to transform the 
maximum amount of carbon available in bioenergy crops into biofuels and bioproducts. 

The grand challenge facing synthetic biologists today is understanding how any microorganism 
can be engineered to produce any desired final product. To meet this challenge, we have 
developed a new paradigm for host engineering, termed PrOSE (Product Obligatory Strain 
Engineering). Using genome scale metabolic models, we select a host which has the highest 
theoretical maximum yield with the added biochemical reactions from a given heterologous 
multi-gene pathway. Computational models predict gene targets for repression, which are 
realized using multiplex CRISPR interference (CRISPRi). We demonstrate that PrOSE 
successfully optimized production of the renewable dye, indigoidine, when produced using the 
emerging industrial host, Pseudomonas putida KT2440. Using PrOSE, production of the desired 
final product was shifted from stationary phase to exponential phase under optimized conditions, 
and close to 50% maximum theoretical yield indogidine was realized. In the absence of genome 
scale models, other systems biology methods can be used to query the solution space. Our results 
indicate that the careful selection of host/product pair along with computationally guided 
methods for rational strain engineering is possible. With the advent of facile tools for genetic 
engineering in nearly any organism, these methods may be generally applicable for any favorable 
host/product pair. 
 
The material presented in this poster is part of JBEI - JointBioenergy Institute, and is based 
upon work supported by the U.S. Department of Energy, Office of Science, Office of Biological 
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Project Goal: Establish the scientific knowledge and new technologies to transform the 
maximum amount of carbon available in bioenergy crops into biofuels and bioproducts. 
This work aims to develop an analytical platform for high-throughput analysis of 
lignocellulosic biomass deconstruction reactions. This platform combines surface-based 
mass spectrometry with bioconjugation chemistry to screen enzymatic activity toward 
lignin, cellulose, and hemicellulose degradation. 
  
Lignocellulosic biomass is the most abundant raw material on the planet and is composed 
primarily of the cellulose, hemicellulose and lignin. Understanding how to deconstruct this 
complex material is critical to achieving a cost-competitive replacement for petrochemicals. 
Enzymes and microbes are capable of degrading this biomass in nature; however, the species, 
mechanisms, and pathways involved in deconstructing this material are vast and complex. To 
this end, we are developing highly sensitive nanostructure-initiator mass spectrometry (NIMS)-
based assays to screen for novel enzyme activity and gain mechanistic insight into biomass 
degradation to support our efforts to develop optimal enzyme cocktails at the Joint BioEnergy 
Institute (JBEI).  
 
Here we describe the development of a library of NIMS substrates representing major lignin 
linkages, the development of a multiplexed assay to screen for both ligninase and cellulase 
activity, and the development of a high throughput microfluidic device integrating droplet 
mixing with NIMS analysis. We have now extended our perfluorinated tagging technique targets 
for analysis of hemicellulose and cellulases to characterize lignin-modifying enzymes and 
synthesized a variety of lignin model probes representing the most common lignin linkages. 
Importantly, unlike existing colorimetric assays, this NIMS-based lignin assay provides 
information about specific bond-cleavage reactions.  
 
We have combined our lignin and glycan probes to create a multiplexed assay to screen for 
enzyme activities on mixed. The vast combinations of lignin modifying enzymes and glycoside 
hydrolases necessitates increasing the throughput and reducing the volumes of our current 
assays. Hence, we have developed a droplet-based microfluidic device, which combines droplet 
sample loading and processing onto a NIMS surface. We have now demonstrated array 
generation, droplet merging, and NIMS analysis and will next extend this to screen the activities 
of single and mixed enzymes.  

mailto:noelha@lbl.gov
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Project Goals: Establish the scientific knowledge and new technologies to transform the maximum 
amount of carbon available in bioenergy crops into biofuels and bioproducts. 

Sustaining an economically viable cellulosic biofuel solution requires finely optimized 
lignocellulosic feedstock to overcome its biomass recalcitrance and to reduce the processing costs. 
Poplar as a dedicated bioenergy crop offers ample cellulosic resource convertible for biofuels and 
bio-chemicals. In order to achieve the cost-effective cellulosic biofuel production, as part of JBEI 
feedstock development program, we employ different synthetic biology strategies to modify the 
woody biomass of poplar with purpose to lower lignin recalcitrance and to produce value-added 
specialty chemicals: 1) Stacking monolignol modifying genes to potentially alter lignin structure. 
The genes encoding monolignol 4-O-methyltransferase (MOMT) and monolignol 
feruloyltransferase (FMT) were co-expressed in poplar. MOMT converts monolignols to the 4-O-
methylated monomers and FMT transfers ferulate to the monolignols to form ester conjugates. We 
are investigating whether the combination of two enzymes would lead to the formation and 
incorporation of 4-O-methylated monolignol-ferulate conjugate into lignin polymer, thereby 
generating the para-methylated “dead end” of the polymer, with which to alter lignin structure. 2) 
Introducing a novel flavonoid tricin biosynthetic pathway in poplar. With recognition of a wide 
range of monocot grasses to utilize flavone tricin as a natural comonomer with monolignols for cell 
wall lignification, we are exploring the potential effect of introducing tricin biosynthesis in the dicot 
poplar on its cell wall lignification. A collection of tricin pathway genes including CHS, CHI, FNSII 
(CYP93G1), F3’5’H (CYP75B4) and COMT, driven by the individual xylem specific or preferential 
promoters, were stacked into an expression vector and transformed into hybrid aspen. 3) Producing 
industrial platform chemical muconic acid (MA). MA is a dicarboxylic acid used for the production 
of industrially relevant chemicals such as adipic acid, terephthalic acid, and caprolactam that are 
widely used in the nylon and thermoplastic polymer industries. The dual expression of plastid-
targeted bacterial salicylate hydroxylase (NahG) and catechol 1,2-dioxygenase (CatA) together with 
plastid-targeted versions of bacterial salicylate synthase (Irp9) and the feedback-resistant 3-deoxy-
D-arabino-heptulosonate synthase (AroG) were introduced into the hybrid aspen. Biochemical and 
genetic characterization of the resulted transgenic trees are ongoing.  

  

This work was part of the DOE Joint BioEnergy Institute (http:// www.jbei.org) supported by the U. S. 
Department of Energy, Office of Science, Office of Biological and Environmental Research, through 
contract DE-AC02-05CH11231 between Lawrence Berkeley National Laboratory and the U. S. 
Department of Energy.  

MOMT was previously created with the support of DOE office of Basic Energy Sciences through the 
Physical Biosciences program of the Chemical Sciences, Geosciences and Biosciences Division (DE-
SC0012704 to C.-J.L.) 
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Project Goals: Predict future bioenergy sorghum yields across the continental United 
States, accounting for market and farmer behavior shifts, using a machine learning model 
trained on historical data to identify most promising regions for cultivation. 

Crop yield modeling is critical in the design of national strategies for agricultural production, 
particularly in the context of a changing climate. Forecasting yields of bioenergy crops at fine 
spatial resolutions can help to evaluate near- and long-term pathways to scaling up bio-based fuel 
and chemical production, and to understand the impacts of abiotic stressors such as severe 
droughts and temperature extremes on potential biomass supply. We used a large dataset of 
28,364 Sorghum bicolor yield samples (uniquely identified by county and year of observation), 
environmental variables, and multiple approaches to analyze historical trends in sorghum 
productivity across the U.S. We selected the most accurate machine learning approach (a 
variation of Random Forest) to predict future trends in sorghum yields under four greenhouse gas 
emission scenarios and two irrigation regimes. We identified irrigation practices, vapor pressure 
deficit, and time (a proxy for technological improvement) as the most important predictors of 
sorghum productivity. Our results showed a decreasing trend of sorghum yields over future years 
(on average 2.7% from 2018 to 2099), with greater decline under a high greenhouse gas 
emissions scenario (3.8%) and in the absence of irrigation (4.6%). Geographically, we observed 
the steepest predicted declines in the Great Lakes (8.2%), Upper Midwest (7.5%), and Heartland 
(6.7%) regions. Our study demonstrates the use of machine learning to identify environmental 
controllers of sorghum biomass yield and predict yields with reasonable accuracy. These results 
can inform the development of more realistic biomass supply projections for bioenergy if 
sorghum production is scaled up. 
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Project Goals: Establish the scientific knowledge and new technologies to transform the 
maximum amount of carbon available in bioenergy crops into biofuels and bioproducts. 

Muconic acid (MA) is used for the production of important chemicals such as adipic acid, 
terephthalic acid, and caprolactam. 2-Pyrone-4,6-dicarboxylic acid (PDC) is a promising building 
block chemical used to make diverse biodegradable polyesters with novel functionalities. There is 
no chemical synthesis method currently available for manufacturing PDC, whereas synthesis of 
MA utilizes petroleum-derived chemicals. Therefore, the development of alternative strategies for 
bio-based production of MA and PDC has garnered significant interest. Plants represent 
advantageous hosts for engineered metabolic pathways towards the production of chemicals. We 
demonstrate that plants can be used for the bio-manufacturing of MA and PDC by re-routing 
intermediates of the shikimate pathway within chloroplasts. In particular, expression of bacterial 
3-dehydroshikimate dehydratase (QsuB) in plastids results in concomitant reductions of lignin and 
accumulation of protocatechuate (PCA) in biomass. Additional engineering strategies are currently 
designed to enhance PCA titers and enable its conversion into MA and PDC in-planta. Specifically, 
bacterial feedback-insensitive 3-deoxy-D-arabino-heptulosonate-7-phosphate synthase was 
overexpressed to increase carbon flux through the shikimate pathway, co-expression of PCA 
decarboxylase with catechol 1,2-dioxygenase allowed MA production, and co-expression of PCA 
4,5-dioxygenase with 4-carboxy-2-hydroxymuconate-6-semialdehyde dehydrogenase enabled 
PDC synthesis. The implementation in bioenergy crops (switchgrass, poplar, and sorghum) of MA 
and PDC biosynthetic routes that divert phenylpropanoid pathway intermediates away from lignin 
biosynthesis will be presented. These engineering approaches combine in plant biomass the 
production of value-added chemicals with low-recalcitrance traits towards sustainable 
development of biorefineries. 

 

This work is part of the DOE Joint BioEnergy Institute supported by the U. S. Department of 
Energy, Office of Science, Office of Biological and Environmental Research, through contract DE-
AC02-05CH11231 between Lawrence Berkeley National Laboratory and the U.S. Department of 
Energy. 
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Project Goals: We aim to establish the scientific knowledge and new technologies to 
transform the maximum amount of carbon available in bioenergy crops into biofuels and 
bioproducts at JBEI. Re-directing carbon flux to the targeted pathway is an important 
approach to improve production titer, rate, and yield. CRISPR interference (CRISPRi) is a 
novel approach that can be used to knock down endogenous genes in competing pathways. 
In this study, we constructed a CRISPRi-mediated multiplex repression system to silence 
transcription of several endogenous genes in order to increase precursor availability in a 
heterologous isopentenol biosynthesis pathway. The result shows that multiplex 
combinatorial knockdown of competing genes using CRISPRi can increase production of 
target metabolite, while the repression level needs to be adjusted to balance the metabolic 
network and to achieve the maximum titer improvement.  
 
CRISPR interference (CRISPRi) via target guide RNA (gRNA) arrays and a deactivated Cas9 
(dCas9) protein has been shown to simultaneously repress expression of multiple genomic DNA 
loci. By knocking down endogenous genes in competing pathways, CRISPRi technology can be 
utilized to re-direct metabolic flux toward target metabolite 1. In this study, we constructed a 
CRISPRi-mediated multiplex repression system to silence transcription of several endogenous 
genes in order to increase precursor availability in a heterologous biosynthesis pathway for 
isopentenol which is a drop-in biofuel and a precursor for commodity chemicals 2. To identify 
genomic knockdown targets in competing pathways, we first designed a single-gRNA library 
with 15 individual targets, where 3 gRNA cassettes targeting gene asnA, prpE, gldA increased 
isopentenol titer by 18-24%. We then combined the 3 single-gRNA cassettes into two- or three- 
gRNA array and observed up to 98% enhancement in production by fine-tuning the repression 
level through titrating dCas9 expression 1. Our strategy shows that multiplex combinatorial 
knockdown of competing genes using CRISPRi can increase production of target metabolite. In 
this approach, we also showed that the repression level needs to be adjusted to balance the 
metabolic network and achieve the maximum titer improvement.  
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Project Goals: Establish the scientific knowledge and new technologies to transform the 
maximum amount of carbon available in bioenergy crops into biofuels and bioproducts. 

Lignocellulosic biomass (i.e. the plant secondary cell wall) is a promising sustainable feedstock 
for the production of biofuels and bioproducts. The cell wall is a complex material composed of 
lignin, diverse polysaccharides, and proteins that assembles outside of the cell membrane. Our 
goal is to develop a physical model of bioenergy crop cell walls which will guide engineering and 
breeding strategies.  

Understanding the biosynthesis and nanoarchitecture of plant cell walls is key for the predictable 
engineering of bioenergy feedstocks. Multi-dimensional solid-state NMR (ssNMR) facilitates the 
close investigation of the native nanoarchitecture of plant cell walls(1–4). By successfully generating 
mature plants with high 13C incorporation (~90 %) in a customized growth chamber, the effect of 
modifying the cell wall on cell wall polysaccharide arrangement was investigated. Here, we 
present data on the nanoarchitecture of sorghum stem, root and leaf cell walls. We explore the 
effects of sample preparation (dried material vs. fresh), and propose a model for xylan-cellulose 
interactions. Future work will include testing the model using bioenergy crops with engineered 
cell walls. 
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Project Goals: Establish the scientific knowledge and new technologies to transform the 
maximum amount of carbon available in bioenergy crops into biofuels and bioproducts. 

Abstract: Lignin is a multifunctional polymer and integral part of the plant cell wall. Lignin’s full 
potential as a renewable source of aromatic compounds can be, in part, unlocked only if an efficient 
and economic method for lignin depolymerization and valorization is developed. Alternative 
solvents such as ionic liquids (ILs) and deep eutectic solvents (DESs) have received increasing 
interest because of their high efficacy in fractionating and pretreating lignocellulosic biomass. 
However, the lignin-carbohydrate complex degradation mechanism in DES, especially metal 
containing DESs (mDESs), computational predictability of eutectic points, and mDESs’ 
characteristics are not well understood. This study aims to i) develop and understand the atomistic 
behavior of known/newly designed ILs on lignin via multiscale simulation approaches, ii) predict 
the eutectic points for the mDES and their impact on lignin depolymerization, iii) experimental 
validation of predicted results for biomass fractionation and process parameter optimization, and 
iv)   characterize and upgrade  the lignin streams from ILs/mDESs treated biomass to value-added 
compounds. In this study, a quantum chemical-based molecular simulation namely COSMO-RS 
(COnductor like Screening MOdel for Real Solvents) model was used to screen rational 
combinations of ILs (60 anions and 90 cations) for the solubility of lignin. The activity coefficient 
and excess enthalpy of IL and lignin mixtures were evaluated as reference property to describe the 
affinity of lignin for different ILs. Furthermore, based on the COSMO-RS results, the selected ILs 
were visualized by observing their structural properties and dynamics with lignin by performing 
the molecular dynamics (MD) simulations. Subsequently, we demonstrate simultaneous 
fractionation of biomass and lignin depolymerization using mDES. We studied the product profile 
of depolymerized biopolymers (qualitatively and quantitatively) along with the molecular weight 
distribution profile as a function of reaction coordinates. Notably, the employed DES system not 
only achieved ~95% glucose and ~25% lignin monomer yields, but also had limited enzyme 
inhibition and microbial toxicity (>5wt%), opening the possibility for a subsequent downstream 



biological conversion of the depolymerized stream(s). This study provides a mechanistic 
understanding of biomass fractionation and lignin depolymerization in mDES and explores the 
potential of catalytic upgrading of lignin to value-added products.   
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Project Goals: Our research goal is to identify genomic elements required for the symbiotic 

relationship between nodulating plants and nitrogen (N)-fixing bacteria. In order to 

identify these elements, we measured and analyzed novel RNAseq and ATACseq time 

course data obtained from Medicago plants subjected to treatment with lipo-

chitooligosaccharide (LCO) Nod factors. The gene regulatory network involved in the 

response to LCOs were discovered by applying a novel computational method that defines 

dynamically transitioning genes and predicts key regulators of these genes. Prioritized 

regulators and their target genes will be validated experimentally.  

Nitrogen fixation occurs naturally in a limited lineage of plants (N-fixing clade) through a 

symbiotic relationship where plant root nodules are colonized by N-fixing bacteria. The vast 

majority of plants do not have this ability, requiring the application of fertilizers for agricultural 

production. Some molecular components of the symbiosis pathways are known, yet the gene 

regulatory network involved in this process is not well understood. A detailed characterization of 

the regulatory network controlling symbiosis can provide important insights into the key 

regulators that are missing from non N-fixing species. More importantly, this can prioritize the 

elements and regulators that could be engineered into plants lacking the ability to form symbiotic 

relationships.  

We measured transcriptomic (with RNA-seq) and chromatin accessibility (with ATAC-

seq) profiles in Medicago roots treated with LCOs over a 24 hour time course. LCOs are a 

component of the symbiotic pathway and part of the early signaling processes needed to trigger 

the establishment of symbiosis in Medicago.  

mailto:saknaack@wisc.edu


We analyzed the expression data using a time-series clustering algorithm (Escarole1) and 

identified groups of genes exhibiting coherent dynamic change over time, several of which are 

associated with coordinated changes in accessibility. In parallel, we examined the signal profile 

of peak calls from the ATAC-seq data collected over the same time points, and identified 81,114 

putative regulatory regions, including clusters of those regions that exhibit coherent dynamic 

change over time. These dynamically changing peaks are proximal to 39,755 genes (of 51,316 in 

the v1.6 annotation of the v5 Medicago genome). Furthermore, the accessibility profile around 

the gene promoter is correlated (Pearson correlation of 0.50 or greater) to transcriptomic changes 

detected over the duration of the experiment in 28.5% of genes. 

We next applied a novel approach, Dynamic Regulatory Module Networks (DRMNs), for 

integrating RNA-seq and ATAC-seq time courses along with known sequence-specific motif 

instances. With this approach we identified modules of co-expressed genes at each time point, in 

addition to per-module regulatory networks predictive of gene expression within each module. 

The network edges are based on predicting gene expression using gene promoter and motif site 

accessibility values. We examined known regulators of the nodulation pathway and found them 

to be enriched within specific groups of genes exhibiting transitions in their expression state. 

Several of our modules are enriched for root hair elongation, defense response to bacterium, 

chromatin organization and MAPK cascade processes. We identified transitioning genes using 

DRMN results and predicted regulators for these genes using a network inference algorithm2. 

The regulators include IBM1, EDN3, MTF1, EIN3, SHY2, BHLH, AB15, RRB15, MTF1, 

NSP1, RRB9, AB14, and SMB. Several of these regulators (EIN3, NSP1) are known to be 

involved in nitrogen fixation providing early promising support to our predictions. We are 

currently identifying targets for these regulators and experimentally testing them. 

Taken together our dataset and associated analyses provide a valuable resource to the 

plant community to understand the gene regulatory programs controlling Nitrogen fixation. 
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Project Goal: Transfer the root nodule symbiosis from legumes to the bioenergy crops 
Populus sp. 

Legumes (Fabales) and close relatives of the Fagales, Cucurbitales, and Rosales can associate 
efficiently with nitrogen-fixing bacteria, in symbioses that lead to the development of root nodules. 
Legumes, in particular, host bacteria called rhizobia in their root nodules. Genetic studies in model 
legumes such as Medicago truncatula and Lotus japonicus identified that (1) rhizobia colonize 
legume roots intracellularly through the recruitment of the arbuscular mycorrhizal (AM) signaling 
pathway and (2) root nodules evolved from the recruitment of the lateral root developmental 
pathway. Essential mechanisms connecting these two processes are cytokinin signaling and the 
NIN (Nodule INception) protein. 
Recent comparative phylogenomic studies suggest that these root nodule symbioses appeared once 
in the last common ancestor of the Fabales, Fagales, Cucurbitales, and Rosales, and has been lost 
multiple times within this monophyletic group often called the “nitrogen-fixing clade”1. Populus 
sp. are bioenergy crops and close relatives to the “nitrogen-fixing clade”. In particular, they seem 
to possess all the genes known to be required for nodule symbiosis, including NIN2. Populus sp. is 
easily transformable and represents an excellent model for synthetic biology approaches. 
We identified rhizobia and their diffusible signals that can activate the AM signaling pathway in 
Populus sp., as they do in legumes. We studied Populus sp. responses to these signals using cell 
biology (calcium spiking) and transcriptomic approaches (RNA-seq). 
We are also working on characterizing the role of cytokinin signaling and the NIN genes in Populus 
sp. We overexpressed and knocked-down the NIN genes and cytokinin receptors in Populus sp. 
Overexpression of some NIN genes and cytokinin receptors led to an increase in lateral root 
development and, in some cases, the development of nodule-like structures on Populus sp. roots. 
Interestingly, the development of these root lateral structures is activated by cytokinins, which is 
a critical feature distinguishing root nodules from lateral roots. We are also characterizing the cis-
elements targets of NIN and other symbiotic transcription factors using ATAC-seq and DAP-seq. 
We are actively working on trying to get these nodule-like structures colonized by rhizobia.  
In the long term, engineering a nitrogen-fixing root nodule symbiosis in Populus sp. would greatly 
enhance biomass productivity on marginal soils and the sustainability of bioenergy production.  
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Project Goals: The collaborative project "Phylogenomic discovery and engineering of 
nitrogen fixation into the bioenergy woody crop poplar" is focused on identifying the 
genomic novelties that enable the symbiotic relationship between nodulating plants and 
N-fixing bacteria to support genetically engineering this capability into bioenergy crops. 
The first aim of this project is a comparative phylogenomic study of the nodulating 
clade to uncover the genomic novelties that were required for the evolution of the root 
nodule symbioses. A massively improved phylogenetic framework for the N-fixing clade 
that includes genetic data for nodulation genes for all species in the phylogeny will 
provide a robust, revised understanding of the exact ancestral origin of nodulation and 
the evolution of the predisposition to nodulate. This framework will also inform a 
experiments comparing close relatives that nodulate or do not nodulate to identify the 
genes underlying this trait. To achieve these aims we developed a cutting-edge 
phylogenetic approach with an unprecedented sampling effort that is described below.  
 
 Robust phylogenetic inferences on the origin of the predisposition to nodulation, and 
events of nodulation gain and loss, are key to understanding the evolutionary lability and, 
consequently, the likelihood of successful transferability of N-fixing symbioses among lineages 
of angiosperms. A well-resolved and well-sampled N-fixing clade phylogeny is therefore a 
prerequisite to the discovery of genes that determine nodule development. Multiple 
phylogenetic analyses have been conducted on the N-fixing clade with the aim of elucidating 
the origins of N-fixing symbioses; however, these analyses have relied on trees estimated 
using a few genes and in which species sampling in the N-fixing clade was limited. We present 
our first steps toward a revised phylogeny based on deliberate and extensive sampling, 
phylogenomic data, and rigorous statistical analysis. These will allow more accurate inference 
of precursors of N-fixing symbioses, gain and/or loss events, and potential transferability of the 
capability to crop plants not in the N-fixing clade. The final phylogeny will include 15,000 of 
30,000 species of the N-fixing clade, making it the best sampled and phylogenetically studied 
major clade of plants. 

 This ambitious phylogenetic study requires novel strategies for rapid specimen sampling 
and DNA data generation. Elements of our strategy that enable geographically and 
taxonomically comprehensive sampling include a protocol for rapid tissue sampling of 15,000 
historical specimens, a high-throughput, high-yield DNA extraction protocol specifically suited 
to degraded DNA, a targeted-enrichment DNA sequencing kit that works across phylogenetic 



scales and includes key functional genes, and scalable information management and 
processing using a project database and custom bioinformatics tools. The protocols and tools 
developed for this project can be leveraged as a toolkit for phylogenetic researchers to 
generate very large phylogenetic datasets and will facilitate greater utilization of historical 
specimens in phylogenetic research. 

 The results so far include our completion of rapid sampling, data generation, and data 
assembly and highlight preliminary phylogenetic results and their usefulness for meeting 
project goals. Our preliminary phylogeny is based on 100 nuclear loci sequenced for 9,876 
species from the N-fixing clade (Fig. 1) and informs comparisons between nodulating and non-
nodulating species based on novel phylogenetic relationships. We also highlight a set of 
functional genes that may be correlated with nodulation based on our preliminary results. 

 This result represents an initial analysis comprising two thirds of our genomic and 
taxonomic sampling effort. We will leverage the total phylogenetic and comparative genomic 
results to discover gene candidates that potentially underlie nodule development so that these 
genes can be tested for function in nodulating and non-nodulating model systems.  

 
Fig. 1. Preliminary phylogeny of a subset of the N-fixing clade based on our gene capture data available at the time of the 
abstract submission. This tree represents two thirds of the complete phylogeny that will be available for meeting project goals. 
Terminal branches are colored by presence or absence of nodulation based on scorings from Werner et al. (2014) and 
Afkhami et al. (2018).  

This work is supported by the Biosystems Design Program from the Biological and 
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Project Goals:  
Analysis of transcriptomic and epigenetic control mechanisms during spatiotemporal responses 
to water-limiting conditions is being performed on leaves and roots of field-grown Sorghum 
bicolor (L.) Moench, under control and pre- and post-flowering drought. Also investigated are 
changes in associated bacterial and fungal communities in bulk soil, rhizosphere, leaves and 
roots of drought-stressed sorghum. Goals of these efforts are to understand in sorghum 
mechanisms functioning in acclimation to and recovery from pre- and post-flowering drought, 
using RNA-Seq, BS-Seq, proteomics, metabolomics, and histone profiling. Additional insights 
into sorghum’s responses are gleaned from studying impacts on microbial populations, using 
metagenomics, metatranscriptomics, and metabolomics. Cumulative data are being used to 
devise models to better predict and control roles and interactions of transcriptional regulation and 
of the microbiome in sorghum’s response to drought. We hope to identify genes, molecular 
markers and microbes to develop strategies for improving drought tolerance in sorghum and 
other crops. 
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 EPICON researchers aim to better understand impacts of drought on crops, due to increased 
frequency and severity of that stress with climate change. Both transcriptomic and epigenetic 
changes play major roles in regulating reactions to drought. To better understand spatiotemporal 
responses, samples of leaves and roots of field-grown Sorghum bicolor (L.) Moench were 
collected weekly over the growing season. RNA-Seq, BS-Seq, metabolomics, proteomics, and 
histone profiling were used to gain a mechanistic understanding of plant acclimation to and 
recovery from drought. Shotgun metagenomics, metatranscriptomics, and metabolomics were 
used to monitor sorghum’s rhizosphere bacterial and fungal microbiome communities.  
 As a widely cultivated, drought- and flood-tolerant cereal, sorghum is a flexible bioenergy 
feedstock with a relatively reduced environmental footprint. EPICON studies were done in fields 
in California’s Central Valley, where rare summer rainfall permitted controlled drought 
conditions during the four years of field trials. One pre-flowering drought-tolerant and one stay-
green, post-flowering drought-tolerant variety were planted in a replicated, split plot design, with 
normal watering and pre- and post-flowering drought. Phenotypic observations were taken 
during the growing season, grain and biomass yields at harvest. Most impacted phenotypes 
during pre-flowering drought were later flowering, shorter stature and lower forage/grain yields; 
for post-flowering drought premature plant death, lodging and reduction in seed size were seen.   
 Year one transcriptional profiling of triplicate, weekly leaf and root samples revealed 
widespread adaptations at all developmental stages, as well as after watering pre-flowering 
droughted plants and after imposing post-flowering drought – with 44% of expressed genes 
significantly affected (Varoquaux et al., 2019). Based on 350 transcriptomes, fast, temporal 
transcriptomic responses were seen in leaves and roots, including changes in well-known 
drought pathways. Roots had greater transcriptional disruptions than leaves. Pre-flowering 
drought had more complex temporal changes than post-flowering drought; large differences were 
found between genotypes. Efforts now focus on detailed analyses of Year 2 and 3 data. 
 In-depth studies were done on two drought-related transcriptional responses. (1) Qualitative 
differences in transcriptomic and proteomic data were seen in responses of photosynthesis-
related genes to pre- and post-flowering drought, suggesting mechanisms of (i) enhanced 
photoprotection in pre-flowering drought, (ii) changes to photosynthate partitioning, specific to 
pre- and post-flowering drought, and (iii) altered progression of leaf senescence in post-
flowering drought. Quantification of photosynthetic traits in the field confirmed genotypic and 
drought-induced differences in photosynthetic performance, predicted based on transcriptomic 
and proteomic data. (2) Large-scale reduction in expression of sorghum genes critical to 
arbuscular mycorrhizal (AM) fungi symbiosis occurred in both pre- and post-flowering drought 
and co-occurred with a drop in AM fungal mass, suggesting drought leads to loss of AM fungi 
and their vital symbiotic interactions. Upon re-watering, plant gene expression and AM fungal 
mass increased to control levels. Gene expression differences were the largest genotype-specific 
drought responses for a single functional gene category, indicating AM symbiosis may explain 
some genotype differences during pre-flowering drought recovery (Varoquaux et al 2019). 
 Preliminary analysis of BS-Seq data, designed to explore DNA methylation patterns, 
revealed many regions in leaves where changes correlated with plant development. Also, strong 
expression from transposable elements occurred under drought, often continuing after water 
resumption. Further study awaits high accuracy genome sequencing and annotation of the two 
genotypes. Preliminary data from year 1 leaf samples suggest terminal clipping of histones H4 
and H3 may regulate plant growth and drought tolerance differently in the two genotypes (Zhou 



et al. 2019). LC-MS analysis of year 2 intact histones from leaves will enable discovery of novel 
drought- or development-related posttranslational modifications. 
 Distinct, differential protein profile changes between genotypes suggest protein level changes 
may relate to differential drought tolerances, especially in pre-flowering drought. Comparisons 
of protein ratios revealed functional categories distinct to each variety. During pre-flowering 
drought, identity of leaf proteins, significantly increased in the pre-flowering, drought-tolerant 
variety versus the post-flowering, drought-tolerant variety, suggest chaperones may play key 
roles in stabilizing key protein or enzyme functions involved in drought tolerance in the pre-
flowering, drought-tolerant variety. Conversely, the post-flowering, drought-tolerant variety 
showed significantly higher enrichment in beta-glucoside metabolism and photosynthesis-related 
proteins. Regarding metabolites, increases in proline, glyceraldehyde, shikimic acid, sugar 
pentoses and hexoses, were seen during pre-flowering drought. During post-flowering drought, 
increases in 3-hydroxycinnamic acid, mevalonic acid, quinic acid and sugar monosaccharides 
were seen in leaves of both varieties. Significant increases in proline, glycine, betaine, arginine, 
lysine and serine were seen in roots of the post-flowering, drought-tolerant variety. 
 Using soil, root, leaf and rhizosphere samples, collected weekly from the same plants, 
dramatic shifts in bacteria and fungi followed drought and re-watering (Xu et al. 2019). Genome-
resolved metagenomics within rhizosphere and soil samples allowed binning of shotgun 
metagenomic and metatranscriptomics reads into the most abundant organisms. Results show 
that rapid changes in bacterial community composition, occurring after pre-flowering drought, 
correlate with shifts in transcriptional activity of specific biological functions, i.e., genes related 
to carbohydrate and amino acid transport and metabolism. Also, organisms, enriched under 
drought stress, contain a larger repertoire of genes in the same categories. These data, coupled 
with root metabolomics, suggest interplay between plant metabolism and bacterial community 
activity that is in part sensitive to shifts, following drought stress, in nutrient profiles within the 
root and rhizosphere. 
 Total fungal diversity and community composition are significantly affected by both pre- and 
post-flowering drought (Gao et al 2020). Importantly, abundance of the fungal plant pathogens, 
i.e., Fusarium, Gibberella and Sarocladium, decreases in pre-flowering drought but increases in 
post-flowering drought, more strongly in rhizosphere than root (Gao et al 2020). AM fungi 
behavior was discussed above (Gao et al 2018, Varoquaux et al 2019). Expression of sorghum 
genes involved in communication with AM fungi (both strigolactones and Myc-LCOs) were also 
found to correlate with abundance of early or late AM fungal species. Lastly, the cross-kingdom 
network of fungal-bacterial co-occurrence is disrupted by drought, recovering after re-watering. 

Scale and scope of EPICON data provide unprecedented platforms for in-depth exploration 
of molecular mechanisms of drought tolerance and its interplay with the plants' biotic 
environment. Data generated provide many avenues for future research on sorghum and drought 
– likely relevant to other crops. Ultimately, genes, molecular markers and microbes causally 
associated with drought tolerance will be identified that improve yield and fitness under drought. 
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Project Goals: 
Permafrost is one of Earth’s largest reservoirs of soil organic carbon (SOC). As 
permafrost thaws, heterotrophic microbial communities degrade the newly-available 
SOC, often resulting in large and variable fluxes of the greenhouse gases CO2, CH4, and 
possibly N2O to the atmosphere. Our project will address some questions fundamental to 
understanding how permafrost thaw affects greenhouse gas emissions. What are the 
relative contributions of CO2-consuming vs. net-CO2-producing processes in thawing 
permafrost? As SOC degrades, what are the relative production or consumption rates of 
CO2, CH4, and N2O, which metabolic pathways and microbes drive SOC degradation in 
thawing permafrost, how are the metabolic pathways affected by SOC composition, and 
how much of the SOC is degraded? We will address these questions with intact core 
incubations from Bayelva, Svalbard. This site of continuous permafrost has been 
warming and thaw depth has increased from ~1 m to ~2 m over the last 20 years. 
     
To determine how permafrost thaw impacts SOC-degrading microbial communities in 
intact core incubations, we will collect two long cores that go through the current 
permafrost layer, subsample one of them for DNA and geochemical analyses while in Ny 
Ålesund, and send the other in coolers to Potsdam, Germany. We will collect nine 2 m 
cores for transport to Princeton, NJ, where we will monitor pore gas composition and 
surface fluxes, pore water chemistry and isotopic compositions of dissolved inorganic 
carbon, dissolved organic carbon, CO2, CH4, and N2O. We will take subsamples for 
meta-omic analyses at times zero, 1 week after permafrost thaw, after core slumping, and 
after 12 and 18 months, from four depths in the cores in order to obtain high-resolution 
molecular information about the microbial functional activities and temporal changes. 
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Project Goals:  

Renewable Oil Generated with Ultra-productive Energycanes—or ROGUE—is engineering 

the two most productive American crops—energycane and Miscanthus—to produce a 

sustainable supply of biodiesel, biojet fuel, and bioproducts.  

Project goals are to:  

1) Engineer energycane and Miscanthus to produce an abundance of natural oil that can be 

converted into biodiesel, biojet fuel, and bioproducts. 

2) Improve how plants convert sunlight into plant matter through photosynthesis without more water 

or fertilizer. 

 

Abstract 

Engineering bioenergy crops to produce natural oils provides an alternative energy source that can 

help ensure energy security while mitigating environmental problems associated with traditional 

fossil fuels. The C4 photosynthetic pathway of bioenergy grasses such as sugarcane, while the most 

efficient pathway, needs to be improved in order to accommodate the high energetic costs of oil 

biosynthesis without decreasing plant growth.  Crop canopy modeling demonstrates that the rapidly 

changing light environment experienced by bioenergy crops in dense plantings limits photosynthetic 

efficiency. However, there has been little empirical research investigating the impact of rapidly 

changing light environments on C4 bioenergy crops biomass production or on developing 

engineering strategies to improve the efficiency of bioenergy grasses in dynamic light environments. 

Previous modeling of C4 photosynthesis in fluctuating light environments suggested that 

photosynthetic efficiency is reliant on the coordination of the C4 and C3 metabolic cycles. We 

hypothesize that large metabolite pools act as buffers to minimize changes to metabolite fluxes in 

rapid changes in light environments, and that this buffering helps maintain coordination of the C4 

https://rogue.illinois.edu/


and C3 metabolic cycles. Increased chloroplast volume would increase this metabolite buffering 

capacity by increasing metabolite pool sizes, and thereby enhance the C4 photosynthetic efficiency 

in fluctuating light conditions. We are engineering increased sugarcane chloroplast volume by 

genetically manipulating various components of the chloroplast division machinery. We have 

already developed a methodology for estimating chloroplast volume of sugarcane leaves using 

confocal microscopy and a 3-D image program. Leaf microscopy, leaf photosynthetic gas exchange, 

and above ground biomass production in greenhouse trials will be used to select the best chloroplast 

modifications for future field trails. 
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Project Goals:  
Renewable Oil Generated with Ultra-productive Energycanes—or ROGUE—is engineering the 
two most productive American crops—energycane and Miscanthus—to produce a sustainable 
supply of biodiesel, biojet fuel, and bioproducts. This work investigates mature stem parenchyma 
cell-specific genes with the aim to increase oil production in the stem. 
 
 
Abstract 
Triacylglycerols (TAG) are major components of plant oil. Engineering energycane to produce an 
abundance of TAG for further conversion into biodiesel, biojet fuel, and bioproducts, is an 
essential goal of ROGUE. Constitutively engineering TAG biosynthesis throughout the plant may 
produce pleiotropic effects, therefore manipulations should be restricted in a specific tissue or cell 
type, such as mature stem parenchyma cells, where tremendously stored photoassimilates are 
available for efficient TAG conversion. However, the information of mature stem parenchyma 
cell-specific or preferential genes still lacks up to now. Several stem highly expressed candidates 
were selected from the published sugarcane RNA-seq dataset. The real-time PCR analysis was 
conducted to confirm the candidate gene expression levels across various tissues at two 
developmental stages (immature and mature) in energycane. Spatial expressions of candidate 
genes in the stem were examined using optimized RNA in situ hybridization. Two candidate genes, 
namely SPCG1 (Stem Parenchyma Cell-specific Gene 1), and SPCG2, were strongly expressed in 
the mature stem of energycane. Additionally, abundant SPCG2 RNA transcripts were found in the 
pith parenchyma cells of the mature stem using two different gene-specific RNA probes. Further 
validating the promoter activities of SPCG1 and SPCG2 in energycane is needed for potential 
applications of engineering energycane.  
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Project Goals: 

The Renewable Oil Generated with Ultra-productive Energycane (ROGUE) project aims to 
engineer the two most productive American biofuel crops, energycane and Miscanthus, to produce 
a sustainable supply of biodiesel, biojet fuel and bioproducts. The main objectives of this work 
are: 

1) To improve the conversion of sunlight into plant biomass/metabolites through 
photosynthesis without the need for increased quantities of either water, or fertilizer. 

2) To transfer ROGUE technologies from the lab bench to crops through an efficient pipeline. 

 

Abstract 

Miscanthus × giganteus is a more chilling-tolerant C4 biomass feedstock in comparison to other 
phylogenetically-related C4 crops such as maize, sorghum or sugarcane (1, 2). Photosynthetic 
activity of C4 crops is limited by the amount of pyruvate orthophosphate dikinase (PPDK) and 
rubisco which restrain regenerate of phosphoenolpyruvate (PEP) (1, 3, 4). At the same time, 
photosynthetic efficiency is shown to improve under fluctuating light when photoprotection 
response time is accelerated by overexpression of zeaxanthin epoxidase (ZEP), violaxanthin de-
epoxidase (VDE) and Photosystem II subunit S (PsbS) (5). We hypothesize that alleviating rate 
limitation in C4 photosynthesis by PPDK and accelerating relaxation of photoprotection will 
significantly raise photosynthetic efficiency in Miscanthus. Although M. × giganteus fits the 
characteristics of an ideal bioenergy crop with the added advantage of minimal invasive potential, 
the propagation of this highly productive feedstock is limited by its triploid genome and the 
sterility of the plant (6). Traditionally, biolistic transformation of Miscanthus uses embryogenic 
calli induced from immature influorescences as the main transformation material (7) which can 
only be collected once a year. In this study, we established a M. × giganteus transformation system 
at the University of Illinois at Urbana-Champaign using microparticle bombardment (8) and 
demonstrated this transformation method using vectors encoding genes related photoprotection in 
plants and PPDK, respectively. In order to increase the availability of material for transformation, 
we are also developing a system to induce embryogenic callus from shoot apices of M. × giganteus. 
With these in place, we hope to obtain a more robust system to study the effect of photosynthetic 
genes in transgenic M. × giganteus. 
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Project Goals:  

Renewable Oil Generated with Ultra-productive Energycanes—or ROGUE—is engineering 
the two most productive American crops—energycane and Miscanthus—to produce a 
sustainable supply of biodiesel, biojet fuel, and bioproducts.  
Project goals are to:  
1) Overcoming recalcitrance in tissue culture and genetic transformation of energycane. 
2) Engineer energycane to produce an abundance of lipids in the form of triacylglycerol which can be 
converted into biodiesel, biojet fuel, and bioproducts. 
3) Altered expression of flowering genes, pyruvate Pi dikinase and proteins involved in chloroplast 
division in energycane to enhance biomass yield and cold tolerance. 
 
 
Abstract  
 
Metabolic engineering towards hyper-accumulation of lipids [e.g. triacylglycerol (TAG)] in the 
vegetative tissues of high biomass yielding crops is a new strategy to improve lipid yields for biofuel 
production. Energycane is an ideal feedstock for this approach due to its superior biomass production 
and persistence. However, energycane is among the most recalcitrant crops in tissue culture, impeding 
its genetic transformation. 
 
Visual browning of the newly excised energycane explants is a major hurdle that needs to be overcome 
to establish an efficient genetic transformation protocol for this target species. We investigated effects 
of several culture media supplements (e.g. anti-oxidants/anti-browning agents) in the tissue culture 
medium on visual tissue browning in energycane. The combination of 2 to 3 anti-browning agents 
significantly reduced visual tissue browning while increasing the number of regenerating plantlets 
from energycane callus. 
 
Plant lipid is one of the most energy-rich and abundant forms of reduced carbon available from nature. 
A multigene expression construct was used to elevate the production of free fatty acids, catalyze their 
conversion into TAG and prevent TAG hydrolysis. This construct was transferred into energycane 
callus, using the biolistic particle delivery system.  Presence of transgenes in the regenerated plants 
were confirmed by PCR. 
  

https://rogue.illinois.edu/


Lipid yield per land area from high biomass crops like energycane is determined by the lipid 
concentration in the biomass, the total biomass yield and the extractability of the lipids from the 
biomass. Flowering of energycane is expected to affect oil yield and the extractability of oil. Upon 
flower induction vegetative growth ceases and sucrose/oil that has accumulated in the stalks is re-
mobilized for use in reproductive development. Often flowering also leads to dehydration of the stalk 
tissues, which negatively affects stalk density, and also compromises sugar extraction in conventional 
sugarcane or lipid extraction in metabolically engineered lipid cane. Therefore, we recently generated 
transgenic energycane plants harboring a construct for RNAi mediated suppression of multiple 
flowering genes. Since energycane is vegetatively propagated for establishment of plantings, 
suppression of flowering will not require an altered  agronomic practice while improving the biosafety 
of the engineered crop. 
 
Genetic improvement of photosynthetic efficiency could potentially be achieved by developing a 
photosynthetically more effective canopy. To evaluate the effect of chloroplast size on light 
penetration into the canopy and biomass production, we intend to modify the expression of the  
cytoskeletal Filamenting temperature-sensitive Z (FtsZ) protein, which is critical for chloroplast 
division. Overexpression and RNAi constructs of FtsZ were introduced into energycane callus and 
regenerated through somatic embryogenesis. Pyruvate orthophosphate dikinase (PPDK) has been 
proposed as rate limiting enzyme in C4 photosynthesis. It regenerates the substrate phosphoenol 
pyruvate (PEP) for the initial carbon-fixation step. C4 plants are also severely limited by low 
temperature, possibly because PPDK is highly cold-labile and partially dissociates below 14 ºC. 
Therefore, we decided to explore the over-expression of Miscanthus x giganteus PPDK in energycane. 
MxgPPDK with its native regulatory sequences were introduced into energycane callus by biolistic 
gene transfer. The regenerated plants will be evaluated for the effect of PPDK overexpression on 
photosynthetic efficiency, cold tolerance and biomass accumulation. 
 
 
This material is based upon work supported by the U.S. Department of Energy, Office of Science, 
Office of Biological and Environmental Research (Award Number DE-SC-0018254). 
 
 
 



Identification of Adaptive Fungal Pathogen Resistance Loci in Switchgrass 
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Project Goals:  
 
Switchgrass (Panicum virgatum) is an important target species for domestic 
production of cellulosic biofuels, but it is susceptible to multiple fungal pathogens. 
The principle aim of our research is to identify the loci responsible for disease 
resistance in switchgrass and determine how effective those resistance loci are 
across geographic space. To accomplish this overarching goal, we are: 1) 
Characterizing the pathogens associated with disease in switchgrass and quantify 
their geographic distributions. 2) Discovering genetic loci for effective switchgrass 
disease resistance across different geographic locations. 3) Validating QTLs for 
pathogen resistance through controlled experiments. Overall, the discovery of loci 
and genes involved in resistance to specific pathogens will make crucial 
improvements of switchgrass cultivars possible through future breeding and gene 
editing efforts.  
 
Abstract: 
Switchgrass is an important target species for domestic production of cellulosic biofuels. 
The principal aim of most switchgrass breeding programs is to develop high-yielding 
cultivars. However, as feedstock plantings expand, so will pathogen pressure. Unless 
controlled, fungal pathogens with explosive disease potential will likely drive yield 
declines and economic losses. Pathogen resistance can be developed through breeding 
programs that exploit natural genetic variation in disease resistance. Much of the 
functional genetic variation in switchgrass, including pathogen resistance, is distributed 
clinally with latitude as well as between ecotypes. In general, southern lowland cultivars 
are more resistant to fungal pathogens than northern upland cultivars.  
To identify quantitative trait loci (QTL) responsible for pathogen resistance, we have 
conducted QTL mapping of rust infection on a mapping population planted across the 
central United States. The mapping population was created by crossing two northern 
upland accessions with two southern lowland accessions to create a four-way outbred 
population. This outbred mapping population was planted in 2015 at an unprecedented 
geographical scale, spanning ten common garden field sites distributed over 17 degrees 
of latitude in the central United States. Over the following three years (2016-2018), we 
collected ~149,000 rust infection scores on the mapping population across eight field 
sites. This data allowed us to identify two major QTLs and many minor QTLs 
contributing to rust resistance across field sites. The two major QTLs had large effects at 
northern field sites, but had little or no detectable effect at the southern field sites. These 
two QTLs co-localize with biomass QTLs, which suggests that gains could be made in 
both important traits by selecting upon these loci. Further, there was a strong epistatic 
interaction between the two major effect QTLs. Thus, it will be very important to 



consider both genotype x environment and genotype x genotype interactions when 
breeding disease resistance in switchgrass. The finding that major resistance loci 
generally only had effects in the north suggests that there are either different rust types in 
the north or that resistance is modified by local environmental conditions. To examine 
whether the abundance of different rust species was diverged between the north and the 
south, we used a combination of microscopy and molecular methods on field collected 
samples. This analysis found that Puccinia panici was by far the dominant rust species 
present at all of the sites we surveyed, which suggests that species-level differences in 
resistance are not responsible for the QTL differences between the north and the south. 
We are currently conducting population genetic aanalyses to determine whether 
population structure within P. panici could explain the latitudinal QTL patterns. In the 
summer of 2019, we began phenotyping a new genome-wide association study (GWAS) 
mapping population that was planted at 10 sites in the United States and three field sites 
in central Mexico. Our initial GWAS analysis has discovered additional loci involved in 
rust resistance. Overall, our efforts are providing foundational research that will facilitate 
the future development of more rust resistant cultivars of switchgrass. 

Funding Statement: 
This research was supported by the DOE Office of Science, Office of Biological and 
Environmental Research (BER), grant no. DE-SC0017883. 
 
 
 



Simultaneous consumption of mixed sugars through the division of labor (DOL) in a 

synthetic Saccharomyces cerevisiae consortium 
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Project Goals: Short statement of goals. (Limit to 1000 characters) 

For natural carbon sources composed of multiple substrates, there are two utilization strategies: 

single ‘superbugs’ (SS) capable of simultaneously utilizing all of these substrates and the division 

of labor (DOL) among strains with each specializing in one substrate. Our working hypotheses are 

that heavy metabolic cost, including burdens and toxicity, of substrate utilization favors DOL over 

SS and that DOL is more adaptive than SS to changing substrate compositions. To test the 

hypothesis, we will engineer a set of Saccharomyces cerevisiae strains to implement the both 

strategies and also build a multiscale mathematical model to quantitatively elucidate the general 

rules for designing substrate co-utilization.  

 

Abstract 

Abundant and inexpensive agricultural residues contain mixed sugars, such as glucose, xylose, and 

arabinose, that can be utilized by wild-type and engineered microbes for chemical production. 

Studies have shown that, during consumption, microbes often follow a sequential fashion for 

mixed sugars—preferential consumption of glucose over other sugars—which results in impaired 

yield and productivity of target molecules. Here, we dissect glucose and xylose consumption by 

constructing a yeast consortium of a glucose utilizing strain and a xylose utilizing strain. The 

former (YG1) was constructed by deleting endogenous hexose transporters (HXT1-7 and GAL2) 

and introducing a heterologous glucose-specific transporter in a wild-type Saccharomyces 

cerevisiae. The latter (YX1) was constructed by deleting endogenous hexose transporters (HXT1-7 

and GAL2) and introducing a heterologous xylose-specific transporter in an engineered S. 

cerevisiae expressing xylose reductase (XYL1), xylitol dehydrogenase (XYL2), and xylulokinase 

mailto:Shin9114@illinois.edu


(XYL2).  

 We observed that the consortium consisting of YG1 and YX1 could consume glucose and 

xylose simultaneously when equal amounts of glucose and xylose are present in a culture medium. 

However, we observed potential issues in achieving simultaneous consumption of glucose and 

xylose at various concentrations which are often resulted from different feedstocks. First, while 

major hexose transporters (HXT1-7 and GAL2) were deleted, YX1 could consume glucose after 

lengthy cultivations on glucose due to activation of minor hexose transporters (HXT8-17). In order 

to prevent glucose consumption of YX1, we deleted hexokinases (HXK1-2) and glucokinase (GLK1) 

which are responsible for glucose phosphorylation so that glucose consumption can be completely 

eliminated even after the activation of minor hexose transporters. Indeed, YX2 (HXK1-2 and GLK1 

deleted YX1) did not show glucose consumption at all. Second, YG1 and YX2 showed different 

specific glucose and xylose uptake rates, leading to difficulties in constructing an optimal 

consortium. If the consumption rates of sugars were not equally controlled, one of the strains could 

dominate the consortium. In order to synchronize sugar consumption rates of YG1 and YX2, a less 

efficient glucose-transporter was introduced to YG1 to build YG2 and the copy numbers of the 

xylose-specific transporter in YX2 were doubled to build YX3. As a result, the glucose and xylose 

uptake rates of YG2 and YX3 were comparable. Lastly, monitoring the populations of YG2 and YX3 

during cultivation was difficult. As such, fluorescence proteins (GFP and RFP) were expressed in 

YG2 and YX3 to monitor each population using a real-time fluorescence image of the consortium. 

The resulting YG2f and YX3f were employed for studying the division of labor during fermentation 

of glucose and xylose via DOL.  

 In summary, we confirmed that the inoculation ratio and controlled sugar consumption 

rate of YG2 and YX3 can be used as tuning parameters to optimize simultaneous consumption of 

glucose and xylose at various concentrations. Our results demonstrate that the division of labor in 

ecosystems could be applied to consume mixed sugars and develop biochemical processes for 

efficient conversion of mixed sugars into value-added products. 

 



Dissecting the Social Interactions of Yeast-Lactic Acid Bacteria Consortia 
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Project Goals:  

Microbial social interactions are a major driving force that regulates the organization and 

functioning of microbial communities. Here we experimentally investigate cellular interactions in 

various yeast—lactic acid bacteria (LAB) consortia and determine how these interactions 

contribute to corresponding ecosystem dynamics. 

Abstract 

Engineered microbial consortia must be able to generate desired population behaviors for reliable 

and efficient industrial bioprocessing. One promising way to develop such ecosystems is through 

the design and construction of specific cellular social interactions. Here, we experimentally 

uncover microbial interactions in various yeast—lactic acid bacteria (LAB) consortia and 

determine how these interactions contribute to corresponding ecosystem dynamics. In a glucose-

supplemented, chemically defined medium which supports only the growth of yeast, we found that 

co-culturing S. cerevisiae S90 with LAB, including Lactococcus lactis, Lactobacillus brevis, 

Lactobacillus plantarum and Lactobacillus acidophilus, promotes their growth while being 

minorly inhibited. In a lactose-supplemented, defined medium that supports LAB only, LAB are 

able to grow normally but S. cerevisiae S90 fail when they are co-cultured. One exception is the 

Lb. brevis—S. cerevisiae S90 co-culture where the both grow better than their monocultures, 

suggesting that S. cerevisiae S90 and Lb. brevis can form a mutualistic interaction. To create the 

same symbiotic interaction between yeast and Lactococcus species, we engineered a lactose-

positive and galactose-negative L. lactis strain, MG2, using direct evolution and genetic 

engineering. Our subsequent co-culture experiment confirmed that S. cerevisiae S90 and MG2 

indeed form a mutualism consortia. Together, our experiments show different modes of social 



interactions in yeast-LAB consortia and their corresponding community dynamics, which provides 

insights into the organization of yeast-LAB consortia and future applications of these ecosystems 

for metabolic engineering purposes.  

Funding 

This work is supported by the U.S. Department of Energy, Office of Science, Office of Biological 

and Environmental Research under Award Number DE-SC0019185 



Constructing the Nitrogen Flux Maps (NFMs) of Plants 
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URL: https://nfluxmap.github.io/  

Project Goals: To construct plant N flux maps (NFMs) from plant genomes and to determine 
both biochemical and system-level functionality of plant N metabolic network.  
 
Abstract: Nitrogen (N) is an essential element of organic molecules, such as amino acids and 
proteins, but is often limited in plants. Thus, N use efficiency (NUE) directly impacts overall yield 
and performance of bioenergy and agricultural crops. Improved NUE can also reduce the use of N 
fertilizers and environmental issues caused by N eutrophication. Despite the critical roles N play 
in both plant productivity and environmental health, unlike extensively-studied carbon (C) flux 
map of plant metabolism, little is known about how assimilated N flows through the metabolic 
network, namely the “N flux map (NFM)”. The lack of understanding of NFM represents a 
fundamental and critical knowledge gap in plant biology and agriculture. Our main objectives 
are to construct plant NFMs from plant genomes and to determine system-level functionality 
of plant N metabolic network. The obtained NFMs will provide a novel framework to advance 
basic understanding of plant N metabolism and facilitate rational engineering of plants having high 
productivity with limited N input.  

While the early steps of N metabolism, i.e. inorganic N uptake and assimilation, have been 
extensively studied, much less is known how assimilated N is distributed throughout the plant 
metabolic network. The core of NFM is composed of different branches of amino acid metabolism 
interconnected by aminotransferases (ATs). AT enzymes play pivotal roles in distributing 
reduced N for synthesis of various organonitrogen compounds, such as amino acids and their 
downstream products including proteins, nucleic acids, and alkaloids. Genes and enzymes 
responsible for specific AT reactions have been identified. However, an AT enzyme can 
potentially catalyze 380 different transamination reactions simply considering 20 proteogenic 
amino acids and corresponding keto acids as potential substrates. Yet, the multi-substrate 
specificities of ATs remain largely uncharacterized due to their poor sequence-function 
relationships and tedious aminotransferase activity assays that allow testing of only “two substrates 
at a time”. As a result, we do not know the true functionality of AT enzymes and how ATs transfer 
N across the plant N metabolic network, i.e. NFM. 

To address this grand challenge, our project makes use of rapidly growing numbers of plant 
genomes, high-throughput functional characterization platforms, and computational modeling to 
deduce both biochemical and systems level functionality of ATs and NFMs. Aim 1 will construct 



a biochemically feasible NFM from the plant genomes using computational modeling. Aim 2 will 
experimentally determine biochemical functions of AT enzymes through high-throughput 
gene/protein synthesis and enzyme assay platforms, followed by computational protein modeling 
to predict AT functions from other species. Aim 3 will validate the system-level functionality of 
ATs and will determine N flux distribution under different N availability through kinetic stable 
isotope precursor feeding. The resulting NFMs will serve as a novel framework to i) elucidate how 
N flows through the plant metabolic network in a quantitative manner, ii) simulate how plant 
metabolism responds to different N availability at a systems level, and iii) identify potential targets 
for improving N use efficiency. We will also establish open source public databases and 
pipelines in DOE Systems Biology Knowledgebase (KBase) for other researchers to be able to 
predict AT functions and construct NFMs from any given plant genomes. 
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Project Goals:  

1. Leveraging our transformation methods, we will develop a comprehensive toolset for 
genetic manipulation of Lemnaceae. We will establish CRISPR/Cas9 genome editing to 
complement our artificial miRNA silencing methods. We will construct artificial 
chromosomes in Lemna minor to potentiate whole pathway engineering. 

2. Resting and over-wintering fronds have higher starch content than corn kernels, but 
the energy density of oil is more than twice that of starch. We will use regulatory 
network and metabolic flux modeling to re-engineer the carbon allocation pathways to 
optimize triacylglyceride (TAG). 

3. We will use comparative genomics of multiple Lemnaceae genome sequences, an 
extensive living collection of global accessions, and systems network analysis to 
characterize gene expression networks underpinning developmental and environmental 
responses to maximize bioenergy products while preserving rapid biomass 
accumulation. Nutrient deprivation and CO2 irrigation will be used to enhance yield. 

 
Lemnaceae species (commonly called duckweeds) are the world’s smallest aquatic flowering 
plants. Under optimal conditions, their rapid clonal growth rate can double the number of fronds 
in 30 hours and produce 64 grams of biomass per gram starting weight in a week, which is far 
beyond that of terrestrial crops such as corn (2.3 g/g /week), and unencumbered by secondary 
products such as lignin. Lemnaceae offer an attractive alternative to algae as biofuel feedstocks 
because of their robust growth in open ponds and the relative ease of harvesting dry material. 
Convenient metabolic labeling in culture makes Lemna a good system for pathway modeling and 
engineering, as nutrients are taken up from liquid growth media, and non-responsive stomata can 
utilize very high levels of atmospheric CO2. Our goal is to divert a substantial portion of 
accumulated carbon from starch to oil metabolism in Lemnaceae, using resting fronds as the 
storage tissue.  

Recent efforts in the Martienssen and Lam labs have produced three new reference quality 
Lemnaceae genome assemblies complete with chromosome structures, methylomes, small RNA 
transcriptomes, and structural variant analysis for these novel genomes. We performed single 
molecule long-read genome sequencing of diploid L. gibba, diploid W. australiana, and 
allotetraploid L. minor clones using Oxford Nanopore technology followed by Hi-C. 
Comparisons of the resulting chromosome-scale assemblies reveal that the 21 chromosomes of 
diploid L. gibba are highly colinear with each of the subgenomes of allotetraploid L. minor, 



while the W. australiana has 20 chromosomes with significant architectural differences with the 
20 chromosomes of the giant duckweed S. polyrhiza. S. polyrhiza, L. gibba, and the two 
subgenomes of L. minor all encode around 18,000 genes – significantly fewer than terrestrial 
monocots such as rice and Brachypodium, and comparable to the unicellular alga 
Chlamydomonas reinhardtii. W. australiana has undergone an even more striking reduction to 
only 14,000 genes. Whole methylome sequencing has shown that Spirodela polyrhiza has among 
the lowest cytosine methylation levels in plants and lacks CpG gene body methylation. 
Coincident with reduced methylation, S. polyrhiza has very little retrotransposon sequence, while 
L. gibba and L. minor retain a similar retrotransposon content to other monocot genomes, and W. 
australiana is intermediate. Small RNA sequencing has revealed dramatic differences between 
the three genera consistent with known pathways of RNA directed DNA methylation. We have 
analyzed orthologous gene content across the Lemnaceae, 11 other monocots and 9 non-
monocots, revealing variations that likely account for some of these differences, as well as for 
reduced morphology, clonal reproduction, and aquatic growth habit.  

The Birchler Lab has completed the design and construction of a transgene stacking system with 
alternating transformation vectors that enable iterative recombination into a specific genomic site 
specified by a previously integrated landing pad. This novel design is compatible with 
consecutive transformation of Lemnaceae undergoing strictly clonal propagation. In addition, 
antibodies against Centromeric histone H3 have been raised for the four sequenced species 
mentioned above, and efforts are underway to visualize centromere organization and validate 
predicted centromeric repeat sequences.  

Key experiments in the Lam Lab have confirmed that natural genetic variation in S. polyrhiza 
leads to more or less turion production under the same induction by phosphate limitation. 
Further, methods for RNA extraction from high starch (>75%) turions have been optimized and 
applied to high throughput RNA-sequencing experiments of two genotypes at the extremes of 
turion yield along with their corresponding vegetative fronds. These experiments have identified 
turion specific genes associated with dormancy and starch biosynthesis along with others 
encoding putative transcription factors that may be involved in the developmental transition.  

Critically, we have already developed engineered L. minor exhibiting a significant increase in oil 
content, building on the successful engineering of sugarcane to achieve 2-5% leaf TAG in the 
Shanklin Lab under ARPA-E support. Engineered lines include stable overexpressers of 
WRINKLED, DGAT and PDAT1, all exhibiting marked increases in TAG content. As expected, 
efforts to eliminate futile cycling and FA cytotoxicity in our first generation transgenics have 
resulted in dramatic increases in oil content. In our most recent multigene overexpression lines 
including OLE1, we now observed TAG accumulation up to 6% of dry weight in L. minor with 
no apparent growth rate defect. 

Funding for this project is provided by the DOE Office of Biological & Environmental Research 
(DE-SC0018244). 
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Project Goals: With a unique capacity to assay growth and production – for either a 
tremendous number of genotypes in a mixture, or for individual cells – we will provide an 
unprecedented view of the critical tradeoff between growth and production. This will be used 
to guide development of M. extorquens as a novel platform for conversion of methoxylated 
aromatics to butanol. We will accomplish this work through the following aims:  

1. Engineer/evolve improved use of methoxylated aromatics in M. extorquens 
2. Explore growth-vs-production tradeoffs for genetic and phenotypic variation in PHB 
production 
3. Combine improvements in substrate use and production capacity 
4. Exchange PHB synthesis for butanol synthesis to test best genotypes 
 

Abstract. Over the past year we have made progress on several fronts in order to move towards 
achieving our project’s goals. First, we have made significant progress on the development of the 
genetic tools for introduction of genome-edited gene clusters from Vibrio into Methylobacterium. 
Second, we have developed the capacity to grow Methylobacterium in patterned microfluidic 
devices to permit growth dynamics and PHB accumulation to be ascertained. Third, we have 
examined PHB accumulation across a variety of substrates, growth phases, and nitrogen levels. 
This allows comparison of image cytometry, HPLC analysis of total levels, and flow cytometry. 
Fourth, these PHB accumulation studies have been conducted for a variety of natural strains, 
revealing interesting diversity in both the mean and variation of PHB produced. Fifth, we have 
nearly completed genetic and physiological analysis of the novel pathway for aromatic utilization 
that we have found in Methylobacterium. Finally, we have evolved strains to effectively utilize 
novel methoxylated aromatic compounds. All of these steps forward move us toward our ultimate 
goal to develop M. extorquens for conversion of methoxylated aromatics to butanol, while 
simultaneously demonstrating a novel approach that combines the advantages of gene editing and 



deep-sequencing, an internally-accumulated product as a proxy, and an analysis of phenotypic 
heterogeneity for both growth and production.  
 
This material is based upon work supported by the U.S. Department of Energy, 

Office of Science, Office of Biological and Environmental Research under Award Number DE-

SC0019436. 



Systems Metabolic Engineering of Novosphingobium aromaticivorans for Lignin 
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1Biosciences Division, Oak Ridge National Laboratory, Oak Ridge, TN; * michenerjk@ornl.gov 

Project Goals: To engineer a non-model bacterium, Novosphingobium aromaticivorans, for 
valorization of depolymerized lignin to value-added bioproducts. The project involves (1) 
discovery and optimization of pathways for assimilation of lignin-derived aromatic 
compounds, (2) engineering conversion pathways that match the stoichiometry of aromatic 
catabolism, and (3) development of genome-scale mapping techniques to identify new 
engineering targets in non-model bacteria.  

In a typical biorefinery, biomass-derived sugars are fermented to fuels by microorganisms, while 
residual lignin is burned for process heat. Converting waste lignin into value-added bioproducts 
offers a potential source of additional revenue to improve the economics of biofuel production. 
While bacteria have been isolated and engineered to catabolize lignin-derived compounds, 
economically viable lignin valorization will require further work to discover and optimize these 
pathways in non-model bacteria. Extending beyond degradation pathway intermediates, new 
bioproducts must also be deployed that have sufficiently large markets and a competitive 
advantage for biosynthesis from lignin. Finally, engineered assimilatory and conversion 
pathways must be integrated with the host metabolic and regulatory networks to ensure efficient 
operation. 

This project will optimize biochemical pathways for assimilation of lignin-derived compounds in 
Novosphingobium aromaticivorans. This strain is capable of efficiently catabolizing more lignin-
derived compounds than were previously recognized, and we continue to identify and 
characterize catabolic pathways for relevant compounds including syringate, guaiacol, and β-1 
aromatic dimers.  

New pathways will then be engineered into N. aromaticivorans for conversion of lignin-derived 
aromatic compounds into valuable bioproducts. Most industrial biosynthetic pathways have been 
optimized for production from glucose or glycerol, and the alternate stoichiometry from aromatic 
catabolism offers potential advantages for certain classes of bioproducts. 

To function efficiently, the assimilatory and conversion pathways described above must be 
carefully integrated into the host metabolism. To this end, we are applying novel techniques for 
bacterial quantitative trait-locus mapping to perform genome-wide screens for loci that affect 
these functions. This information will be used to build a predictive genetic model and identify 
additional targets for further metabolic optimization.  

mailto:michenerjk@ornl.gov


In combination, these efforts will result in new methods to predictively model and engineer a 
promising microbe for lignin valorization. The same methods can ultimately be applied to a wide 
range of emerging microorganisms relevant for BER’s mission in sustainable bioenergy. 
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lignin-derived aromatic compounds in Novosphingobium aromaticivorans. Appl Environ Microbiol 2018 
84:e01185-18. 

 
This work was supported by the U.S. Department of Energy Office of Science, through the Office 
of Biological and Environmental Research (BER) Early Career Research Program. Preliminary 
data was collected through the Bioenergy Science Center and Center for Bioenergy Innovation, 
Bioenergy Research Centers funded by BER. 



 
Structure to Function: Bringing Protein Structure and Ligand Screening to KBase  
Ada Sedova1* (sedovaaa@ornl.gov), Tianhao Gu2, Loukas Petridis1, Brian H Davison,1 
Christopher S. Henry2, and Julie Mitchell1 
1Oak Ridge National Laboratory, Oak Ridge, Tennessee 
2Argonne National Laboratory, Argonne, Illinois 
http://cmb.ornl.gov/index.php/research/bioenergy/dynamic-visualization-of-lignocellulose 
 
Project Goals: The annotation of gene function benefits greatly from information on protein 
structure and binding. We have been developing new functionality for structural analysis 
and virtual ligand screening in KBase, in support of the Dynamic Visualization of Biological 
Structures SFA at Oak Ridge National Laboratory. The new structural branch of KBase 
includes tools with which to upload and view protein three-dimensional structure, and to 
create co-evolutionary analysis-based contacts maps for use as restraints in protein folding 
algorithms. An open-source protein folding tool has been developed, and a protein-ligand 
docking workflow allows for the use of the AutodockVINA1 software to screen databases of 
metabolites, connecting metabolic-level function via physical molecular interactions to 
genomic information. 

 

 
 
 
 
 
The annotation of gene function benefits greatly from information on protein 
structure and binding. We are developing a new structural branch for KBase, in 
support of the Biofuels SFA at Oak Ridge National Laboratory. We have created the 
software infrastructure in KBase that uploads a model protein structure or downloads 
an experimental structure from the RCSB Protein Data Bank, and a web-based three-
dimensional viewer to display the protein. This infrastructure paves the way for a 
number of structure-based analysis tools to be used in KBase that can add important 
information to computational biology research. The ligand screening application we 
have developed uses the AutodockVINA1 protein-ligand docking program to allow 
the protein structure to be screened against a set of small molecule metabolites. A 
batch downloader to interface with the ZINC2 database allows for the import of 
three-dimensional mol2 ligand files, providing robust starting geometries for the 
ligands. This application can be used as a part of a functional annotation of 
uncharacterized proteins, as ligand screening will help researchers anticipate likely 
functions. In addition to ligand docking, we have developed applications for protein 
structure prediction using co-evolutionary analysis. This method infers protein 
residue contacts from a multiple sequence alignment. The CCMPredPy3 method has 



been chosen for this application. The contacts can then be used as restraints in protein 
folding algorithms to generate a three-dimensional structural model for the protein 
from sequence. Information from the contact map an also provide value independent 
of any structure prediction, as the results indicate amino-acid residues that drive 
folding stability which is useful for experimental strategies in protein redesign and 
can also be used to refine the MSA and to create a phylogenetic tree. Finally, we 
have been developing the only open-source protein folding tool to take a set of 
distance restraints and arrive at a final three-dimensional structure. 
 
Lignocellulosic biomass is a complex substrate that requires the synergistic action 
of a variety of enzymes for its efficient deconstruction. Biomass pretreatment 
generates byproducts, including solubilized lignin-derived aromatics, that inhibit 
enzymatic hydrolysis of cellulose4. Which bioproducts are formed depends on the 
biomass feedstock as well as the details of the pretreatment process. Applying the 
Ligand Screening App to predict which specific byproducts affect which particular 
enzymes can lead to an optimal selection of cellulolytic enzyme cocktails that 
minimize inhibition. A further barrier to biofuels and bioproduct production is that 
fermentation products, pretreatment solvents and byproducts can be toxic to 
microorganisms. Determining which proteins, and which protein residues, the small 
molecules bind to may lead to rational genetic engineering of those proteins and to 
microbes exhibiting improved tolerance to toxic pretreatment byproducts and 
solvents. 
 
1) Trott O, Olson AJ. AutoDock Vina: improving the speed and accuracy of docking 
with a new scoring function, efficient optimization, and multithreading. Journal of 
computational chemistry. 2010 Jan 30;31(2):455-61. 
 
2) Sterling T, Irwin JJ. ZINC 15–ligand discovery for everyone. Journal of chemical 
information and modeling. 2015 Nov 23;55(11):2324-37. 
 
3)Vorberg S, Seemayer S, Söding J. Synthetic protein alignments by CCMgen 
quantify noise in residue-residue contact prediction. PLoS computational biology. 
2018 Nov 5;14(11):e1006526. 
 
4) Ximenes E, Kim Y, Mosier N, Dien B, Ladisch M. Deactivation of cellulases by 
phenols. Enzyme and microbial technology. 2011 Jan 5;48(1):54-60. 
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Evaluating Biogeochemical Processes Facilitated by Plant and Microbial Interactions within the 
Rhizosphere  
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Project Goals: This project seeks to elucidate key microbiological and geochemical controls on 
nutrient exchange within the rhizosphere and the role that spatial organization within the root-
rhizosphere-soil continuum plays in directing nutrient acquisition by the host plant. Spatially 
resolved understanding of nutrient exchange through this dynamic zone will identify key variables 
that may form part of an effective rhizosphere management program targeting enhanced plant 
productivity. Our aims are directed towards identifying the microbial and geochemical factors that 
stimulate enhanced plant investment (in the form of root exudation) into specific regions of the 
rhizosphere and assessing the implications of this carbon input on the microbial and geochemical 
response.  

We hypothesize that localized regions within the rhizosphere act as foci for exchanging root-derived 
organic carbon with soil-derived nutrients made available by a combination of microbial activity and 
inherent soil resource availability. Further, we hypothesize that the locations of these resulting nutrient 
exchange hotspots are not stochastically distributed throughout the rhizosphere but are controlled by 
microenvironmental conditions resulting from a combination of plant-derived carbon, microbiological 
activity, and soil geochemistry. To test these hypotheses, we are applying a suite of tools to evaluate the 
rhizosphere within a series of microcosms constructed with natural soil (Kellogg Biological Station, 
Hickory Corners, Michigan, USA) and Panicum virgatum, (switchgrass, variety Cave-in-Rock) seedlings. 
We are using these investigations to evaluate drivers of spatial heterogeneity in root exudation rates, 
rhizosphere microbial membership and activity, and localized shifts in soil geochemistry and nutrient 
availability.  

In the first investigation, we are imposing spatially resolved variation in phosphorus availability to 
track the degree of plasticity in root physiology and how this can be leveraged to improve plant fitness. 
We applied spatially constrained phosphorus resources [either inorganic (calcium triphosphate) or organic 
(phytic acid) sources] with and without the addition of a known plant growth promoting organism 
implicated in phosphorus mobilization (Flavobacterium johnsoniae) to assess localized plant response. 
Monitoring levels of soluble phosphorus in pore water extracted both proximal and distal to roots allowed 
us to demonstrate an increase in orthophosphorus availability at the interface of plant roots and the 
applied resource, suggesting plant linkage to enhancement of solubilization. We further observed the 
greatest levels of phosphorus solubilization under experimental conditions supplemented with the 
Flavobacterium, highlighting the potential bacterial role in phosphorus cycling within the system which is 
consistent with previous studies. We are currently pushing beyond this association by assessing the ability 
of plant roots to preferentially direct organic carbon exudation into areas of higher phosphorus ability to 
help stimulate further solubilization of this resource. We are also assessing the variability in the 
composition of soluble organic compounds extracted from pore waters at various locations in the 

mailto:james.moran@pnnl.gov
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rhizobox microcosm to provide insight to the mechanism of interaction between plant host and 
phosphorus solubilizing bacteria which is facilitated by plant root exudation.  

Secondly, we developed a suite of spatially resolved 
techniques designed to elucidate microbial activity and 
distribution. We are spatially mapping phosphatase activity 
within our rhizobox microcosms using fluorescent, 
substrate-specific activity probes. This approach enabled us 
to identify increased phosphatase activity in the spatial 
vicinity of a root growing proximal to an applied organic 
phosphorus sources in comparison to a control root (Figure 
1). A key feature of the approach is its non-destructive 
nature which allows for tracking shifts in phosphatase 
activity during plant growth and at different phases of root 
development. We are currently working to link this 
phosphatase approach with a similar probe targeting 
chitinase activity to help spatially map intersections of 
phosphorus, carbon, and nitrogen cycling within rhizosphere 
systems. These hotspots of nutrient cycling are hypothesized 
to be key locations of nutrient transfer to plant roots.  

In recognition of the dominant role of microbial processes 
in nutrient cycling, we are developing protein extraction 
approaches coupled with proteomic analysis to permit 
spatially resolved assessment of taxonomic and, in some 
cases, functional distribution within this complex system. 
This approach is non-destructive when applied in our 
rhizobox systems and enables us to track variation in the 
observed metaproteomes associated with root development as well as spatially focused variation arising 
from microenvironments within the rhizobox. We are currently employing the approach to differentiate 
proteomic expression in the rhizospheres associated with roots grown under two different nutrient 
conditions – phosphorus replete and deplete. We are using a split root experimental design for these 
experiments where we allow roots from a single plant to grow into these controlled nutrient conditions 
and are just beginning to assess resulting adaptation of the plant and microbial proteome in response to 
shifted nutrient conditions.  

Our developments are enabling us to interrogate the high spatial heterogeneity of the rhizosphere 
system to begin elucidating key interactions being leveraged to facilitate nutrient transfer to a host plant. 
This knowledge will provide insights on how to strengthen nutrient transfer processes to increase plant 
performance under varied and challenging growth conditions.  

This research was supported by the U.S. Department of Energy (DOE), Office of Biological and 
Environmental Research (BER). This contribution originates from an Early Career Research Award 
granted at the Pacific Northwest National Laboratory (PNNL). 

Figure 1: Vertical variation in 

phosphatase activity surrounding two 

roots was tracked as the roots grew 

through soil sections supplemented with 

an organic phosphorus source (Root 1, 

approximate areas of enrichment 

depicted by the shaded box) and a 

control (Root 2, approximate area 

depicted by dashed box).  



Metabolic and membrane adaptations of the hydraulically fractured shale isolate 
Halanaerobium in response to temperature and growth rate fluctuations under continuous 
culture 

Fabrizio Colosimo, 1 Samuel O. Purvine,2 Heather M. Brewer, 2 Allison R. Wong, 2 Elizabeth K. 
Eder, 2 David W. Hoyt, 2 Stephen J. Callister,2 and Paula J. Mouser1* (Paula.Mouser@unh.edu) 

1University of New Hampshire, Durham, 2 Environmental Molecular Sciences Laboratory, 
Pacific Northwest National Laboratory, Richland, Washington 

Project Goals: The injection of fluids and proppants to fracture the deep shale introduces 
microbial cells and substrates to low-permeability rocks. Microorganisms in hydraulically 
fractured wells govern biogeochemical reactions and often produce acids and sulfides, leading to 
corrosion and gas souring, and form biofilms, resulting in clogging and fouling events. The 
overarching goal of this research is to advance our comprehension of the microbial diversity and 
function in non-sterile hydraulically fractured wells. Our current understanding of microbial 
growth within fractured hydrocarbon-bearing rock is based primarily on genomic information, we 
identified three specific objectives that will shed light on in situ physiologies and kinetic rates, 
governing biogeochemical reactions: (1) characterize variables influencing growth parameters and 
membrane features of shale taxa, (2) characterize interactions between shale matrices and 
microorganisms, and (3) elucidate engineered and environmental processes driving 
biogeochemical signatures at field scale. 

Abstract: Here we characterized the physiology of Halanaerobium congolense WG10, a dominant taxon 
isolated from a 2.5-km deep hydraulically fractured natural gas well in Ohio, for the first time under 
continuous culture (chemostat) conditions. The anaerobe H. congolense WG10 was cultivated at 20% 
salinity under three growth rates (hydraulic retention times (HRTs) of 48, 24, and 19.2 hrs) and two 
temperatures (25ºC and 40ºC) under complete control of system pH and redox conditions using a 1-L 
Sartorius Biostat® Q-plus system. We applied an integrative 'omics approach to characterize metabolomic, 
proteomic, and lipidomic features (MPLEx analysis) and quantify metabolite production (using 1H-NMR 
and GC-FID) under steady state growth rates of 0.021 to 0.052 1/hr. Our experiments highlighted 1.5 fold 
increased biomass at higher dilution rates (HRT 19.2 hrs) and warmer temperatures (40ºC) as compared 
with slower dilution rates (HRT 48 hr) and cooler temperatures (25ºC). 

Proteomics analysis showed a total of 2,227 out of 2,800 predicted protein-coding genes (79.5%) were 
identified in our data set. Among those proteins identified, 356 were found to be significantly higher in 
abundance in one or more treatments (Student’s t test, p < 0.05). Of these, 91 proteins were identified during 
cooler temperature growth (25ºC) while 109 were identified in growth at warmer temperature (40ºC). An 
additional 71 were in greater abundance when H. congolense WG10 was grown at 40°C in the highest 
dilution rate (HRT 19.2 hrs). When grown at 25ºC, cells exhibited cold shock proteins (CspA family, 
WG10-13112 -12818), a typA, bipA GTP binding protein involved in stress response (WG10-10337), and 
a nucleotide-binding universal stress protein (UspA family, WG10-10469). Both proteomic and metabolic 
data supported significant activity for the utilization of 1,3- propanediol, especially in warmer temperatures 
(40ºC) and longer HRTs (24 and 48 hrs). Proteins associated with the methylglyoxal bypass pathway (e.g. 



glyoxalase) and two subunits of the propanediol dehydratase (PduD, PduE), which catalyzes the formation 
of propionaldehyde from 1,3-propanediol, were important during lower temperature growth (25ºC), 
suggesting this pathway is activated under stress. The propanediol dehydratase is a cobamide-dependent 
enzyme that has been shown to also dehydrate ethylene glycol to acetaldehyde. The formation of both 
propionaldehyde and acetaldehyde was confirmed with both 1H-NMR and GC-FID analysis. In addition to 
aldehydes, we identified ketones (acetone), volatile fatty acids (acetate, lactate, formate), alcohols (ethanol, 
propanol), and amino acids (alanine, valine) metabolites via 1H-NMR and GC-FID. Lipidomics analysis 
and fatty acid methyl ethyl analysis is currently underway to characterize key membrane lipids for these 
treatments. In parallel with experimental efforts, produced fluid samples were collected from hydraulically 
fractured shale wells from MSEEL II, a DOE NET-funded field research site in West Virginia for analysis 
of intact polar lipids and phospholipids. Our continuous culture MPLEx approach sheds new light on the 
metabolism and membrane features of Halanaerobium under biogeochemical drivers relevant to engineered 
shale. 

This material is based upon work supported by the U.S. Department of Energy, Office of Science, Office 
of Biological and Environmental Research (BER) and the Established Program to Stimulate Competitive 
Research (EPSCoR) program under Award Number DESC0019444. 



Genome	  sequencing	  reveal	  structural	  and	  nucleotide-‐level	  divergence	  among	  
immunosuppressing	  G-‐type	  Lectin	  Receptor	  kinases	  across	  multiple	  Salix	  species.	  
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Geneva,	  NY	  
	  

Project	  goals:	  This	  project	  seeks	  to	  elucidate	  the	  molecular	  basis	  of	  host	  immunosuppression	  
during	  endophyte	  recruitment	  in	  the	  genus	  Salix	  and	  access	  speciation-‐driven	  divergence	  of	  

these	  molecular	  process	  at	  the	  genome	  level.	  
	  

In	   revealing	   a	   novel	   role	   for	   self-‐immunosuppression	   in	   plants	   during	   host-‐cell	   invasion	   by	  

microbes,	   Plasminogen-‐Apple-‐Nematode	   (PAN)	   domain	   proteins,	   D-‐mannose	   lectin	   receptor	  

kinases	  (G-‐LecRKs),	  were	  shown	  to	  function	  as	  negative	  regulators	  of	  defense	  signaling	  during	  

pathogenesis	   by	   the	   fungal	   pathogen	   Sphaerulina	   musiva1,	   parasitism	   of	   Arabidopsis	   by	  

nematodes2,	  and	  engineering	  of	  Arabidopsis	  into	  a	  host	  of	  the	  fungal	  symbiont	  Laccaria	  bicolor3.	  

Moreover,	  PAN	  domain	  carrying	  S-‐locus	  kinases,	  reported	  to	  mediate	  self-‐incompatibility	  during	  

pollination,	  fall	  under	  the	  same	  class	  of	  G-‐LecRKs4.	  Across	  eukaryotes,	  immunosuppression	  is	  an	  

essential	  biological	  phenomenon	   for	  gamete	   fertilization,	   cell	  growth	  and	  proliferation	  during	  

organismal	  development.	  Here,	  we	  propose	  that	  the	  PAN	  domain,	  comprised	  of	  a	  core	  of	  highly	  

conserved	   cysteine	   residues,	   is	   a	   unifying	   feature	   that	   is	   found	   in	   association	   with	   proteins	  

involved	  in	  immunosuppression	  across	  highly	  divergent	  organisms.	  Further,	  we	  reveal	  that	  PAN	  

domain	  proteins	  are	  used	  or	   targeted	  by	  pathogens,	  parasites	  and	  symbionts	  during	  host-‐cell	  

invasion.	  As	  such,	  the	  PAN	  domain	  is	  a	  reliable	  biomarker	  for	  the	  host-‐cell	  invasion	  machinery.	  	  

Species	   divergence	   in	   the	   PAN	   domain-‐containing	   G-‐LecRKs	   was	   evaluated	   using	   Nanopore	  

assemblies	  of	  11	  genomes	  sampled	  to	  represent	  diverse	  speciation	  events	  in	  the	  genus	  Salix	  and	  

implications	  on	   species-‐level	  differences	   in	  endosphere	  microbial	   community	  diversity	  will	  be	  

illustrated.	  
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Elucidating Nutrient-Dependent Effects on Regulation of Photosynthesis and Metabolism 
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Project Goals: Our overarching research goal is to design and engineer high-level production 
of biofuel precursors in photoautotrophic cells of the unicellular green alga Chromochloris 
zofingiensis. Our strategy involves using large-scale multi-‘omics systems analysis to 
understand and model the genomic basis for how the energy metabolism of the cell is 
redirected based on the carbon source. Enabled by cutting-edge synthetic biology and 
genome-editing tools, we will integrate the systems data in a predictive model that will guide 
us in the redesigning and engineering the metabolism of C. zofingiensis. Here, we focus on 
elucidating nutrient-dependent effects on regulation of photosynthesis and metabolism to 
ultimately improve production of biofuels and bioproducts. 
 
Microalgae have the potential to become a major source of biofuels and bioproducts without 
exacerbating environmental problems. Photosynthetic microbes can utilize solar energy, grow 
quickly, consume CO2, and be cultivated on non-arable land. However, there are presently 
considerable practical limitations in the photosynthetic production of biofuels from microalgae, 
resulting in low productivity and high costs. Insight into regulation of photosynthesis and 
metabolism will enable bioengineering of microalgae to maximize production of biofuels and 
bioproducts.  
 
Both photosynthesis and the generation of neutral lipids that can be used as biofuels are heavily 
regulated by nutrient availability in algae. The oleaginous green alga Chromochloris zofingiensis 
displays the ability to reversibly shut off photosynthesis entirely (Fv/Fm  = 0, no oxygen evolution), 
independent of light, in the presence of glucose (+Glc) and insufficient iron (-Fe), leading to 
heterotrophic cultures that survive solely on glucose as a carbon source (1). This photosynthetic 
switch is also dependent on a functional hexokinase (HXK1) gene (2). Photosynthesis can be 
restored after glucose removal (1). Recently, we have found that replete iron supplementation 
(+Fe) can also rescue photosynthesis in the presence of glucose. With the goal of understanding 
the regulation of trophic states and the accumulation triacylglycerols (TAGs) in this system, we 
conducted a full combinatorial proteomic analysis of the wild type vs. two independent hxk1 
mutant strains grown with and without glucose and in iron-replete and iron-limiting conditions (n 
= 3-4, 47 total samples). Through mass spectrometry of isobaric labelled peptides, we quantified 
the relative abundance of 11,282 proteins across our samples, which is ~70% of the annotated 
proteome. In our preliminary analyses, we note large decreases, specific to the heterotrophic state, 
in almost all protein subunits of the photosynthetic electron transport chain, consistent with 
photosynthesis being turned off (Figure 1). In addition, wild-type cells treated with glucose have 



increased abundance of most of the lipid biosynthesis pathway. Our goal is to investigate the 
differentially abundant proteins, including several of unknown function, in heterotrophy and TAG-
accumulating conditions to find gene targets for enhanced biofuel potential of this organism.  
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Figure 1. Universal downregulation of photosynthetic electron transport in heterotrophy  
(-Fe+Glc) vs. mixotrophy (+Fe+Glc). Almost all photosynthetic complexes and electron carriers 
have lower protein abundance (increasing red color) in iron-deficiency-induced heterotrophy 
(WT -Fe+Glc) in comparison to the iron-replete, mixotrophic state (WT+Fe+Glc) that maintains 
photosynthesis. An exception is Flavodoxin (FLD) (blue circle, 90X more abundant in -Fe), an 
electron carrier that functions as Ferredoxin (FDX), but without an iron cofactor. PSI and PSII: 
Photosystems I and II, cytb6f: cytochrome b6f complex, ATPs: chloroplastic ATP synthase, CYC6 
and CYC4: soluble cytochrome-c electron carriers, PC: plastocyanin.  



Genome-based Protein Function Discovery in the Eukaryotic Alga Chromochloris 
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Project Goals: Our overarching research goal is to design and engineer high-level production 
of biofuel precursors in photoautotrophic cells of the unicellular green alga Chromochloris 
zofingiensis. Our strategy involves large-scale multi-‘omics systems analysis to understand 
the genomic basis for energy metabolism partitioning as a consequence of carbon source. 
Enabled by cutting-edge synthetic biology and genome-editing tools, we will integrate the 
systems data in a predictive model that will guide the redesign and engineering of metabolism 
in C. zofingiensis. Toward these objectives, we are implementing a phylogenomics-guided 
approach that leverages evolutionary relationships between genomes and between proteins 
encoded on those genomes for contextualized and evidence-based protein function discovery. 
For more information about the project and our team, please visit: 
https://sites.google.com/view/czofingiensis/home 

The classic, but outdated, view of eukaryotic genomes is of gene islands randomly situated in a 
sea of non-coding DNA. This picture is derived from the observation that in contrast to 
prokaryotes, where functionally cooperating proteins are often encoded by operons, such structural 
organization does not appear to be necessary for co-regulating functional units in eukaryotes, in 
part because transcription and translation are uncoupled. However, as the number of sequenced 
eukaryotic genomes and transcriptomes has increased, and the function of those encoded proteins 
has been revealed, non-random gene organization, such as physical clustering of pathway members 
and co-regulated genes, has emerged as a characteristic of eukaryotic genomes. Current methods 
for identifying functionally cooperative gene neighborhoods in eukaryotes rely on the availability 
of functional annotations, which limits our ability to identify clustered functional gene units in 
algal genomes. Over half of algal proteins are of unknown function, while functionally annotated 
genes may be mis-annotated, inaccurate or vague, because of the evolutionary distance between 
algae and well-characterized model organisms, such as yeast and E. coli. A related challenge is the 
quality of structural annotations that are needed to predict coding regions and serve as the input 
for downstream comparative genomic analyses. While C. zofingiensis has a high quality, 
chromosome-complete genome assembly, the currently available structural gene annotations for 
the species are replete with observable mis-annotations and fragmented genes. In an effort to 
correct this shortcoming, we collaborated with the Joint Genome Institute to generate whole-
molecule, long-read sequencing of the transcriptome (IsoSeq) on the PacBio Sequel platform. With 



a combination of computational analysis and manual curation, this IsoSeq data was used to inform 
the production of a more highly accurate set of gene annotations. Here, we present a greatly 
improved C. zofingiensis transcriptome and the identification of physical gene clusters in C. 
zofingiensis, using a method independent of functional annotation or coexpression data. We 
identified over 300 neighborhoods with potential functionally related neighbors including genes 
involved in carotenoid biosynthesis, photorespiration, nitrogen recycling, and oxidative stress 
responses. We also illustrate the value of conserved gene neighborhood identification for the 
discovery of gene function in algae with the discovery and testing of a novel arsenic detoxification 
pathway that evolved by co-opting glycolysis genes. 

This research is supported by the DOE Office of Science, Office of Biological and Environmental 
Research (BER), award number DE-SC0018301 and a FICUS JGI/EMSL project, award number 
503551.   
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Project Goals: Our overarching research goal is to design and engineer high-level production 
of biofuel precursors in photoautotrophic cells of the unicellular green alga Chromochloris 
zofingiensis. Our strategy involves large-scale multi-omics systems analysis to understand 
the genomic basis for energy metabolism partitioning as a consequence of carbon source. 
Enabled by cutting-edge synthetic biology and genome-editing tools, we will integrate the 
systems data in a predictive model that will guide the redesign and engineering of metabolism 
in C. zofingiensis. The Boyle laboratory is tasked with developing and utilizing a genome 
scale metabolic network reconstruction to predict intracellular carbon fluxes which will then 
be compared to fluxes measured experimentally using 13C-MFA. The Northen group is 
focused on the exometabolomics and lipidomics analysis of the C. zofingiensis to help us 
understand the algal metabolite uptake preference and intracellular lipid synthesis during 
trophic transitions. 

 

C. zofingiensis is an emerging model system for the production of biofuels and bioproducts. It is 
an especially attractive system because it produces astaxanthin along with a large amount of lipids. 
Astaxanthin is a high value product (~$7,000 per kilogram) that has uses in the pharmaceutical, 
nutraceutical, and cosmetic industries1-3. It also demonstrates high levels of triacylglycerol 
accumulation and low photosynthetic productivity when additional organic carbon sources are 
provided4, making it ideal for metabolic or genetic engineering focused on  increasing algal lipid 
production. 
 
In order to investigate the metabolic capacity of this organism for both biofuel and astaxanthin 
production, we generated a genome-scale metabolic network reconstruction. The current 
reconstruction includes 3500 metabolic reactions and 2832 metabolites. In order to formulate an 
accurate biomass formation equation, we measured both the macromolecule composition of C. 
zofingiensis (DNA, RNA, protein, lipid, carbohydrate) and the composition of each in 
photoautotrophic and photoheterotrophic growth modes. By combining these compositions with 



growth curves and uptake measurements, we also predicted fermentation products and flux 
distributions. These predicted products are currently being experimentally validated.  
 
To gain phenotypic data for model refinement, we  conducted a C. zofingiensis time-course 
experiment, by measuring alterations in media composition resulting from algal growth and by 
measuring changes in algal lipid composition under different conditions. These experiments show 
a  clear nutrient (carbon/nitrogen source) preference order during the growth of C.zofingiensis. 
Interestingly, we also observe utilization of organic compounds as energy and nitrogen sources 
under photoautotrophic and heterotrophic states. During these same transitions  we find that the 
abundance of triacylglycerols increased up to 26-fold, whereas there are significant decreases in 
monogalactosyldiacylglycerols, digalactosyldiacylglycerols, and sulfoquinovosyl diacylglycerols, 
the major lipids that constitute thylakoid membranes. Additionally, we found an increase in 
phosphatidic acid but a decrease in phosphatidylinositol and phosphatidylserine.  We are now 
incorporating these exometabolomic and lipidomic data to  improve our understanding of the algal 
nutrient demand and lipid metabolisms, and the combination of the model and the data has great 
potential to elucidate dramatic metabolic shifts within the organism. 
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Project Goals: Our overarching goal is to build and train machine learning models that can 
predict the activity of the complexes between the CRISPR Cas9 nuclease and guide RNAs 
(Cas9-gRNA) in various genomes. To reach this goal, we are developing a machine learning 
approach that predicts the activity of Cas9-gRNA complexes based on features from the 
targeted DNA sequences and from the context of these targets, such as genome 
organization, annotation, and gene expression. The rules learned by the model will be 
transferred to another genomic context and validated experimentally. Finally, gRNAs that 
are highly efficient at killing bacteria will be used to develop safeguard systems.  

The growing deployment of engineered organisms for environmental, bioenergy, and 
industrial applications represents an ever-increasing risk of releasing these organisms in the 
environment. To limit this risk, efficient biocontainment systems must be developed to prevent 
the survival of even a small number of released genetically engineered organisms. A safeguard 
system based on the controlled activation of a CRISPR nuclease, which breaks the chromosome 
at multiple targeted sites and kills the cell, is a design that is portable between organisms, 
including in non-model bacterial species of relevance in many environmental and 
biotechnological processes of interest to DOE. However, Cas9-gRNA complexes exhibit 
cleavage efficiencies that vary considerably along the genome [1, 2], limiting the use of 
CRISPR/Cas9 in safeguard systems.  

We hypothesize that physiological conditions drive key factors that influence Cas9-gRNA 
activity in bacteria. To test this hypothesis, we are developing a machine learning approach, 
called CRISPRAct, to predict the activity of Cas9-gRNA complexes based on features from the 
targeted DNA sequences and from the context of these targets, such as genome organization, 
annotation, and gene expression. We are generating genome-wide Cas9-gRNA activity profiles 
in E. coli by screening a library of ~ 200,000 gRNAs under different physiological conditions. 
The datasets will be used to train and validate our CRISPRAct model to predict condition-
specific Cas9-gRNA activity along the E. coli chromosome. The gRNAs predicted to be highly 
efficient at killing E. coli in different physiological conditions will be used to build safeguards.  

The prediction of Cas9-gRNA activity not only as a function of DNA sequence but also 
including specific features from genome context and environmental conditions goes beyond how 
current models predict optimal gRNA design. These additional features will be key to apply a 
transfer learning approach to predict gRNA-Cas9 activity in other bacterial genomes. In this 



project, we will apply transfer learning to predict Cas9-gRNA activity in Pseudomonas 
fluorescens.  Our models will be made publicly available through an integrated Python software 
package. Our results and tools will open the way to the portable design of CRISPR-based 
safeguards in multiple non-model bacterial species. 
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Project Goals: Microbial Community Analysis and Functional Evaluation in Soils (m-
CAFEs) uses fabricated ecosystems (EcoFABs) in combination with CRISPR-Cas and 
phage-based approaches for interrogating gene and microbial functions in situ to gain 
critical new insights into the rhizosphere thus advancing a mechanistic understanding of 
microbial ecology. We use ‘bottom-up’ defined microbial assemblies that enable detailed 
characterization of both constituent isolates and synthetic communities. This complements 
‘top-down’ investigations of native soil-derived enriched microbial communities enabling 
extension of our approaches to more diverse communities that include uncultivated 
microbes. Predictive models will be developed and iteratively refined through integrated 
simulations and experimentation. 

Plants release a large fraction of photosynthetically-derived carbon into the rhizosphere. The 
soluble metabolites and root biopolymers released by plants serve as primary carbon sources for 
supporting microbial growth resulting in the well-known “rhizosphere effect” in the soil 
surrounding its root. Metabolite exchange is thought to be important in both the recruitment of 
microbial communities to plant roots as well as a driver in the formation and stability of 
microbial communities. Already, several plant exudates involved in the putative recruitment of 
rhizosphere colonizing bacteria have been identified in the grass Avena barbata. However, the 
specific molecular mechanisms of microbial community assembly in the rhizosphere remain 
elusive.  Here we hypothesize that specific root exudate components are selectively used by 
rhizosphere bacteria in situ, enabling plant modulation of community structure using 
exudate composition. In this work we assemble and perturb defined rhizosphere 
communities to investigate metabolic networks, interactions, localization, and activities.  

To dissect plant-microbe interactions, we use EcoFABs technologies that enable precise and 
reproducible control and characterization at a level that is not yet possible in complex soil 
systems (https://eco-fab.org). We design synthetic communities (SynComs) of rhizosphere 
microbes, analyze chemical signaling between these SynComs and model grasses, and connect 
dynamics and activities of the microbial taxa to the plant growth phenotypes observed in 
EcoFABs. 



Design of synthetic communities for investigation in EcoFABs.  

To identify rhizosphere colonization by soil bacteria and plant phenotypes in response to this 
inoculation, we inoculated seedlings with a defined 105-member synthetic community (SynCom) 
and analyzed dynamics of the different microbial taxa within this SynCom in response to plant 
growth. We found that after a week of incubation in EcoFABs with introduced seedlings the 
rhizosphere SynCom was significantly enriched with specific taxa (e.g. Dyella, Leifsonia and 
Burkholderia). Liquid chromatography mass spectrometry-based metabolomics was used to 
analyze the modulation of plant exudates by the added SynCom. We observed that inoculation of 
plants with the SynCom increased relative abundances of p-coumaric acid and dehydroshikimic 
acid, while some primary metabolites (e.g. arginine) decresed when compared to the non-
inoculated plants. We used our 105-member SynCom to test the dynamics of SynCom members 
in response to the added mix of aromatic acids, as well as consumption of these acids by 
SynCom isolates as C source.  Correlation analysis between aromatic acid consumption and 
rhizosphere community restructuring shows the enrichment of several isolates in the SynCom via 
16S rDNA gene sequencing correlated with uptake of specific aromatic acids.		
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Project Goals: Microbial Community Analysis and Functional Evaluation in Soils 
(mCAFEs) will use fabricated ecosystems (EcoFABs) in combination with CRISPR-Cas 
and phage-based approaches for interrogating gene and microbial functions in situ, gaining 
critical new insights into the rhizosphere and advancing a mechanistic understanding of 
microbial ecology. We will use ‘bottom-up’ defined microbial assemblies that enable 
detailed characterization of both constituent isolates and synthetic communities. We will 
complement this with ‘top-down’ investigation of native soil-derived microbial community 
enrichments, expanding our approaches to more diverse communities that include 
uncultivated microbes. Predictive models will be developed and iteratively refined through 
integrated simulations and experimentation. 

Most of what we know about microorganisms, including their gene functions and growth 
dynamics have been derived either from single-organism studies in benchtop experiments or 
from surveys from complex natural ecosystems. To bridge the gap between fully-constrained 
single organism laboratory experiments and high-dimensional ecosystem analyses, we have 
developed EcoFABs (Ecosystem Fabrication; www.eco-fab.org; https://doi.org/10.3791/57170) 
that are small plant growth chambers constructed using common microfluidic procedures that 
can be used to study and engineer microbiomes living on and around the root surface. The 
devices are designed to be amenable to a number of analyses including microscopy of the root 
zones and soils, metabolomics analyses, and spatial sampling of the microbial communities. 
Over a dozen different plant varieties have been grown in EcoFABs, and a number of growth 
conditions are supported including hydroponics, synthetic soil and field soils. A multi-laboratory 
EcoFAB study growing the model plant Brachypodium distachyon demonstrated reproducible 
plant phenotypes and metabolomics including significant differences between treatments that 
were retained across laboratories (https://doi.org/10.1111/nph.15662). This highly controlled, 
reproducible plant growth platform will allow for more detailed studies on the complex 
interactions that take place in the plant root-microbe interface. 
 



Over eight different iterations on the original EcoFAB design have allowed for specialized 
investigations, including mycorrhizal plant interactions (MycoFAB), chemical and oxygen 
gradients (µEcoFAB), and in situ imaging of fluorescently labeled bacteria on plant roots 
(imaging EcoFAB). We have demonstrated reproducible rhizosphere assembly and similar 
microbial community structure between B. distachyon and switchgrass in EcoFABs, and have 
shown that EcoFABs can support B. distachyon through flowering and senescence for 
longitudinal studies. Additionally, we have performed both chemiluminescent imaging and 
multi-color fluorescent rhizosphere imaging with single bacterial cell resolution within this 
highly reproducible plant growth system.  

This material by m-CAFEs Microbial Community Analysis & Functional Evaluation in Soils, (m-
CAFEs@lbl.gov) a Project led by Lawrence Berkeley National Laboratory is based upon work 
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Environmental Research under contract number DE-AC02-05CH11231 
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Project Goals: Microbial Community Analysis and Functional Evaluation in Soils 
(mCAFEs) will use fabricated ecosystems (EcoFABs) in combination with CRISPR-Cas and 
phage-based approaches for interrogating gene and microbial functions in situ to gain 
critical new insights into the rhizosphere thus advancing a mechanistic understanding of 
microbial ecology. We will use ‘bottom-up’ defined microbial assemblies that enable detailed 
characterization of both constituent isolates and synthetic communities. This will be 
complemented by ‘top-down’ investigation of native soil-derived enriched microbial 
communities enabling extension of our approaches to more diverse communities that include 
uncultivated microbes. Predictive models will be developed and iteratively refined through 
integrated simulations and experimentation. 

Through targeted editing, the m-CAFEs program seeks to elucidate the complex biological roles 
and functional genomics of individual members of microbial networks within the rhizosphere. 
Current methods for the targeted editing of mixed communities are bound by low delivery 
efficiencies, as well as the breadth of target specificities. To overcome these limitations, the m-
CAFEs program is leveraging the characteristically high delivery efficiencies and narrow host 
range of bacteriophages to deliver DNA-targeting CRISPR-Cas endonucleases to select microbes 
of interest. Through the characterization of ablation efficiency and host specificity of various 
phages, as well as the isolation of novel phages, we have assembled a library of candidate phages 
for the manipulation of our synthetic community. We demonstrate the efficiency of phage-based 
ablation both in vitro and within EcoFAB devices and show that these phages can successfully 
target a host of interest without perturbing other members of the community. Further, sequencing 
candidate phages within our library, we have identified target loci for the engineering of CRISPR-
Cas endonucleases, a critical step toward the implementation of targeted editing. Continued 
development of this platform will extend our capabilities beyond targeted ablation to enable the 
addition of desirable traits for functional enhancement of rhizosphere communities, which could 
be of particular significance to the evaluation of plant fitness in future models. Although these 
tools will have an immediate impact on the research of synthetic communities, the ultimate utility 
of these tools lies in its translational application to uncultivable microbial communities, facilitating 
the functional characterization of microbes that cannot be readily isolated.  
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Project Goals: Microbial Community Analysis and Functional Evaluation in Soils 
(mCAFEs) will use fabricated ecosystems (EcoFABs) in combination with CRISPR-Cas and 
phage-based approaches for interrogating gene and microbial functions in situ to gain 
critical new insights into the rhizosphere thus advancing a mechanistic understanding of 
microbial ecology. We will use ‘bottom-up’ defined microbial assemblies that enable detailed 
characterization of both constituent isolates and synthetic communities. This will be 
complemented by ‘top-down’ investigation of native soil-derived enriched microbial 
communities enabling extension of our approaches to more diverse communities that include 
uncultivated microbes. Predictive models will be developed and iteratively refined through 
integrated simulations and experimentation. 

Our understanding of microbial life has largely been achieved by observing the effect of targeted genetic 
manipulations on isolated microbial species in laboratory settings. Unfortunately, this provides limited 
insights into the complex and societally relevant communities of microorganisms that exist in nature. We 
have created a generalizable toolset for targeted genetic manipulation within laboratory microbial 
communities that will allow microorganisms to be altered and studied in a community context. As a first 
step, we have developed environmental transformation sequencing (ET-Seq) to determine in situ what 
microbes can be edited within a community with what efficiency. The roadmap for tractability produced 
by ET-Seq is then used to guide CRISPR-Cas based targeted editing within the community. Editing events 
have currently been measured in situ in a 9 member synthetic soil community, and an ~60 member 
thiocyanate degrading community. The ability to make targeted DNA perturbations to microbial 
communities will open up the field of in situ microbial genetics which will greatly improve our basic science 
understanding of microbial genomics and microbial interactions.   
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Project Goals: Our overarching goal is to develop a systems-level understanding of the 
interactions and fundamental activities by syntrophic methane-oxidizing archaeal-bacterial 
consortia and viral assemblages involved in cycling of C and nutrients in anoxic sedimentary 
environments. As part of this work, we are developing single cell and virus-targeted 
analytical and metagenomics techniques in tandem with high resolution imaging methods, 
stable isotope analysis, and modeling for application both in the laboratory and field 
settings.  

Microbially-mediated anaerobic oxidation of methane (AOM) represents a significant methane 
sink in anoxic sediments. This process is catalyzed primarily by consortia of methanotrophic 
‘ANME’ archaea and syntrophic bacteria coupled with the reduction of sulfur, nitrogen, iron, and 
manganese. These methane-consuming consortia are also involved in the transformation of 
essential nutrients, through processes including nitrogen fixation and intracellular storage of iron, 
carbon, and phosphate. The nutritional requirements and interdependencies of different 
methanotrophic archaeal-bacterial partnerships and their collective impact on nutrient cycling 
within the sedimentary ecosystem is poorly understood and represents a major focus of this 
work. Viruses are also important mediators of nutrient cycling in diverse environments. As 
selective agents of microbial mortality, viruses have been shown to enhance the bioavailability of 
essential nutrients such as N and P and stimulate microbial growth. The degree to which viruses 
influence syntrophic AOM consortia and their potential role in transforming methane-derived 
carbon and nutrients within sediment communities has not yet been investigated. Here we are 
developing a multi-modal analytical imaging pipeline and comparative ‘omics datasets for 
studying the ecophysiology of diverse uncultured ANME-bacterial consortia and associated viral 
predators in sediment ecosystems.  
Comparative ‘omics analysis of metagenome assembled genomes and BONCAT-based single 
consortia sequencing show notable differences in gene content and predicted physiologies of 
different ANME and associated syntrophic bacterial lineages, including differences in the 
predicted ability to fix nitrogen among the syntrophic bacterial partners of ANME. Application 
of mRNA-FISH and FISH-nanoSIMS analyses with 15N2 support the involvement of syntrophic 
sulfate-reducing bacteria and ANME archaea in nitrogen fixation, but active diazotrophy appears 
to be unevenly distributed among archaeal and bacterial partners within individual consortia. 
Initial analyses of viral activity and morphological diversity within methane saturated sediments 
using viral-BONCAT and TEM surveys revealed active viral-like particle production and distinct 
morphotypes in sediments with active ANME-SRB consortia compared to sediments where only 



the ANME were active, with an increase in ‘lemon-shaped’ morphologies reminiscent of viruses 
infecting archaea.  
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Project Goals 
The overarching scientific goal of this multidisciplinary research project is to 
expand the understanding of interactions and fundamental activities involved in 
cycling of carbon and nutrients by syntrophic methanotrophic archaeal-bacterial 
consortia and associated viruses in anoxic sedimentary environments. Specific 
objectives are to (1) quantify energy and nutrient exchange [e.g., nitrogen (N), 
phosphorus (P), iron (Fe) and vitamins] within AOM consortia and between 
ANME-bacterial partners; (2) identify virus-host interactions associated with AOM 
and assess C and N transfer through viruses in methane-impacted sediment 
ecosystems; (3) model energy and nutrient exchange in AOM consortia and viral-
host interactions (i.e., viral activity), and their environmental distribution patterns.  
 
The focus of this work is the metabolism of AOM consortia and microbial interactions 
with the environment. We present a three-dimensional model that simulates microbial 
activities in methane-oxidizing consortia and is validated using co-registered FISH-
nanoSIMS observations [1]. Model results show that direct interspecies electron transfer 
(DIET) between archaeal and bacterial partners yields cell-specific activities that are 
consistent with observations, with little impact of the spatial distribution of bacterial and 
archaeal cells at commonly observed aggregate sizes (diameter 3 - 25 µm). Next, we 
explore the controls on interspecies electron transport of anaerobically methane-oxidizing 
consortia at a larger aggregate size [2]. Our simulations of metabolic interactions through 
DIET showed that ohmic resistance and activation loss are the two main factors causing 
the declining metabolic activity, where activation loss dominated at distance < ~6 µm. 
These simulations indicated that bacterial cells remain metabolically active at distance < 
~30 µm from the archaea-bacteria interface, suggesting a maximum spatial distance 
between segregated syntrophic partners.  
Moreover, we further expand our understanding of extracellular electron transfer in 
electroactive biofilms [3]. A one-dimensional reactive transport model representing 
cellular metabolism across a Geobacter sulfurreducens biofilm growing on an electrode 
is established to synthesize existing knowledge and provide a quantitative framework of 
the extracellular electron transfer that may guide further experimental studies. The model 
is able to reproduce high-resolution activity measurements under different anode 
potentials. At high anode potential (+0.24V), two metabolic activity peaks - one near the 
electrode and another one further away from the electrode – are simulated, consistent 
with observations using nanoSIMS. Our model attributes this to H+ accumulation close to 



the electrode, negatively impacting metabolic activity. The second peak approx. ~12 µm 
um away from the anode surface, is attributed to a shift between two redox-active 
systems allows G. sulfurreducens cells to respond to external electric potential.  
Lastly, the role of heterogeneous distribution of microbial aggregates at the pore scale for 
upscaled microbial reaction rates is investigated. Our pore-scale reactive transport 
simulations reveal that the accuracy of macroscopic rate estimates depend strongly on the 
flow conditions and reaction kinetics, and to a lesser extent on the distribution of 
microbial aggregates [4]. Our modeling efforts further evaluate the physicochemical 
conditions suitable for microbial processes mediated by signaling molecules [5]. 
Modeling results show that advection dilutes signaling molecules so that faster flow 
conditions require higher microbial densities, faster signal production rates, or higher 
sensitivities for effective communication through signaling molecules. We present 
approximate analytical solutions of the advection-diffusion-reaction equation that allow 
to quantitatively estimate the effective communication distances amongst multiple 
microbial aggregates without further numerical simulations. 
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Project Goals:  
The overall objective of this project is to use an integrated systems biology approach to 
develop the filamentous cyanobacterium Anabaena sp. PCC 33047 as a model fast-growing, 
photosynthetic, diazotrophic production platform. The specific goals for this project are:    1) 
Construct a genome-scale metabolic model and predict genetic alterations that optimally 
direct fixed CO2 and N2 into target products. 2) Apply 13C and 15N assisted metabolomics 
and metabolic flux analysis to dissect the metabolism of the strain. 3) Develop an efficient 
genetic toolkit. 4) Demonstrate production of caprolactam and valerolactam in engineered 
Anabaena 33047.  

Abstract  

Anabaena sp. ATCC 33047 is a fast-growing heterocystous cyanobacterium that utilizes high light 
and exhibits the highest recorded conversion rate of CO2 into biomass in an oxygenic 
photosynthetic organism1. Unlike most diazotrophic strains, this cyanobacterium has the ability to 
maintain similar growth rates both in the presence and absence of combined N2 sources and 
displays a doubling time as short as 3.8 h under photoautotrophic and N2-fixing conditions. These 
characteristics render Anabaena 33047 an attractive platform for cost effective production of 
nitrogen-rich compounds. However, this strain was known to be genetically intractable and hence 
not widely studied. In the initial phase of our project we developed a genetic manipulation system 
that enabled us to make targeted modifications in its genome. We also focused on the development 
of a genome scale metabolic model for Anabaena 33047.  

Nitrogenase activity in heterocystous cyanobacteria rely on ATP generated by PSI-
mediated cyclic phosphorylation in the heterocysts and light is essential for this process. Under N2 
limited growth conditions, cyanobacteria exhibit an initial degradation of phycobilisomes (PBSs), 
the major light harvesting complex. This helps to maintain a more balanced C/N ratio under N2 
limitation by reducing photosynthetic activity of the cells and also ensures mobilization of cellular 
nitrogenous resources until the heterocysts engage in fixing nitrogen. PBS is resynthesized in the 
vegetative cells after fixed nitrogen becomes available but its fate in heterocysts remains poorly 
understood. The degradation of PBS is mediated by the NblA protein. In the nblA deficient strain 
of Anabaena sp. PCC 7120, nitrogen step down does not trigger PBS degradation and does not 
affect growth2. To assess the effect of this deletion on N2 fixation in a high light tolerant strain, we 
engineered a ∆nblA mutant of Anabaena 33047. Intriguingly, under high light intensities, the 
∆nblA mutant exhibited up to 2.5-fold higher rates of nitrogenase activity compared to the wild 



type. Spectroscopic analysis shows higher PSI activity in the mutant possibly aided by higher 
levels of PBS in the mutant heterocysts. Thus, retaining higher levels of PBS appears to be an 
effective strategy to enhance rates of N2 fixation in this high light-tolerant, fast growing 
diazotrophic strain.  

We have also developed a comprehensive genome scale metabolic model for Anabaena 33047 
by mining annotation from diverse data bases such as KEGG3, MetaCyc4 and ModelSEED5 and a 
recently published model for the closely related Anabaena 71206. A species-specific biomass 
equation was formulated based on biomass composition of Anabaena 71207. To account for the 
heterocystous lifestyle of this species, the model accounts for two different cell types: vegetative 
cell (950 reactions) and heterocyst (942 reactions). The model accounts for 892 genes and 953 
unique reactions. The vegetative cell performs photosynthesis but lacks the nitrogenase enzyme. 
The heterocyst performs N2 fixation but lacks the capacity to perform oxygenic photosynthesis. 
The model was able to predict the growth rate under N2 fixing and N2 sufficient conditions. Under 
both the conditions, the PSI/PSII flux ratio predicted by the model was above 1.2 as observed for 
cyanobacteria in general. The model is being used to design metabolic engineering strategies for 
the overproduction of nitrogen containing compound valerolactam. 

Figure 1: Two cell model of 
Anabaena 33047. The genome scale 
metabolic model, iAnC915, has two 
super-compartments, the vegetative 
cell and the heterocyst, in-order to 
capture the diazotrophic and 
heterocyst forming life style of this 
cyanobacterium. 
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Project Goals: The goal of this project is to develop syntrophic Clostridium co-culture 
systems, involving three Clostridium organisms, for producing C4-C8-chain length 
metabolites that can be used as chemicals or serve as biofuels and biofuel precursors.  Part 
of the effort includes modeling the behavior of these triple co-cultures. To build this 
capability, we first model the binary co-culture of Clostridium acetobutylicum (C. ac) with C. 
ljungdahlii (C. lj). This first modeling sub-goal then is to develop a method for modeling the 
co-culture growth kinetics that accounts for novel cell fusion events observed in this binary 
co-culture. Using the resulting kinetic model in conjunction with a community genome-scale 
metabolic model and the SteadyCom community modeling framework, we aim to explain the 
observed co-culture metabolism/redox state, and identify genetic intervention strategies 
maximizing production of isopropanol and 2,3-butanediol. 
Clostridia organisms have been of interest for decades due to their ability to ferment a wide range 
of carbon sources to useful bioproducts. The metabolic repertoire of these anaerobes has been 
further expanded in co-cultures due to the diversity of substrates they can consume and unexpected 
syntrophic behaviors that are still being discovered. One such example lies in the syntrophic co-
culture of Clostridium acetobutyllicum (C. ac) and C. ljungdahlii (C. lj). In addition to the 
discovery of an upregulation of C. lj sadh and 23bdh gene expression in the presence of C. ac 
(allowing C. lj to convert acetone and acetoin produced by C. ac to isopropanol and 2,3-butanediol, 
respectively) [1], C. ac and C. lj cells were recently shown to fuse membranes and exchange 
proteomes. This work aims to characterize the resultant change in growth kinetics due to the 
observed fusion/protein exchange event using a kinetic model which characterizes both the pure 
and mixed-proteome C. ac and C. lj growth rates and the cell fusion/proteome exchange rate. The 
parameterized kinetic model is used to inform the construction of a community genome-scale 
metabolic model of pure and mixed-proteome C. ac and C. lj cells using the SteadyCom 
framework, and characterize the dynamic shift in co-culture metabolism and redox state related to 
the observed fusion event required to support the experimentally measured isopropanol and 2,3-
butanediol production. Single organism strain design tools (i.e. optKnock, optForce) are being 
adapted to support the inclusion of multi-organism models in order to understand how the C. ac 
and C. lj genomes can be manipulated to maximize the production of fermentation products of 
interest (i.e isopropanol, 2,3-butanediol) under the newly discovered C. ac/C.lj co-culture 
conditions. 
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Project Goals: The goal of this project is to develop syntrophic Clostridium co-culture 
systems for producing intermediate carbon-chain length metabolites (C4-C8) and their 
derivatives that can be used as chemicals or serve as biofuels and their precursors. Part of 
the effort is to develop O2-independent fluorescent reporters which will allow us to determine 
the population dynamics of the dual and triple co-culture system in real time. Furthermore, 
new fluorescent reporters will also allow us to study the unique cell-to-cell interactions 
between organisms, which lead to the unique co-culture phenotype and performance.  
 

Clostridium organisms are of major importance for developing new technologies to produce 
biofuels and chemicals. Three major types of Clostridium organisms have been the focus of studies 
for the sustainable production of fuels and chemicals. Solventogenic clostridia are capable of 
utilizing a large variety of biomass-derived carbohydrates such as hexoses, pentoses, 
disaccharides, and hemicellulose, and can produce a good number of C2-C4 chemicals.1  
Acetogenic clostridia can fix inorganic H2, CO2, and CO to generate C2 acids and alcohols.1 Other 
specialized clostridia possess diverse biosynthetic capabilities for production of a wide variety of 
metabolites including C4 – C8 carboxylic acids and alcohols, which could serve as commodity 
chemicals, biofuels, or biofuel precursors.1  

The majority of previous work with clostridia focused on optimizing single-organisms systems 
for production of biochemical. In nature, microorganisms live in complex communities where 
syntrophic interactions result in superior resource utilization. Here, we first examined a synthetic 
syntrophy consisting of the solventogen Clostridium acetobutylicum, which converts simple and 
complex carbohydrates into a variety of chemicals, and the acetogen C. ljungdahlii, which fixes 
CO2.2 This synthetic co-culture achieved carbon recoveries into C2-C4 alcohols almost to the limit 
of substrate-electron availability, with minimal H2 and CO2 release. The syntrophic co-culture 
produced robust metabolic outcomes over a broad range of starting population ratios of the two 
organisms. Finally, the co-culture exhibited unique direct cell-to-cell interactions and material 
exchange among the two microbes, which enabled unforeseen rearrangements in the metabolism 
of the individual species that resulted in the production of non-native metabolites, namely 
isopropanol and 2,3-butanediol.2 Furthermore, the unique co-culture phenotype was possible only 
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when both organisms were allowed to physically interact, which allowed them to form unique cell-
to-cell fusions. To further investigate the extent of these interactions we have developed 
fluorescent C. acetobutylicum and C. ljungdahlii expressing fluorescent FAST3 and HaloTag® 
proteins, respectively. When co-cultured together both fluorescent strains showed the whole-cell 
exchange of protein material, a unique and never-observed before phenomena.  

To expand our synthetic co-culture system, we will form a triple co-culture including C. 
kluyveri, which can metabolize ethanol and acetate to produce C6 and C8 carboxylic acids. Both 
C. acetobutylicum and C. ljungdahlii produce ethanol and acetate, which makes C. kluyveri and 
ideal partner for a triple synthetic co-culture system capable to converting biomass-derived 
carbohydrates to C6 and C8 biochemicals. 13C-based Metabolic Flux Analysis (MFA) will be used 
to gain insight into the regulation of cell growth and product formation pathways, and to identify 
metabolic bottlenecks. Currently, use of stable-isotope (e.g. 13C) tracers combined with 
measurements of isotopic labeling by mass spectrometry represents the state-of-the-art in flux 
determination. Metabolic fluxes will be studied using 13C MFA in C. kluyveri, C. acetobutylicum, 
and C. ljungdahlii under mono- and co-culture conditions to identify key changes in metabolism 
of each organism. The consortium model consisting of C. kluyveri, C. acetobutylicum, and C. 
ljungdahlii will be constructed using the SteadyCom framework. This will be done by 
standardizing the biomass equations and metabolite naming conventions for existing genome-scale 
models (GSMs), and updating each GSM using RNAseq and 13C-fluxomics procured under 
varying experimental conditions. 13C-fluxomics and RNAseq data will be used to infer regulatory 
events in each organism to simulate and compare transient monoculture and co-culture population 
dynamics. 
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Project Goals: Despite strong geographic patterns in the dominant form of mycorrhizal 
symbiosis1 and the associated ecosystem consequences, ecologists have a limited understanding 
of why these patterns emerge. Why and how do ectomycorrhizal host trees outcompete 
arbuscular mycorrhizal host trees in certain ecosystems? Does climate play a direct or indirect 
role in determining the success of ectomycorrhizal symbiosis? Given that ectomycorrhizal fungi 
are themselves highly diverse, do changes in the ectomycorrhizal community expand the range 
of climates a host tree can grow in?  For this early career award (ECA) I am determining the 
mechanisms by which mycorrhizal symbiosis influences the distribution of tree species across 
North America. 

Abstract text. Mutualisms are ubiquitous in natural systems, but research on ecological 
interactions has focused almost exclusively on antagonism and we know little about how these 
positive interactions influence species distributions. The niche concept is one useful approach for 
thinking about factors that control species distributions but has generally been considering 
without recognizing the growing importance of mutualisms. In particular, understanding how the 
nature of positive interactions between plants and mycorrhizal fungi change across large 
environmental gradients remains a significant research frontier. Here, we used a continuous 
niche mapping approach to examine how ectomycorrhizal fungi impact plant growth across a 
two-dimensional soil nitrogen (N) and phosphorus (P) gradient. We found that one 
ectomycorrhizal fungus, Thelephora terrestris, improved seedling growth most at high N:P 
ratios, suggesting that members of the Thelephoraceae may be P specialists. By contrast, the 
presence of a second ectomycorrhizal fungus (Suillus pungens) improved seedling growth most 
at the lowest nutrient levels and N:P ratios. Mycorrhizal colonization by T. terrestris increased 
plant niche volume (calculated as the volume of convex hulls comprising total plant biomass 
across N and P gradients) compared to non-mycorrhizal control plants and shows the positive 
effects of mutualisms on plant niche size. However, despite growth benefits at low nutrient 
conditions, the presence of both fungi decreased plant niche volume compared to T. terrestris 
alone, indicating the costs of maintaining multiple mycorrhizal symbioses exceed benefits in 
some environments. The niche mapping approach we present has the potential to answer 
fundamental questions about the dimensions of functional diversity in ectomycorrhizal fungi and 
the global distribution of mycorrhizal symbioses. 
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Project Goals: Microorganisms play key roles in soil carbon turnover and stabilization of 
persistent organic matter via their metabolic activities, cellular biochemistry, and 
extracellular products. Microbial residues are the primary ingredients in soil organic 
matter (SOM), a pool critical to Earth’s soil health and climate. We hypothesize that 
microbial cellular-chemistry, functional potential, and ecophysiology fundamentally shape 
soil carbon persistence, and we are characterizing this via stable isotope probing (SIP) of 
genome-resolved metagenomes and viromes. We focus on soil moisture as a 'master 
controller' of microbial activity and mortality, since altered precipitation regimes are 
predicted across the temperate U.S. Our SFA’s ultimate goal is to determine how microbial 
soil ecophysiology, population dynamics, and microbe-mineral-organic matter interactions 
regulate the persistence of microbial residues under changing moisture regimes. 
 
Numerous technological and analytical advances have caused a revolution in the life sciences 
and revealed that microbes and their viruses represent hidden drivers of the nutrient and energy 
currencies that fuel our planet and our bodies. Arguably, the most impactful advance in the past 
decade has been the ability to view these micro- and nano-scale entities via sequencing rather 
than cultivation-based approaches—giving use a significantly broader window into the 
functional capabilities and interactions of microbe-based communities. Though powerful, current 
metagenomic sequencing approaches are limited in that short-read assemblies likely miss 
microdiverse populations and niche-defining hypervariable genomic islands, and routine long-
read sequencing requires high-biomass inputs and has high error rates.  
Here we optimized laboratory and informatics protocol of our VirION1 approach to generate, 
analyze and polish Oxford Nanopore long reads (>10kb) from low (1ng) biomass samples. For 
method optimization, we used a three phage mock community of known genomes (size range: 
38-130kb) and evaluated DNA extraction and sequencing library preparation options including: 
choice of DNA polymerase, DNA shearing size, number of PCR amplification cycles, input 
DNA amount and DNA cleanup strategies. This revealed that sheared DNA (15kb size) that was 
amplified by LA Takara (long-range) polymerase yielded the most consistent and significant 
increase in read lengths compared to other treatments. The optimized protocol achieved a median 
read length of 7095bp (up to 67kb), which represents a ~5,000 bp increase over that documented 
in the official Nanopore kit. The number of amplification cycles tested (15, 18, 20 and 22) did 
not significantly alter the number of chimeric reads produced (<1% in all treatments), which 
enables much lower input biomass than in the official Nanopore kit. Together these optimized 
protocols are now being applied to Hopland soils for this SFA project to better document short-
read recalcitrant viral OTUs and their niche-defining hypervariable genomic islands. 
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Project Goals: Microorganisms play key roles in soil carbon turnover and stabilization of 
persistent organic matter via their metabolic activities, cellular biochemistry, and 
extracellular products. Microbial residues are dominant ingredients in soil organic matter 
(SOM), a pool critical to Earth’s soil health and climate. We hypothesize that microbial 
cellular-chemistry, functional potential, and ecophysiology fundamentally shape soil 
carbon persistence, and we are characterizing this via stable isotope probing (SIP) of 
genome-resolved metagenomes and viromes. We focus on soil moisture as a 'master 
controller' of microbial activity and mortality, since altered precipitation regimes are 
predicted across the temperate U.S. Our SFA’s ultimate goal is to determine how microbial 
soil ecophysiology, population dynamics, and microbe-mineral-organic matter interactions 
regulate the persistence of microbial residues under changing moisture regimes. 
 
 Microbial residues are dominant ingredients of persistent soil organic matter (SOM). Via 
the ‘microbial carbon pump,’ plant carbon is processed by the microbial community en route to 
microbial-derived, mineral-associated pools of SOM—which are critically important to the 
Earth’s carbon balance and soil health. Yet major uncertainty surrounds the microbial 
ecophysiological traits that regulate the microbial carbon pump, and how the relative importance 
of these traits varies in regions of the soil with distinct microbial communities (i.e. the 
rhizosphere, detritusphere, and bulk soil) and under different moisture conditions. Our SFA team 
is using stable-isotope labeling techniques to synthesize microbial ecology (via metagenome 
sequencing) with measurements of SOM formation and persistence under varying moisture 
regimes. 
 

We conducted a 12-week 13C tracer study to track the movement of two dominant sources 
of plant carbon – rhizodeposition and root detritus – into soil microbial communities and carbon 
pools under normal moisture vs drought conditions. Using a continuous 13CO2-labeling system, 
we grew the Mediterranean annual grass Avena barbata in controlled growth chambers and 
measured the formation of organic matter from 13C-enriched rhizodeposition. As the plants grew, 
we harvested rhizosphere and bulk soil at three time points (4, 8, and 12 weeks) to capture 
changes in soil carbon pools and microbial community dynamics. In a second set of microcosms, 
we tracked the formation of soil carbon derived from 13C-enriched A. barbata root detritus 
during 12 weeks of decomposition; harvesting detritusphere and bulk soil at 4, 8, and 12 weeks. 
In a third set of microcosms, we studied the combined influence of rhizodeposition and root 
detritus, seperately tracking the contributions from each root C source using a reciprocal 13C-
labeling design.  
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 Here, we present initial data from the greenhouse experiment and outline our broad 
experimental goals. In all microcosms, our soil moisture manipulations generated significant 
differences in drought (8  2%) and ‘normal moisture’ (15  4.2 %) treatments. The magnitude 
of this difference increased through time, and manifested as differences in soil respiration, as 
well as in aboveground plant biomass, plant height, root architecture. We have also extracted 
DNA from rhizosphere, detritusphere, rhizosphere + detritusphere, and bulk soil communities, 
and are measuring a range of microbial traits on these same communities, including carbon use 
efficiency, growth rate, and the production of extrapolymeric substances. The overarching aims 
of this project will be to determine how microbial community composition and microbial 
community assembly through time are influenced by soil moisture status, and to connect these 
community-level differences with the dominant microbial traits that may affect the formation, 
chemical composition, and long-term persistence of microbial-derived, mineral-associated SOM.  
 
This research is based upon work supported by LLNL ‘Microbes Persist’ Soil Microbiome SFA, 
funded  by the U.S. Department of Energy Office of Science, Office of Biological and 
Environmental Research Genomic Science program under Award Number SCW1632 to the 
Lawrence Livermore National Laboratory, and subcontracts to the University of California, 
Berkeley and Northern Arizona University. 
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1Lawrence Berkeley National Laboratory, Berkeley, California 
 
Project Goals: Microorganisms play key roles in soil carbon turnover and stabilization of 
persistent organic matter via their metabolic activities, cellular biochemistry, and 
extracellular products. Microbial residues are the primary ingredients in soil organic 
matter (SOM), a pool critical to Earth’s soil health and climate. We hypothesize that 
microbial cellular-chemistry, functional potential, and ecophysiology fundamentally shape 
soil carbon persistence, and we will characterize this via stable isotope probing (SIP) of 
genome-resolved metagenomes and viromes. We focus on soil moisture as a 'master 
controller' of microbial activity and mortality, since altered precipitation regimes are 
predicted across the temperate U.S. The ultimate goal of our SFA “Microbes Persist: 
Systems Biology of the Soil Microbiome” is to determine how microbial soil ecophysiology, 
population dynamics, and microbe-mineral-organic matter interactions regulate the 
persistence of microbial residues under changing moisture regimes. 
Trait-based soil C models are a useful tool for exploring the interactions between genomic traits 
and environmental conditions that drive variation in ecological strategies of microorganisms. 
Here, we use Equilibrium Chemistry Approximation kinetics and Dynamic Energy Budget 
Theory to model relationships between consumer identity, substrate preference, and bacterial 
growth efficiency of microbial guilds specialized for different soil habitats (rhizosphere, bulk 
soil). We synthesize genome-informed trait data of soil isolates, literature-based allometric 
scaling relations, and biophysical modeling approaches to constrain the model parameter space 
for plant-derived carbohydrate depolymerization, low molecular weight carbon uptake, and cell 
metabolism. Scenario simulations are used to investigate the interaction between plant substrate 
identity and soil microbial density on the formation of mineral-associated soil organic matter 
with focus on model sensitivities to microbial carbon use efficiency and biomass stoichiometry. 
Our allometric framework allows quantification of the influence of cell morphology on resource-
based niche parameters and relevant microbial functional traits across different environmental 
conditions, thus providing a model-based link between microbial phylogeny, specific genes, 
phenotypic traits and environmental preferences. 
References 

1. Tang, Jinyun, and William J. Riley. "A theory of effective microbial substrate affinity 
parameters in variably saturated soils and an example application to aerobic soil 
heterotrophic respiration." Journal of Geophysical Research: Biogeosciences 124.4 
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This research is based upon work supported by the LLNL ‘Microbes Persist’ Soil Microbiome 
SFA, funded by the U.S. Department of Energy Office of Science, Office of Biological and 
Environmental Research Genomic Science program under Award Number SCW1632 to the 
Lawrence Livermore National Laboratory for the “Microbes Persist: Systems Biology of the Soil 
Microbiome” SFA, and a subcontract to Lawrence Berkeley National Lab where work was 
performed under contract DE-AC02-05CH11231. 
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Unearthing the Active Microbes, Viruses and Metabolites in Dynamic-Redox Tropical Soils 
with Quantitative SIP and Metagenomics 
  
Jennifer Pett-Ridge*1 (pettridge2@llnl.gov), Ashley Campbell1, Rachel Hestrin1, Gareth 
Trubl1, Amrita Bhattacharyya2, Yang Lin3, Ben Bowen2, Trent Northen2, Jeffrey A. Kimbrel1 
 
1Lawrence Livermore National Laboratory, Livermore CA, 2Lawrence Berkeley National 
Laboratory, Berkeley CA, 3University of California Berkeley, Berkeley CA 
 
https://pls.llnl.gov/people/staff-bios/nacs/pettridge-j 
 
Project Goals: This Early Career research examines the genomic potential and activity of 
tropical soil microorganisms as they experience shifts in soil temperature, moisture, depth 
and oxygen availability. Associated fluctuations in redox potential are proximal controls of 
mineral-organic matter interactions in humid tropical soils. By tracking the degradation 
and fate of organic 13C labeled compounds during shifts in soil redox status, this work will 
improve our understanding of microbial metabolic flexibility, and how microbial processes 
affect the fate of organic carbon in wet tropical systems. The mechanistic understanding 
produced by this research will also improve the predictive capacity of mathematical models 
that forecast future tropical soil carbon balance. 
 
In soils, anaerobic processes are dynamic and widespread—even in bulk-oxygenated upland 
environments—and exist within soil aggregates, near perched water tables, and in zones of 
abundant labile C. However, the drivers and dynamics of these anoxic volumes remain poorly 
constrained, particularly in wet tropical soils where we know little about the metabolic capacities 
of soil microorganisms, and the mineral-organic matter relationships that regulate many aspects 
of soil C cycling. Using a 44 day redox manipulation experiment with soils from the Luquillo 
Experimental Forest, Puerto Rico, we examined patterns of tropical soil microorganisms and 
metabolites when soils were exposed to different redox regimes - static oxic, static anoxic, high 
frequency redox fluctuation (4 days oxic, 4 days anoxic), or low frequency redox fluctuation (8 
days oxic, 4 days anoxic). Replicate microcosms were harvested throughout the incubation to 
measure the impact of redox condition on microbial community structure and activity, organic 
matter turnover, and soil metabolites. An addition of 13C enriched plant biomass allowed us to 
distinguish decomposition of fresh plant litter vs native organic matter and conduct Stable 
Isotope Probing (SIP) with genome resolved metagenomics and viromics to identify active 
microorganisms and their viruses.  
 
Our amplicon data show that bacterial and fungal community composition in the two fluctuating 
redox treatments was indistinguishable from the native soil community, while the static redox 
communities were distinct, suggesting the microbes in these soils are highly adapted to dynamic 
redox conditions. Using differential abundance analysis, we found that fluctuating redox 
enriched for relatively more bacterial and fungal taxa –compared to the static redox conditions. 
However, the anoxic treatment had a distinct iron-cycling microbial community relative to the 
other treatments. The majority of taxa adapted a facultative strategy in the first weeks of the 
incubation (when litter decomposition activity was highest) –suggesting they maintained 
mechanisms to tolerate inhospitable redox periods. However, by the end of the experiment, labile 
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C had become limiting, and obligate anaerobes had increased in their relative abundance.  Using 
13C quantitative SIP of over 1100 16S rRNA libraries, coupled to CO2 and DOC measurements, 
we measured reduced microbial carbon use efficiency (CUE) under static redox conditions 
compared to fluctuating redox conditions. SOM-C respiration was highest under static oxic 
conditions, litter-C respiration was highest under static anoxic conditions, and litter-C 
assimilation was highest under fluctuating redox conditions. Intriguingly, some taxa remained 
active (i.e., assimilating litter-derived C) under all redox conditions, and abundance was not 
always correlated with activity; many relatively ‘rare’ taxa assimilated a high ratio of litter C.  
 
We also analyzed 95 metagenomes (85 SIP fractions and 10 bulk samples) from our 4 redox 
treatments, using sequences generated by the JGI (22 billion reads and over 3.3 trillion base 
pairs). Metagenome assemblies produced over 6,000 genome bins (MAGs), and co-assemblies 
produced 326 medium-to-high-quality MAGs from 13C enriched DNA fractions. Over the 44 day 
incubation, we saw large differences in the active (13C enriched MAGs) from the static anoxic vs 
static oxic soil, and a strong response in the Fe-reducer community. Overall, the fluctuating soil 
MAGs had generally more 13C incorporation, particularly in Proteobacteria and Actinobacteria. 
In the static anoxic soils, we only observed 13C incorporation by Bacteroidetes and Firmicutes. 
 
Viruses were detected with VirSorter and VirFinder and clustered into viral populations 
(vOTUs). Active vOTUs were identified as those present in 13C samples but not the paired 12C 
sample. We recovered nearly 48,000 viruses clustering into 640 vOTUs >10 kb. SIP-fractionated 
samples recovered ~6% vOTUs that were not observed in the un-fractionated bulk samples. Viral 
diversity was highest in the oxic samples and decreased as follows: oxic>high frequency>low 
frequency>anoxic. Beta diversity suggests fluctuation between oxic and anoxic conditions had 
the largest impact on the active viral community structure. Only 27% of the vOTUs were active, 
with 33% active in all treatments, and 16% only active in the anoxic samples. Nearly 21,000 
genes were predicted from the vOTUs, 15% of which had a known function and of the 85% of 
known genes, 65% were novel. From the 15% of known genes, 10% were structural, 86% were 
genes involved in replication, and 4% were putative auxiliary metabolic genes (AMGs). We 
categorized the AMGs into two distinct groups: host survival and C cycling. Host survival genes 
included oxidative stress, sporulation, heat shock, whereas C cycling genes included central C 
metabolism and CAZy enzymes. Almost 30% of the vOTUs were linked to the 326 MAGs 
across four phyla (Acidobacteria, Actinobacteria, Proteobacteria, and Bacteroidetes). 
 
This research is based upon work supported by the U.S. Department of Energy Office of Science, 
Office of Biological and Environmental Research Genomic Science program under Early Career 
Research Program Award Number SCW1478 to J. Pett-Ridge at Lawrence Livermore National 
Laboratory. Work was performed at Lawrence Berkeley National Lab under contract DE-AC02-
05CH11231 and at Lawrence Livermore National Laboratory under contract DE-AC52-
07NA27344.  

 



Using Quantitative Stable Isotope Probing to Link Precipitation Regimes of 
Mediterranean-Grassland Ecosystems to Soil Microbial Ecophysiology 
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Project Goals: Microorganisms play key roles in soil carbon turnover and stabilization of 
persistent organic matter via their metabolic activities, cellular biochemistry, and 
extracellular products. Microbial residues are the primary ingredients in soil organic 
matter (SOM), a pool critical to Earth’s soil health and climate. We hypothesize that 
microbial cellular-chemistry, functional potential, and ecophysiology fundamentally shape 
soil carbon persistence, and we are characterizing this via stable isotope probing (SIP) of 
genome-resolved metagenomes and viromes. We focus on soil moisture as a 'master 
controller' of microbial activity and mortality, since altered precipitation regimes are 
predicted across the temperate U.S. Our SFA’s ultimate goal is to determine how microbial 
soil ecophysiology, population dynamics, and microbe-mineral-organic matter interactions 
regulate the persistence of microbial residues under changing moisture regimes. 

Given the primacy of microorganisms in the formation, stabilization, and breakdown of 
soil organic matter, identifying how soil moisture regimes shape microbial ecophysiology may 
be insightful for understanding the link between microbial communities and soil C in a changing 
climate system. We characterized soils from three Mediterranean grasslands along a precipitation 
gradient and used quantitative stable isotope probing (qSIP) to assess the active microbial 
communities at each site. We used qSIP with iTag sequencing to compare patterns of bacterial 
growth across sites, and we have also developed an approach to combine qSIP with genome-
resolved metagenomes to explore variation in the expression of microbial traits that may be 
shaped by soil moisture and relevant for understanding the fate of soil C. 

We characterized soils from our three primary SFA sites during the 2018 wet season, 
when water is least limiting to growth. Triplicate soil cores were collected from Hopland 
Research and Extension Center, Angelo Coast Range Reserve, and Sedgwick Reserve. To 
establish soil chemistry and minerology, we used solid state 13C NMR and quantitative XRD on 
bulk soils, and performed 14C analyses on bulk soil and respired soil C. Based on solid-state 13C 
NMR there, was slight variation in bulk soil C composition. Angelo, the site with the highest 
precipitation (2160 mm yr-1) has the highest aromatic content, while Sedgwick (383 mm yr-1) has 
the highest carbohydrate content; Hopland (956 mm yr-1) has the highest lipid content. Lipid was 
the most well represented fraction of bulk soil C for all sites, followed by carbohydrate and 
protein. Based on quantitative XRD analysis, Angelo has the highest fraction of clay minerals 
while Hopland has the lowest. In addition to muscovite and chlorite that were present in all soils, 
Sedgwick soil contained about 15% halloysite and Hopland soil contained about 10% kaolinite. 
Samples were also analyzed for their 14C content using LLNL’s accelerator mass spectrometer. 
The average age of soil C increased with mean annual precipitation (p<0.01) and  total C content, 
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suggesting that higher precipitation supports accumulation of SOM across the three sites. The 
14C values of CO2 produced during six-day lab incubations were similar across sites and younger 
than bulk SOM—reflecting a microbial preference for recently fixed C. 

To assess the active microbial communities at our sites, soils were incubated for 8 days 
with either natural abundance 16O-H2O or 98 atom % 18O-H2O. DNA was then extracted, 
separated by ultracentrifugation, and density-gradient fractionated. Total community DNA from 
9 fractions, as well as unfractionated DNA from each incubation, was used for sequencing of the 
16S rRNA marker gene, and for metagenomic library preparation and sequenced on the Illumina 
NovaSeq platform to an average depth of 8 Gbp per fraction for each sample and treatment (180 
metagenomes).  

Using 18O enrichment of bacterial DNA as a proxy for growth, our amplicon-based qSIP 
analysis highlights distinct patterns in growth between the three sites. The intermediate site, 
Hopland, has the highest proportion of actively growing to total taxa, as well as the highest 
average enrichment of the significantly enriched taxa. Growing communities are not only distinct 
between the three sites, but also diverge from the total communities at a given site identified by 
sequencing alone. The growing communities at each site included many taxa within the phyla 
Acidobacteria, Actinobacteria, and Proteobacteria, and the drier two sites additionally had 
growing taxa within the phyla Armatimonadetes and Bacteriodetes. Relatively few bacterial taxa 
show growth at both Sedgwick and Angelo, the driest and the wettest sites. Only 8 taxa, all of 
which belong to the phylum Proteobacteria or Actinobacteria, showed growth at these two sites, 
compared to 48 and 20 shared growing taxa between Angelo and Hopland, and Sedgwick and 
Hopland, respectively. 

Genome-resolved metagenomic analyses of the 18O-H2O SIP experiment enable 
quantitative assessment of metabolic pathways and microbial functional traits corresponding to 
growth and stasis in our study soils. Genomes with pathways for metabolizing 1-carbon 
molecules (in particular methanol and carbon monoxide) are overrepresented in 18O-enriched 
genomes, corroborating previous observations that C1 metabolism plays an important role in soil 
microbial community functioning. We have not observed variation in isotopic enrichment of 
genomes with the capacity for compatible-solute synthesis by site, likely reflecting high moisture 
levels during the incubation. Isotopic enrichment values calculated on metagenome-assembled 
genome bins average 0.09, 0.15, and 0.06 atom fraction excess for Angelo, Sedgwick, and 
Hopland respectively, with upper ranges of 0.29, 0.36, and 0.21. The most commonly enriched 
taxa at each site include Acidobacteria, Actinobacteria, and Proteobacteria, as was observed in 
our amplicon sequences.  

This research is based upon work supported by the LLNL ‘Microbes Persist’ Soil Microbiome 
SFA, funded by the U.S. Department of Energy Office of Science, Office of Biological and 
Environmental Research Genomic Science program under Award Number SCW1632 to the 
Lawrence Livermore National Laboratory, and subcontracts to the University of California, 
Berkeley and Northern Arizona University. 
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Project Goals: Microorganisms play key roles in soil carbon turnover and stabilization of 
persistent organic matter via their metabolic activities, cellular biochemistry, and 
extracellular products. Microbial residues are the primary ingredients in soil organic matter 
(SOM), a pool critical to Earth’s soil health and climate. We hypothesize that microbial 
cellular-chemistry, functional potential, and ecophysiology fundamentally shape soil carbon 
persistence, and we are characterizing this via stable isotope probing (SIP) of genome-
resolved metagenomes and viromes. We focus on soil moisture as a 'master controller' of 
microbial activity and mortality, since altered precipitation regimes are predicted across the 
temperate U.S. Our SFA’s ultimate goal is to determine how microbial soil ecophysiology, 
population dynamics, and microbe-mineral-organic matter interactions regulate the persistence 
of microbial residues under changing moisture regimes. 
 
Microorganisms play many important roles in carbon (C) cycling in soils, and though viruses are 
known to modulate these roles in other systems (via lysis, gene flow and metabolic 
reprogramming) little is known about the impact of soil viruses due to technical challenges. Here, 
we examined viruses in well-characterized soil environments using data from purified viral 
particles, sequencing, and viral ecogenomic analyses. The soils were sampled from four sites, UC 
Hopland Research and Extension Center, Angelo Coast Range Reserve, Sedgwick Natural 
Reserve, and Luquillo Experimental Forest in Puerto Rico, which represent a gradient of soil 
moisture regimes. 

This revealed 28,608 unique viral populations ( 10kb contigs dereplicated at 95% average 
nucleotide identity and 80% coverage) that sorted into nearly three thousand viral genera via gene-
sharing networks. This dataset increases known soil virus populations by ~15-fold and soil viral 
genera 9-fold. Viral communities were strongly and statistically separated based on location, with 
few (0% - 8%) viral populations shared between sampling sites, suggesting that the heterogenous 
environmental conditions in soil give rise to very distinct communities. To assess potential viral 
roles in carbon cycling, we in silico predicted hosts, which, buoyed by metagenome-assembled-
genomes (MAGs) from co-sampled bulk soil metagenomes, revealed putative hosts for 5% of the 
~28K viruses, including 47 MAGs that are key C cyclers, including multiple Actinobacteria and 
Gammaproteobacteria. Further, we explored whether these soil viruses directly encoded key C 
cycling enzymes by identifying carbohydrate active enzymes (CAZymes), which catalyze the 
biosynthesis or breakdown of complex carbohydrates. This revealed 273 viral populations 
containing plant polysaccharide degrading CAZymes: 49% (GH28, PL1, PL22) targeted pectin, 
whereas 27% targeted beta-mannin (GH130 and GH113), 15% many polysaccharide bonds 
(GH140), and 4% beta xylan (GH19 and GH120), with the remaining CAZymes detected only 
once or a few times.  
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Together these results add to our baseline understanding of soil viral ecology and implicate viruses 
in C cycling via infection and directly encoded auxiliary metabolic genes. This knowledge 
provides a path for soil viruses be incorporated terrestrial ecosystem models to better understand 
terrestrial C cycling.  
 
This research is based upon work supported by the LLNL ‘Microbes Persist’ Soil Microbiome 
SFA, funded by the U.S. Department of Energy Office of Science, Office of Biological and 
Environmental Research Genomic Science program under Award Number SCW1632 to the 
Lawrence Livermore National Laboratory, and subcontracts to the Ohio State University and the 
University of California, Berkeley. Work at Lawrence Livermore National Laboratory was 
performed under U.S. Department of Energy Contract DE-AC52-07NA27344.    
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Project Goals: The goal of this project is to build an integrated pipeline to characterize metabolic 
interactions and pathways at a cellular level, using a combination of computational prediction, 
metabolic network modeling, and high-throughput experimental testing. This pipeline will be divided 
into three stages in order to develop a high-resolution subcellular map of small molecule metabolism 
in Sorghum and Brachypodium: a) generating localization predictions using bioinformatic 
algorithms, b) testing those predictions using nanotechnology mediated transformation of 
fluorescently tagged target proteins and high-sensitivity confocal imaging, and c) using the 
experimental data to generate new compartmentalized metabolic network models as well as refining 
existing pathway models. This project will initiate the creation of a repository for subcellular 
locations of metabolic enzymes, yielding important insight into the structure and function of 
metabolic networks in model systems as well as economically important crop species. 
  
Advances in our understanding of plant metabolism have underpinned many traits that contribute towards 
improving plant productivity. To identify (by predictive modeling and experimentation) and engineer 
desirable metabolic traits, such as maximizing biomass production under suboptimal conditions or 
reallocation of biomass from carbohydrates to lipids, we must decode the complex metabolic networks. 
Subcellular compartmentation of metabolic reactions through the locations of enzymes is critical to 
understanding, modeling, and engineering plant metabolism. Yet, the localization of the majority of the 
predicted enzymes are not yet known. The paucity of experimentally validated information in most plants, 
especially in the DOE flagship bioenergy plants, severely limits scientists and engineers to assess the 
performance and translatability of computational tools and resources. 
 
In this new project, a trans-disciplinary team with expertise in plant cell biology, genomics, metabolic 
modeling, algorithm development, synthetic biology, geochemistry, nanotechnology, and analytical 
chemistry will develop an integrated pipeline that combines computational prediction, metabolic network 
modeling, and high-throughput experimental testing using state of the art technologies in live confocal 
imaging, nanomaterial-mediated plant transformation with target metabolic enzymes, and metabolic 
network modeling. Using the pipeline, the team will create a high-quality subcellular map of small molecule 
metabolism as well as accurately compartmentalized metabolic network models in Sorghum and 
Brachypodium. The models will be experimentally validated by measuring a series of outputs in response 
to environmental challenges, and by knocking out gene expression in somatic tissue using CRISPR 
technology. Here, we will outline our approach to this project, as well as some initial progress on transient 
sorghum transformation and data analysis.  
The pipeline will rely on the existing metabolic pathway database SorghumBicolorCyc. This database was 
created by using the E2P2 software to predict enzymatic function of the proteins in the sorghum genome 



sequence, then using the Pathologic and SAVI software to call the presence in sorghum of metabolic 
pathways from the Metacyc database. The pipeline implements a novel network-based classifier to infer 
compartmentalization of the Sorghum metabolic pathway database. The network-based classifier utilizes 
an existing classifier which predicts protein subcellular localization based on sequence information as 
training on the partially compartmentalized network. 
 
Based on the predictions, target metabolic genes will be chosen to validate the localization in cells. To 
achieve this, Gateway and In-Fusion molecular cloning technology will be used to fuse these candidates 
with known and effective fluorescent proteins, and subsequently expressed in the plants using high-
throughput nanomaterial-based plant transformation techniques. Utilizing high resolution confocal live 
imaging (EMCCD spinning disk and Leica HyD point scanning), the locations of these enzymes will be 
validated in planta. The dataset collected from these validations will be used for developing the network 
maps and refine current models. 
 
Overall, this project aims to holistically decipher the complexity of plant metabolic networks in order to 
engineer pathways to tackle the impending problems of changing climate, food security and availability of 
sustainable energy sources.  
 
This research is supported by the U.S. Department of Energy, Office of Science, Office of Biological and 
Environmental Research, Genomic Science Program grant no. DE-SC0020366 
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Project Goals:  

New genetic tools are needed to engineer metabolic pathways and networks with many genes 
(enzymes, transporters, regulators), particularly in non-model organisms growing in 
conditions with industrial relevance. As a key challenge, it remains difficult to stably express 
many genes because designers are forced to re-use similar genetic parts, thereby introducing 
repetitive DNA sequences that trigger homologous recombination and genetic instability. To 
overcome this challenge, we applied our new algorithm, the Non-Repetitive Parts Calculator, 
to design over 30000 highly non-repetitive promoter sequences to control transcription rates 
in Clostridia. We experimentally characterized these non-repetitive promoters in Clostridium 
autoethanogenum during gas fermentation using a low-cost syngas feedstock, obtaining over 
1000 transcription rate measurements simultaneously. To do this, we combined barcoded 
oligopool synthesis, library-based cloning into integrative vectors, high-throughput 
transformations, state-of-the-art gas fermentation facilities, and next-generation sequencing 
(DNA-Seq, RNA-Seq). With this toolbox, over 1000 genes can be simultaneously expressed 
in Clostridia with tunable transcriptional control across a 1,000,000-fold range, all without 
introducing more than a 15 bp repeat sequence. This non-repetitive toolbox of promoters 
enables a breadth of metabolic engineering applications in an important industrial organism.  
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Project Goals: Gas fermentation is a commercially scalable platform for the sustainable 
biomanufacturing of valuable chemicals from abundant, low cost C1 feedstocks. We have 
engineered improved Clostridia strains that produce 3-hydroxypropionic acid (3-HP) from 
biomass syngas or industrial waste gas, characterized during continuous culture with online 
monitoring. 3-HP is an ideal bio-renewable precursor to acrylates and polymers 
(acrylonitrile, acrylamide, acrylic acid and acrylate esters) with a global market estimated 
as 3.63 million tons per year. To do this, we carried out genome-scale modeling and genome 
engineering to evaluate and introduce 3-HP biosynthesis pathways into an industrial 
Clostridium strain. We also developed new genetic tools that are capable of controlling the 
expression of many enzymes simultaneously, without introducing repetitive DNA. By 
combining these genetic tools with system-wide modeling, we are systematically redirecting 
metabolic flux towards 3-HP biosynthesis and eliminating byproduct formation with overall 
improved titers, yields, and productivities.  

 

Gas fermentation has emerged as a promising biorenewable platform for manufacturing valuable 
chemicals from gaseous, non-food feedstocks that would normally be considered pollutants or 
waste. These gases include carbon dioxide (a greenhouse gas) and carbon monoxide (a harmful 
pollutant that will be oxidized to CO2 when released in the atmosphere). LanzaTech is a world-
wide leader in gas fermentation having commercialized and scaled up the production of ethanol 
from CO/CO2 gas mixtures using Clostridium autoethanogenum as the whole-cell biocatalyst. Gas 
feedstocks are sourced from lignin-derived syngas, steel mill waste gas, and biorefinery waste gas, 
providing ample commercial opportunities for upgrading negative value pollutants into valuable 
co-products. 

In this project, we are engineering industrial C. autoethanogenum strains to manufacture 3-
hydroxypropionic acid (3-HP) with commercially relevant metrics (volume, titer, yield, 
productivity) from a syngas feedstock. As a first step, we applied a customized genome-scale 
metabolic model to evaluate the yield and thermodynamic feasibility of 25 different 3-HP 
biosynthesis pathways. In silico optimization revealed that high 3-HP yields can be achieved, but 



require a significant level of strain engineering: from 5 to 30 enzyme expression levels need to be 
modified to yield significant improvements. 

This challenge motivated the development of new genetic tools that can tunably control many 
enzyme expression levels in C. autoethanogenum to avoid slow iterative cycles and growth defects 
or genetic instabilities observed for knock-out of specific target genes. We developed the first 
dynamic CRISPRi knock-down system for C. autoethanogenum and are currently scaling up the 
number of enzymes that can be simultaneously targeting by leveraging Extra Long sgRNA Arrays 
(ELSAs), which are capable of expressing up to 20 CRISPR sgRNAs within a compact, non-
repetitive DNA cassette (Reis et al., 2019).  

By introducing the malonyl-CoA reductase from Chloroflexus aurantiacus we have demonstrated 
de novo biosynthesis of 3-HP in C. autoethanogenum. Surprisingly, we also observed  considerable 
production of 1,3-propanediol (1,3-PDO); by itself, 1,3-PDO is an important chemical with market 
size of $490 million in 2019. We confirmed that the conversion of 3-HP to 1,3-PDO in C. 
autoethanogenum occurs via aldehyde::ferredoxin oxidoreductase (AOR) enzymes (Liew et al., 
2017). Knocking-out or knocking-down AOR expression eliminates 1,3-PDO production and 
increases 3-HP production. The ultimate goal of this project is to introduce model-designed ELSAs 
into the C. autoethanogenum genome, guided by genome-scale modeling as well as techno-
economic analysis, to deliver strains that convert syngas into 3-HP with improved titers, yields, 
and productivities. 
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White-Rot Fungi Utilize Lignin-Derived Compounds as a Carbon Source 
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Mitchell3, Samuel O. Purvine3, Meagan C. Burnet3, Rosalie K. Chu3, Lye Meng Markillie3, David 
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Project Goals: This study aims to investigate the hypothesis that white-rot fungi can 
simultaneously depolymerize lignin extracellularly and catabolize depolymerization 
products intracellularly as carbon and energy sources. Understanding this potential 
biological activity and identifying the most promising fungal strains for lignin turnover and 
catabolism will justify future investment in genetic tool development to enable metabolic 
engineering in white-rot fungi for lignin bioconversion to bioproducts.  

Lignin is currently an undervalued aromatic polymer in lignocellulosic biorefineries, mainly due 
to its heterogeneity and recalcitrance, but it is a key substrate to enable a sustainable plant-based 
bioeconomy. White-rot fungi (WRF) are recognized as the most efficient lignin-degrading 
organisms in Nature and are thus potential biocatalysts for lignin bioconversion. However, while 
lignin depolymerization by WRF has been studied for decades and is well accepted, the ability of 
WRF to catabolize lignin remains virtually unknown.  

To ascertain if WRF simultaneously depolymerize lignin and utilize lignin-derived compounds, 
we are employing in silico, in vivo, and in vitro approaches based on hypothesis-driven, systems-
biology studies. Recent 13C-labeling analyses with two WRF that exhibit different lignocellulose 
degradation patterns have revealed that these organisms can indeed funnel carbon from lignin 
degradation products to central metabolism. Considering the lack of information on aromatic 
catabolic pathways in WRF, we have initiated pathway and enzyme discovery via in silico 
analyses. Specifically, we are conducting homology searches in two selected fungal genomes using 
as template enzymes already characterized in bacteria and yeast. Based on these results, we have 
hypothesized a pathway that WRF most likely use for the conversion of 4-hydroxybenzoic acid, 
an abundant aromatic compound found ester-linked to lignin in poplar. Multi-omic analyses 
(transcriptomics, proteomics, and metabolomics) based on differential substrate have also 
facilitated enzyme down-selection and confirmed metabolites from the hypothesized pathway. 
Lastly, we have initiated enzyme validation via in vitro studies to verify the function of the down-
selected enzymes (e.g. decarboxylases, hydroxylases, and dioxygenases). Overall, the knowledge 
gained through this work will serve as a foundation to employ WRF in lignin bioconversion to 
bioproducts and provide deeper insight into global carbon cycling.  



This research is supported by the U.S. Department of Energy (DOE), Office of Biological and 
Environmental Research (BER) under the Early Career Award Program. A portion of the research 
has been performed using EMSL (grid.436923.9), a DOE Office of Science User Facility 
sponsored by the Office of Biological and Environmental Research. A portion of the work has been 
also conducted by the U.S. DOE Joint Genome Institute, a DOE Office of Science User Facility, 
supported by the DOE Office of Science under Contract No. DE-AC02-05CH11231. Part of this 
work was also supported by a Laboratory Directed Research and Development project at the 
National Renewable Energy Laboratory. 



Approaches to the Development of Sustainable Energy Sorghum Biofuel Feedstocks in Drought 
Prone and Low Nitrogen Environments  
 
Daniel P. Schachtman1 (Daniel.Schachtman@unl.edu), Stephanie Futrell1, Jiating Li1, Amy 
Sheflin2, Jessica E. Prenni2, Yeyin Shi1, Cody Creech1, Asaph B. Cousins3, Ellen L. Marsh1, Emily 
Goren4, Peng Liu4, Stephen Kresovich5 
1University of Nebraska, Lincoln, NE; 2Colorado State University, Fort Collins, CO; 3Washington 
State University, Pullman, Washington; 4Iowa State University, Ames, Iowa; 5Clemson 
University, SC 
Website for project: https://sorghumsysbio.org/   
 
Overall project goals: 

• Establish a foundational, systems-level understanding of plant, microbial, and 
environmental interactions that will lead to translational strategies to enhance growth 
and sustainability of sorghum through improved genetic and microbial adaptations to 
water and nutrient limited environments. 

Specific objectives addressed by this poster:            
• Phenotypic characterizations of a diverse panel of sorghum genotypes across multiple 

years to define the most productive lines under drought and low nitrogen conditions. 
• Associate genotypic and environmental effects with improved sorghum performance 

using robust statistical approaches. 
 
The overall project involves both plant genetics and studies of the soil microbial communities 
associated with sorghum. In this poster we highlight the progress made towards identifying 
stress tolerance energy sorghum germplasm using:  

• classical methods of measuring biomass 
• more advanced approaches using: 

o  metabolomic data to predict biomass  
o hyperspectral radiometry to measure nitrogen, chlorophyll and specific leaf area 

in the field on large populations 
o UAV to measure spectral qualities and temperature of the crop canopy 

• chemical analyses such as wax composition and leaf sucrose content. 
 
All of these traits were chosen because of their potentially importance in abiotic stress 
tolerance in sorghum. Results will be presented on how we are making these measurements, 
the prediction method and outcomes based on metabolite data, some preliminary wax 
composition results and canopy temperature data. Next steps being pursued to understand the 
genetic mechanisms of the variation in these observed traits will also be presented.  Ultimately 
our goal is to understand the mechanisms that are important for abiotic stress tolerance and 
the underlying genetic factors that will contribute to enhancing the biomass production of 
energy sorghum for the biofuel feedstocks. 
This project is funded by the DOE BER Sustainable Bioenergy Research Program, Award DE-
SC0014395, and was also supported by DOE JGI Community Science Program 



Data access, mining and visualization. Tools to accommodate an interdisciplinary project. 

Philip Ozersky1* (pozersky@danforthcenter.org), Jeff Berry1, Scott Lee1, Todd Mockler1, and 

Daniel Schachtman2 

1Danforth Plant Science Center, St. Louis, MO; 2University of Nebraska, Lincoln; 

Website for the project: www.sorghumsysbio.org 

Overall Project Goals:  

• Establish a foundational, systems-level understanding of plant, microbial, and 

environmental interactions that will lead to translational strategies to enhance growth 

and sustainability of sorghum through improved genetic and microbial adaptations to 

water and nutrient-limited environments. 

Project Objectives:            

• Conduct deep census surveys of root microbiomes concurrent with phenotypic 
characterizations of a diverse panel of sorghum genotypes across multiple years to 
define the microbes associated with the most productive lines under drought and low 
nitrogen conditions. 

• Associate systems-level genotypic, microbial, and environmental effects with improved 
sorghum performance using robust statistical approaches. 

• Develop culture collections of sorghum root/leaf associated microbes that recapitulate 
root-enriched sequences defined in the census. 

• Perform controlled environment experiments for in-depth characterization and 
hypothesis testing of Gsorghum x Gmicrobe x E interactions. 

• Validate physiological mechanisms, map genetic loci for stress tolerance, and determine 
the persistence of optimal microbial strains under greenhouse and field conditions. 

 
Our project generates a wide variety of data from field crop measurements to indoor 

phenotyping systems and analytics of Sorghum bicolor samplings such as metabolites and 

stable isotopes.  Additionally, sequences were produced for transcriptomic and metagenomic 

data.  These datasets are disseminated through our project website and interface allowing all 

members of the project access to foster coordinated efforts and data sharing.  Integration of 

tools like JBrowse and project produced Shiny apps allow project members to visualize, mine 

and parse project data.  We are also leveraging pipelines to utilize Sorghum bicolor pan-genome 

data to help identify the most productive lines under drought and low nitrogen conditions.  The 

poster will display our project website, database structure, interface utility, tools, and pipeline. 

This project is funded by the DOE BER Sustainable Bioenergy Research Program, Award DE-SC0014395, 

and was also supported by DOE JGI Community Science Program. 

mailto:pozersky@danforthcenter.org
https://www.sorghumsysbio.org/


Title:	Leaf	Carbon	Isotope	Composition	in	Diverse	Sorghum	Lines	
	
Asaph	B.	Cousins1*	(acousins@wsu.edu),	Balasaheb	V.	Sonawane1,	Max	Braud2,	Indrajit	
Kumar2,	Rajiv	Parvathaneni2,	Andrea	Eveland2,	Kira	Veley2,	Jeffrey	Berry2,	Rebecca	Bart2,	
Varsha	Pathare1,	Stephanie	Futrell4,	Ellen	Marsh4,	Yen	Ning	Chai4,	Peng	Liu3,	Cody	Creech4,	
Ismail	Dweikat4,	Stephen	Kresovich5,	Allyn	Pella4,	Ellen	Marsh4,	Peng	Wang4,	Daniel	P.	
Schachtman4	
	
1Washington	 State	 University;	 2Donald	 Danforth	 Plant	 Science	 Center;	 3Iowa	 State	
University;	4University	of	Nebraska-Lincoln;	5Clemson University	
	
http://sorghumsysbio.org		
	
Project	Goals:		
The	overall	project	goal	is	to	establish	a	foundational,	systems-level	understanding	of	plant,	
microbial,	and	environmental	interactions	that	will	lead	to	strategies	for	enhancing	growth	
and	 sustainability	 of	 sorghum	 through	 genetic	 and	 microbial	 adaptations	 to	 water	 and	
nitrogen	limited	environments.	
	
The	specific	objective	of	the	research	presented	here	is	to	screen	diverse	panels	of	sorghum	
genotypes	 to	 determine	 the	 genetic	 factors	 influence	 leaf	 carbon	 isotope	 composition	
(δ13Cleaf).	 Towards	 achieving	 our	 project	 goals,	 we	 have	 conducted	 several	 phenotyper,	
greenhouse	and	field	experiments	on	various	populations	of	sorghum	genotypes.	Data	will	
be	presented	on	greenhouse	experiments	used	to	determine	the	relationship	of	whole	plant	
water	use	efficiency	(WUEplant)	with	leaf	intrinsic	transpiration	efficiency	(TEi)	and	δ13Cleaf	in	
a	select	number	of	sorghum	lines.		As	predicted	from	theoretical	models	of	C4	photosynthesis	
we	have	demonstrated	that	δ13Cleaf	 is	related	to	TEi,	when	efficiency	of	CO2	concentrating	
mechanism	(leakiness)	remains	constant.	Accordingly,	δ13Cleaf	has	been	proposed	as	a	high-
throughput	phenotyping	tool	for	TEi	in	C4	plants.	We	have	scaled	this	research	up	to	test	the	
variation	 in	 δ13Cleaf	 in	 30	 diverse	 line	 of	 sorghum	 grown	 under	 controlled	 environment	
growth	 conditions	 in	 the	 Bellweather	 Phenotyping	 System	 at	 the	Danforth	 Plant	 Science	
Center	 and	 in	 the	 field	 near	 Scottsbluff,	Nebraska.	 	We	have	 followed	up	 on	 these	 initial	
experiments	with	screens	of	δ13Cleaf	across	 the	sorghum	biomass	association	panel	 (BAP)	
grown	 under	 both	 field	 and	 controlled	 environment	 growth	 conditions.	 Given	 the	 large	
genetic	and	phenotypic	diversity	within	the	BAP	it	is	likely	that	variation	in	δ13C	exists	in	this	
population	that	can	be	associated	with	genetic	loci.		
	
Future	directions	
Leaf	and	whole	plant	traits	will	be	assessed	across	sorghum	genotypes	to	help	identify	and	
select	for	genomic	traits	and	potentially	elite	lines	for	enhanced	water	use	efficiency.	
	
Funding	statement	
This	project	is	funded	by	the	DOE	BER	Sustainable	Bioenergy	Research	Program,	Award	DE-
SC0014395,	and	was	also	supported	by	DOE	JGI	Community	Science	Program.	



Sorghum root microbiome dynamics under nutrient-limited and drought conditions 
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Project Goals:  

We aim to establish a foundational, systems-level understanding of plant, microbial, and 
environmental interactions that will lead to translational strategies to enhance growth and 
sustainability of sorghum through improved genetic and microbial adaptations to water and 
nutrient limited environments. In working towards this goal, we are conducting deep census 
surveys of root microbiomes concurrent with phenotypic characterizations of a diverse panel 
of sorghum genotypes across multiple years to define the microbes associated with the most 
productive lines under drought and low nitrogen conditions. 

Abstract: 

Sorghum bicolor is a genetically diverse crop cultivated for a variety of agronomic uses, including 
grain, sugar, and energy production. However, cultivation of energy sorghum for biofuel 
production will require the use of marginal lands with potentially low nutrient availability and/or 
periods of water stress. All plants growing in soil harbor diverse communities of microbes that 
inhabit the areas in, on, and around their roots.  Selected members of these microbial communities 
can provide benefits to their plant hosts, including direct growth promotion and conferring 
tolerances to abiotic and biotic stress. To examine the effects of nutrient and water stress on soil 
and root microbial communities and explore a possible microbial solution to increase the nutrient 
use efficiency and resilience to water stress in sorghum, we are utilizing 16S rRNA sequencing to 
survey the bacterial communities in replicate soil, rhizosphere, and root samples collected from 
~30 different sorghum genotypes grown under different nitrogen (N; high/low) and water 
(watered/drought) treatments over multiple growing seasons at two sites in Nebraska. 

In a small-scale pilot experiment in 2015, we collected ~200 soil, rhizosphere, and root samples 
from 10 different sorghum genotypes grown under high or low N conditions. We observed that 
early rhizosphere samples exhibit a significant reduction in overall diversity attributable to a 
dramatic increase in the bacterial genus Pseudomonas which occurred independent of host 
genotype in both high and low N fields, and was not observed in the surrounding soil or associated 
root endosphere samples. Nearly all the Pseudomonas reads in this dataset were assigned to a 
single OTU at 97% identity; however, ASV-level resolution demonstrated that this OTU comprises 
a large number of distinct Pseudomonas lineages. Furthermore, single-molecule long read 



sequencing enabled high-resolution taxonomic profiling of the Pseudomonas lineages within the 
dataset. In additional field experiments in 2016 and 2017, we sampled three selected genotypes at 
four time points throughout the growing season to monitor changes in the bacterial communities 
over time and again observed decreases in Shannon diversity in rhizosphere samples early in the 
growth season concomitant with a marked increase in the relative abundance of Pseudomonas. 
Our ongoing work focuses on characterizing the genomic and metabolic features of these 
Pseudomonas populations and integrating our findings with the metabolomic and phenotypic data 
generated with project collaborators.   

This project was funded by the DOE BER Sustainable Bioenergy Research Program, Award 
DESC0014395, and was also supported by DOE JGI Community Science Program. The work 
conducted by the U.S. Department of Energy Joint Genome Institute is supported by the Office of 
Science of the U.S. Department of Energy under Contract No. DE-AC02-05CH11231. 



Gene Regulatory Networks Enabling Fungi to Selectively Extract Sugars from Lignocellulose 
 
Claire E. Anderson1, Jonathan S. Schilling1 (schillin@umn.edu), Jesus Castano1*, Claudia 
Schmidt-Dannert1, Jiwei Zhang1, David Hibbett2, Igor Grigoriev3, Young-Mo Kim4 

 
1University of Minnesota, Saint Paul, 2Clark University, 3Joint Genome Institute (JGI) 4Pacific 
Northwest National Laboratory (PNNL) 

URL: http://schillinglab.cfans.umn.edu 

Project Goals: Fungi dominate the biological decomposition of wood and other lignocellulosic 
plant tissues in nature. These saprotrophs offer us a proven model for making energy, sustainably, 
from biomass. They also offer those with commercial interests a range of pathways for unlocking 
sugars embedded in lignin. Their strategies range from ‘white rot’ mechanisms that remove lignin 
to gain access to polysaccharides to ‘brown rot’ mechanisms that selectively extract sugars, leaving 
most lignin behind. This metabolic diversity could be harnessed, industrially, but research has 
generally been focused more toward white rot delignification pathways. White rot fungi can 
unsheath polysaccharides by selectively removing lignin, a capacity that historically attracted 
interest for the potential to extract intact fibers for papermaking. Modern bioenergy schemes, 
however, do not aspire for intact fibers - instead, the goal is to depolymerize polysaccharides to 
release fermentable sugars (saccharification), saving lignin as a co-product, if possible. This is a 
better fit for the carbohydrate-selective pathways of brown rot fungi, but our grasp of fungal brown 
rot metabolism lags behind what we know about white rot. 
 
Our collaborative project is aligned to address these gaps, with the goal of producing an 
integrated regulatory model for brown rot. Our proposed objectives insure stand-alone advances, 
but will also synergize to push ideas forward in a systems context.  
 
Objective 1 is to identify fungal gene regulation patterns that distinguish brown rot fungi from 
fungi with other decay modes (e.g., white rot). We are comparing fungi among relevant lineages 
but with varied carbohydrate-selectivities. We are culturing these strains on solid wood wafers, 
spatially mapping gene expression and then overlaying fungal/wood metabolite patterns to 
enable temporally-resolved functional genomics. These maps can isolate patterns unique to 
brown rot and can target characterization.  
 
Objective 2 focuses on characterization, starting with a short list generated in an earlier 
transcriptomics study, and progressively adding objective 1 gene targets. We are using routine 
single-/multi-cellular in vitro transformation pipelines, but complementing this with efforts to 
develop a brown rot transformation system, enabling in vivo manipulations (e.g., Crispr-Cas9).  
 
Objective 3 is to use metabolomics to map metabolite-expression feedback over time, providing 
networks of gene regulation. This approach promises to advance our understanding of this 
unique brown rot strategy, beyond current ROS-centric models toward a systems view. 
 

 

 



Abstract: 

Certain filamentous fungi are uniquely able to deconstruct lignocellulose, and their poorly 
understood mechanisms have potential biofuels applications. A key hindrance to harnessing these 
fungal mechanisms has been their spatial complexity. Our past work has shown that differentiated 
networks of hyphae that penetrate wood are not metabolically uniform, with critical reactions 
occurring near the hyphal front. Standard omics analyses of these fungi from artificial media or 
from colonized wood ground en masse fail to distinguish expression of key gene products 
occurring in localized regions along growing hyphae. 
 
Our focus for this research is specifically on brown rot fungi, a more recently evolved decay fungal 
group (relative to white rot) that circumvents the lignin barrier to extract sugars from 
lignocellulose. The genetic basis for how this capacity evolved away from white rot multiple times 
remains unknown, despite the modern options to align the compare brown rot and white rot fungal 
genomes. Our new collaboration aims to focus omics techniques to map and integrate expression 
over networks of wood-degrading fungal hyphae in planta. Wood-degrading fungal genomes are 
an emerging resource, particularly brown rot functional types. We recently optimized a thin-
section wood set-up that can finely resolve reaction zones along an advancing mycelium. Within 
these zones, we can employ deep omics approaches without the typical noise of whole-sample 
homogenization. By co-localizing gene expression, secretions, and wood modifications, we can 
prioritize the genes most useful for application, as well as understanding the underlying regulation 
of a globally important decomposition mechanism – brown rot. 
 
Our goal is to discover which genes are differentially up-regulated across the mycelia of wood-
degrading fungi in planta, particularly at the leading edge of wood decomposition where reactive 
oxygen species (ROS) are deployed. To do this, we need to compare global expression profiles 
among mycelial regions. To map this wood-fungal interaction, we must match gene expression 
patterns with the extracellular secretome and with physiochemical wood modifications. Given this 
potential for substrate-fungus feedback, we are cross-checking genes using separate clade 
representatives for brown rot fungi alongside their white rot ancestors, harnessing the JGI 
MycoCosm portal and several key resources and expertise at JGI and the Pacific Northwest 
National Laboratory. 
 
References: 
Castaño, J.D., Zhang, J., Anderson, C.E., and Schilling, J.S.* (2018) Oxidative damage 
control as a brown rot fungus attacks wood using oxygen radicals. Applied and Environmental 
Microbiology 84(22):e01937-18  
 
Zhang, J., Figueroa, M., Castaño, J.D., Silverstein, K., Schilling, J.S.* (2019) Gene regulation 
shifts shed light on fungal adaptation in plant biomass decomposers. mBio 10:e02176-19. 
 
Funding statement 
This work was supported by the U.S. Department of Energy Office of Science Grant DE-
SC0019357 from the Office of Biological and Ecological Research (BER) to J.S.S., by user 
Facility grant #48607 at the Environmental Molecular Sciences Laboratory (to J.S.S.), by NSF as 
a Graduate Research Fellowship (to C.E.A.), and by Fulbright Colombia (to J.C.). 
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Project Goals:  

Our research plan aims to establish the non-food oilseed crop plant, Camelina sativa, as a 
commercially viable, dedicated biofuel and bioproduct feedstock. We are focused on improving 
seed and oil yields by employing an integrated genetic and metabolic systems approach to increase 
the rates of photosynthetic CO2 capture and conversion to triacylglycerols (TAGs). Camelina has 
the advantages of low agronomic inputs and natural resistance to biotic and abiotic stresses relative 
to other oilseed crops, and Camelina oil-based blends have been tested and approved as liquid 
transportation fuels. Camelina also benefits as a synthetic biology platform from a fully sequenced 
genome, well-established molecular genetic tools, and numerous resources available from its close 
relative, Arabidopsis thaliana. Despite these advantages, the major limitation in widespread 
adoption of Camelina as an industrial oilseed crop is its modest oil yield. Our project will address 
yield directly by employing a tissue-specific and whole-plant systems approach to identify the 
major regulatory mechanisms that limit 1) carbon fixation in photosynthetically active source 
tissues (leaves), 2) the transport of fixed carbon from source to sink tissues (seeds), and 3) the 
allocation of fixed carbon to TAG production. The limiting factors identified in our analyses 
will be individually validated and combined using multi-gene stacking and genome editing 
technologies to engineer Camelina.   

Abstract: 

Varying environmental conditions, including changes in temperature, light, water and nutrient 
availability, result in energy and metabolic imbalances that significantly impact crop productivity 
and agricultural production.  Metabolic interactions between chloroplasts and mitochondria, 
including photorespiratory metabolism, are known to be essential in mitigating these imbalances, 
and strategies to enhance the plasticity of these networks have the potential to enhance crop 
resilience to environmental stress. We previously described improved carbon assimilation, 
increased water and nitrogen use efficiency, and higher seed yields in Camelina by expressing 
LIP36, a mitochondrial carrier that promotes oxaloacetate/malate exchange.  Metabolic systems 
analysis demonstrated that LIP36 transport activity (1) enhances the non-cyclic phase of the 
mitochondrial tricarboxylic acid (TCA) pathway in photosynthetic tissues, and (2) promotes redox 
exchange between the mitochondria and cytosol.  In doing so, LIP36 contributes to cellular redox 
balance and optimal photorespiratory metabolism, while favoring anabolic over respiratory 
metabolism.  This results in increased stress resilience and improved seed yields under limiting 
environmental conditions. 



In the current study, we took advantage of LIP36 tissue-specific expression to examine the role of 
mitochondrial metabolic networks in optimizing respiratory, anabolic, and redox metabolism in 
early seedling development, root growth/architecture, and seed development.  We will present 
combined metabolic, physiological and transcript profiling data that demonstrate a positive impact 
of LIP36 expression on early seedling establishment.  This includes increased shoot growth and 
root elongation within the first 10 days following germination.  Metabolic and transcript analysis 
demonstrate that the primary impact is on cellular redox balance.  Our data suggest that the ability 
to increase the plasticity of redox exchange between the cytoplasm and mitochondria, may 
decrease ROS generation and alter the expression of important stress resilience pathways that 
increase robust seedling establishment.  Enhancing seedling establishment is a key agronomic 
factor for improving the stand and the ultimate yields of crops grown on marginal lands.  We 
anticipate that this trait could contribute to increased adoption of Camelina as an industrial oilseed 
crop.  
 

 

This work is funded by grant #DE-SC0018269 from the Department of Energy BER program. 
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Project Goals: This project aims to genetically improve the agronomic traits of pennycress 
(Thlaspi arvense L.; Field Pennycress) for its use as an offseason oilseed-producing cash 
cover crop grown throughout the U.S. Midwest. We have identified and sequence-indexed 
an array of EMS-induced pennycress mutant lines exhibiting improved phenotypes for all 
agronomic traits we have assessed. We have also developed and demonstrated the utility of 
pennycress Agrobacterium-mediated plant transformation and CRISPR genome editing, 
generating pennycress lines with undetectable levels of erucic acid in seed oil, reduced 
glucosinolate content, reduced seed coat fiber, reduced pod shatter, and reduced seed 
dormancy. This project aims to identify agronomically-relevant alleles, validated through 
field testing, and to stack those alleles into top pennycress breeding lines to generate elite 
varieties having the following traits allowing for commercialization: 1) Harvestable seed 
yields of at least 1,500 lbs/acre; 2) Reduced sinigrin (glucosinolate) to below the regulatory 
limit;  3) Reduced seed coat fiber content to improve the seed meal nutritional value 4) 
Shortened time to maturity to expand the range where pennycress can be harvested in time 
to plant full-season soybeans. 

Pennycress (Thlaspi arvense; Field pennycress) is an oilseed plant of the Brassicaceae family 
closely related to Arabidopsis, carinata, camelina, and rapeseed canola. Pennycress is native to 
Eurasia and naturalized to North America, growing widespread throughout temperate regions of 
the world. Domesticated pennycress could be grown as a winter annual oilseed-producing cash 
cover crop, for example, planted in the fall at or near the time of corn harvest and harvested in 
the spring in time to plant full-season soybeans throughout the 80 million-acre U.S. Midwest 
Corn Belt. Elite pennycress varieties could provide additional income to farmers and supply-
chain businesses thereby strengthening rural communities. Pennycress could also provide 
ecosystem services as a cover crop, reducing soil erosion and nutrients runoff and providing 
habitat and pollinator support on otherwise barren farmland. 

Field trials have demonstrated that pennycress can be seeded in upper Midwest cornfields 
in the late summer/early fall, at which time the plants form ground-hugging rosettes of leaves 
that overwinter with extreme cold tolerance. Pennycress plants are quick to flower in the spring, 
producing nectar-generating flowers for pollenating insects and oil- and protein-rich seeds that 
can be harvested without disrupting soybean planting or yields. As an energy crop adopted 
throughout the U.S. Midwest Corn Belt, domesticated pennycress could annually produce 3 
billion gallons of liquid transportation fuels and 20 million tons of high-protein seed meal. 
However, to fully realize this potential, more-involved genetic improvements conferring abiotic 
and biotic stress resilience must be made.  

A focus of this USDA NIFA-funded project, in collaboration with participants of the 
USDA AFRI-funded IPREFER project (Integrated Pennycress Research Enabling Farm and 
Energy Resilience) and the start-up company CoverCress, Inc., is to develop first-generation 
pennycress varieties harboring the core domestication traits necessary for commercialization. For 
this presentation, we will highlight progress we have made in identifying, characterizing, and 



field-test-validating pennycress mutations conferring low seed-oil erucic acid content, reduced 
glucosinolate content, reduced seed coat fiber, reduced pod shatter, and earlier flowering time. 
Mutations in multiple genes have been generated and stacked in various combinations, providing 
alternative routes to producing commercially-viable elite pennycress varieties. Trait-improving 
alleles are being incorporated into our breeding programs and are being evaluated at multiple 
field sites throughout the Midwest in conjunction with the IPREFER project and CoverCress, 
Inc., with the aim to establish agronomic practices and supply chains necessary for CovercressTM 
(domesticated pennycress) commercialization within five years.  

This material is based upon work that is supported by the National Institute of Food and 
Agriculture, U.S. Department of Agriculture, under award numbers 2014-67009-22305 and 
2018-67009-27374. 
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Project Goals: The overall goal of this project is to determine how significant microbial 
competition for copper is in situ, particularly how such competition affects net methane 
and nitrous oxide emissions. By better understanding how microbes compete for trace 
nutrients (i.e., copper) at a molecular level, we can scale such competition to ecosystem 
functioning, i.e., how microbial competition can be modeled to predict emerging microbial 
community composition and activity.  
 
Abstract 
Aerobic methanotrophs - microorganisms that oxidize methane by coupling it to dioxygen 
reduction - play a critical role in the biogeochemical cycling of carbon.  More specifically, these 
intriguing microbes consume substantial amounts of methane generated via methanogenesis, and 
thus are important “filters” that control environmental emissions of methane.  Expression and 
activity of alternative forms of methane monooxygenase (MMO, responsible for the conversion 
of methane to methanol), however, is controlled by copper, or the canonical “copper-switch”  
 
Methanotrophs have been found to have multiple mechanisms of copper uptake.  The first well-
characterized copper binding compound or chalkophore – methanobactin – was found to be 
expressed by some methanotrophs of the Methylocystaceae family within the 
Alphaproteobacteria, e.g., Methylosinus trichosporium OB3b.  Methanobactin (MB) is a 
modified polypeptide containing two heterocyclic rings with associated thioamide groups that 
collectively are responsible for copper binding with extremely high affinity. Not all 
methanotrophs, however, can produce MB. Rather, methanotrophs of the Methylococcaceae 
family of the Gammaproteobacteria rely on an outer membrane protein (MopE or CorA) for 
copper sequestration as well as some Methylococcaceae secreting a copper-binding compound 
akin to MB, but with much weaker affinity for copper.  
 
Given the importance of copper in methanotrophy, this raises several intriguing questions.  First, 
do methanotrophs that express MB have a competitive advantage for copper sequestration?  
Competition between methanotrophs for copper is likely, with such competition affecting overall 
methanotrophic community composition, and by extension methanotrophic activity.  Second, 
given that MB is secreted into the environment and then taken up after binding copper, can 
copper-MB complexes be “stolen” by other microbes?  Such phenomena would require non-MB 
expressing methanotrophs to have the uptake system identified for MB, i.e., the TonB-dependent 
transporter required for MB uptake (MbnT).   



 
Herein we show that, similar to that found for siderophore theft between certain microbes, 
“cheating” exists between methanotrophs for MB. Specifically, Methylomicrobium album BG8 
and Methylocystis sp. Rockwell, lacking genes for MB biosynthesis, carry genes for the TonB-
dependent transporter required for MB uptake. Growth and gene expression studies show that 
these methanotrophs are not starved for copper in the presence of MB, but are in the presence of 
triethylenetetramine, a strong abiotic copper chelating agent. In addition, Methylocystis sp. 
Rockwell more readily uptakes a specific type of MB, indicating presence of a specific MbnT. 
Such data indicate that copper-MB complexes were taken up by M. album BG8 and 
Methylocystis sp. Rockwell. These results also indicate MB may be considered to be a “public 
good” and provides a new mechanism to manipulate microbial communities for control of 
greenhouse gas emissions in situ. 
 
This work was supported by the Department of Energy, Award # DE-SC0020174. 
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Project Goals: This project develops genetic and epigenetic tools for emerging model 
anaerobic fungi to identify the genomic determinants of their powerful biomass-degrading 
capabilities, facilitate their study, and enable direct fungal conversion of untreated 
lignocellulose to bioproducts. 

Deconstruction of plant cell wall biomass is a significant bottleneck to the production of affordable 
biofuels and bioproducts. Anaerobic fungi (Neocallimastigomycota) from the digestive tracts of 
large herbivores, however, have evolved unique abilities to degrade untreated fiber-rich plant 
biomass by combining hydrolytic strategies from the bacterial and fungal kingdoms1. Anaerobic 
fungi secrete the largest known diversity of lignocellulolytic carbohydrate active enzymes 
(CAZymes) in the fungal kingdom (>300 CAZymes), which unaided can degrade up to 60% of 
the ingested plant material within the animal digestive tract2,3. Unlike many other fungal systems, 
these CAZymes are tightly regulated and assembled in fungal cellulosomes to synergistically 
degrade plant material, including untreated agricultural residues, bioenergy crops, and woody 
biomass, with comparable efficiency regardless of composition1,4–6. However, the specific role of 
individual enzymes in maintaining hydrolytic efficiency remains unknown due to a lack of genetic 
tools that facilitate testing of gene function in its natural context. Thus, there is a critical need to 
create methods that manipulate CAZyme expression and rapidly interrogate gene function in 
anaerobic fungi to identify targets that will advance biofuel and bioproducts production.  

In this project we study three novel specimens of anaerobic fungi isolated from giraffes, 
wildebeest, and donkeys. Initial characterization of these species confirm that they form distinct 
species from 2 genera of anaerobic fungi that exhibit high enzymatic activity against a range of 
untreated lignocellulolytic substrates regardless of lignin composition (e.g. GM poplar lines, 
sorghum, alfalfa, corn stover). Anaerobic fungi extensively tailor the relative abundance of 
secreted CAZymes to adapt to differences in substrate composition and achieve consistently high-
levels of synergistic activity. To better understand this response and identify tools for genetic 
engineering, in the first phase of the project we are sequencing the transcriptomes of these isolates 
across various substrates and their genomes in partnership with the DOE-JGI. Using these 
resources, we intend to identify sequences such as inducible promoters and environmental 
conditions that regulate them to develop novel tools for gene expression. Our ongoing work with 
DOE resources such as MycoCosm has already validated constitutive promoters that can express 



distinct genes in specified cellular compartments and alter cellular phenotypes of anaerobic fungi 
for the first time.  

As anaerobic fungal genomes have extremely low GC contents (~15%) that impede accurate 
genome assembly, in parallel we are leveraging Hi-C (chromosomal conformation capture) 
sequencing technologies to improve sequence assembly and determine genomic structure to better 
infer gene function. While efforts are currently underway, early results have already identified a 
handful of assembly artifacts that were erroneously generated by conventional assembly 
algorithms. Ongoing work aims to generate and annotate the most accurate and high-resolution 
genomes of anaerobic fungi to date and determine ploidy, enabling more sophisticated genetics 
studies. 

Anaerobic fungi display many classical hallmarks of epigenetic regulation within their genomes. 
Their genomes contain dozens of annotated histone proteins, and histone- and DNA- modifying 
proteins that are regulated with growth substrate1,3,4. This regulation is also strongly correlated 
with CAZyme expression in a gene-specific manner4. Our preliminary studies with the histone 
deacetylase inhibitor suberoylanilide hydroxamic acid (SAHA) corroborate this as we can globally 
modulate H3K4 and H3K27 trimethylation levels with an effective doubling in xylanase activity. 
To date we have investigated the effect of a panel of epigenetic inhibitors on anaerobic fungi 
establishing for the first time that anaerobic fungal CAZymes are epigenetically regulated. We are 
beginning to identify the epigenetic marks that are affected by these inhibitors via Western Blots 
and are working in partnership with PNNL EMSL and the DOE-JGI to establish the effects of 
specific epigenetic marks at a given loci on CAZyme expression and activity. 

In summary, the ongoing work creates new tools to manipulate anaerobic fungi facilitating new 
opportunities for study and engineering. These approaches will be used to generate a deeper 
systems-level understanding of anaerobic fungal physiology while establishing fundamental 
knowledge about epigenetic regulation of gut fungal CAZymes. Ultimately, we enable predictive 
biology in anaerobic fungi and derive insight into microbial plant deconstruction to advance the 
development of economical biofuels and bioproducts. 

References 
1 Haitjema, C. H. et al. Nature Microbiology 2, 17087 (2017) 
2 Seppälä, S. et al. Metabolic Engineering 44, 45–59 (2017) 
3 Youssef, N. H. et al. Appl. Environ. Microbiol. 79, 4620–4634 (2013) 
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Project Goals: The LLNL Bioenergy SFA seeks to support sustainable and predictable 
bioenergy crop production through a community systems biology understanding of 
microbial consortia that are closely associated with bioenergy-relevant crops. We focus on 
host-microbial interactions in algal ponds and perennial grasses, with the goal of 
understanding and predicting the system-scale consequences of these interactions for 
biomass productivity and robustness, the balance of resources, and the functionality of 
surrounding microbial communities. Our approach integrates ‘omics measurements with 
quantitative isotope tracing, characterization of metabolites and biophysical factors, 
genome-enabled metabolic modeling, and trait-based representations of complex multi-
trophic biological communities, to characterize the microscale impacts of single cells on 
system scale processes. 
Mutualistic associations between plants and mycorrhizal fungi can enhance plant productivity, 
plant resilience to stress, and carbon (C) allocation belowground. A better understanding of 
plant-mycorrhizal relationships can inform more sustainable and productive management of 
cellulosic bioenergy crops, such as switchgrass (Panicum virgatum L.), a C4 perennial grass 
championed for its high biomass yields and tolerance to a broad spectrum of climatic conditions 
and soils otherwise unsuitable for agricultural production. We are investigating context-
dependent resource exchange between Panicum hallii—a plant model species closely related to 
switchgrass—and two mycorrhizal fungi: the arbuscular mycorrhizal fungus (AMF) 
Rhizophagus irregularis and the ericoid mycorrhizal fungus Serendipita bescii. Both fungal 
species have been found growing in association with a wide range of plant species, including 
switchgrass and several other bioenergy crops. Due to differences in their genomic repertoires, 
we hypothesize that each fungal species confers plant benefits and ecosystem services through 
unique mechanisms. 
We grew P. hallii with and without R. irregularis and S. bescii in microcosms containing ‘live’ 
marginal soil harvested from a pasture in Oklahoma. We imposed water limitation in half of the 
microcosms in order to assess plant and mycorrhizal response to drought. Additionally, half of 
the microcosms were grown in a 12CO2 atmosphere and half in a 13CO2 atmosphere. The 
microcosms were harvested destructively at three timepoints over the course of a growing 
season. Coupled with stable isotope probing (SIP), this design allows us to track plant- and 
mycorrhizal-derived 13C into other microbial taxa, soil C pools, and C fluxes (CO2, volatiles, 
dissolved C). Since each microcosm included root and hyphal exclusion chambers, we expect to 
be able to examine key biogeochemical fluxes, nutrient exchange, multipartite interactions, 
microbial community assembly, metabolite production, and gene expression in spatially distinct 
ecological niches. Our current results indicate that plant performance was slightly enhanced in 



the presence of mycorrhizal fungi under both drought and water-replete conditions. Isotopic 
analyses and NanoSIMS imaging suggest that a substantial quantity of the C that plants allocate 
to their mycorrhizal partners is further assimilated by other microorganisms. Although much of 
this C is retained below ground, some returns to the atmosphere as CO2 and volatile organic 
compounds. These results shed light upon the complex and dynamic nature of plant-microbe-soil 
interactions and can be used to evaluate the potential role of mycorrhizal partnerships in 
bioenergy crop production. 
This work was performed under the auspices of the U.S. Department of Energy at Lawrence 
Livermore National Laboratory under Contract DE-AC52- 07NA27344 and supported by the 
Genome Sciences Program of the Office of Biological and Environmental Research under the 
LLNL Biofuels SFA, SCW1039 and Award Number DE-SC0014079 to UC Berkeley, Noble 
Research Institute, University of Oklahoma, Lawrence Livermore National Laboratory and 
Lawrence Berkeley National Laboratory.  
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Project Goals: The LLNL Bioenergy SFA seeks to support sustainable and predictable 
bioenergy crop production through a community systems biology understanding of 
microbial consortia that are closely associated with bioenergy-relevant crops. We focus on 
host-microbial interactions in algal ponds and perennial grasses, with the goal of 
understanding and predicting the system-scale consequences of these interactions for 
biomass productivity and robustness, the balance of resources, and the functionality of 
surrounding microbial communities. Our approach integrates ‘omics measurements with 
quantitative isotope tracing, characterization of metabolites and biophysical factors, 
genome-enabled metabolic modeling, and trait-based representations of complex multi-
trophic biological communities, to characterize the microscale impacts of single cells on 
system scale processes. 

To gain a mechanistic understanding of autotroph-heterotroph interactions in algae-dominated 
biofuel-producing systems, we are using the saltwater diatom Phaeodactylum tricornutum as a 
model. We have isolated 15 strains of heterotrophic bacteria from outdoor P. tricornutum 
raceway ponds which span the taxonomic diversity of microbial communities associated with 
saltwater microalgae, numerically dominated by Gammaproteobacteria, Alphaproteobacteria, 
and Bacteroidetes. We maintain these bacteria as stable co-cultures with P. tricornutum in 
laboratory batch mode without external inputs of organic material, using only light and inorganic 
nutrients to sustain growth. We are using microscopy, genomics and transcriptomics to 
investigate what functional genes are required, and in some cases, expressed for bacterial 
attachment and interaction with P. tricornutum. In addition, stable isotope probing combined 
with imaging via nano secondary ion mass spectrometry (NanoSIMS) enables us to quantify the 
cell-specific activities of both algae and bacteria when incubated together under different 
conditions. 

Using 13C and 15N labeling of high molecular weight algal excreted organic matter (collected via 
solid-phase extraction) added back to algal-bacterial co-cultures, we have quantified bacterial 
incorporation and remineralization of organic C and N back to the algal cells. Surprisingly, we 
found that incorporation of algal organic matter is not universal among our isolates, suggesting 
the algal-associated bacteria can be divided into two categories. The first category comprises 
bacteria with strong metabolic interactions with their algal host, that incorporate algal-organic C 
and N and generally (but not always) remineralize N (and sometimes C). The second category 



comprises bacteria with weak or no metabolic interactions with their algal host, that do not 
incorporate much algal-excreted organic matter. Some of these bacteria, in fact, are able to 
incorporate inorganic nitrogen and unknown sources of C. Particularly noteworthy is that 
bacterium Marinobacter strain 3-2, an algal mutualist, generally belongs to the second category, 
suggesting that mutualistic bacteria are not necessarily taxa with strong metabolic exchange with 
their algal host. Another bacterium, Algoriphagus strain ARW1R1, exhibits strong metabolic 
exchange with P. tricornutum but is only mutualistic under low light and high nutrient 
conditions, which is partially mediated by the metabolism of the small molecule nicotinamide 
(vitamin B3). From profiling these different types of bacteria and comparing with other metrics 
of influence on algal physiology, a framework has emerged for different grouping of bacterial 
associates of P. tricornutum, which has implications for our understanding of niche partitioning 
and diversity maintenance of algal-associated microbial communities. 

This work was performed under the auspices of the U.S. Department of Energy at Lawrence 
Livermore National Laboratory under Contract DE-AC52- 07NA27344 and supported by the 
Genome Sciences Program of the Office of Biological and Environmental Research under the 
LLNL Biofuels SFA, FWP SCW1039.  
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Project Goals: The LLNL Bioenergy SFA seeks to support sustainable and predictable 
bioenergy crop production through a community systems biology understanding of 
microbial consortia that are closely associated with bioenergy-relevant crops. We focus on 
host-microbial interactions in algal ponds and perennial grasses, with the goal of 
understanding and predicting the system-scale consequences of these interactions for 
biomass productivity and robustness, the balance of resources, and the functionality of 
surrounding microbial communities. Our approach integrates ‘omics measurements with 
quantitative isotope tracing, characterization of metabolites and biophysical factors, 
genome-enabled metabolic modeling, and trait-based representations of complex multi-
trophic biological communities, to characterize the microscale impacts of single cells on 
system scale processes. 

It has become increasingly clear that complex metabolic interactions between algae and their 
associated microbes influence algal physiology and growth. The suite of metabolites produced 
and exchanged between algae and bacteria are potentially important mediators of these 
interactions. Through a series of experiments, we set out to profile the intracellular, dissolved, 
and volatile metabolites produced by a diverse suite of microalgae.   

To begin to characterize the diversity of algal metabolite secretion, we used an LCMS 
metabolomics analysis to compare the extracellular and intracellular metabolite profiles of 
phylogenetically diverse algal strains: the freshwater algae Chlamydomonas reinhardtii, the 
saltwater algae Microchloropsis salina,  Desmodesmus sp. strain C406, which can grow in either 
fresh or saltwater, and the diatom Phaeodactylum tricornutum. The metabolite profiles of the 
intracellular and extracellular metabolites were quite distinct, suggesting that the detected 
exometabolites are unlikely to have originated from lysed cells. Exometabolite profiles also 
differed significantly between algae, with a few shared metabolites. Interestingly, when 
Desmodesmus was grown in freshwater versus saltwater, the metabolite profiles of both the 
intracellular and extracellular metabolites changed significantly. This suggests that along with a 
broad phylogenetic diversity, secreted as well as internal metabolites are modulated in response 
to external environmental cues and physiological state. 



To follow up on the dynamics of exometabolite production, we focused on P. tricornutum 
throughout a growth cycle, and identified metabolites present at various stages of algal growth. 
The identified metabolites included phytohormones, several B-vitamins, and B-vitamin 
derivatives.  There was a marked progression of metabolite composition and accumulation over 
time in both the intracellular and extracellular metabolite profiles. Within the extracellular 
metabolite pool, some metabolites were produced early in growth but did not continue to 
accumulate in later in growth, while others were at low or undetectable levels in early time 
points and only accumulated in late log and stationary phase. This suggests that P. tricornutum 
metabolite secretion is both dynamic and regulated to some degree by growth stage. We are 
currently investigating the potential of these extracellular metabolites from P. tricornutum to 
influence the growth of bacteria from our isolate library. 

In parallel, in collaboration with Sandia National Laboratories we are identifying chemical and 
genetic signatures of microbial communities that are either indicative of pond health or the 
presence of algal grazers, parasites and pathogens. Towards this end, we have used both solid-
phase microextraction (SPME)  and thermal desorption (TD) coupled with gas chromatography-
mass spectrometry (GC-MS) to survey the production of algal volatile organic compounds 
(AVOCs) by several strains of microalgae in the presence and absence of algal grazers and other 
deleterious species and stress conditions. The addition of the grazer, Brachionus plicatilis, to 
healthy cultures of M. salina led to emissions of the carotenoid degradation products, trans-β-
ionone and β-cyclocitral which increased with rotifer consumption of algae. In addition to 
carotenoid breakdown products we have identified additional AVOCs that are indicative of 
grazer activity or cell disruption in algal mass cultures. Our results indicate that specific AVOCs 
may be early indicators of grazing or other algal disruption providing a useful tool to monitor 
algal biomass production and prevent pond crashes. Our results also shed light on the complex 
suite previously uncharacterized volatile organic compounds in produced as a result of trophic 
interactions in these diverse algal cultures.  

This work was performed under the auspices of the U.S. Department of Energy at Lawrence 
Livermore National Laboratory under Contract DE-AC52- 07NA27344 and supported by the 
Genome Sciences Program of the Office of Biological and Environmental Research under the 
LLNL Biofuels SFA, FWP SCW1039.  
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Project Goals: The LLNL Bioenergy SFA seeks to support sustainable and predictable 
bioenergy crop production through a community systems biology understanding of 
microbial consortia that are closely associated with bioenergy-relevant crops. We focus on 
host-microbial interactions in algal ponds and perennial grasses, with the goal of 
understanding and predicting the system-scale consequences of these interactions for 
biomass productivity and robustness, the balance of resources, and the functionality of 
surrounding microbial communities. Our approach integrates ‘omics measurements with 
quantitative isotope tracing, characterization of metabolites and biophysical factors, 
genome-enabled metabolic modeling, and trait-based representations of complex multi-
trophic biological communities, to characterize the microscale impacts of single cells on 
system scale processes. 

Symbioses are governed by the exchange of material and information, encompassing a broad 
diversity of biomolecules with differing rates of diffusion. We are particularly interested in the 
role of physical association on algal-bacterial interactions, where exchange will be governed in 
part by diffusive processes. Although metabolic interactions between algae and bacteria are 
largely driven by diffusion of metabolites, there has been no systematic approach to control the 
diffusion process in a culture system. Here, we present research on developing approaches to 
examine the consequences of spatial proximity on these interactions and community assembly of 
algal-associated microbiomes. We have taken a dual approach to this problem: first in designing 
and testing a novel platform based on a biocompatible, nanoporous and structured hydrogel that 
allows metabolic communication between microbial species without any physical contact (Figure 
1), and second by applying metabolite imaging to map diffusion of exuded and exchanged 
metabolites. Using the hydrogel platform, we have cultured Phaeodactylum tricornutum, a model 
and bioenergy-relevant diatom, in the center of a set of microwells, and examined bacterial 
community development as a function of distance from the algae. We identified specific bacterial 
taxa whose relative abundances were affected by proximity to the algal cells, indicating that 
diffusive processes can play a role in structuring algal-associated microbial communities. Using 
isolates from our P. tricornutum-associated isolate library, we further verify that these bacterial 



taxa have their own growth characteristics under controlled diffusion of algal exudates. These 
results indicate that individual bacterial taxa within a community have unique strategies to co-
exist with an algal host, allowing us to better understand these complex interactions and their 
role in structuring the entire community. In parallel, through a partnership with EMSL, we have 
begun to apply metabolite imaging to characterize metabolites exuded by P. tricornutum and a 
bacterium when grown in close spatial proximity. We have identified a broad range of algal and 
bacterial metabolites, including some putative plant hormones that may be involved in algal 
bacterial mutualism. In future research we plan to combine these two approaches to image 
metabolites in the hydrogel devices in order to identify and test key compounds that play a role 
in governing these interactions. 

 

Figure 1. Schematic diagram of co-culture platform for algal and bacterial communities under controlled diffusion of metabolites. 

 

Part of this work was performed under the auspices of the U.S. Department of Energy at 
Lawrence Livermore National Laboratory under Contract DE-AC52- 07NA27344 and supported 
by the Genome Sciences Program of the Office of Biological and Environmental Research under 
the LLNL Biofuels SFA, FWP SCW1039.  
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Project Goals: The LLNL Bioenergy SFA seeks to support sustainable and predictable 
bioenergy crop production through a community systems biology understanding of 
microbial consortia that are closely associated with bioenergy-relevant crops. We focus on 
host-microbial interactions in algal ponds and perennial grasses, with the goal of 
understanding and predicting the system-scale consequences of these interactions for 
biomass productivity and robustness, the balance of resources, and the functionality of 
surrounding microbial communities. Our approach integrates ‘omics measurements with 
quantitative isotope tracing, characterization of metabolites and biophysical factors, 
genome-enabled metabolic modeling, and trait-based representations of complex multi-
trophic biological communities, to characterize the microscale impacts of single cells on 
system scale processes. 

As part of our SFA, we have generated global expression data for algal-bacterial co-cultures, for 
which we are interested in the regulation of their metabolic interactions. We apply metabolic 
modeling approaches to this proteogenomic data to both constrain our models, interpret our 
results, and inform follow-up experiments. One illustration of the utility of this approach comes 
from our investigation of the interaction between the model green algae Chlamydomonas 
reinhardtii and an Actinobacterium, Arthrobacter sp. strain P2b.  Our experimental results 
demonstrated increased algal biomass in the presence of P2b cells as well as cell-free P2b spent 
medium. Moreover, the results showed that the active compounds in the spent medium were heat 
resistant and smaller than 3 kDa, suggesting that small molecules could be involved. We next 
examined changes in algal global protein expression in response to both P2b co-culturing and 
P2b spent medium, to try and determine which molecules may be responsible for the changes in 
algal physiology observed.  

To gain a more systems-level understanding, we analyzed the proteomic expression data using a 
human-curated genome-scale computational model of metabolism in C. reinhardtii1 with our in-
house developed GX-FBA2 method of constraining flux balance analysis models with 
transcriptomic and proteomic data.  The GX-FBA analyses identified two processes that were 
consistently differentially regulated between axenic cultures of C. reinhardtii and those when it 
was either grown in a co-culture with P2b or in medium containing P2b spent medium.  In all 



cases we found that compared to the axenic culture 1) the pathways for production of sulfur 
containing amino acids (i.e. cysteine and methionine) and 2) the pathway for production of 
vitamin D3 were upregulated. We hypothesize that the first metabolic response may be due to 
cysteine being a precursor for production of glutathione, a potent antioxidant. Glutathione may 
be needed to offset the increased production of harmful reactive oxidative species (ROS) that are 
produced during photosynthesis under high algal biomass.  

We followed up these results by directly testing the addition of vitamin D3 to C. reinhardtii and 
Chlamydomonas-P2b co-cultures, grown under two different media. Co-cultures grown in P49 
media (with yeast extract and tryptone), which allows P2b growth, exhibited a 100% growth 
increase when 1 micromolar vitamin D3 was added. Co-cultures grown in Bold’s medium, with 
no organic C and N sources, where P2b cannot grow, exhibited a more modest but still 
significant 38% increase in algal growth. Vitamin D3 additions to axenic C. reinhardtii did not 
exhibit growth increases, suggesting strain P2b needs to metabolize vitamin D3 into a different 
component in order to exhibit mutualistic effects. Together, these results demonstrate the utility 
of applying metabolic models to direct follow-up experiments, and indicate that vitamin D3 may 
play an important role in C. reinhardtii -bacterial interactions. 

This work was performed under the auspices of the U.S. Department of Energy at Lawrence 
Livermore National Laboratory under Contract DE-AC52- 07NA27344 and supported by the 
Genome Sciences Program of the Office of Biological and Environmental Research under the 
LLNL Biofuels SFA, FWP SCW1039.  

1 Chang, R. L. et al. Metabolic network reconstruction of Chlamydomonas offers insight into light-
driven algal metabolism. Molecular systems biology 7 (2011). 

2 Navid, A. & Almaas, E. Genome-level transcription data of Yersinia pestis analyzed with a New 
metabolic constraint-based approach. BMC Syst Biol 6, 150, doi:10.1186/1752-0509-6-150 
(2012). 
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Project Goals: The LLNL Bioenergy SFA seeks to support sustainable and predictable 
bioenergy production through a community systems biology understanding of microbial 
consortia that are closely associated with bioenergy-relevant crops. We focus on host-
microbial interactions in algal ponds and perennial grasses, with the goal of understanding 
and predicting the system-scale consequences of these interactions for biomass productivity 
and robustness, the balance of resources, and the functionality of surrounding microbial 
communities. Our approach integrates ‘omics measurements with quantitative isotope 
tracing, characterization of metabolites and biophysical factors, genome-enabled metabolic 
modeling, and trait-based representations of complex multi-trophic biological communities, 
to characterize the microscale impacts of single cells on system scale processes. 

Metabolic pathway analysis, and especially metabolic modeling, is one of the cornerstones of 
modern Systems Biology, because it allows us to go straight from sequence data to gene 
functions to an understanding of how whole biological systems function. Accurate metabolic 
models require well-annotated genomes. Unfortunately, assigning functional annotations to 
genes is an imperfect science, and annotated genomes typically contain 30-50% of genes with 
little or no functional annotation, severely limiting our knowledge of the "parts lists" that the 
organisms have at their disposal. 

We have shown that single metabolic annotation tools such as RAST or KEGG tend to be 
incomplete and inconsistent, and that merging annotation from multiple sources can drastically 
increase the number of genes and metabolic reactions included in metabolic models (1). Merging 
annotations added on average 40% more reactions, 3-8 times more substrate-specific 
transporters, and 37% more metabolic genes, compared to annotation using only a single tool. 
These results are even more pronounced for pathways outside of the core carbon metabolism, 
and for bacterial species that are phylogenetically distant from well-studied model organisms. 

The DOE Systems Biology Knowledgebase (KBase) contains a suite of powerful Apps for 
building genome-scale metabolic models. ModelSEED, originally developed by our collaborator 
Chris Henry, is the central Flux Balance Analysis model building App in KBase, and one of the 
most popular metabolic modeling tools for generating draft models because of its accessibility, 

https://bio-sfa.llnl.gov/


ease of use and quality. However, it currently only supports metabolic annotations produced by 
the Annotate Microbial Genome App, based on RAST (Rapid Annotations using Subsystems 
Technology). This means that so far it has been impossible for researchers who may prefer to use 
other high quality annotation tools such as KEGG or even JGI’s IMG platform to import their 
annotations into KBase, let alone merge annotations from multiple sources. 

We are developing a set of KBase Apps to allow 
users to upload functional annotations from 
popular third-party annotation tools, compare and 
merge them, and use them for metabolic 
modeling. (1) An Import App allows the user to 
upload a simple tab-separated file with annotation 
data in the form of EC numbers, KEGG or 
MetaCyc reactions identifiers, or GO identifiers. 
(2) A Compare App allows the user to compare 
metabolic annotations from different sources, by 
mapping all of them to the ModelSEED reaction 
database. (3) The Merge App will provide the user 
with a simple yet flexible scoring mechanism to 
select a preferred set of annotations from among 
the full set of functional identifiers mapped to 
each gene in the genome. (4) Finally, we will also 
assist the KBase metabolic modeling team to 
make modifications in the existing ModelSEED 
App and the Gap Filling tool, to enable users to 
build models from the merged highest-confidence 
annotations, and prioritize the remaining lower-
scoring annotations for gapfilling. 

The Import and Compare Apps have been completed, and we will do a demo during the KBase 
Experience Hands-on Session showing users how they can use some common third party 
annotation tools to generate additional metabolic annotations, import these into their genome of 
interest in KBase, and use them for metabolic modeling. 

Publications 
(1) Griesemer M, Kimbrel JA, Zhou CE, Navid A, D'haeseleer P. Combining multiple functional annotation 
tools increases coverage of metabolic annotation. BMC Genomics. 2018 Dec 19;19(1):948. 
 

This work was performed under the auspices of the U.S. Department of Energy at Lawrence 
Livermore National Laboratory under Contract DE-AC52- 07NA27344 and supported by the 
Genome Sciences Program of the Office of Biological and Environmental Research under the 
LLNL Biofuels SFA, FWP SCW1039. 
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Project Goals: The LLNL Bioenergy SFA seeks to support sustainable and predictable 
bioenergy crop production through a community systems biology understanding of 
microbial consortia that are closely associated with bioenergy-relevant crops. We focus on 
host-microbial interactions in algal ponds and perennial grasses, with the goal of 
understanding and predicting the system-scale consequences of these interactions for 
biomass productivity and robustness, the balance of resources, and the functionality of 
surrounding microbial communities. Our approach integrates ‘omics measurements with 
quantitative isotope tracing, characterization of metabolites and biophysical factors, 
genome-enabled metabolic modeling, and trait-based representations of complex multi-
trophic biological communities, to characterize the microscale impacts of single cells on 
system scale processes. 
Switchgrass (Panicum virgatum) is a promising biofuel species that can be cultivated across a 
large geographic range including marginal lands with low inputs. Recent work demonstrates that 
components of the switchgrass microbiome can substantially modify plant physiology, growth, 
and stress tolerance, which can impact both plant production and ecosystem function. However, 
a key remaining gap in understanding the role of the switchgrass microbiome in plant success is 
how the microbiome varies across sites, and what controls that variation. To address this, we 
characterized fungal communities in switchgrass soils, roots, and leaves at 14 sites ranging from 
the coast to the mountains of North Carolina. The sites varied in climate, soil properties, and 
management (monoculture, mixed-grass, or tree-intercropping). The samples were sequenced 
(ITS rRNA) on Illumina MiSeq. We analyzed how plant size, site characteristics, and climate 
factors affected fungal community structure. 
There was significant site-level variation in switchgrass-associated soil, root, and leaf fungi, 
which was largely explained by local conditions. Fungal community composition in all samples 
was primarily affected by soil texture, which ranged from very sandy (86% sand) to very clayey 
(37% clay) across sites. In soils, fungi also varied with pH, P, Mg, and MAT. In contrast, root 
and leaf fungi were most strongly affected by plant size and soil DOC. Despite shared 
environmental drivers, there was little overlap in fungal identity between roots and leaves, which 
shared only 17% of fungal taxa. Soils shared <10% of fungal taxa with roots and <1% with 
leaves, suggesting that the plant is filtering some taxa from the available pool as well as being 
colonized by taxa from other sources. Only roots and soil fungi were affected by site 
management, which mainly reflected the 5x greater SOM in sites with intercropped trees. 
Our findings highlight that soil and plant characteristics are associated with divergence in 
switchgrass microbiomes across landscapes, and that switchgrass-associated fungi are not a 



simple reflection of the taxa found in soils. Because we also isolated ~2000 fungi representing 
~400 taxa from roots and leaves at these sites, this work also facilitates the next step to relating 
function to composition across the landscape. 
This work was performed under the auspices of the U.S. Department of Energy at Lawrence 
Livermore National Laboratory under Contract DE-AC52- 07NA27344 and supported by the 
Genome Sciences Program of the Office of Biological and Environmental Research under the 
LLNL Biofuels SFA, SCW1039, and a subcontract to North Carolina State University.  
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Project Goals: Microorganisms play key roles in soil carbon turnover and stabilization of 
persistent organic matter via their metabolic activities, cellular biochemistry, and 
extracellular products. Microbial residues are the primary ingredients in soil organic 
matter (SOM), a pool critical to Earth’s soil health and climate. We hypothesize that 
microbial cellular-chemistry, functional potential, and ecophysiology fundamentally shape 
soil carbon persistence, and we are characterizing this via stable isotope probing (SIP) of 
genome-resolved metagenomes and viromes. We focus on soil moisture as a 'master 
controller' of microbial activity and mortality, since altered precipitation regimes are 
predicted across the temperate U.S. Our SFA’s ultimate goal is to determine how microbial 
soil ecophysiology, population dynamics, and microbe-mineral-organic matter interactions 
regulate the persistence of microbial residues under changing moisture regimes. 
 
The LLNL Soil Microbiome SFA “Microbes Persist: Systems Biology of the Soil Microbiome” 
seeks to understand how microbial soil ecophysiology, population dynamics, and microbe-
mineral-organic matter interactions regulate the persistence of microbial resides in soil under 
changing moisture regimes. These processes are almost certainly shaped by viral constraints, yet 
we know very little about viral populations, function and activity in soils. Here we seek to 
establish viral ecogenomic tools at KBase to empower users to explore the role of viruses in 
environmental microbial communities by identifying, characterizing, and ecologically 
contextualizing viruses in large-scale sequence datasets. While many microbial analytical tools 
exist in KBase, no such viral tools were available until our project. To date, we have integrated 
two tools into KBase; this has required creating new data models and workflows to handle viral 
data. First, VIRSorter uses database matches and a probabilistic model to identify virus genomic 
fragments from viral and microbial metagenomes, providing users with a measure of confidence 
and evaluation of prophages. Second, when thousands of new viruses are discovered, there is the 
high likelihood that many are not yet known to science. To taxonomically classify these to 
approximately genus-level assignments (with confidence metrics), we have integrated 
vConTACT2, a gene-sharing network analysis tool, into the KBase environment. These tools, 
along with phage annotation tools developed at LLNL (PHANOTATE and PhATE), form a 
foundation for integrating the emerging viral ecogenomics toolkit into the KBase ecosystem. 
 
This research is based upon work supported by the U.S. Department of Energy Office of Science, 
Office of Biological and Environmental Research Genomic Science program under Award 
Number SCW1632 to the Lawrence Livermore National Laboratory, and a subcontract to the 
Ohio State University. Work at Lawrence Livermore National Laboratory was performed under 
U.S. Department of Energy Contract DE-AC52-07NA27344. Work was also funded by KBase, a 
Genomic Science program within the U.S. Department of Energy, Office of Science, Office of 



Biological and Environmental Research, funded by awards DE-AC02-05CH11231, DE-AC02-
06CH11357, DE-AC05-00OR22725, and DE-AC02-98CH10886. 
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Project goals: The activity of microbes in soil profoundly affects global energy and nutrient cycles. 
In consequence, whatever shapes soil microbial activity shapes the world. Substantial recent work 
in environmental microbiology has taught us that viruses are a key driver of microbial ecology in 
other systems, and we expect the same to hold true in soil. But soil is a complex milieu – highly 
structured, chemically and physically heterogenous, and resistant to extrapolation. Thus, even as 
new methods have revolutionized our understanding of microbial and viral ecology in other 
systems, our understanding of soil microbial ecology has lagged, and our understanding of soil 
viral ecology is still further behind.  Our objective is to develop paradigms for understanding the 
role of viruses in soil ecology, and to build the tools – scalable new methods, new databases, and 
new model systems – to test these paradigms. 
 
Permafrost accounts for approximately 30%-50% of global soil carbon (C). Unfortunately, 
permafrost is thawing due to elevated temperatures resulting from climate change. It is not entirely 
understood how thawing permafrost will impact the release of greenhouse gasses, which could in 
turn accelerate climate change. Microbial communities play a critical role the C cycle but viruses 
are less well studied in permafrost systems. If marine systems are a guide, then viruses are likely 
to impact C cycling by controlling microbial communities via predation, transferring genes from 
one host to another, and metabolically reprogramming their host cells via regulatory take-over and 
directly, encoding auxiliary metabolic genes (AMGs). Here, we examined viruses along a 
permafrost thaw gradient over eight years (2010-2017) using data from bulk metagenomic 
sequencing and viral eco-genomic analyses. 
 
Samples were collected from a palsa (dry permafrost), a bog (intermediate thaw), and a fen (wet, 
fully thawed) in Stordalen Mire, Sweden. In total, we identified 4,132 unique viral populations (³ 
10kb contigs dereplicated at 95% average nucleotide identity and 80% coverage) that clustered 
into nearly 614 novel viral genera via gene-sharing networks. This dataset increases both known 
permafrost viral populations and viral genera by 2-fold. Viral populations were site specific, with 
only 16 viral populations (0.2%) shared across all sites and 336 viral populations (4%) shared 
across any two sites. To evaluate how viruses might be playing a role C cycling, we in silico 
predicted hosts for our viruses, using metagenome-assembled-genomes (MAGs) that were 
generated from the same samples. Preliminarily, we found 26 MAGs that serve as hosts for 42 
viruses, using CRISPR spacer matching. Of the MAGs identified as hosts, the majority (77%) are 
putative key C cyclers, implicating viruses in C cycling via infection. Building upon this work, we 
are optimizing virus-host prediction by using a combination of different computational methods 
in order to assign hosts to more permafrost viruses. In addition, high throughput methods are being 
used to detect directly encoded AMGs in viral sequences. Together, these viruses will be used to 
further our understanding of the role and impact of viruses in permafrost. 
 
This study was funded by the Genomic Science Program of the United States Department of Energy 
Office of Biological and Environmental Research, proposal #0000248445. 
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Project Goals: The activity of microbes in soil profoundly affects global energy and nutrient cycles. In 
consequence, whatever shapes soil microbial activity shapes the world. Substantial recent work in 
environmental microbiology has taught us that viruses are a key driver of microbial ecology in other 
systems, and we expect the same to hold true in soil. But soil is a complex milieu – highly structured, 
chemically and physically heterogenous, and resistant to extrapolation. Thus, even as new methods have 
revolutionized our understanding of microbial and viral ecology in other systems, our understanding of soil 
microbial ecology has lagged, and our understanding of soil viral ecology is still further behind.  Our 
objective is to develop paradigms for understanding the role of viruses in soil ecology, and to build the 
tools – scalable new methods, new databases, and new model systems – to test these paradigms. 
 
Viruses that infect microorganisms are important players in the global carbon cycle, with relatively 
extensive evidence in oceans and emerging evidence in soils. Besides lysing key microbial players, viruses 
also metabolically reprogram their hosts – indirectly through regulatory rewiring and directly through virus-
encoded Auxiliary Metabolic Genes (AMGs). In the oceans, key viral AMGs include those that impact 
central C metabolism, photosynthesis, and N and S cycling. In soils, however, carbohydrate active enzymes 
(CAZymes) may represent novel types of AMGs, though their study has only recently begun. CAZymes 
catalyze the breakdown, biosynthesis, or modification of carbohydrates and glycoconjugates, releasing 
soluble carbon to the environment, and thus representing markers of viral importance in soils. 
 
Here, we surveyed over 1.2 million publicly available viral genomes from diverse environments to identify 
the frequency and ecological context of virus-encoded CAZymes. The frequency of viral-encoded 
CAZymes was higher than that of well-studied viral hallmark genes (e.g. terminase), with CAZymes found 
in ~20% of surveyed viruses. The most common (10% of the total) CAZyme domains were GH24, GH23 
and GH19 which are often found in lysozyme, viral baseplate proteins and tail fibers, and likely aid the 
virus during host cell entry. Further, the CAZyme domains in lysozyme and baseplate proteins are specific 
to host cell wall type, with viruses that infect gram positive bacteria often containing GH25 and GH73, 
while viruses that infect gram negative bacteria containing GH23, GH24 and GH19. Using RefSeq viral 
isolate genomes, we developed a random forest model leveraging the frequency of CAZyme domains to 
predict host cell wall type. The result is a model that predicts with up to 86% accuracy, whether the virus 
infects eukaryotes, gram-positive bacteria, or gram-negative bacteria. Such a model can aid current 
prediction tools in increasing the accuracy of predicting virus-host relationships in the environment.  
 
Other identified CAZyme domains are environment-specific, such as CAZyme domain AA10 which is 
detected across almost all soil environments (97% of viruses with CAZymes). This cellulose-oxidizing 
enzyme may aid viral hosts in degrading plant material, which is observed in other environments. Similarly, 
marine viral contigs contain CAZymes to break down many algal polysaccharides such as alginate, 
carageenan, and heparin, and viruses from both human and ruminant microbiomes contain CAZymes for 
degrading mucin. These CAZymes may provide the machinery for their bacterial hosts to utilize different 
carbon substrates, altering the carbon cycle by silently manipulating infected cells. Together, our global 
informatics survey of viral CAZymes helps to further understand the role of viruses in soil carbon cycling. 
 
This study was funded by the Genomic Science Program of the United States Department of Energy Office 
of Biological and Environmental Research, proposal #0000248445. 
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Project Goals  

Ethylene is the most widely employed organic precursor compound in industry. The potential to impact ethylene 
formation  via recently discovered microbial processes is tenable using plentiful lignocellulose and/or CO2 
feedstocks. The overall long-term objective is to develop an industrially compatible microbial process to 
synthesize ethylene in high yields. The discovery of a novel and genetically regulated anaerobic pathway to 
produce high levels of ethylene (the DHAP ethylene pathway) impacts the following specific aims:  

1. Fully probe the catalytic potential of all enzymes of the DHAP ethylene pathway and determine the regulatory 
mechanism of DHAP-ethylene pathway gene expression. Model the thermodynamics and kinetics of ethylene 
synthetic pathways. (Tabita and Cannon) 

2. Discover effective and active ethylene enzymes encoded in cultured and uncultured organisms from anoxic 
environments. (Wrighton) 

3. Construct a modular set of optimized genes (from Aims 1 and 2) on a DNA fragment containing specific 
regulatory elements that will allow high level gene expression in model organisms that have been flux optimized. 
(Tabita, Wrighton, and Cannon) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Abstract 

We have discovered a novel pathway for recycling distinct byproducts of enzymatic processes requiring S-
adenosyl-L-methionine (SAM) as a cofactor [1,2]. This pathway, called the DHAP Shunt, consists of a 
phosphorylase (MtnP), isomerase (MtnA), and a novel class II aldolase (Ald2) for the salvage of 5’-
methylthioadenosine (MTA) (Fig. 1B) [1]. A gene cluster for this pathway is widespread in nature (~ 10 % of all 
bacteria) and this pathway has been verified in R. rubrum, R. palustris, B. thuringiensis and Extraintestinal 
Pathogenic E. coli strains [1-4]. Intriguingly, during R. palustris aerobic growth, copious amounts of methionine 
precursor, methanethiol (CH3-SH), is produced from (2-methylthio)ethanol (Fig. 1C, DHAP-Methanethiol Shunt) 
[3]. Conversely, during anaerobic growth we discovered that (2-methylthio)ethanol was further 
metabolized to methionine, with copious amounts of ethylene gas produced in the process (Fig. 1C, 
DHAP-Ethylene Shunt) [1]. This is the first reported anaerobic route to ethylene, involving novel genes 
and enzymes. Based on the discovery of this novel and genetically regulated anaerobic pathway to produce 
high levels of ethylene, the following specific aims are addressed to enhance ethylene production: 

Specific Aim 1: Fully probe the 
catalytic potential of all enzymes of 
the DHAP ethylene pathway (Tabita 
and Cannon).  SAM is also utilized by 
Radical SAM and methyltransferase 
enzymes, producing 5’-deoxyadenosine 
(5’dAdo) and S-adenosylhomocysteine 
as byproducts, respectively. We 
determined the native flux of 5’dAdo and 
MTA through the DHAP shunt under 
aerobic and anaerobic growth conditions 
in R. rubrum.  During anaerobic growth, 
5’dAdo and MTA were metabolized at a 
rate of ~590 and ~220 nmol/h/g dry cell 
weight, respectively. During aerobic 
growth this rate was 100-fold less for 
both compounds. No metabolism of S-
adenosyl-L-homocysteine by the DHAP 
shunt was observed. This is consistent with subsequent kinetic measurements of purified DHAP shunt enzymes. 
The DHAP shunt phosphorylase, isomerase, and aldolase were specific for both MTA and 5’dAdo with near 
equal catalytic efficiency, but not active with S-adenosylhomocysteine (Fig. 1) [2]. This indicates that competition 
of SAM usage between Radical SAM enzymes producing 5’dAdo and those enzymes producing MTA for 
ethylene production via the DHAP Shunt must be considered for ethylene optimization. 

Understanding catalytic potential through modeling. We are using new physics-based models to evaluate the 
potential for ethylene production as well. The use of physics-based models are important because whether the 
end product ethylene is produced in quantity ultimately depends on both catalysis and thermodynamics. The 
new models are based on the Marcelin-De Donder formulation of mass action kinetics, which differs from the 
usual kinetic rate laws because it includes both kinetic and thermodynamic terms.  

Currently, the metabolic model includes: the Calvin-Benson-Bassham (CBB) cycle, the non-oxidative pentose 
phosphate pathway, glycolysis, ethanol utilization, the tricarboxylic acid cycle (TCA), the glyoxylate shunt,  
glutamine and aspartate synthesis, homoserine synthesis, both the S-adenosyl-methionine cycles I and II, 
methionine synthesis and the DHAP cycle. To date, this is one of the largest thermokinetic models of this kind 
that have been constructed. 

The model correctly fixes CO2 via the CBB cycle and grows on ethanol in R. palustris. Conversion of ethanol to 
acetaldehyde, acetate and finally acetyl-CoA is highly favored. Acetyl-CoA then feeds into the TCA cycle. The 
model also predicts that acetate production from O-acetyl-L-homoserine via O-acetyl-L-homoserine acetate-

Fig. 1 Salvage of SAM byproducts via the DHAP Shunt Pathways 



lyase is highly favored, despite the fact that this reaction is also predicted to be highly controlled by post-
translational regulation.  

But acetate is also an end-product of ethylene synthesis in the DHAP pathway. Consequently, because the 
production of acetate is highly favored from ethanol utilization and O-acetyl-L-homoserine degradation, the 
driving force for ethylene synthesis is only as strong as the thermodynamic force removing ethylene from the 
system due to desolvation. It is not clear at this point that this is experimentally the case, as the model is a 
reduced model of R. palustris metabolism. Further improvements to the model are required before any firm 
conclusions can be drawn regarding the driving force for ethylene production. However, the modeling analysis 
to-date predicts that the relative amounts of methane, ethane and ethylene are consistent with our 
experimental data (See abstract and poster Novel nitrogenase-like C-S lyases link bacterial anaerobic 
methionine salvage to ethylene and methane production). 

Specific Aim 2: Discover effective and active ethylene enzymes encoded in cultured and uncultured 
organisms from anoxic environments (Wrighton). Previous studies had indicated that aldolase and isomerase 
orthologs genes could substantially enhance ethylene levels relative to endogenous genes (1, and unpublished 
studies). To scale up the search for ethylene-enhancing orthologs we applied targeted functional metagenomics 
to systematically query genes from the environment. Mining of JGI IMG/M genome and metagenome sequence 
databases for candidate orthologs to the MTR- 1P isomerase (mtnA) and the MTRu-1P aldolase (ald2) genes 
yielded 1,371,813 and 96,049 candidate genes for mtnA and ald2, respectively. Subsequent filtering based on 
synteny, phylogeny, and sequence homology with experimentally validated enzymes yielded over 2500 
candidate orthologs for each target gene, from multiple metagenomic samples covering a wide variety of 

environments including 
wetlands, forest soils, 
rhizosphere, and bioreactors 
(Fig. 2).  

In order to both ensure 
recovery of active enzymes 
and maximize sampling of 
undefined biochemical 
diversity, we selected two 
hundred pairs of candidate 
mtnA / ald2 genes considering 
proximity to high-functioning 
orthologs and phylogenetic 
breadth.  These genes have 
been synthesized by the JGI 
DNA Synthesis Science 
program for screening via our 
high throughput lysate activity 
assay. Optimal orthologs will 
be further validated via 
physiological complementation 
to assess enhanced ethylene 
production.  
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Project Goals 

Ethylene is the most widely employed organic precursor compound in industry. The recently discovered 
efficient microbial anaerobic ethylene synthetic processes was previously partially characterized, but the 
terminal enzyme(s) responsible for ethylene production remained unknown. The long-term goal of this project 
is to identify, isolate, and characterize the specific enzyme(s) that catalyzed anaerobic microbial ethylene 
synthesis. This is part of a larger project to develop an industrially compatible microbial process to synthesize 
ethylene in high yields. The specific goals in elucidating the unknown ethylene-producing enzyme system are 
as follows: 

1. Identify the genes and gene products in Rhodospirillum rubrum responsible for anaerobic ethylene 
synthesis (Tabita, Hettich, and Wrighton) 

2. Determine the regulation and control of identified genes required for anaerobic ethylene synthesis 
(Tabita and Wrighton) 

3. Characterize the enzymes and the reaction they catalyze that directly generates anaerobic ethylene 
(Tabita and Cannon) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Abstract 

Our previous work identified a novel anaerobic microbial pathway (DHAP-Ethylene Shunt) [1] that recycled 5’-
methylthioadenosine (MTA) back to methionine with stoichiometric amounts of ethylene produced as a surprising 
side-product. MTA is a ubiquitous byproduct of polyamine synthesis and homoserine lactone-based quorum 
sensing in bacteria. The initial steps of the DHAP-ethylene Shunt are catalyzed by a phosphorylase (MtnP), 
isomerase (MtnA), a novel aldolase (Ald2), and an alcohol dehydrogenase sequentially convert MTA to 
dihydroxyacetone phosphate (DHAP) and (2-methylthio)ethanol (Fig. 1). The (2-methylthio)ethanol serves as 
a direct precursor to ethylene and methionine via an unresolved process involving unknown genes and 
enzymes [1]. This is the first reported anaerobic route to ethylene, involving novel genes and enzymes. 
Here we report the identification of the genes and putative gene products specifically responsible for this 
anaerobic ethylene process and the regulatory system controlling gene expression for the pathway. 

1. Genes and gene products in Rhodospirillum rubrum responsible for anaerobic ethylene synthesis: 
We sought to identify the genes and proteins 
responsible for ethylene production via proteomics and 
specific gene deletion studies. Ethylene production 
from (2-methylethio)ethanol is highly regulated by the 
presence of exogenous sulfate. Therefore, cells were 
grown under sulfate replete (ethylene suppressing) 
and sulfate limiting (ethylene inducing) anaerobic 
growth conditions. Cells were harvested and 
differential proteome analysis via HPLC-MS/MS was 
performed to identify proteins that increased in 
abundance during ethylene inducing conditions. 
Surprisingly, proteins with the highest increase in 
abundance during production of ethylene from (2-
methylthio)ethanol corresponded to novel nitrogenase-
like proteins of unknown function and previously 
characterized O-acetyl-L-homoserine sulfhydrylases 
[2] (Fig. 1; MarBHDK and OASH). 

Deletion of the genes corresponding to nitrogenase-
like proteins (marBHDK), with increased abundance 
during ethylene inducing conditions, rendered R. 
rubrum incapable of growth or ethylene production 
utilizing (2-methylethio)ethanol. Reintroduction of 
these genes expressed in trans from a plasmid 
restored both growth and ethylene production (Fig. 
2A). Cells were also grown under inducing conditions 
for bona fide molybdenum nitrogenase (NifHDK) 
(glutamate as N-source). While maximal acetylene 
reduction (nitrogenase activity) was observed, 
nitrogenase was unable to perform the methylthio-
alkane reductase activity of MarBHDK to convert (2-methylthio)ethanol to ethylene. This is the first indication 
of a nitrogenase-like complex responsible for the reduction of a carbon-sulfur bond, and the first 
observation of a nitrogenase-like complex involved in sulfur (methionine) metabolism (Fig. 1). 

We further probed the substrate specificity for this novel methylthio-alkane reductase process. Indeed, other 
small volatile organic sulfur compounds (VOSCs) required the nitrogenase-like gene products in order to be 
utilized as a sulfur source by R. rubrum for growth and methionine metabolism (Fig. 2A). Utilization of dimethyl 
sulfide, the most abundant VOSC in the environment, resulted in stoichiometric production of methane, and 
ethylmethyl sulfide led to stoichiometric production of ethane gas. Utilization of larger VOSCs such as (3-
methylthio)propanol did not require the nitrogenase-like gene products and no gaseous hydrocarbons were 
detected from growth and methionine metabolism from larger VOSCs.  Each putative reaction to produce a 
gaseous hydrocarbon from its corresponding VOSC was modeled to determine the change in standard Gibbs 
free energy for the overall reaction in solution (Fig. 2B). Standard free energies were calculated with NWChem, 
a computational chemistry electronic structure software developed under BER funding. The standard free 

Fig. 1. Full elucidation of the DHAP-ethylene Shunt pathway reveled 
involvement of novel nitrogenase-like methylthio-alkane reductases 
(MarBHDK) 



energies of reaction predict that ethylene formation will be the most favorable. Likewise, the relative difference 
in gas production observed experimentally between wildtype and ∆marBHDK also suggests, like the standard 
free energies, that ethylene production from (2-methylthio)ethanol is the most favored catalytic product. 

 
2. Regulation of marBHDK gene expression: A random 
mutagenesis screen of R. rubrum identified multiple isolates in 
which an integrated transposon was inserted into a putative 
LysR family regulator gene (salR) located 7 genes away from 
the marBHDK operon. Such mutants were unable to grow or 
utilize (2-methylthio)ethanol, ethylmethyl sulfide, or diemethyl 
sulfide as sulfur source for growth or produce any 
corresponding hydrocarbon gasses (Fig. 2A; ΔsalR). 
However, they were still able to grow normally using sulfate as 
sole sulfur source. Subsequent RNA-seq differential gene 
expression analysis revealed that the marBHDK gene cluster 
and O-acetylhomoserine sulfhydrylase genes for methionine 
synthesis (Fig. 1) were upregulated during ethylene inducing 
conditions (limiting sulfate) only when a functional salR gene 
was present. No changes in expression levels of these genes 
were observed in the ΔsalR deletion strains. Therefore, this 
LysR-like regulator is termed SalR for Sulfur Salvage 
Regulator of genes responsible for sulfur salvage from 
VOSCs and other organic sulfur compounds.     

 

 

 

3. Other Organisms with Methylthio-alkane Reductases: 

The R. rubrum MarHDK gene products are 
homologous to nitrogenase proteins NifH 
(nitrogenase reductase iron protein), and 
NifDK (nitrogenase catalytic subunits α/β) and 
are part of the Group IV Nitrogen Fixation-Like 
clade (Fig. 3). While the bona fide 
nitrogenases (Groups I-III) catalyze nitrogen 
fixation, the Nitrogen Fixation-Like members 
of known function catalyze reduction of other 
distinct compounds containing double bonds 
such as porphyrin ring reduction during 
bacteriochlorophyll and F430 cofactor 
biosynthesis (Fig. 3; Groups V and IV-B). 
However, save for IV-B and a single group IV 
member from Endomicrobium proavitum (Fig. 
3; Group IV-A) [5], which can also catalyze N2-
fixation, the function of the remaining Group IV 
members is unknown. The homologous 
methylthio-alkane reductase proteins form 
their own clade that is distinct from other 
nitrogenase and nitrogenase-like sequences, 
suggesting other organisms can utilize 
environmental VOSCs, producing ethylene and methane in the process (Fig. 1; Group IV-C). Organisms with 
putative methylthio-alkane reductases include members from alpha-proteobacteria, particularly rhodospirilla and 
rhizobia, and firmicutes, particularly selenomonads and ruminal clostridia.  

Fig. 2. Proposed reactions catalyzed by nitrogenase-
like methylthio-alkane reductases (A) Total ethylene, 
ethane, or methane produced upon feeding R. rubrum 
with (2-methylthio)ethanol, ethylmethyl sulfide, or 
dimethyl sulfide, respectively. (B) Free energy 
calculations for each proposed reaction. 

Fig. 3. Phylogenetic tree of NifD superfamily based on an LG+R6 evolution 
model. The scale bar represents the number of substitutions per site. UFBoot 
support values of 95% or greater are shown as black circles on branches. 
Clade coloring and numbering follows Raymond [3] and Méheust [4]. 
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Project Goals: The overall goal of this research is to gain a deeper understanding of the 
microbial interactions that drive soil community structure. This research leverages a model 
group of key metabolites related to vitamin B12, known as corrinoids, to investigate 
microbial interactions. Corrinoids are a structurally diverse nutrient class shared between 
different bacterial species, as they are produced by only a subset of the bacteria that use 
them. Based on the inherent specificity of bacteria for particular corrinoids, the hypothesis 
driving this work is that corrinoids are keystone nutrients in shaping soil microbial 
communities. To test this hypothesis, we will examine the effects of corrinoid addition on 
community composition and function across multiple levels of complexity. By investigating 
cycling of a key nutrient in soil at levels spanning the whole community to individual 
isolates, this work will gain an unprecedented view of metabolic interactions in a soil 
microbial community. 

Microbial communities in soil are key drivers of biogeochemical cycling and plant growth. 
Current research methods in soil microbial ecology cannot simultaneously analyze all microbe-
microbe interactions in situ, making it difficult to identify keystone interactions that could 
predictably modulate these communities. We aim to overcome this limitation by focusing on 
corrinoids, a group of structurally diverse metabolites used by a majority of the community. 
Exemplified by its flagship member, Vitamin B12, corrinoids are essential cofactors produced 
only by a fraction of the bacteria that use them, and thus are shared metabolites. However, in 
contrast to many other essential cofactors, over a dozen different structural forms of corrinoids 
exist, and different groups of bacteria require different corrinoids for metabolic needs that play 
central roles in bioremediation, plant-bacteria symbiosis, organic matter accumulation, and 
elemental cycling. Here, we test the hypothesis that corrinoids are a key nutrient family in soil 
microbial ecosystems. We show that a significant number of bacteria are corrinoid-dependent by 
performing a pilot phenotype-guided isolation of corrinoid-dependent bacteria from soil. 
Furthermore, we demonstrate that a bioinformatics-to-experiment pipeline can rapidly predict 
and verify the corrinoid production capacity of soil isolates.  

These results are being used to guide corrinoid-based perturbations of soil samples and soil-
derived enrichment cultures.  We expect that providing excess corrinoid will remove corrinoid 



synthesis or availability as a barrier to growth, leading to increased abundance of microbes 
capable of using the added corrinoid. At the same time, growth of microbes incapable of using 
the added corrinoid should decrease if the corrinoid interferes with metabolism. These corrinoid-
induced changes in the community could potentiate other metabolic networks, leading to 
differences in the growth of community members that are not directly affected by the corrinoid 
amendment. Our proposed holistic approach to understanding corrinoid cycling in soil addresses 
a key issue in soil microbial ecology, namely that soil is too complex to simultaneously 
understand all microbe-microbe interactions in a whole-community context and the metabolites 
involved in those interactions. However, by focusing on one key shared, yet structurally diverse, 
metabolite used by a majority of the community, we can pinpoint key interactions for further 
study. 

This research is funded by the DOE Genomic Sciences Program Grant DE-
FOA-00002059 (to MT).
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Project Goals: The permafrost carbon reservoirs are currently protected from microbial 
decomposition by frozen conditions. Upon permafrost thaw microbial metabolism leads to 
decomposition of soil organic matter, substantially impacting the cycling of nutrients and 
significantly affecting the arctic landscape. This project use state of the art molecular 
techniques to resolve complex microbial processes governing the biogeochemical cycles in 
arctic soils and permafrost to better inform efforts to access uncertainties surrounding 
ecosystem responses. 
 
Permafrost microbial communities are complex, diverse, and active at subzero temperatures. 
While carbon turnover at depth is proposed to be slower than surface, especially the fate of carbon 
in deep permafrost, which is currently protected from the warming climate, is uncertain. 
Permafrost microbiome is a seed bank of mostly novel organisms that have a diverse and broad 
metabolic potential.  In-depth functional characterization of the permafrost microbes is needed to 
provide a foundation for understanding their responses to thaw. In order to address this gap in our 
knowledge we performed a pan-Arctic comparative analysis of permafrost metagenomes in which 
we study biogeography and metabolic functions of permafrost metagenomes assembled genomes 
(MAGs). This pan-Arctic analysis of permafrost MAGs across multiple locations (Alaska, 
Sweden, Norway, Canada and Russia) showed stark differences in microbial populations and 
metabolic functions that are not strong driven by environmental conditions (ice content, 
topography, continuity, active layer depth, and vegetation) or soil chemistry. Recognizing 
geospatial patterns in soil properties and microbiome characteristics across Arctic permafrost 
landscapes will allow us to better inform on how permafrost microbes can respond to global 
climate change. 
 
The microbial response to thaw in arctic environments is not uniform and the relationship between 
permafrost microbiomes and greenhouse gas (GHG) emissions is not well understood. Following 
thaw, redistribution of water is a key event that conditions the permafrost for microbial 
decomposition. We initiated batch-scale permafrost incubation experiments dry, natural, and 
saturated moisture states and under microaerophilic or anaerobic headspaces. Via metagenomics 
and metatranscriptomics we dissect the microbial response leading to fermentation and 
competition between methanogenesis and iron and/or sulfate reduction processes, highlighting the 
importance of interactions between iron, sulfur and carbon metabolism. We couple omics methods 



with analysis of soil chemistry via synchrotron fourier transform infrared (sFTIR) spectral imaging 
at the Berkeley Infrared Structural Biology beamline of the Advanced Light Source (LBNL). 
Analysis showed that variety of organic compounds and metabolites were accumulated in thawed 
permafrost soils. Especially under saturated conditions while carbohydrates were depleted, soils 
accumulated aliphatic compounds.  
 
This project use field observations, laboratory manipulations, and multi-omics approaches to 
examine how microbial processes, biogeochemical transformations, and hydrology interact during 
permafrost thaw in different sites in Alaska in order to determine how these factors drive 
biogeochemical cycles in different arctic soils. 
 
This research is supported by DOE Early Career Program by the Office of Biological and 
Environmental Research in the DOE Office of Science.  
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Project Goals: Populus serves as a promising biomass feedstock for a suite of industrial 
applications including biofuels conversion. Drought is one of the most important factors limiting 
cost-effective production of Populus biomass. It is imperative to overcome this obstacle to achieve 
sustainable production of Populus biomass. However, drought response in Populus is a complex 
trait requiring the regulation and coordinated interactions of many genes, and identification of 
genetic networks regulating drought response remains unaccomplished and is urgently needed to 
inform genetic improvement of Populus feedstocks for sustainable biomass production.  The goal 
of this research is to determine the genetic basis of drought tolerance in bioenergy Populus 
enabling tree improvement and the wide-scale deployment of Populus for bioenergy in marginal 
and droughted environments. Fast growing feedstock crops are required for a future bioeconomy 
where plant-based biofuels, chemicals and biomass for Bioenergy with Carbon Capture and 
Storage (BECCS) will be utilized as part of a more sustainable, energy secure economy.  
 

Methods:  We will harness the natural genetic variation found in wild trees, adapted to different 
amounts of rainfall. Our main study population consists of 1,000 P. trichocarpa collected from a 
range of naturally droughted and wet environments, that already has a number of unique genomic 
and genetic resources for a tree species, that will be used here.  
 
Drought tolerance, here defined as ‘the maintenance of plant biomass production in the face of 
moderate and persistent drought stress’ is a highly complex trait and we will use high throughput 
phenotyping, including UAV-mounted multi-spectral proximal analysis to unravel how drought 
tolerance varies across this wide population.  
 
Using the latest computational tools and the extensive sequence, re-sequence and RNASeq 
resources available and new ones to be developed, we will identify multiple genetic loci linked to 
traits and resolve them through hierarchical network analysis to the level of cis- and trans-acting 
eQTL. We will validate our findings on these regulator cis-acting eQTN candidates for drought 
tolerance in fast transient assays using protoplasts and in longer-term whole tree experiments 
including accurate deployment of CRISPR-Cas9 gene edits. The innovation in this project comes 
from the rapid deployment of these approaches that will also benefit from findings in a  second 
Populus natural collection from a range of wet and droughted sites across Europe for which early 
leads on target loci are already available for validation. 
 
 
Objectives:  
 
(i). To deploy a large-scale experimental drought trial for up to 1000 unique genotypes of Populus 
equipping the sites with controlled irrigation and drought treatments that are fully automated and 
monitored.  

mailto:gtaylor@ucdavis.edu


 
(ii) To test the hypothesis that a suite of traits identified for drought tolerance in P. nigra can be 
measured in drought and control treatments in the wide germplasm collection of P. trichocarpa.  
 
(iii) To use established and novel GWAS model approaches to identify gene loci linked to drought 
tolerance traits on interest in P. trichocarpa.  
 
(iv) To undertake comparative analysis of GWAS results for drought tolerance traits in P. nigra   
and P. trichocarpa.  
 
(v) Using RNAseq in P. trichocarpa, in droughted and control treatments to identify cis- and trans-
regulated eQTN.  
 
(vi) Validate up to 50 cis-QTNs, from network hubs using transient protoplast assays.  
 
(vii) To establish Agrobacterium-based gene editing protocols in Populus.  
 
(viii) To utilize early leads from previous research to investigate at least 6 candidate genes for 
drought tolerance in Populus. 
 
 (ix) To validate up to 20 candidate genes for drought tolerance in P. trichocarpa refined from the 
long-list tested in the transient assays for cis-acting hub gene targets.  
 
Impacts and benefits: This research will deliver new genotypes of Populus that are better suited 
and able to tolerate droughted environments,  that are more likely in the future. They will be ready 
to test at multiple sites at project end. At the same time, the genomic and genetic resources already 
available in Populus will be integrated into high throughput drought phenotyping and a complete 
atlas of gene expression related to drought stress for this natural population. 
 
Publications 
Taylor G., et al (2019). Sustainable bioenergy for climate mitigation: developing drought tolerant 
trees and grasses. Annals of Botany, 124: 513-520. 
 
Muchero W. e al (2018). Association mapping, transcriptomics, and transient expression and 
transient expression identify candidate genes mediating plant-pathogen interactions in a tree. 
Proc Natl Acad Sci USA 115: 11573-11578. 
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Project Goals: To understand thiamine deficiency on cellular metabolism, elucidate genetic 

basis causing thiamine auxotrophy, and identify thiamine-responsive elements in Yarrowia 

lipolytica.  

Abstract text. Thiamine is a vitamin that functions as a cofactor for key enzymes in carbon and 

energy metabolism for all living cells.  While most plants, fungi and bacteria can synthesize 

thiamine de novo, the oleaginous yeast, Yarrowia lipolytica, cannot.  In this study, we used 

proteomics together with physiological characterization to understand key metabolic processes 

influenced and regulated by thiamine availability and identified the genetic basis of thiamine 

auxotrophy in Y. lipolytica.  Specifically, we found thiamine depletion results in decreased protein 

abundance of the lipid biosynthesis pathways and energy metabolism (i.e., ATP synthase), 

attributing to the negligible growth and poor sugar assimilation observed in our study.  Using 

comparative genomics, we identified the missing 4-amino-5-hydroxymethyl-2-methylpyrimidine 

phosphate synthase (THI13) in the de novo thiamine biosynthesis of Y. lipolytica, and discovered 

an exceptional promoter, P3, that exhibits strong activation or tight repression by low and high 

thiamine concentrations, respectively.  Capitalizing on the strength of our thiamine-regulated 

promoter (P3) to express the missing gene from Saccharomyces cerevisiae (scTHI13), we 

engineered the thiamine-prototrophic Y. lipolytica.  By comparing this engineered strain to the 

wildtype, we unveiled the tight relationship linking thiamine availability to lipid biosynthesis and 

demonstrated enhanced lipid production with thiamine supplementation in the engineered 

thiamine-prototrophic Y. lipolytica.(1) 
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Project Goals: To elucidate and harness the exceptional robustness of novel, undomesticated 

Y. lipolytica isolates from genetic diversity screening as a bioenergy-relevant microbial 

platform for efficient conversion of undetoxified biomass hydrolysates into designer bioesters 

with continuous recovery using solvent extraction. 

 

Abstract text. Robustness is an important phenotype for bioenergy microbes to acquire but is 

difficult to engineer.  The oleaginous yeast, Yarrowia lipolytica, is an exceptionally robust microbe 

that can tolerate stressful environments,1 assimilate a wide range of substrates2,3 and produce 

high-value chemicals.4 In this study, we aim to understand and harness these robust 

characteristics of Y. lipolytica for the conversion of biomass hydrolysate into designer bioesters. 

Specifically, we aim to understand how these Y. lipolytica i) tolerate and effectively assimilate 

inhibitory biomass hydrolysates for superior lipid accumulation, ii) tolerate organic solvents that 

are required to produce bioproducts in a two-phase fermentation system and iii) endogenously 

degrade lipids to produce designer bioesters.  From a screen of 57 undomesticated Y. lipolytica 

isolates,5,6 we selected top-performing strains exhibiting robust growth and lipid accumulation in 

undetoxified biomass hydrolysate for comprehensive growth and multi-omics characterization.  

Comparative proteomic analysis of these robust Yarrowia strains revealed previously 

uncharacterized proteins that influence robust utilization of biomass hydrolysate sugars and 

transcription factors regulating lipid accumulation and degradation. We further engineered these 

strains to improve their robustness for effective conversion of these sugars for lipid production. 

Next, transcriptomic analysis of an exceptionally solvent-tolerant Yarrowia mutant identified 

genes conferring high solvent tolerance. These foundational insights provide key mechanisms 

and genetic targets to engineer robustness in Yarrowia strains for production of biofuels and 

bioproducts from lignocellulosic biomass. 
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Project Goals: To compartmentalize metabolic pathways along with enzyme cofactor 
recycling pathways to increase the yield and efficiency of bioproduction processes 

Metabolic engineering holds great promise for creating efficient, competitive routes for the 
production of biofuels and biochemicals without the necessity for harsh chemicals and hazardous 
byproducts. Successes in biochemical engineering include Dupont’s Sorona fiber, which is made 
using bacterially-produced 1,3-propanediol from glucose. However, roadblocks to biosynthesis 
prevent many biochemicals from being produced biologically given current technology. Nature 
uses compartmentalization (eg in organelles in eukaryotes and in bacterial microcompartments in 
prokaryotes) to solve issues such as intermediate leakage, toxicity, and byproduct formation. 
Here we propose to deploy compartmentalization as a strategy to overcome a critical roadblock: 
the requirement for redox cofactor recycling. In traditional systems, redox cofactors are lost to 
cellular growth and maintenance needs. By compartmentalizing redox cofactors with the 
biochemical synthesis enzymes, we anticipate increasing the thermodynamic efficiency and 
preventing the loss of valuable intermediates and cofactors. If successful, it would be the first 
direct demonstration of this feature of a bacterial microcompartment, and would provide a tool 
for improving metabolic pathway performance for all enzymes with redox or other cofactors. 
 
With this poster, we will describe how we are coupling modeling with experiments to first 
understand the native function of the 1,2-propanediol utilization microcompartments (MCPs), 
and particularly the recycling of native cofactors. Using statistical and structural analysis of our 
model we have determined several guidelines for experimental design, including 1) using 
variation in the compartment number to disambiguate between the membrane and 
microcompartment permeability values for future cell-based experiments and 2) optimization of 
sampling during time-series to capture maximally informative features. We then established an 
in vitro method for analyzing pathway performance of purified MCPs, and detected conversion 
of 1,2-propanediol to the intermediate propionaldehyde and product 1-propanol. Interestingly, 
exogenous addition of adenosylcobalamin (AdoB12) was required to activate consumption of 
1,2-propanediol. Moreover, we present evidence that cofactors including AdoB12, ATP, and 
coenzyme A can enter the MCP lumen during the in vitro reaction, but also that activity depends 
on recycling of NAD+ and NADH. We are currently applying the findings from the native 



system towards improving the performance of our first target metabolic pathway: 1,3-
propanediol production.  
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Project Goals: The Center for Bioenergy Innovation (CBI) vision is to accelerate 
domestication of bioenergy-relevant, non-model plants and microbes to enable high-impact 
innovations at multiple points in the bioenergy supply chain. CBI addresses strategic barriers 
to the current bioeconomy in the areas of 1) high-yielding, robust feedstocks, 2) lower capital 
and processing costs via consolidated bioprocessing (CBP) to specialty biofuels, and 3) 
methods to create valuable byproducts from the lignin. CBI will identify and utilize key plant 
genes for growth, composition and sustainability phenotypes as a means of achieving lower 
feedstock costs, focusing on poplar and switchgrass. We will convert these feedstocks to 
specialty biofuels (C4 alcohols, C6 esters and hydrocarbons) using CBP at high rates, titers 
and yield in combination with cotreatment, pretreatment or catalytic upgrading. CBI will 
maximize product value by in planta modifications and biological funneling of lignin to value-
added chemicals.  
 
CRISPR/Cas9 technology has become the genome editing tool of choice in almost all kingdoms of life 
and reports of its use in organisms that range from protists, to fungi, animals and plants are widespread 
in the literature. By capitalizing the increasing knowledge on how this system works, we aim to develop 
an efficient and predictable gene editing system for switchgrass (Panicum virgatum L.). Switchgrass 
has been recognized as an important biomass resource of fermentable mixed sugars that can yield 
biofuels and other value-added chemicals and biomaterials. Being able to fine-tune switchgrass 
metabolic capabilities via CRISPR/Cas9 gene editing would be extremely useful to exploit its potential 
and well as to validate putative gene functions. However, switchgrass is an allotetraploid, whose two 
subgenomes show extensive gene duplication. This makes the identification of gene-specific targets 
very challenging.  
Fortunately, since CRISPR/Cas9 system was first described and in parallel to its widespread use, a 
suite of Cas9/Cas12a proteins with diverse size, activity, recognition target site and trans-activating 
crRNA (scaffolds) have been characterized. Taking advantage of the wide range of target specificities 
that the available Cas9/Cas12a proteins offer, we are developing a platform that will allow editing any 
gene of interest in switchgrass. The ultimate goal is to ensure the editing of all copies in the switchgrass 
genome. As a first step, we have tested five different Cas9/Cas12a proteins (SpCas9, SaCas9, St1Cas9, 
Mb3Cas12a, and AsCas12a) in embryogenic rice calli from Taipei-309, aiming to transfer the 
knowledge acquired in the rice model system into switchgrass. Also, all protein combinations have 
been tested both at 37°C (optimal temperature for most Cas9/Cas12a proteins) and 27°C (optimal 
temperature for tissue culture) to assess rate of editing under standard tissue culture conditions. Our 
results have identified SpCas9 as the best protein in terms of editing efficiency at both 27°C and 37°C. 
Mb3Cas12a and SaCas9 yielded similar results to SpCas9 but only at 37°C; at 27°C Mb3Cas12a 
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efficiency dropped by 50% and SaCas9 didn’t work at all. This suite of best performing nucleases and 
working conditions is being tested with gene targets of interest in switchgrass. 
 
The Center for Bioenergy Innovation is a U.S. Department of Energy Bioenergy Research Center 
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Project Goals: The Center for Bioenergy Innovation (CBI) vision is to accelerate 
domestication of bioenergy-relevant, non-model plants and microbes to enable high-impact 
innovations at multiple points in the bioenergy supply chain. CBI addresses strategic barriers 
to the current bioeconomy in the areas of 1) high-yielding, robust feedstocks, 2) lower capital 
and processing costs via consolidated bioprocessing (CBP) to specialty biofuels, and 3) 
methods to create valuable byproducts from the lignin. CBI will identify and utilize key plant 
genes for growth, composition and sustainability phenotypes as a means of achieving lower 
feedstock costs, focusing on poplar and switchgrass. We will convert these feedstocks to 
specialty biofuels (C4 alcohols, C6 esters and hydrocarbons) using CBP at high rates, titers 
and yield in combination with cotreatment, pretreatment or catalytic upgrading. CBI will 
maximize product value by in planta modifications and biological funneling of lignin to value-
added chemicals.  
 
Upgrading fermentation-based C4 alcohols (n-butanol or isobutanol) into fungible hydrocarbon fuels 
(e.g., jet, gasoline or diesel) is one promising alcohol-to-jet pathway as the olefin intermediates from 
C4 alcohols can be readily converted to jet-range hydrocarbons with a high selectivity.  Currently there 
are only very limited reports or patents demonstrating that pure iso-butanol can be upgraded in a multi-
step process of dehydration to isobutene followed by oligomerization to form iso-olefins as the 
dominant hydrocarbon fraction (1,2). The hydrocarbons produced from this prior approach have high 
number of branches, which limits the blending level into jet.  
 
In this work, we target at upgrading of aqueous n-butanol to hydrocarbon fractions that are rich in n-
paraffins and isoparaffins with low branches at much milder conditions – this will help to reduce the 
cost. This project will convert n-butanol to 1-butene rich olefins, which can be readily turned into jet-
range hydrocarbons with larger fraction of n-paraffins and lightly branched paraffins (desired fraction 
in petroleum jet). Meanwhile direct one-step production of aromatic-rich blendstock will be 
investigated to produce the aromatic component. 
 
We have found that 97% of butenes can be produced with ~100% n-butanol conversion over 
conventional H-ZSM-5 catalyst at 225 °C and ambient pressure, where 1-butene is the dominating 
fraction among butene isomers. Increase of space velocity (1 to 8 h-1) and n-butanol concentration (5.5 
to 32%) did not show significant impact on n-butanol conversion, C3-C6 olefins selectivity and carbon 
number distributions, which offers potential to significantly reduce the reactor size. The mixed C3-C6 
olefins were further oligomerized into longer-chain hydrocarbons over Amberlyst-36 catalyst at 150 
°C and 15 bar, leading to 70% of jet, 12% of gasoline and 10% of diesel fraction. The liquid 
hydrocarbons are rich in lightly branched iso-paraffins/olefins and n-paraffins/olefins, which offers 
great potential for higher blending. Catalyst development with 2D pillared zeolite is planned to further 
improve the selectivity of 1-butene and then to increase the quality of resulted hydrocarbon blendstock.   
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Project Goals: The Center for Bioenergy Innovation (CBI) vision is to accelerate domestication of 
bioenergy-relevant, non-model plants and microbes to enable high-impact innovations at multiple points 
in the bioenergy supply chain. CBI addresses strategic barriers to the current bioeconomy in the areas 
of 1) high-yielding, robust feedstocks, 2) lower capital and processing costs via consolidated 
bioprocessing (CBP) to specialty biofuels, and 3) methods to create valuable byproducts from the 
lignin. CBI will identify and utilize key plant genes for growth, composition and sustainability 
phenotypes as a means of achieving lower feedstock costs, focusing on poplar and switchgrass. We 
will convert these feedstocks to specialty biofuels (C4 alcohols, C6 esters and hydrocarbons) using 
CBP at high rates, titers and yield in combination with cotreatment, pretreatment or catalytic 
upgrading. CBI will maximize product value by in planta modifications and biological funneling of 
lignin to value-added chemicals.  
 
In the CBI project, we will characterize drought tolerance and water use efficiency (WUE) related 
traits in a switchgrass genome-wide association study (GWAS) panel. Causal alleles controlling 
biomass yield and persistence under drought stress will be identified via GWAS analyses. Key genes 
and mechanisms underlying important sustainability traits will be further validated to facilitate 
subsequent genomic selection and maker-assisted breeding programs. 
 
Switchgrass (Panicum virgatum) is a promising feedstock for biofuels in the United States. As for most 
crops, periodic drought often limits its productivity, especially in marginal lands where it is likely to 
be planted. In this CBI project, we aim to evaluate drought tolerance and WUE related physiological 
and biochemical traits of a switchgrass GWAS panel comprising 415 sequenced genotypes (Juenger et 
al., 2016). Due to the outcrossing nature of switchgrass, we optimized a micro-propagation method via 
node culture (Alexandrova et al., 1996), and have successfully propagated the majority of the 
switchgrass GWAS panel using this method.  
 
In addition, experimental conditions were optimized by performing a preliminary phenotyping 
experiment using 12 switchgrass genotypes. Traits characterized included shoot and root biomass, 
water use efficiency, root architecture, root/shoot ratio, leaf area, leaf thickness, stomatal density, leaf 
cuticular wax, and leaf osmotic pressure. Among 100 lines that have been characterized so far, large 
genotypic variations were observed in all the traits. Once the entire GWAS panel has been phenotyped, 
GWAS analysis will be performed to identify quantitative trait loci (QTL) markers and key genes 
controlling biomass yield and persistence under drought stress. These results will facilitate subsequent 
genomic selection, maker-assisted breeding and biotechnology strategies to enhance sustainability in 
switchgrass production. 
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Project Goals: The Center for Bioenergy Innovation (CBI) vision is to accelerate domestication of 
bioenergy-relevant, non-model plants and microbes to enable high-impact innovations at multiple points 
in the bioenergy supply chain. CBI addresses strategic barriers to the current bioeconomy in the areas 
of 1) high-yielding, robust feedstocks, 2) lower capital and processing costs via consolidated 
bioprocessing (CBP) to specialty biofuels, and 3) methods to create valuable byproducts from the 
lignin. CBI will identify and utilize key plant genes for growth, composition and sustainability 
phenotypes as a means of achieving lower feedstock costs, focusing on poplar and switchgrass. We 
will convert these feedstocks to specialty biofuels (C4 alcohols, C6 esters and hydrocarbons) using 
CBP at high rates, titers and yield in combination with cotreatment, pretreatment or catalytic 
upgrading. CBI will maximize product value by in planta modifications and biological funneling of 
lignin to value-added chemicals.  
 
To achieve a bio-based economy, it is necessary to consider variability within a feedstock population. We 
must understand the range of key phenotypic characteristics in order to select economically advantageous 
genotypes for domestication in an optimized supply chain. In this analysis, we measured cell wall 
composition traits in a large natural variant population of Populus trichocarpa. The compositional 
analysis results were combined with agronomic growth data from the matching genotype to conduct a 
series of techno-economic analyses utilizing Aspen Plus [1] based on Humbird [2] of a lignocellulisic 
biomass refinery. These analyses evaluated the impacts of physical and compositional variability and 
determining the ultimate phenotypic drivers for yield and economic metrics. Here we show that while 
ethanol yield per land area per year and minimum fuel selling price (MFSP) were most strongly impacted  
by tree size, when considering the largest 25% of trees, size and carbohydrate content were nearly 
identical influencers on MFSP, highlighting the need to focus on both size and carbohydrate content in 
selecting economically optimal feedstocks. 
 
Feedstock cost is one of the greatest operational expenses in a biorefinery, so understanding which 
feedstocks are advantageous relative to one another in terms of both cost and quality should be an 
important consideration for any biorefinery [2,3].  No formally accepted standard of lignocellulosic 
biomass quality has been previously defined, but several metrics may be used. Process yield, defined as 
amount of fuel produced per unit of feed, is one metric that evaluates the impact of a feedstock on total 
production. However, growers are typically concerned with achieving the highest biomass yields for a 
given land area with little consideration given to process yield or quality. To reconcile the gap between 
grower and biorefinery, both biomass yield and process yield can be combined and normalized to define 
the metric of fuel yield per land area per year [5]. This can be an important consideration when evaluating 
the land footprint required to reach a production target, but in conjunction to process yield may also serve 
as a negotiating point between the biorefinery and grower, or grower and plant breeders, in determining 
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price. With respect to economics, minimum fuel selling price (MFSP) needed to achieve a net present 
value of zero for a plant is often used to summarize the entire biorefinery in terms of economic drivers 
such as capital expense, operating expense, and revenue, where feedstocks that lead to the lowest MFSP 
can be regarded as the best performers. While not a direct measure of feedstock quality, MFSP can serve 
as a bottom-line economic indicator of the value of quality and quantity and through multiple analyses, 
determine which feedstock characteristics are most impactful. 
 
As interest in poplar as a lignocellulosic feedstock grows, so too will the need to understand its variability 
across a population. There is a need to comprehend this variation not only as the range of physical and 
compositional phenotypes, but also how these phenotypes impact overall feedstock quality and 
biorefinery economics. Determination of advantageous processing phenotypes can provide insight 
guiding plant breeders into focusing on attributes which are the most influential to improving yields, 
while simultaneously reducing production costs. In this paper, we present the larger economic impact a 
broad range of natural variation in plant growth and cell wall composition for Populus trichocarpa has on 
the bioenergy landscape as MFSP, process ethanol yield, and field ethanol yield.  
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Project Goals: The Center for Bioenergy Innovation (CBI) vision is to accelerate domestication 
of bioenergy-relevant, non-model plants and microbes to enable high-impact innovations at 
multiple points in the bioenergy supply chain. CBI addresses strategic barriers to the current 
bioeconomy in the areas of 1) high-yielding, robust feedstocks, 2) lower capital and 
processing costs via consolidated bioprocessing (CBP) to specialty biofuels, and 3) methods 
to create valuable byproducts from the lignin. CBI will identify and utilize key plant genes 
for growth, composition and sustainability phenotypes as a means of achieving lower 
feedstock costs, focusing on poplar and switchgrass. We will convert these feedstocks to 
specialty biofuels (C4 alcohols, C6 esters and hydrocarbons) using CBP at high rates, titers 
and yield in combination with cotreatment, pretreatment or catalytic upgrading. CBI will 
maximize product value by in planta modifications and biological funneling of lignin to value-
added chemicals.  

Efficient microbial conversion of lignocellulose to fuels and chemicals is key to an economically viable 
bioproduction platform, particularly if coupled with feedstocks designed for optimal microbial 
performance. At their core, current approaches for accelerated domestication of model organisms such as 
E. coli mirror the cycle of “Design, Build, Test,” revealing underlying design principles that inspire creative
solutions to modern engineering challenges. The programmability of CRISPR-Cas machinery enables
library based high-throughput and multiplexed experiments that have allowed for rapid genotype-
phenotype mapping (1), protein engineering (2), strain engineering (3), and gene discovery (4).  Our goal
is to develop efficient CRISPR-mediated genome editing systems to enable these and other cutting-edge
genome editing technologies in CBI microbes and feedstocks.

Both CRISPR-Cas editing and interference using the Streptomyces pyogenes Cas9 system have been 
demonstrated in the bacterium Pseudomonas putida KT2440, a promising candidate for the industrial 
production of renewable chemicals from lignin. CRISPR-interference (CRISPRi) was optimized for P. 
putida by screening inducible promoter systems that express catalytically-dead spCas9. The arabinose 
inducible promoter system performed best and was used to image the repression of the essential division 
protein ftsZ in real time. In addition, we have quantified the dynamic range of repression by targeting a 
genomically-integrated fluorescent reporter as well as key metabolic genes that compete with pathways to 
target products to increase titers. To optimize CRISPR-Cas gene editing, the transformation protocol from 
Sun et al. 2018 (5) was improved to increase the colony forming units by 100-fold while keeping the editing 
efficiency at 100%. The minimum homology arm (HA) length requirements for gene deletion and 
introduction of single codon mutations were determined. We are utilizing this system to recapitulate 
mutants from adaptive laboratory evolution (ALE) experiments and generate target mutagenesis libraries 
to evaluate protein function. In addition, we are working with JGI to generate a genome wide guide RNA 
library (237,000 guides) to identify functional guides for gene editing and repression via CRISPRi to 
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expand this system for genome scale studies.   

Although the Streptomyces pyogenes Cas9 system has been utilized across a number of microbial and 
eukaryotic platforms, unfortunately it is not active in the growth temperature range of Clostridium 
thermocellum (55-60oC), a thermophilic bacterium capable of directly converting cellulose to sugars, 
bypassing the need for chemical processing of lignocellulosic feedstocks. To enable CRISPR editing, we 
adapted and validated both the Type I-B native CRISPR system in Clostridium thermocellum, as well as 
the Cas9 system from Geobacillus stearothermophilus (6,7). Multiple attempts for CRISPR/Cas homology 
directed genome repair were largely unsuccessful for both systems, most likely due to the low efficiency of 
homologous recombination in C. thermocellum. To overcome this limitation, recombineering machinery 
was isolated from the thermophilic organism Acidithiobacillus caldus and expressed in C. thermocellum. 
An increase in homologous directed repair was observed in C. thermocellum strains expressing 
recombineering machinery when compared to parental strains, enabling a more rapid and efficient genetic 
engineering system in C. thermocellum. We are currently working on the evaluation of promoter systems 
to enable inducible CRISPRi in C. thermocellum.   

Ultimately, we aim to utilize these CRISPR/Cas systems for rapid, HTP methods for phenotype-to-genotype 
discovery in both P. putida and C. thermocellum such as: 1) rational protein engineering, 2) complete 
residue substitution libraries, 3) pathway optimization, and 4) discovery of new gene functions by genome-
wide targeting strategies. These tools will expand and accelerate the canonical the “Design, Build, Test” 
cycle in support of CBI research needs.  
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Project Goals: The Center for Bioenergy Innovation (CBI) vision is to accelerate domestication 
of bioenergy-relevant, non-model plants and microbes to enable high-impact innovations at 
multiple points in the bioenergy supply chain. CBI addresses strategic barriers to the current 
bioeconomy in the areas of 1) high-yielding, robust feedstocks, 2) lower capital and 
processing costs via consolidated bioprocessing (CBP) to specialty biofuels, and 3) methods 
to create valuable byproducts from the lignin. CBI will identify and utilize key plant genes 
for growth, composition and sustainability phenotypes as a means of achieving lower 
feedstock costs, focusing on poplar and switchgrass. We will convert these feedstocks to 
specialty biofuels (C4 alcohols, C6 esters and hydrocarbons) using CBP at high rates, titers 
and yield in combination with cotreatment, pretreatment or catalytic upgrading. CBI will 
maximize product value by in planta modifications and biological funneling of lignin to value-
added chemicals.  
 

Poplar is a fast-growing woody crop currently used for paper, pulp, and plywood with potential as 
a domestic feedstock for bioenergy and bioproducts. In order to breed or engineer poplar genotypes 
that are high-yielding, robust, and can be converted into value-added chemicals, we need to 
understand poplar secondary metabolism and its genetic basis. Secondary metabolism is important 
in plant response to stressors and influences resource allocation to and away from the cell wall. 
For example, lignin shares phenylpropanoid precursors with poplar phenolic glycosides involved 
in defense against insect herbivores, pathogens, UV radiation, and drought.1, 2 UDP-dependent 
glycosyltransferases (UGTs) are responsible for catalyzing sugar transfer to phenolics and other 
metabolites, which influences their localization within cells and tissues, physiological role, and 
metabolic fate. UGTs are a large multi-functional enzyme class, so determining which ones have 
roles in secondary metabolism and which substrates they act upon from sequence homology alone 
is not currently possible.  

We used a P. trichocarpa metabolite-genome wide association study to identify UGT encoding 
genes with single nucleotide polymorphisms (SNPs) associated with increased and decreased 
levels of metabolites.3-5 Next, we profiled the activities of the enzymes against a substrate panel 
of phenolics and precursors; we identified enzymes with activities unique from those previously 
observed in A. thaliana.6 Several of these enzymes with unique activity profiles are undergoing in 
vivo untargeted validation. This work will advance understanding of poplar secondary metabolism 
and aid in developing a robust, high-yielding feedstock. 
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Project Goals: The Center for Bioenergy Innovation (CBI) vision is to accelerate domestication 
of bioenergy-relevant, non-model plants and microbes to enable high-impact innovations at 
multiple points in the bioenergy supply chain. CBI addresses strategic barriers to the current 
bioeconomy in the areas of 1) high-yielding, robust feedstocks, 2) lower capital and 
processing costs via consolidated bioprocessing (CBP) to specialty biofuels, and 3) methods 
to create valuable byproducts from the lignin. CBI will identify and utilize key plant genes 
for growth, composition and sustainability phenotypes as a means of achieving lower 
feedstock costs, focusing on poplar and switchgrass. We will convert these feedstocks to 
specialty biofuels (C4 alcohols, C6 esters and hydrocarbons) using CBP at high rates, titers 
and yield in combination with cotreatment, pretreatment or catalytic upgrading. CBI will 
maximize product value by in planta modifications and biological funneling of lignin to value-
added chemicals.  
 
The design of plants and microbes for cost-effective biomass conversion involves understanding the 
complex genetic basis of targeted traits. Functional screening techniques and statistical methods for 
genotype-phenotype mapping are continuously evolving, but their results are often limited to data 
correlations without capturing the specific roles of genes. Knowledge of intermediate omics layers 
(e.g., transcriptomics, proteomics and metabolomics), in turn, can help elucidate the molecular 
pathways of the information propagation from genes to phenotypes. The structural characterization of 
proteins is of paramount importance as they are the functional manifestation of genes.  
 
Here, we present AkiraProt, a flexible and robust pipeline for high-throughput protein structure 
prediction, and its use for integration of structural proteomics in our Systems Biology studies. The 
workflow finely parses protein sequences and determines the optimum combination of state-of-the-art 
methods to be employed for protein structure modeling. Case-by-case generated protocols are selected 
to provide both the highest possible local resolution and maximum information about the overall shape 
of each protein. AkiraProt has been effectively used for structural analysis of eukaryotic and 
prokaryotic proteomes across several studies conducted within different focus areas of the Center for 
Bioenergy Innovation. Here we show its application leveraging the supercomputers at the Oak Ridge 
Leadership Computing Facility to solve the structural proteome of Pseudomonas putida KT2440, a 
widely studied host for biomass lignin valorization. Detailed analysis of specific proteins of interest 
contributed, for example, to the functional characterization of P. putida transport proteins involved in 
the optimum intake and the tolerance towards lignin-derived compounds. Other current applications of 
models generated with AkiraProt include prediction of key sites in high-throughput targeted 
mutagenesis for trait selection and ligand screening for protein functional mapping.  
 

file://isilon-ops/naoa/projects/cbi/Meetings_and_Visits/Genome%20Science%20Meeting%202020/Abstracts/Brian_Jerry_Review/teixeiraprae@ornl.gov
https://cbi.ornl.gov/


The Center for Bioenergy Innovation is a U.S. Department of Energy Bioenergy Research Center 
supported by the Office of Biological and Environmental Research in the DOE Office of Science. 
 
 



SNPeffect: Identifying Functional Roles for SNPs using Metabolic Networks 
 
Debolina Sarkar1* (debolina@psu.edu), Jin Zhang2, Kai Feng2, David Kainer2, Timothy 
Tschaplinski2, Dan Jacobson2, Wellington Muchero2, Costas D. Maranas1 and Gerald A. Tuskan2   
 

1Department of Chemical Engineering, Pennsylvania State University, University Park; and 2Center 
for Bioenergy Innovation, Oak Ridge National Laboratory, Oak Ridge, Tennessee 
 
https://cbi.ornl.gov 
 
Project Goals: The Center for Bioenergy Innovation (CBI) vision is to accelerate domestication of 
bioenergy-relevant, non-model plants and microbes to enable high-impact innovations at multiple points 
in the bioenergy supply chain. CBI addresses strategic barriers to the current bioeconomy in the areas 
of 1) high-yielding, robust feedstocks, 2) lower capital and processing costs via consolidated 
bioprocessing (CBP) to specialty biofuels, and 3) methods to create valuable byproducts from the 
lignin. CBI will identify and utilize key plant genes for growth, composition and sustainability 
phenotypes as a means of achieving lower feedstock costs, focusing on poplar and switchgrass. We 
will convert these feedstocks to specialty biofuels (C4 alcohols, C6 esters and hydrocarbons) using 
CBP at high rates, titers and yield in combination with cotreatment, pretreatment or catalytic 
upgrading. CBI will maximize product value by in planta modifications and biological funneling of 
lignin to value-added chemicals.  
 
 
Genetic sources of phenotypic variation have been a focus of plant studies aimed at improving 
agricultural yield and understanding adaptive processes. Genome-wide association studies (GWAS) 
identify the genetic background behind a trait by examining associations between phenotypes and 
single-nucleotide polymorphisms (SNPs). Although such studies are common, biological interpretation 
of the results remains a challenge; especially due to the confounding nature of GWAS population 
structure and the systematic biases thus introduced.  
 
Here, we propose a complementary analysis (‘SNPeffect’) that offers putative genotype-to-phenotype 
mechanistic interpretations by integrating biochemical knowledge encoded in metabolic models. 
SNPeffect was used to explain differential growth rate and metabolite accumulation in 914 P. 
trichocarpa accessions as the outcome of SNPs in enzyme-coding genes. To this end, we also 
constructed a genome-scale metabolic model for Populus trichocarpa, the first for a perennial woody 
tree and further extracted a leaf-specific subnetwork using transcriptomics data collected from 390 
poplar trees. As expected, our results indicate that growth is a complex polygenic trait governed by 
carbon and energy partitioning. The predicted set of functional SNPs are associated with 
experimentally-characterized growth-determining genes and also suggest functions for putative genes. 
Functional SNPs were found in pathways such as amino-acid metabolism, nucleotide biosynthesis, and 
cellulose and lignin biosynthesis, in line with breeding strategies that target pathways governing carbon 
and energy partition. A follow-up optimization procedure ‘SNP-rank’ was used to rank order the 
functional SNP set to provide specific targets for functional characterization and genomic selection 
priors. This work contributes to the understanding of the molecular mechanisms governing growth and 
plant productivity, in order to further exploit them and develop a sustainable bioenergy feedstock. 
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Project Goals: The Center for Bioenergy Innovation (CBI) vision is to accelerate domestication of 
bioenergy-relevant, non-model plants and microbes to enable high-impact innovations at multiple points 
in the bioenergy supply chain. CBI addresses strategic barriers to the current bioeconomy in the areas 
of 1) high-yielding, robust feedstocks, 2) lower capital and processing costs via consolidated 
bioprocessing (CBP) to specialty biofuels, and 3) methods to create valuable byproducts from the 
lignin. CBI will identify and utilize key plant genes for growth, composition and sustainability 
phenotypes as a means of achieving lower feedstock costs, focusing on poplar and switchgrass. We 
will convert these feedstocks to specialty biofuels (C4 alcohols, C6 esters and hydrocarbons) using 
CBP at high rates, titers and yield in combination with cotreatment, pretreatment or catalytic 
upgrading. CBI will maximize product value by in planta modifications and biological funneling of 
lignin to value-added chemicals.  
 
Switchgrass (Panicum virgatum L.) is an emerging bioenergy crop undergoing rapid domestication efforts, 
and thus there is significant interest in understanding its genomic and metabolic pathways regulating 
important agronomic traits. Metabolomics reveal the chemical footprint of organisms, providing insight 
into the pathways that govern physiology, stress response, digestibility and sustainability. Here, we combine 
high-throughput metabolic analysis with genetic and trait mapping to identify the genomic regions, and 
ultimately genes, that underlie variation in crucial traits.  

We developed a F2 switchgrass population, constructed a high-density genetic map, and generated 
metabolic profiles for a subset of 152 switchgrass F2 progeny using gas chromatography-mass spectrometry 
(GCMS). Quantitative Trait Loci (QTL) analysis associated these metabolomic signatures with 
recombination patterns in our genetic map, with 134 significant QTL for 101 metabolomic compounds, 
including compounds involved in lignin and stress response pathways. In particular, we found 9 lignan 
compounds with overlapping peaks on Chromosome 2N, explaining up to 77% of metabolite concentration, 
and identified 4 monolignol diversification candidate genes. Additionally, 4-O-coumaroyl- and 4-O-
caffeoyl quinic acids shared a significant peak on Chromosome 3N.  A candidate gene underlying this QTL 
varies with ecotype, with upland genotypes having low expression and numerous mutations and deletions.  
In vitro profiling of its biochemical activity confirmed that quinic acid is the preferred substrate.  Similar 
analyses, combining genomic analysis, RNASeq, sequencing, CRISPR-Cas9 knockouts, and gene substrate 
affinity analysis, are being carried out to identify candidate genes underlying metabolomic variation for 
other mQTL.  Understanding the genomic regulation of diverse primary and secondary metabolites provide 
insight into switchgrass recalcitrance, herbivore and disease resistance, drought tolerance, and other 
emergent sustainability and biomass traits. 
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Project Goals: The Center for Bioenergy Innovation (CBI) vision is to accelerate domestication of 
bioenergy-relevant, non-model plants and microbes to enable high-impact innovations at multiple points 
in the bioenergy supply chain. CBI addresses strategic barriers to the current bioeconomy in the areas 
of 1) high-yielding, robust feedstocks, 2) lower capital and processing costs via consolidated 
bioprocessing (CBP) to specialty biofuels, and 3) methods to create valuable byproducts from the 
lignin. CBI will identify and utilize key plant genes for growth, composition and sustainability 
phenotypes as a means of achieving lower feedstock costs, focusing on poplar and switchgrass. We 
will convert these feedstocks to specialty biofuels (C4 alcohols, C6 esters and hydrocarbons) using 
CBP at high rates, titers and yield in combination with cotreatment, pretreatment or catalytic 
upgrading. CBI will maximize product value by in planta modifications and biological funneling of 
lignin to value-added chemicals.  
 
 
Reductive catalytic fractionation (RCF) has emerged as a promising technique to extract and depolymerize 
lignin, an oxygenated aromatic polymer making up 15-30% of all biomass and the largest natural source of 
aromatic hydrocarbons.1 RCF is a 2-step process, extracting lignin from whole biomass with a polar-protic 
solvent, and then selectively cleaving C-O ether bonds using a hydrogen donor and a heterogeneous 
catalyst.2 When operating at complete ether bond cleavage at the catalyst, the lignin yields and product 
distributions are determined by the distribution of C-O and C-C linkages between monolignols present in 
native lignin in the plant.3 Thus, to improve overall lignin utilization we must optimize the lignin structure 
in the plant to decrease heterogeneity in the product distribution. Unfortunately, targeted genetic 
improvements are not yet possible as the causal relationships between genes and lignin structure are not 
well understood at present.  
 
Genome wide association mapping studies (GWAS) are a powerful tool to leverage the species-wide 
variability contained in a collection of individual organisms to draw links between naturally occurring 
genetic mutations and phenotypes.4 We have designed and tested a 24-well reactor plate along with work-
up protocols capable of performing high-throughput RCF – which we will use to analyze over 1000 poplar 
trees (Populus trichocarpa) with unique genotypes. Using LC-MS/MS, NMR and GC-FID, we can obtain 
high-quality quantitative data on lignin structure at a fine chemical scale to elucidate 1) which genotypes 
lead to exceptional lignin extraction and depolymerization and 2) whether certain genotypes contain unique 
and advantageous lignin chemistry that has yet to be discovered. Applying the GWAS analysis technique, 
we can relate these unique traits to the specific genes that drive favorable lignin biosynthesis. This 
presentation will demonstrate the proof-of-concept experimental design for our high throughput system, 
described above, and the reliability of the data which can be generated and fed into the GWAS pipeline. 
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Project Goals: The Center for Bioenergy Innovation (CBI) vision is to accelerate domestication 
of bioenergy-relevant, non-model plants and microbes to enable high-impact innovations at 
multiple points in the bioenergy supply chain. CBI addresses strategic barriers to the current 
bioeconomy in the areas of 1) high-yielding, robust feedstocks, 2) lower capital and 
processing costs via consolidated bioprocessing (CBP) to specialty biofuels, and 3) methods 
to create valuable byproducts from the lignin. CBI will identify and utilize key plant genes 
for growth, composition and sustainability phenotypes as a means of achieving lower 
feedstock costs, focusing on poplar and switchgrass. We will convert these feedstocks to 
specialty biofuels (C4 alcohols, C6 esters and hydrocarbons) using CBP at high rates, titers 
and yield in combination with cotreatment, pretreatment or catalytic upgrading. CBI will 
maximize product value by in planta modifications and biological funneling of lignin to value-
added chemicals.  
 
The phenylpropanoid pathway is responsible for the synthesis of a wide variety of bioactive chemicals, 
including lignin, p-coumaric acid, and flavonoids. However, genetic mechanisms regulating the carbon 
flux towards desirable molecules remain largely unknown. In order to maximize valuable bioproducts 
yield in biomass feedstocks, we leveraged the genomic and genetic resources of Populus trichocarpa 
genome-wide association studies (GWAS) population to identify and characterize genes and specific 
alleles underlying the regulation of phenylpropanoid biosynthesis. Furthermore, we extended Populus 
discoveries to other bioenergy feedstocks through cross-species studies.  
 
By taking a GWAS approach using ~1,000 P. trichocarpa natural variants, we have linked one Populus 
5-enolpyruvylshikimate 3-phosphate (EPSP) synthase gene (named PtrEPSP-TF) to lignin 
biosynthesis. Subsequently, our Omics analyses of Populus transgenic lines overexpressing PtrEPSP-
TF and biochemical characterization of PtrEPSP-TF protein revealed that PtrEPSP-TF carries a DNA-
binding helix-turn-helix motif and functions as a transcriptional regulator of the phenylpropanoid 
pathway upstream of MYB46 (Xie et al., 2018). Meanwhile, our GWAS analysis led to the 
identification of high-impact single nucleotide polymorphisms (SNPs) in the PtrEPSP-TF gene. 
Biochemical and transactivation analyses demonstrated that one of these high-impact SNPs resulted in 
the substitution of 142nd amino acid and dramatically impairs the DNA-binding and transcriptional 
activity of PtrEPSP-TF (Xie et al., 2020). These discoveries provide molecular targets for genetic 
engineering and genome-editing to regulate phenylpropanoid biosynthesis to improve biomass 
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feedstocks characteristics. We continue to utilize our discoveries to identify new regulators of the 
phenylpropanoid pathway and to gain mechanistic understanding of their regulatory actions.          
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Project Goals: The Center for Bioenergy Innovation (CBI) vision is to accelerate 
domestication of bioenergy-relevant, non-model plants and microbes to enable high-impact 
innovations at multiple points in the bioenergy supply chain. CBI addresses strategic barriers 
to the current bioeconomy in the areas of 1) high-yielding, robust feedstocks, 2) lower capital 
and processing costs via consolidated bioprocessing (CBP) to specialty biofuels, and 3) 
methods to create valuable byproducts from the lignin. CBI will identify and utilize key plant 
genes for growth, composition and sustainability phenotypes as a means of achieving lower 
feedstock costs, focusing on poplar and switchgrass. We will convert these feedstocks to 
specialty biofuels (C4 alcohols, C6 esters and hydrocarbons) using CBP at high rates, titers 
and yield in combination with cotreatment, pretreatment or catalytic upgrading. CBI will 
maximize product value by in planta modifications and biological funneling of lignin to value-
added chemicals.  
 
Catechyl (C) lignin, discovered by our team in 2012 in the seed coats of diverse non-crop species 
[1,2], holds promise as a high-value co-product in biorefining [3,4] due to its more linear polymer 
structure. A CBI goal is to understand the biosynthetic pathway to C-lignin and develop strategies to 
introduce the polymer into cell walls of CBI target species (poplar and switchgrass) through genetic 
engineering without compromising plant growth performance. Lignin biosynthesis switches from 
formation of classical guaiacyl (G) lignin to C-lignin during development of the seed coat of the 
plant Cleome hassleriana. We are using molecular genetics to better understand C-lignin 
biosynthesis in Cleome seeds [5] and construct this pathway in vascular tissues of bioenergy crops. 
Our results suggest that: i) the transcriptional repression of monolignol O-methyltransferases coupled 
with expression of specific forms of cinnamyl alcohol dehydrogenase and laccase underlie the switch 
to C-lignin, ii) young seedlings of Medicago truncatula naturally produce C-lignin and its level was 
doubled by co-disruption of the genes COMT and CCoAOMT, and iii) C-lignin accumulation is 
limited by both the provision of the caffeyl alcohol monomer and the initiation of its polymerization 
by specific laccases. Future work with transgene constructs and isotopic experiments with labeled 
caffeyl alcohol have been designed to test the role of specific laccases on C-lignin biosynthesis. 
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of 1) high-yielding, robust feedstocks, 2) lower capital and processing costs via consolidated 
bioprocessing (CBP) to specialty biofuels, and 3) methods to create valuable byproducts from the 
lignin. CBI will identify and utilize key plant genes for growth, composition and sustainability 
phenotypes as a means of achieving lower feedstock costs, focusing on poplar and switchgrass. We 
will convert these feedstocks to specialty biofuels (C4 alcohols, C6 esters and hydrocarbons) using 
CBP at high rates, titers and yield in combination with cotreatment, pretreatment or catalytic 
upgrading. CBI will maximize product value by in planta modifications and biological funneling of 
lignin to value-added chemicals.  
 
An ideal bacterium for industrial bioconversions would rapidly assimilate varied potential feedstocks, 
withstand extreme environmental conditions, and efficiently generate a useful product. Each of these 
desirable traits is highly polygenic, with multiple alleles making quantitative contributions to the 
overall phenotype. The pangenome of a bacterial species is expected to have more beneficial alleles 
than would be present in any individual isolate; for example, two strains evolve independent 
mechanisms (and alleles) that increase inhibitor tolerance. Therefore, identifying and recombining 
alleles between strains can improve performance.  
 
Pseudomonas putida is an attractive host organism for the conversion of lignocellulose to specialty 
biofuels due to its natural ability to tolerate and metabolize lignin-derived aromatic monomers. We 
are optimizing methods for genome shuffling of Pseudomonas putida strains displaying desirable 
traits. For selectable phenotypes of interest, such as tolerance to inhibitory chemicals found in 
depolymerized substrates (e.g., biomass hydrolyzates), we can directly select improved progeny and 
identify the causal genetic changes. Additionally, measuring genotypes and phenotypes across a 
panel of shuffled progeny allows the mapping of genetic determinants for non-growth-associated 
phenotypes such as product formation. These genetic loci can then be used as targets for rapid future 
rational engineering efforts.   
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Project Goals: The Center for Bioenergy Innovation (CBI) vision is to accelerate domestication of 
bioenergy-relevant, non-model plants and microbes to enable high-impact innovations at multiple 
points in the bioenergy supply chain. CBI addresses strategic barriers to the current bioeconomy in 
the areas of 1) high-yielding, robust feedstocks, 2) lower capital and processing costs via 
consolidated bioprocessing (CBP) to specialty biofuels, and 3) methods to create valuable 
byproducts from the lignin. CBI will identify and utilize key plant genes for growth, composition 
and sustainability phenotypes as a means of achieving lower feedstock costs, focusing on poplar and 
switchgrass. We will convert these feedstocks to specialty biofuels (C4 alcohols, C6 esters and 
hydrocarbons) using CBP at high rates, titers and yield in combination with cotreatment, 
pretreatment or catalytic upgrading. CBI will maximize product value by in planta modifications 
and biological funneling of lignin to value-added chemicals.  
 
Clostridium thermocellum is a cellulolytic, thermophilic anaerobic bacterium and is a candidate organism 
for the consolidated bioprocessing of lignocellulosic biomass into biofuels. Metabolic engineering of C. 
thermocellum is necessary to improve yields and titers of biofuels products such as ethanol and butanol. 
With respect to ethanol, C. thermocellum has already been engineered to produce ethanol at yields 
upwards of 80% of theoretical maximum.  However, maximum ethanol titers from different engineered 
strains of C. thermocellum tend to be limited to ~30 g/L.  Our present challenge therefore is to engineer 
for higher ethanol titer. 

Past metabolic engineering attempts in C. thermocellum have most focused on altering the metabolic 
pathways between pyruvate and ethanol. In this work, we first present recent experimental evidence and 
thermodynamic analyses of C. thermocellum metabolism, which show that C. thermocellum’s glycolytic 
pathway appears to have less thermodynamic driving force that of other ethanol-producing 
microorganisms, such as yeast, engineered Escherichia coli and Thermoanaerobacterium 
saccharolyticum, and Zymomonas mobilis.  These findings lead us to the hypothesis that thermodynamic 
limitations, and not biophysical inhibition, are limiting further improvements to improving ethanol titer.  
In particular, these analyses have identified that the pyrophosphate-dependent 6-phosphofructokinase 
(PPi-PFK) and phosphoenolpyruvate to pyruvate reactions in C. thermocellum – represented by the 
pyruvate:phosphate dikinase and malate shunts –  as high priority targets to be replaced with more 
thermodynamically favorable reactions, such as the ATP-dependent 6-phosphofructokinase (ATP-PFK) 
and pyruvate kinase (PYK) reactions, respectively 
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Acting upon the aforementioned conclusions, we also present here our metabolic engineering efforts to 
improve thermodynamic driving force of C. thermocellum glycolysis.  A major hurdle that had to be 
overcome was that pyrophosphate (PPi) was both an essential cofactor in glycolysis, and also a potent 
inhibitor of biosynthetic reactions.  Achieving the ATP-PFK and PYK replacements necessitated not only 
identifying and eliminating the non-biosynthetic source of PPi from C. thermocellum, but also required us 
to completely uncouple PPi turnover from sugar metabolism.  We have been successful at removing 
pyrophosphate’s role from C. thermocellum glycolysis and have demonstrated that the modifications do 
in fact lead to a less reversible glycolysis.  This engineered strain of C. thermocellum is one significant 
step closer to possessing the metabolism of ethanol producers, while still retaining its cellulolytic 
capabilities. 
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Project Goals: The Center for Bioenergy Innovation (CBI) vision is to accelerate 
domestication of bioenergy-relevant, non-model plants and microbes to enable high-impact 
innovations at multiple points in the bioenergy supply chain. CBI addresses strategic barriers 
to the current bioeconomy in the areas of 1) high-yielding, robust feedstocks, 2) lower capital 
and processing costs via consolidated bioprocessing (CBP) to specialty biofuels, and 3) 
methods to create valuable byproducts from the lignin. CBI will identify and utilize key plant 
genes for growth, composition and sustainability phenotypes as a means of achieving lower 
feedstock costs, focusing on poplar and switchgrass. We will convert these feedstocks to 
specialty biofuels (C4 alcohols, C6 esters and hydrocarbons) using CBP at high rates, titers 
and yield in combination with cotreatment, pretreatment or catalytic upgrading. CBI will 
maximize product value by in planta modifications and biological funneling of lignin to value-
added chemicals.  
 
Xylans are a family of hemicellulosic polysaccharides found within the cell walls of many plants 
and algal species and consist of a linear backbone of β 1,4 linked xylosyl residues that are often 
substituted with other glycosyl or acetyl substituents. Xylans are known to interact with cellulose 
and lignins in the plant cell wall and are a known contributor to biomass recalcitrance to 
enzymatic conversion for fuels and products.  
 
Here we demonstrate the ability of a recombinantly expressed xylan synthase to produce xylan 
microcrystalline aggregates with a well-defined morphology in vitro, using UDP-xylose as a 
glycosyl donor and short xylan oligosaccharides as acceptors. We have investigated the 
conditions under which these aggregates form and the kinetics of these aggregation events with 
varied acceptor concentrations. Microcrystals produced from the enzymatic polymerization and 
aggregation of xylan chains appear to form hexagonal structures with an average diameter of 6-8 
µM; these microcrystals exhibit birefringent properties when subjected to cross-polarized light. 
Furthermore, xylan microcrystal crystallinity, morphology, and properties are influenced by fine 
structural elements, such as the structure of sidechain branching on the xylan acceptor. Together, 
these results suggest a route to new biobased materials and help to inform our understanding of 
polysaccharide dynamics and interactions. 
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Project Goals: The Center for Bioenergy Innovation (CBI) vision is to accelerate domestication of 
bioenergy-relevant, non-model plants and microbes to enable high-impact innovations at multiple points 
in the bioenergy supply chain. CBI addresses strategic barriers to the current bioeconomy in the areas 
of 1) high-yielding, robust feedstocks, 2) lower capital and processing costs via consolidated 
bioprocessing (CBP) to specialty biofuels, and 3) methods to create valuable byproducts from the 
lignin. CBI will identify and utilize key plant genes for growth, composition and sustainability 
phenotypes as a means of achieving lower feedstock costs, focusing on poplar and switchgrass. We 
will convert these feedstocks to specialty biofuels (C4 alcohols, C6 esters and hydrocarbons) using 
CBP at high rates, titers and yield in combination with cotreatment, pretreatment or catalytic 
upgrading. CBI will maximize product value by in planta modifications and biological funneling of 
lignin to value-added chemicals.  
 
The valorization of lignin—an abundant, recalcitrant, and heterogeneous polymer in plant cell walls—is 
critical to enable the bioeconomy. Biological funneling of lignin-derived aromatic compound mixtures to 
single value-added products via engineered Pseudomonas putida KT2440 has emerged as a means to 
overcome heterogeneity. However, the spatial organization of lignin catabolism remains unclear, yet has 
implications for metabolic engineering strategies as well as our collective knowledge of nutrient acquisition 
by soil bacteria. Here, we first explore spatiotemporal dynamics of the P. putida exoproteome during 
cultivation on lignin-rich media. We observe that many enzymes with known and putative roles in aromatic 
catabolism are selectively packaged into outer membrane vesicles (OMVs) from early to late stationary 
phase, corresponding to the shift from bioavailable carbon to oligomeric lignin as a carbon source. 
Functional assays demonstrate that enzymes contained in the OMVs are active and catabolize aromatic 
compounds, which supports OMV-mediated extracellular breakdown of lignin-derived aromatics as a 
strategy for nutrient acquisition by soil bacteria. Second, we present the discovery that two undescribed 
proteins in P. putida are important to the uptake of p-coumarate and ferulate, which are abundant 
hydroxycinnamic acids in plant cell walls. Together, these works improve our understanding of the spatial 
distribution of lignin-derived aromatic catabolism and seek to support improved efficiency of microbial 
lignin conversion.  
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Project Goals: The Center for Bioenergy Innovation (CBI) vision is to accelerate domestication 
of bioenergy-relevant, non-model plants and microbes to enable high-impact innovations at 
multiple points in the bioenergy supply chain. CBI addresses strategic barriers to the current 
bioeconomy in the areas of 1) high-yielding, robust feedstocks, 2) lower capital and 
processing costs via consolidated bioprocessing (CBP) to specialty biofuels, and 3) methods 
to create valuable byproducts from the lignin. CBI will identify and utilize key plant genes 
for growth, composition and sustainability phenotypes as a means of achieving lower 
feedstock costs, focusing on poplar and switchgrass. We will convert these feedstocks to 
specialty biofuels (C4 alcohols, C6 esters and hydrocarbons) using CBP at high rates, titers 
and yield in combination with cotreatment, pretreatment or catalytic upgrading. CBI will 
maximize product value by in planta modifications and biological funneling of lignin to value-
added chemicals.  
 
Clostridium thermocellum is one of the most efficient microorganisms for the deconstruction of 
biomass. To achieve this high level of cellulolytic activity, C. thermocellum uses large 
multienzyme complexes known as cellulosomes to breakdown polysaccharides found in plant cell 
walls. The attachment of C. thermocellum bacterial cells to the nearby substrate via the 
cellulosome has been hypothesized to be the reason for this high efficiency. The region lying 
between the cell and the substrate can show great variation and dynamics that is affected by the 
growth stage of cells and the substrate used for growth. Many aspects of plant cell wall 
deconstruction by cellulolytic bacteria that directly bind to solid substrates remain unknown and 
resolving this knowledge gap is crucial for consolidated bioprocessing (CBP) applications. It is 
imperative to obtain a better fundamental understanding of the interactions that exist between the 
cellulosomes, bacteria, and the substrate.  To address this question, we are utilizing unlimited 
diffraction microscopy (super resolution microscopy) to probe the distribution of cellulosomes at 
the microbial substrate interface. Using this technique in conjunction with density-based spatial 
clustering of applications with noise (DBSCAN), initial results demonstrate an increase in 
concentration of cellulosomes at the interface between the bacterium and the biomass substrate 
suggesting this increased concentration is an anchoring point between the bacterium and the 
substrate allowing other cellulosomes to be shuttled onto the biomass substrate. 
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Project Goals: The Center for Bioenergy Innovation (CBI) vision is to accelerate 
domestication of bioenergy-relevant, non-model plants and microbes to enable high-impact 
innovations at multiple points in the bioenergy supply chain. CBI addresses strategic barriers 
to the current bioeconomy in the areas of 1) high-yielding, robust feedstocks, 2) lower 
capital and processing costs via consolidated bioprocessing (CBP) to specialty biofuels, and 
3) methods to create valuable byproducts from the lignin. CBI will identify and utilize key 
plant genes for growth, composition and sustainability phenotypes as a means of achieving 
lower feedstock costs, focusing on poplar and switchgrass. We will convert these feedstocks 
to specialty biofuels (C4 alcohols, C6 esters and hydrocarbons) using CBP at high rates, 
titers and yield in combination with cotreatment, pretreatment or catalytic upgrading. CBI 
will maximize product value by in planta modifications and biological funneling of lignin to 
value-added chemicals.  
 
The question “What biocatalysts are most effective at cellulosic biomass deconstruction?” is of 
considerable fundamental interest, foundational for developing processes for biological conversion of 
cellulosic biomass, and surprisingly unresolved given the decades of research devoted to the field. 
Recently, substantial differences in solubilization capability have been demonstrated1,2 and 
Clostridium thermocellum has been shown to be several-fold more effective than a commercial 
fungal cellulase preparation at solubilizing several feedstocks under a broad range of conditions.1,2,3   
  
Lignocellulose-fermenting enrichments (aka microbiomes) contain a diversity of cellulolytic 
microbes and cellulase genes.4 While product formation in such microbiomes is difficult to control, 
their performance and composition provide a “compass” for developing biofuel production systems 
featuring defined cultures. 
 
We report here a multi-level investigation of lignocellulose-fermenting microbiomes, featuring: 
− A stable, semi-continuous, thermophilic, anaerobic, methanogenic microbiome was established 

and operated at a 10-day residence time and increasing solids loading.  Carbohydrate 
solubilization was undiminished with increasing solids loading up to 150 g/L, providing a value 
proof of biological capability. 

− A new framework was developed, validated and applied that provides unprecedented insights 
into the comparative reactivity of lignocellulose substrates and the comparative effectiveness of 
biocatalysts at mediating lignocellulose solubilization. 

− Using this framework, it was demonstrated that both a lab strain of Clostridium thermocellum 
and a prominent cellulolytic isolate obtained from the microbiome have equal ability to access 
lignocellulose and do so over 2-fold faster than the complex microbiome.  This contrasts sharply 
with conventional wisdom that microbiomes will solubilize complex biomass more rapidly and 
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completely due to an increased diversity of potential degradative mechanisms; this observation 
awaits explanation.  

− For the first time a comprehensive microbial gene catalog with 1 million genes has been created 
to give a more complete picture of the functional potential of the microbiome in the digestion of 
switchgrass 

− This study revealed that the functional activity of an anaerobic microbiome, both in terms of 
protein abundances as well as taxonomic activity, varies significantly during solubilization of the 
same lignocellulosic biomass across various substrate loadings.   
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Project Goals: The Center for Bioenergy Innovation (CBI) vision is to accelerate 
domestication of bioenergy-relevant, non-model plants and microbes to enable high-impact 
innovations at multiple points in the bioenergy supply chain. CBI addresses strategic barriers 
to the current bioeconomy in the areas of 1) high-yielding, robust feedstocks, 2) lower capital 
and processing costs via consolidated bioprocessing (CBP) to specialty biofuels, and 3) 
methods to create valuable byproducts from the lignin. CBI will identify and utilize key plant 
genes for growth, composition and sustainability phenotypes as a means of achieving lower 
feedstock costs, focusing on poplar and switchgrass. We will convert these feedstocks to 
specialty biofuels (C4 alcohols, C6 esters and hydrocarbons) using CBP at high rates, titers 
and yield in combination with cotreatment, pretreatment or catalytic upgrading. CBI will 
maximize product value by in planta modifications and biological funneling of lignin to value-
added chemicals.  
 
 
Populus trichocarpa is an undomesticated woody species with high potential as a bioenergy feedstock, 
however, its long breeding cycle slows our ability to develop improved varietals. To rapidly improve 
biomass yield per hectare we need to optimize gains per generation. Sustainable and uniform yield is a 
highly complex conglomerate of traits, so genetically modifying or selecting for a few key loci is unlikely 
to achieve our goals. Genomic Selection1 however, models the genetic (breeding) value of genome-wide 
variants on target traits in a training population. Parents from a breeding population are then selected solely 
on their aggregate genetic value for those traits. Furthermore, the same model can be used to predict progeny 
phenotypes well before they reach maturity, allowing early culling and rapid cycle times based on the 
genotype.  
 
To this end, we are implementing an annual genomic selection to select high performing parents based on 
a multi-trait genomic best linear unbiased prediction (GBLUP) index that captures the goals of improved 
biofuel feedstocks. As a compliment to GBLUP, the CBI computational biology group is applying 
explainable machine learning models in order to incorporate non-linear relationships between genetic 
variants (epistasis) and between genetics and environment (GxE) into predictive models. These predictions 
are being utilized and tested in a cross of poplar parentals. Additionally, we have developed a computational 
pipeline that generates virtual recombinant progeny from a given cross, thus allowing a machine-learning 
prediction of progeny performance as a result of prospective parental selections and crosses.  
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Project Goals: The Center for Bioenergy Innovation (CBI) vision is to accelerate domestication 
of bioenergy-relevant, non-model plants and microbes to enable high-impact innovations at 
multiple points in the bioenergy supply chain. CBI addresses strategic barriers to the current 
bioeconomy in the areas of 1) high-yielding, robust feedstocks, 2) lower capital and 
processing costs via consolidated bioprocessing (CBP) to specialty biofuels, and 3) methods 
to create valuable byproducts from the lignin. CBI will identify and utilize key plant genes 
for growth, composition and sustainability phenotypes as a means of achieving lower 
feedstock costs, focusing on poplar and switchgrass. We will convert these feedstocks to 
specialty biofuels (C4 alcohols, C6 esters and hydrocarbons) using CBP at high rates, titers 
and yield in combination with cotreatment, pretreatment or catalytic upgrading. CBI will 
maximize product value by in planta modifications and biological funneling of lignin to value-
added chemicals.  
 
Populus is an important commercial crop and one of the leading candidates for bioenergy production; 
however, the commercial use of Populus is easily impacted by abiotic and biotic stresses such as 
drought, nitrogen limitation as well as major pathogens (e.g. rust fungi, Melampsora). In order to 
maximize sustainable Populus biomass production, we proposed to engineer microbial community to 
alleviate stresses and nutrient deficiency limiting growth and productivity using native microbial 
collection. We assembled a fungal-bacterial community that benefit each other and are symbionts of 
Populus. At field scale, we demonstrated these beneficial microbes are stable in soil and Populus roots 
(after two years) while they increase plant yield of 30%. We also observed that this microbial treatment 
significantly reduces the severity of drought and infection of rust pathogens (Melampsora spp.).  
 
As a consequence of this result, we further investigated the effect of the beneficial microbes during 
drought and Melampsora infection in Populus. There is little known on the role of beneficial root 
microbes in the modulation of drought in poplar and in poplar immune system to decrease susceptibility 
to leaf pathogens. We performed greenhouse experiments under well-watered and drought conditions 
and identified how beneficial microbes enhanced plant tolerance under water stress. In parallel, we 
employ closed microcosm system with beneficial microbial inoculants and sterile Populus plant treated 
with or without the rust pathogen. Thus, coupling transcriptomic and metabolomic approaches, we aim 
to characterize the defense-related metabolites and genes primed in poplar by beneficial microbes and 
to identify specific-defense microbial metabolite produced or transferred to the plant partner. This 
pioneer work contributes to the understanding of the molecular mechanisms to alleviate impactful 
stresses in woody plants during beneficial associations to further exploit them and develop a 
sustainable bioenergy feedstock. 
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promiscuity to create novel metabolic pathways from primary metabolites  

Bradley W. Biggs1* (bradleybiggs2014@u.northwestern.edu), Tracey Dinh1, Matthew T. 
Robey,2 Catherine Majors1, Lindsay Caesar2, Neil L. Kelleher,2,3,4 Paul M. Thomas,4 Linda J. 
Broadbelt1, Keith E.J. Tyo1 

1Department of Chemical and Biological Engineering, Northwestern University, Evanston, IL; 
2Department of Molecular Biosciences, Northwestern University, Evanston, IL; 3Department of 
Chemistry, Northwestern University, Evanston, IL; and 4Proteomics Center of Excellence, 
Northwestern University, Evanston, IL 

https://pamspublic.science.energy.gov/CCBond  

Project Goals: The goal of this project is to characterize a library (>100) of thiamine-
diphosphate dependent carboligase enzymes against a diversity of α-ketoacid substrates to 
determine the reaction landscape of this family of enzymes using machine learning, to 
identify ideals candidate enzymes from this family for biosynthesis applications, and then 
to use this information to assembly favorable enzymatic pathways to target bioproducts.  

Abstract. Recent studies have demonstrated that enzyme promiscuity, the ability of an enzyme to 
accept non-native substrates and perform non-native chemistries, is widespread in nature. This 
provides an opportunity for biological engineers to both leverage this capacity for valuable 
chemical transformations and to hone desired activities. One particularly interesting family of 
enzymes to this end is thiamine-diphosphate dependent carboligases, which condense two α-
ketoacids (or aldehydes) to form new carbon-carbon bonds. Because of an abundance of α-
ketoacids in the central metabolism of common metabolic engineering hosts like Escherichia 
coli, this allows for possible assembly of new and favorable biochemical pathways to targets of 
interest. One-step condensations could generate more efficient routes to desired targets and 
access to novel molecules, including chiral compounds. Our goal is to characterize a library 
(>100) of carboligases, map their reactivity on a diversity of α-ketoacid substrates using machine 
learning, and then utilize promising enzyme candidates for biosynthesis applications. Here, we 
demonstrate ability to characterize this class of enzymes against a library α-ketoacids on our way 
to mapping the catalytic promiscuity of this enzyme family.  

This work is supported by DOE grant DE-SC0019339. 

 

 



Using machine learning to model promiscuous activity of thiamine diphosphate-dependent 
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Project Goals: The goal of this project is to develop a predictive machine learning model 
that will elucidate the catalytic landscape of thiamine-diphosphate dependent carboligase 
enzymes across the chemical space of a-ketoacid substrates. This model will be used to 
identify enzymes for biosynthetic applications and predict potential effects of selected 
enzymes on the E. coli metabolome. 

Abstract: Increasing recognition of non-canonical enzyme activity has revealed potential 
problems for heterologous expression; however, understanding the potential cell burden due to 
promiscuous enzyme activity remains a challenge. Toward this end, our team seeks to develop 
cheminformatics tools that predict enzyme substrate promiscuity and predict the resulting 
metabolomic consequences. Specifically, we focus on the biological activity of a family of 
thiamine-diphosphate dependent enzymes capable of catalyzing the condensation of a-ketoacids 
and aldehydes. Molecular fingerprints allow us to characterize the chemical space of a-ketoacid 
substrates, from which we sample and screen for enzyme activity in high-throughput. Using an 
active learning approach, we plan to train a support vector machine learning model on this 
bioactivity data. Robust models for each carboligase enzyme will not only allow us to identify 
novel biosynthetic reactions but also apply predicted promiscuous activity to genome-scale 
models of host organisms such as E. coli. We plan to carry out flux balance analysis to 
characterize effects of side reactions and select enzymes with minimal cell burden.  

 

This work is supported by DOE grant DE-SC0019339. 

 



 

Deep Green: Structural and Functional Genomic Characterization of Conserved Unannotated 
Green Lineage Proteins 
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Project Goals and Overview 
Sequence-homology and experimental approaches have enabled functional annotation of many plant and 
algal genes, but around half of the predicted proteins in most sequenced green-lineage genomes remain as 
unknowns, with no information on structure or function. While some of these unknown proteins are lineage-
specific or even species-specific, a sizable number are conserved within the Viridiplantae (green algae + 
land plants) or within large sub-groups of plants (e.g. monocots, dicots). These unknown conserved proteins 
are likely to play important roles in core plant biological processes. Through this project, we will establish 
a pipeline and associated databases for structural prediction and functional characterization of plant proteins 
of unknown function (Deep Green proteins), including around 500 unknown proteins from the model dicot 
Arabidopsis thaliana (Arabidopsis) and/or the model C4 bioenergy monocot Setaria viridis (Setaria) with 
homologs in the model green alga Chlamydomonas reinhardtii (Chlamydomonas), where we can perform 
high throughput functional genomics screening. This project leverages expertise in structural genomics and 
high-performance bioinformatics computing from team members at the National Renewable Energy 
Laboratory (NREL), omics-based computational predictions from team members at University of Missouri 
(MU), and algal and plant functional genomics expertise from team members at Donald Danforth Plant 
Science Center. 

The Deep Green project is divided into five major objectives to characterize and annotate unknown plant 
proteins, which include 1) Assembly and ongoing curation of the Deep Green candidate protein set; 2) in 
silico structural predictions and network analyses to assign structures and predict function; 3) Assembly 
and curation of reverse genetic resources in Chlamydomonas; 4) functional genomics characterization and 
prioritization in Chlamydomonas; and 5) structural validation of selected candidates and functional 
validation in two important reference plants, Arabidopsis and Setaria.  

The rich new data resources produced under the Deep Green project will be curated in one or more public 
databases, including DOE-supported KBase. These data will help guide researchers in investigating the 
contribution of conserved unknown proteins to diverse aspects of photosynthetic biology that impact 
photosynthesis, biomass accumulation, and stress responses. This work will also help fill a major gap in the 
annotation for large sets of plant proteins whose structures and functions have not yet been characterized, 
and which represent a relatively untapped resource for bioenergy and synthetic biology applications that 
underlie the DOE mission.   

 

This material is based upon work supported by the U.S. Department of Energy, Office of Science, Office 
of Biological and Environmental Research, under Award Number DE-SC0020400. 
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Project Goals 
This project combines computational approaches, e.g., machine learning, network inference and 
phylogenomics, with molecular approaches, e.g., metabolite profiling and ChIP-Seq, to find novel 
transcription factors (TF) that regulate traits of agronomic or biofuel interest. This project focuses 
on the biofuel trait of seed oil synthesis as a proof of concept that is extensible to any 
agronomic/biofuel trait of interest. This project focuses on regulation of a biological process of 
interest (e.g., lipid biosynthesis) in an organ specific manner (e.g., in seeds) and by estimating the 
likelihood of a given TF being redundant in its function (Aim 1). We then validate our functional 
predictions, using transgenic lines (Aim 2), via phenotypic assays (Aim 3a) and by identifying the 
specific targets these TFs regulate (Aim 3b). Finally, we translate the validated TF regulation 
knowledge gained in a model species (Arabidopsis) to biofuel crops (e.g., Camelina sativa) (Aim 
4).  

Project Goals 

This DOE project focuses on the seed lipid biosynthesis trait as a proof-of-concept and aims to 
identify multiple novel regulators of this trait. For a given trait of interest, we predict novel TF 
regulators by leveraging the power of large expression data sets in a model species and then 
translate that knowledge to a target biofuel species for immediate benefit to the DOE mission. Two 
of the principal challenges in determining gene function are: 1. Subtle phenotypes that occur in 



organ and/or developmental stage specific manner and 2. Functional redundancy among gene 
family members masks phenotypic effects via genetic or dosage compensation. The data and 
algorithms developed in this project should prove valuable to any research group interested in 
discovering novel TF regulators of any plant process. This project provides the data and tools to 
discover such regulators in the model plant Arabidopsis as well as a computational pipeline to 
translate the knowledge gained in Arabidopsis to a biofuel species. 

Progress 

Gene regulator network inference [1] from public RNA-Seq data (Aim 1) identified the top 
predicted regulators of seed lipid biosynthesis. This list included four known regulators of this 

process in the top 10 
predicted TFs and many 
novel TFs that are predicted 
to have a strong influence on 
seed lipid biosynthesis. We 
have identified and collected 
mutant lines in most of the 
novel TFs and are in the 
process of phenotyping them 
to detect changes in seed lipid 
profile. In addition efforts to 
generate over-expression 
lines for each of these 
candidate TFs is ongoing.  

In parallel, we have built 
node-vicinity-networks 

(NVNs) for each of these TFs 
from the full gene expression 
data set (n=15,251). These 
NVNs are being used to 

identify non-redundant TFs and prioritize those for phenotyping assays. 

References 
1. Huynh-Thu, V.A., A. Irrthum, L. Wehenkel and P. Geurts, Inferring regulatory networks from 
expression data using tree-based methods. PLoS One, 2010. 5(9). 
 
The InferNet grant is supported by the Genomics Science program within the Office of Biological 
and Environment Research in the DOE Office of Science. 

Lipid profiling provides quantitative and qualitative assays of 
seed oil content. A. Sample trace of fatty acid methyl esters 
from 100 seeds. B. Total triaclglycerides detected in Col-0 seed 
samples of different sizes shows that extraction of fatty acids 
is quantitative. C. Fatty acid composition profiles of wild type 
(wt50) and a line carrying a mutation in a histone modifier (cli).  



Dynamic Genome-Scale Metabolic Network Modeling for a Novel Methanotroph-

Cyanobacteria Coculture 
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Alexander S Beliaev2, Marina Kalyuzhnaya3 and Jin Wang1  
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Project Goals: In nature, microbial communities have developed a highly efficient way to recover 
energy and capture carbon from both CH4 and CO2 through interspecies coupling of methane 
oxidation to oxygenic photosynthesis. However, in order to successfully utilize mixed culture for 
biotechnology applications, both fundamental knowledge and technological gaps have to be 
addressed. The knowledge gap refers to the lack of systematic study for identifying and quantifying 
the interactions between community members and how the interaction feedbacks affect system 
dynamics. The technological gap refers to the lack of effective methodology, and fast and low-
cost analytical tools to characterize mixed culture systems frequently or in real-time. The overall 
research objective is to help address those gaps through developing experimental/computational 
tools to characterize a synthetic photoautotroph-methanotroph binary consortium, to identify and 
validate interspecies interactions at both systems and cellular levels, and to engineer a model 
methanotroph-photoautotroph coculture pair for enhanced production of chemicals.  
Abstract: Biogas derived from organic waste streams through anaerobic digestion has immense 
potential as a renewable feedstock for producing high-density fuels and commodity chemicals. 
However, utilization of biogas represents a significant challenge due to its low pressure and 
presence of contaminants. In our previous research, we have clearly demonstrated that 
methanotroph-photoautotroph cocultures offer a flexible platform for efficient biological CH4-CO2 
coutilization. However, development of multi-organism platforms for commercial biogas 
conversion present significant challenges which center around our ability to control function and 
composition of species in the coculture. It has been well recognized that an essential tool for the 
optimization, design and analysis of the coculture based biogas conversion is the development and 
validation of kinetics models that can accurately describe and predict the co-culture growth under 
different conditions [1]. To this end, using Methylomicrobium buryatense - Arthrosipira platensis 
as the model coculture system, we have developed an unstructured model to capture the growth 
dynamics. Specifically, Monod-like models were developed to capture coculture growth. Two 
sources of substrate were considered in the model: gas transferred from gas phase and gas produced 
in situ.  In addition, we rely on the fitted maximum cell growth rate for both strains to capture other 
potential interactions. Using designed experiments and the developed model, we clearly 
demonstrated that the synergistic effect within the coculture cannot be fully explained by the in 

situ substrate exchange, and there must be other “metabolic links” to explain the significantly 
enhanced cell growth of both strains in the coculture.   

Dynamic Genome-Scale Metabolic Modeling of the methanotroph-cyanobacteria coculture 

In the era of omics big data, computational models are instrumental for turning different sources 
of data into valuable knowledge. Genome-scale metabolic models (GEMs) represent extensive 
knowledge bases that provide a platform for model simulations and integrative analysis of omics 
data. More importantly, it offers a convenient and powerful tool to test various hypothesis 
regarding “metabolic links” within the methanotroph-photoautotroph coculture. The GEMs, 



especially the dynamic GEMs, offer a comprehensive picture of cellular metabolism and serve as 
a bridge that can better link the work of microbiologists and engineers in understanding and 
optimizing complex cellular metabolism. By integrating the available knowledge on each strain 
with data obtained in our own experiments, we use DFBAlab to implement the dynamic GEM for 
the model coculture. In the dynamic coculture GEM, besides the GEMs for each individual strain, 
the key inputs to the DFBA model are the uptake kinetics for different substrates. In this work, the 
substrate update rates are provided from the unstructured dynamic model we already developed.  
Model validation was done through comparing model predicted product secretion rates and cell 
growth rates with experimental measurements over a course of batch coculture growth on biogas. 
It should be noted that obtaining accurate measurement of each species within the coculture is a 
highly challenging task. To address this challenges, we have developed an experimental-
computational protocol for easy, fast and accurate quantitative characterization of the synthetic 
coculture [2]. Besides determining the individual biomass concentration of each organism in the 
coculture, the developed protocol also obtains the individual consumption and production rates of 
O2 and CO2 for the methanotroph and cyanobacteria. Besides these measurements, the overall 
dynamic trajectory over time, both measured low-frequency samples and unstructured model 
predicted high-frequency samples, offers significantly power in validating the model. Figure 1 
compares the model predicted population ratio within the coculture for different inoculum ratios 
with measurements, with (a) from the unstructured kinetic model; (b) from the dynamic GEM. 

                
Fig. 1. Comparison of the population ratio within the coculture (cyanobacterium : methanotroph)  predicted 
by the model (lines) with measurements (dots). A. (left) from unstructured kinetic model; B. (Right) from 
the structured dynamic GEM. Both models correctly predicted that despite different inoculum ratios, after 
reaching steady state, the population ratio of the two strains converge to the same value. 

Publications: 

1. Badr K., Hilliard M., Roberts N., He Q.P. and Wang J. (2019), Photoautotroph-Methanotroph Coculture – A 
Flexible Platform for Efficient Biological CO2-CH4 Co-utilization, IFAC-PapersOnLine, 52 (1), 916-921; 

2. Stone K., He Q.P., & Wang J. (2019), Two Experimental Protocols for Accurate Measurement of Gas 
Component Uptake and Production Rates in Bioconversion Processes, Nature - Scientific Report, 9 (1), 5899 

Funding statement: This material is based upon work supported by the U.S. Department of 
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Program under Award Number DE-SC0019181; and by the U.S. Department of Education, 
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Project Goals: In nature, microbial communities have developed a highly efficient way to 
recover energy and capture carbon from both CH4 and CO2 through interspecies coupling of 
methane oxidation to oxygenic photosynthesis. However, in order to successfully utilize mixed 
culture for biotechnology applications, both fundamental knowledge and technological gaps have 
to be addressed. The knowledge gap refers to the lack of systematic study for identifying and 
quantifying the interactions between community members and how the interaction feedbacks 
affect system dynamics. The technological gap refers to the lack of effective methodology, and 
fast and low-cost analytical tools to characterize mixed culture systems frequently or in real-
time. The overall research objective is to help address those gaps through developing 
experimental/computational tools to characterize a synthetic photoautotroph-methanotroph 
binary consortium, to identify and validate interspecies interactions at both systems and cellular 
levels, and to engineer a model methanotroph-photoautotroph coculture pair for enhanced 
production of chemicals. 

Abstract: Paramount to the successful engineering of a synthetic photoautotroph-methanotroph 
consortia is a deep understanding of the physiology of native phototrophic and methane-
converting bacteria. Such knowledge can then be used to achieve optimal growth and carbon 
conversion of robust co-cultures of engineered cells. Methylomicrobium alcaliphilum 20ZR, is a 
methanotrophic bacterium able to utilize a range of C1 compounds whose physiology we are 
currently seeking to both catalog and optimize. This organism will then be used as a 
methanotrophic partner for construction of a robust synthetic photoautotroph-methanotroph 
binary consortium. Through a holistic study of M. alcaliphilum physiology, we aim to engineer a 
tunable system for construction of stable binary consortium for a multitude of applications in 
industrial biotechnology. Previous examples of this included the construction of a comprehensive 
metabolic framework of M. alcaliphilum1, allowing us to better understand the movement of 
carbon and energy through the cell1. Two current areas of focus are electron/energy flow during 
methane oxidation and multistep gene expression from transcription through translation. 

The first step of CH4 utilization by Methylomicrobium alcaliphilum employs the membrane 
bound particulate methane monooxygenase (pMMO) which uses O2 to oxidize CH4 to CH3OH 
for further processing. Also required by this enzyme is an electron pair, the source of which has 
been a point of contention among scientists. Our previous, metabolic modeling has led us to 
assert that electrons moving against their voltage gradient, or “uphill”, from cytochrome C 
through the bc1 complex are being supplied to pMMO for CH4 oxidation. To test this, we have 
measured the electron transfer activity of M. alcaliphilum intracytoplasmic membranes (ICMs) 
by monitoring the oxidation of cytochrome c in the presence of ICMs. Our preliminary results 
show that in the presence of a proton gradient, cytochrome c is oxidized by ICMs, even when 
cytochrome c oxidase is completely inhibited by KCN (Figure 1). These results seem to suggest 
that a proton gradient can be used to drive electrons uphill in ICMs. We are currently performing 
further experiments to implicate the bc1 complex in this observation. 



In addition to these studies we have set 
about expanding our ability to control the 
relative expression of genes within M. 

alcaliphilum.  Many regulatory elements 
exist within bacteria at both the transcription 
and translational levels. We have currently 
been investigating the effect that different 
promoters, ribosome binding sites, and 
codon usage biases have on gene regulation 
in M. alcaliphilum by measuring the 
expression of reporter genes containing 
these elements. Preliminary results have 
identified representative regulatory elements 
which can be used in combination with one 
another to build a tunable gene expression 
repertoire in M. alcaliphilum. The 
combination of multiple elements will allow 
for not only turning genes of interest on and 
off, but fine tuning the expression of genes 
over a spectrum gene product outputs. 

Our research activities will help us to increase carbon conversion efficiency in the 
methanotrophic partner as well as tune the expression of both endogenous and exogenous genes 
in relevant pathways. Using our engineered methanotroph in co-culture with optimize the 
efficiency of biogas conversion to value-added products. 

References 

1.    Akberdin, I. R., Thompson, M., Hamilton, R., Desai, N., Alexander, D., Henard, C. A., … & Kalyuzhnaya, 
 M. G. (2018). Methane utilization in Methylomicrobium alcaliphilum 20Z R: a systems approach. Scientific 

 Reports, 8(1), 2512.  
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Figure 1. Oxidation of reduced cytochrome c in 

the presence of isolated M. alcaliphilum ICMs. 

Cytochrome c oxidation was monitored by measuring 
the decrease in Abs550 over time.  
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Project Goals: To characterize the Sphagnum-diazotroph symbiosis by incorporating plant 
host Sphagnum and microbial genetic variation, variable climatic drivers, and complex 
communities that scale across biological organizations to regulate peatland carbon and 
nitrogen cycling. 
 
The importance of plant-microbiome systems on terrestrial carbon and nitrogen processes is 
perhaps most pronounced in Sphagnum dominated ecosystems, which occupy 3% of the Earth’s 
land surface yet store approximately 30% of terrestrial carbon as recalcitrant organic matter (i.e., 
peat). The foundation plant Sphagnum is responsible for much of the primary production in 
peatland ecosystems and produces recalcitrant dead organic matter. Sphagnum together with 
associated N2-fixing microorganisms, contributes substantial nitrogen inputs to peatlands. 
Sphagnum growth and production (carbon gain) depends, in part, on a symbiotic association with 
N2-fixing, diazotrophic microbes. Under changing environmental conditions, a central question 
about these ecosystems is whether the Sphagnum-diazotroph symbiosis will maintain its 
beneficial interaction, or will it shift to neutral or even antagonistic interactions that ultimately 
influence peatland carbon gain and storage. To begin to address this question, we initiated a 
project using synthetic communities, microbiome transfers, genotype-to-phenotype associations, 
and metabolic characterization to address two overarching hypotheses, 1) Genetic variation in 
Sphagnum host and associated diazotrophs play a key role in determining the environmental 
tipping point of beneficial symbiosis (i.e., environmental disruption), and 2) the surrounding 
microbiome can further adjust the tipping point through facilitation, competition, and 
antagonism. 
 
To address the first hypothesis, we developed a synthetic community approach where strains of 
symbiotic cyanobacteria and moss genotypes from our sequenced pedigree population of 186 
genotypes can be cultured together in symbiosis or separately and then cross-fed spent medium 
containing characterized exometabolites. Additionally, moss or cyanobacteria metabolite, 
metatranscriptomic and metaproteomic data were obtained. Using this approach, we were able to 
identify putative metabolites involved in nutrient and carbon transfer between community 
members. Specifically, we discovered the exchange of nitrogen- and sulfur-rich compounds 
between host and symbiotic cyanobacteria. 
 
In an effort to link our findings from synthetic communities to the broader Sphagnum phylogeny,  
we sequenced 15 additional Sphagnum species and applied phylogenetic analyses. We 
discovered three putative whole genome duplications, two large chromosomal inversions, and 



identified a potential hybridization event between hummock and hollow clades. Furthermore, we 
used gene family analysis to identify 15 genes under positive selection in hummock forming 
species including a sulfur transporter that was repressed in the cross-feeding study.   
 
To address the second hypothesis, we developed a microbiome transfer approach where field 
collected Sphagnum microbiomes, conditioned to three-years of elevated temperature (ambient + 
9 ˚C) or ambient temperature, were isolated and applied to germ-free tissue culture Sphagnum 
and exposed to temperature manipulations. Consistent over two consecutive years, we found that 
Sphagnum grows better at elevated temperatures when inoculated with a warming-conditioned 
microbiome than when inoculated with an ambient microbiome or no microbes at all. 
Metatranscriptome data revealed that changes in microbiome nitrogen, carbon, sulfur metabolism 
and heat shock response differed as a result of microbiome origin (i.e., conditioned to warming 
or ambient field temperature). On the plant side, expression of stress related genes, including 
those encoding heat shock genes, were reduced at elevated temperatures when in symbiosis with 
a microbiome originating from warm field conditions. Future experiments will apply these 
communities across sequenced moss pedigrees for identification of plant genes mediating 
beneficial microbial interactions. 
 
Funding: This material is based upon work supported by the U.S. Department of Energy, Office 
of Science, Office of Biological and Environmental Research, Early Career Research Program; 
and the DOE JGI Community Science Program 504399; and FICUS 504306. 
 



Development of emerging model microorganisms: Megasphaera elsdenii for 
biomass and organic acid upgrading to fuels and chemicals 
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The native ability of the Gram-positive bacterium, Megasphaera elsdenii, to efficiently 
generate C4 to C8 compounds via the condensation of acetyl-CoA makes it a 
compelling platform for the production of fuels and chemicals from lactate and plant 
carbohydrates. Our overall objective is to develop M. elsdenii for the conversion of 
lignocellulosic biomass sugars and organic acids into hexanol and other valuable 
chemicals. It produces organic acids including butyric (four carbon), hexanoic (six 
carbon), and in some cases octanoic (eight carbon) acids as major fermentation 
products when grown on lactate or glucose, likely via a chain elongation pathway using 
acetyl-CoA units. As carbon chain length increases, fuel properties improve, with the 
energy density increasing and hygroscopicity decreasing. We used DOE KBase to 
generate a metabolic reconstruction of the conversion of glucose and lactate to 
hexanoic acid in M. elsdenii and designed a strategy for engineering the strain. We 
developed the first methods for DNA transformation of two strains and have continued 
to develop genetic tools to enable more rapid and complex strain construction. Using a 
combination of heterologous genes for aldehyde dehydrogenase and butanol 
dehydrogenase in M. elsdenii, we have demonstrated production of butanol. We 
continue to engineer the strain to produce long chain carbon molecules at high yield 
and high titer and will present a progress report on those efforts. 
 
This work was supported by the U.S. Department of Energy, Office of Science, Office of 
Biological and Environmental Research, Genomic Science Program under Award 
Number DE-SC0019401 
 



Developing the yeast Kluyveromyces marxianus as a thermotolerant bioproduction host 
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Project Goals: This systems and synthetic biology project seeks to understand and engineer 
the native stress tolerance phenotypes of the yeast Kluyveromyces marxianus with the goal 
of developing a new synthetic biology chassis for fuel and chemical production. 

The non-conventional yeast Kluyveromyces marxianus is one of the fastest growing eukaryotes, 
is thermotolerant to temperatures upward of 50°C, and has the capacity to assimilate a wide 
range of C5 and C6 sugars. These traits make K. marxianus an attractive host for the industrial 
production of biochemicals. However, in comparison to the common yeast synthetic biology 
chassis, S. cerevisiae, there is a clear lack of genome editing tools and standardized genetic parts 
for biosynthetic pathway construction. In this work, we expand the synthetic biology toolbox by 
identifying and characterizing a set of 25 different promoters and apply these new genetic parts 
to engineer the overproduction of a native metabolite, 2-phenylethanol, and a heterologous 
product, triacetate lactone (TAL). We first developed a one-step markerless multigene 
integration system that can effectively integrate three unique expression cassettes in a single 
round of strain engineering. We used this new technique to rapidly create a 27-member strain 
library that varied the expression of Shikimate pathway genes ARO4, ARO7, and PHA2. This 
refactoring experiment identified an engineered strain with a five-fold increase in 2-
phenylethanol production and demonstrated new capabilities in the rapid engineering of K. 
marxianus. We have also developed a new high-efficiency CRISPR system for our toolbox. 
Using this system, new pathway knowledge, and computer predictions (using the OptKnock 
algorithm/K. marxianus genome-scale model), we can rapidly engineer metabolic pathways for 
increased synthesis of TAL from various carbon sources. Initial gene knockouts or heterologous 
gene integrations have resulted in up to four-fold increases in TAL production from xylose or 
glycerol. Taken together, the genetic engineering tools and metabolic engineering presented here 
demonstrate significant advancement in K. marxianus as a viable host of biochemical production. 

 

This work was supported by DOE DE-SC0019093 
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Project Goals: In this work, we aim to dissect the effects of microbes (fungal and bacterial) 
on carbon (C) and nitrogen (N) dynamics in post-forest fire soils. Our conceptual 
framework is rooted in systems biology and ecology, while our experimental approach 
combines genomics, transcriptomics, metabolomics, microbial community profiling, stable 
isotope techniques, small scale fire systems (pyrocosms), tightly controlled methods for 
producing labeled pyrolyzed organic matter, and high-throughput monitoring of C 
mineralization rates. We have three major research objectives: (1) To determine how 
dominant post-fire soil microbes affect the fate of PyOM; (2) To assess the interaction 
between N availability and PyOM mineralization by post-fire microbial communities and 
individual pyrophilous microbes; (3) To define the network of microbial interactions that 
facilitate PyOM breakdown over time and the key genes involved in this process. 

Wildfires are a natural part of many forest ecosystems, with globally important carbon (C) 
storage and nutrient cycling consequences, and they are increasing in frequency and severity in 
western North America [1]. Forest fires affect soil C stocks in complex ways. Some C is released 
into the atmosphere through combustion, while a large percentage of the C is added to the soil in 
the form of pyrogenic (fire-affected) organic matter (PyOM). Worldwide, it is estimated that 
16% of soil organic matter (SOM) is pyrogenic, while in areas with frequent fires, this number 
may be as high as 80% [2]. Understanding how wildfires affect SOM cycling requires 
understanding how microbes respond to PyOM and other post-fire soil conditions. However, our 
understanding of microbial interactions with post-fire soil is in its infancy. Outstanding questions 
include: Which microbes are capable of degrading PyOM? What are the relevant genes and 
metabolites associated with this degradation? How does the presence of nutrients such as 
nitrogen (N) affect post-fire PyOM and SOM degradation? What are the key interactions among 
post-fire microbes? We have developed resources during our previous DOE grant (DE-
SC0016365) that enable us to dissect the post-fire environment. These include: a 13CO2 labeling 
growth chamber, a “charcoalator” for producing PyOM, “pyrocosms” for simulating depth-
resolved effects of fire, and a collection of genomic resources including 12 genome-sequenced 
pyrophilous fungi and more than 80 pyrophilous bacterial isolates. We are now using these in 
combination with genomics, transcriptomics, metabolomics, and stable isotope techniques to 
address the following specific objectives: 1) Determine how dominant post-fire soil microbes 



affect the fate of PyOM; 2) Assess the interaction between N availability and PyOM 
mineralization by post-fire microbial communities and individual pyrophilous microbes; 3) 
Define the network of microbial interactions that facilitate PyOM breakdown over time and the 
key genes involved. 

For Objective 1, we are using cultured isolates, defined post-fire substrates, genomic tools, and 
mass spectrometry to dissect the metabolic roles of these pyrophilous microbes. This objective 
ties in directly to Objective 2 (influence of N on PyOM degradation) and Objective 3 (defining 
the network of microbial interactions), as the realized metabolic activities of the dominant 
microbes determined in this part of the work will inform our models of these higher order 
processes. For Objective 2, we are targeting the following questions: (1) How available to 
microbes are the N-containing compounds that are retained by PyOM and soils during fire? (2) 
How does the addition of these N compounds affect SOM and PyOM decomposition rates and 
the microbes responsible for this decomposition? (3) What are the molecular mechanisms by 
which post-fire increases in mineral N affect PyOM degradation by microbes? We are 
approaching these questions first by adding N amendments to the series of experiments described 
in Objective 1 using our collection of isolated fungi and bacteria, and then using natural 
microbial communities with laboratory incubations. For Objective 3, our goal is to understand 
the fungal/bacterial interactions that underlie the observed patterns in post-fire nutrient cycling. 
At the conclusion of this goal, we will have (1) generated a map of interactions between the 
major fungal/bacterial taxa, (2) categorized the mechanisms underlying these interactions, and 
(3) leveraged genomics data to identify genes involved in successional transitions. This 
information will enable us to construct a conceptual model that accounts for the dynamics of this 
microbial community, and specifically how these interactions influence metabolism and resource 
utilization in post-fire soils. Together, our findings will be relevant for ecosystem management, 
post-fire recovery, and fundamental microbial genomics, ecology, and biogeochemistry. 
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increase western US forest wildfire activity. Science 313, 940-943. 
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scale biogeochemical fluxes  
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Project Goals: Short statement of goals. (Limit to 1000 characters) 
We propose to enhance 
understanding of the impact 
of climate change stressors 
on microbial wetland 
communities by reverse 
engineering natural wetland 
sediments, using hydrogel 
particles (concept A in Fig. 1) 
of varying sizes to trap 
sediment microbiota in 
stratified bioreactor setups 
(B in Fig. 1). These 
experimental systems are 
fully controlled and 
monitored analogs of the 
wetland soil column, and 
their microbial populations 
will be investigated with 
molecular tools such as 
proteomic-SIP (C in Fig. 1) 
and NanoSIMS coupled with 
FISH (D in Fig. 1). The 
results will be incorporated 
into mathematical wetland 
models (E in Fig. 1) to 
eventually run simulations 
that can predict how climate 
change stressors impact 
carbon and nitrogen fluxes 
across spatial and temporal scale. In the text below, we further explain concepts A-E which are also 
summarized visually in Figure 1. This proposal bridges different biological scales, linking single-cell scale 
measurements (with NanoSIMS and FISH) to population scale (with metagenomics and Proteomic SIP), to 
the ecosystem scale (with biogeochemical flux measurements) to inform global scale mathematical models. 
 
Abstract: 
Wetland habitats serve essential functions in an ecosystem, including acting as water filters, providing flood 
and erosion control, and furnishing food and habitats for fish and wildlife. Wetlands cover 6% of the world’s 
land surface but contain about 12% of the global carbon pool, playing an important role in the global carbon 
cycle (1, 2). Wetlands are responsible for roughly one third of global methane (CH4) emissions. They help 
regulate atmospheric composition by absorbing and releasing greenhouse gases (GHG), such as CH4 and 

 
Figure 1: Overview of the hydrogel based bioreactor setup (A, B), and 
analysis of the microbial populations with proteomic-SIP (C), NanoSIMS 
and FISH (D) and mathematical modeling (E). 



carbon dioxide (CO2). However, these critical ecosystems are under increasing stress due to anthropogenic 
activity and climate change, and it is not clear how the accompanying environmental disturbances will 
impact the underlying microbial communities that drive these processes. The overall effects on microbially 
mediated functions that produce GHG emissions will likely unfold in distinct ways, depending on the type 
of wetland and the specific environmental impact. For this research proposal, we have identified two 
wetland habitats expected to be impacted differently by climate change. 

 Estuarine wetlands are expected to be altered by changes in temperature, the intensity and duration 
of precipitation, and by sea level rise (4). The resulting intrusion of seawater into coastal wetlands 
will substantially alter the sediment chemistry, introducing abundant sulfate (SO4

-) ions that may 
promote sulfate reduction over methanogenesis for the decomposition of organic matter and also 
facilitate the oxidation of methane (Fig. 2 left). 

 Lacustrine wetlands are expected to be impacted by reduced snowpack, earlier snowmelt, and 
drought events, which will result in increased exposure of soil organic matter to oxygen. This may 
promote the aerobic microbial respiration of C stocks that have accumulated over centuries to 
millennia, with CO2 as the primary product (3) (Fig. 2 right). 

 
This collaborative project takes advantage of expertise in four disciplines (biological process engineering, 
mathematical modeling, sediment microbiology, and omics driven science) to implement a game-changing 
technological approach to link the physiology of individual wetland microbial cells to larger mesoscale 
ecosystem processes. The encapsulation of naturally resident microbiota in hydrogel particles (called 
biogranules) of different sizes provides a format that closely replicates natural diffusion-limited processes, 
and the entrapment allows the system to experience extremes of imposed environmental conditions without 
community washout. Native communities entrapped in a novel biogranule format (i.e., biogranule column 
mesocosms) will be used to examine how anticipated climate-related changes in wetland habitats will 
impact biogeochemical activities in different redox zones at different scales of resolution, from the 
functional roles of individual cells, to interacting populations, and to system-level processes. Specifically, 
the proposed research will quantify the impact of climate change stressors on model wetland microbial 
communities and the ecosystem processes they sustain through the integration of mathematical modeling 

Figure 2: Schematic overview of the scope of work. Environmental samples will be obtained from A) an 
estuarine and B) a lacustrine wetland to assess the impact of climate change stressors (sea-level rise for 
A and drought events for B) on changes in microbial community composition and the herewith associated 
C, N, P, S cycling including the release and capture of greenhouse gases (N2O, NO, CO2, and CH4).  



and highly controlled hydrogel column experiments. This experimental design provides for both a system-
level analysis (by continuous sampling of net fixation and release of gaseous microbial excretion products) 
and a coincident fine scale analysis of the supporting microbiology using NanoSIMS paired with FISH, 
metagenomics, and Proteomic Stable Isotope Probing. This research will use highly automated column 
mesocosms to mimic natural wetland conditions by closely simulating their chemical, thermal and physical 
gradients.  
 

We will specifically investigate how predicted climate change-associated stressors impact the microbial 
populations of two wetland systems. Lacustrine wetlands are known to be impacted by lower rainfall and 
warmer temperature leading to more frequent draught events and therefore to lower above-ground 
productivity and higher below-ground oxygen exposure. In our experiments we will mimic this scenario by 
changing the availability of oxygen to test the impact on anaerobic respiratory processes, alterations of the 
microbial community structure, net metabolic rates, and transformations / partitioning of carbon and 
nitrogen including the stepwise conversion of intermediates (NO2-NO-N2O-N2) in the denitrification 
pathway. Estuarine wetlands are expected to be impacted by saltwater intrusion due to sea level rise, which 
will shift the microbial community from methanogenesis towards sulfate reduction at a specific salt 
concentration (which we will experimentally alter). In both wetlands we will trace how carbon 
mineralization rates will vary as a function of the different redox zones, local microbial functional guild 
structures, and the forms of available organic carbon. We will infuse the hydrogel biogranule community 
with a mixture of organic carbon polymers designed to approximate plant fiber composition 
(cellulose, xylan, lignin, and pectin), providing for the controlled and stable microbial contact required for 
hydrolysis and metabolism of these complex carbon sources. Stable isotope labeling with 15N-labeled 
ammonium in combination with NanoSIMS will be used to assess changing activities with depth in the 
individual hydrogel grains, and in relation to varying redox zones of the mesocosm system. Organism-
specific activity profiles will be inferred by combined metagenomic and proteomic SIP analyses, and 
validated by more selective NanoSIMS analysis of carbon mineralization using 13C-labeled intermediates 
of polymer degradation (coniferyl alcohol, glucose, acetate, CH4, and CO2) to resolve patterns of activity 
distribution and possible metabolic interactions among individual organisms and populations. This 
experimental format offers a unique way to bridge different biological scales, linking single-cell scale 
measurements (with NanoSIMS and FISH) to population scale (with metagenomics and Proteomic SIP), 
to the ecosystem scale (with biogeochemical flux measurements) to inform global scale mathematical 
models. The system response to imposed perturbations will be used for iterative modeling. Particle-level 
transformations will serve to both model and predict net C and N conversions, which should be consistent 
with measured net capture and release of CO2/CH4 from the column system and activities identified by 
proteomic SIP. These microscale models may contribute to more robust large-scale models and to project 
future climate-related changes in wetland processes.  
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Project Goals: Short statement of goals. (Limit to 1000 characters) 

The goal of this project is to develop a high throughput, semi-automated data and analytical 
pipeline which will allow the use of the PFLOTRAN reactive transport modeling system in 
conjunction with KBase to model microbiological processes within an ecosystem. 

Abstract 

Watersheds are complex hydrobiogeochemical systems which provide multiple ecosystem 
services which are essential for US energy, food and water security.  The manner in which 
watersheds provide these services is through a complex combination of the behavior of different 
watershed components (e.g. vegetation, soil, surface water) across a range of spatially nested 
subunits.  

A predictive, actionable and science-based understanding of watershed behavior is critical for 
managing watershed resources and services.  Achieving this understanding is extremely 
challenging due to various complex interactions within a watershed between plants, 
microorganisms, organic matter, soil, and water as well as the wide range of spatial and temporal 
scales across which these interactions take place. This challenge is exacerbated as these multi-
scale interactions vary over time as a function of landscape position, elevation, human activity, 
environmental and biogeochemical gradients, and multiple feedback loops.  While historically 
efforts to develop this understanding have focused on physical and chemical processes, there is a 
growing recognition that we need to develop a better understanding of hydrobiogeochemical 
processes. This will require the integration of physical, chemical and microbiological watershed 
data and coupling and integration of analytical tools and models across multiple domains, and 
should be done through a pipeline which has both data and analysis components. The data 
component should bring together the datasets required for such an understanding which are then 
used by the analysis component for the outcome of actionable information on 
hydrobiogeochemical processes. 

Such a pipeline should be robust, semi-automated, high throughput and be useable by scientists 
from multiple domains. 

about:blank
about:blank


Our approach in implementing this pipeline has been to develop cloud based software which 
provides a coupling between KBase (https://kbase.us/) and the open source reactive flow and 
transport modeling code PFLOTRAN (https://www.pflotran.org/). Our approach leverages and 

builds on the existing capabilities in these software packages, and specifically uses the Flux Balance 

Analysis capabilities in KBase to generate the input reactions which can be used by PFLOTRAN to 

simulate the geochemical processes driven by the microbiological species present in the subsurface.  
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Project Goals: Research in the UCLA-DOE Institute for Genomics and Proteomics includes 
major efforts in engineering novel metabolic pathways involving complex combinations of 
enzymes and enzymatic materials.  Cell-free systems are being developed, comprised in some 
cases of more than 20 enzymes, to produce metabolites ranging from biofuels to high value 
chemicals.  New innovations in cofactor recycling have enabled high turnover processes.  Future 
directions aim to drive carbon-negative pathways using electrical/redox inputs, and to develop 
novel protein engineering approaches for stabilizing key enzymes in the form of designed 
materials. 

Abstract: 

Metabolic engineering enables the production of diverse biochemical materials from microbial 
platforms. However, living cellular systems operate within a limited range of physical conditions, 
which can constrain the feasible space for pathway engineering. In addition, the exceptional 
complexity of native metabolic networks can confound optimization and complicate attempts to 
direct metabolic flux exclusively to desired products in the cell.  In vitro, cell-free, systems of 
enzymes present opportunities for metabolic design that have only been partially explored.  We 
have pursued cell-free or ‘synthetic biochemistry’ 
approaches to develop diverse production platforms in the 
laboratory.  Exploiting the ability to systematically test 
enzymes and enzyme combinations from divergent origins, 
and to readily control and optimize concentrations, we have 
succeeded in producing systems that show high yield, titer 
and productivity.  In one system, we have developed a 16 
enzyme pathway that produces the biofuel isobutanol at 
>90% yield, productivity of 4 g/L/hr and a titer of 275 g/L, 
production parameters that exceed highly optimized cell-
based fermentation parameters.  In another we have created a 
pathway to make cannabinoids at titers that exceed published 
microbial production by almost 3 orders of magnitude.  A 
further feature of the in vitro approach is high modularity.  
With multiple pathways now in production, the ability to 

https://www.doe-mbi.ucla.edu/


modify and combine different modules is accelerating the production of diverse products, 
including in the broad terpenoid space. 
 
The simplifying advantages of synthetic biochemistry approaches are countered by separate and 
unique challenges, which our project team has been addressing through innovative methods. In 
recent work we have developed systems to deal with difficult problems of cofactor balance, 
through judicious combinations of cofactor-recycling enzymes and by re-engineering cofactor 
specificities.  Another key challenge, in the absence of de-novo protein synthesis in vitro, is 
enzyme stability.  Cost-effective systems require high enzyme activity and longevity, sometimes 
in solution conditions outside the scope of evolutionary pressures.  We are meeting this important 
challenge through novel enzyme engineering strategies.  In addition to traditional approaches 
aimed at stabilizing individual enzymes through systematic mutation, we are developing new 
schemes for stabilizing enzymes, alone and in functionally important combinations, through 
various forms of conformational confinement.  Confinement of enzymes has been demonstrated 
to provide generally stabilizing effects on proteins, especially in harsh environments, and 
sequestration or co-assembly of multiple sequentially-acting enzymes offers special opportunities 
for improving the flux through engineered pathways.  Our team is pioneering new protein material 
engineering and chemical biology tools to further advance those studies. 
 
The long term vision of the project is to conceive and create ready-made enzyme combinations 
and enzymatic materials for biofuel and high value chemical production.  We also expect our 
engineering explorations to reveal new insights into natural and unnatural enzymes systems, 
including their scope and limits. 
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Project Goals: Research in the UCLA-DOE Institute for Genomics and Proteomics 
includes major efforts to elucidate critical microbial processes that decompose and recycle 
plant, animal and microbial biomass. Towards this end, we seek to decipher the 
metabolism of syntrophic microbial communities and examine how anaerobic microbes 
assemble complex cellulosome structures that degrade lignocellulose.  

Biomass decomposition and recycling occur in essentially all anaerobic habitats on Earth, as well 
as in industrial/municipal waste treatment applications. Unfortunately, the current understanding 
of these critical processes is insufficient to enable modeling and prediction of environmental 
carbon flow. The benefits from increasing our knowledge of anaerobic decomposition include 
optimizing the attack and release of plant wall-derived molecules destined for biofuel and 
industrial feedstock production and improving biogas/sewage and waste stream processing plant 
design and operation.  

Our DOE sponsored research seeks to advance the understanding of syntrophic-based microbial 
metabolism at molecular- and systems-levels and its role in biomass recycling/remediation. 
Exploring the pathways and key enzyme reactions of syntrophy begins by mining the genomes of 
previously unstudied syntrophic bacteria, such as those that metabolize model aliphatic fatty acid 
and amino acid substrates. That only minimal experimental data pertaining to these organisms is 
available severely limits the ability to draw conclusions from genome sequence alone, and even 
adding transcriptomic data may not suffice. For example, Syntrophomonas wolfei subspecies 
methylbutyratica possesses 9-11 paralogs for each reaction in the proposed beta-oxidation 
pathway along with distinct proteins for metabolizing branched chain fatty acids. Hence, 
quantitative proteomics is an important contributor, exposing which paralogue levels 
increase/decrease in response to substrate availability.   

Unique to the UCLA efforts are the additional insights reaped by mining the proteomic mass 
spectrometry data, including how the pathways and key enzyme reactions of syntrophy may be 
modulated by post-translational modifications, an especially important consideration given that 
certain reactions possess equilibrium constants near 1. For example, fatty acid acylation of 
lysines in Syntrophomonas wolfei and Syntrophus aciditrophicus reflect substrate and metabolic 
intermediate levels. 

In a second research project we are studying Clostridium thermocellum, which exhibits the highest level 
of cellulolytic activity of any microbe thus far characterized and is actively being developed for use in the 
consolidated bioprocessing of plant biomass into biofuels and chemicals. Its impressive ability to degrade 
lignocellulose is derived from the activity of a huge surface displayed enzyme complex called a 
cellulosome, which coordinates the binding of an array of cellulases. Only a few bacterial species within 



the order Clostridiales are known to have evolved the capacity to display cellulosomes. Understanding 
how these microbes display these complex structures is of fundamental interest and could facilitate the 
construction of recombinant cellulolytic bacteria that have useful industrial applications. We are using an 
interdisciplinary approach to identify key components of the cellulosome biogenesis machinery. The aims 
project are to 1) Identify core components of the protein export machinery that produces the cellulosome. 
2) Discover secretion stress and quality control systems involved in cellulosome biogenesis. 3) Elucidate 
the molecular basis of cellulosome tethering to the cell wall. Here we present our recent research 
progress, with particular focus on our studies RsgI-9, a novel member of a group of clostridial anti-sigma 
factors that regulate gene transcription of specific cellulosome components by sensing extracellular 
polysaccharide biomass components.  
 

This work was funded by the Department of Energy BER Office of Science award # DE-FC02-
02ER63421. 
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Project Goals: Short statement of goals. (Limit to 1000 characters) 

Research in the UCLA-DOE Institute for Genomics and Proteomics includes major efforts in the 
area of imaging technologies where we are advancing new methods that exploit electron 
microscopy. Our team is pioneering the new method of micro-electron diffraction (microED) 
using electron microscopes for diffraction. We are coupling this with scanning mode 
experiments that reveal microscale substructure within protein crystals at unprecedented levels of 
detail. The emerging microED technique presents challenges in phasing diffraction data that our 
team is tackling while pushing the boundaries of protein size and resolution. Our team has also 
made critical advances on one of the most outstanding problems in cryo-EM. Owing to low 
signal-to-noise, modern EM methods cannot resolve protein structures smaller than about 50 kDa 
in size. We have developed the first example of a working molecular scaffold that can image 
such small proteins. 
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Project Goals: Research in the UCLA-DOE Institute for Genomics and Proteomics 
includes major efforts in the elucidation of algal biology using genomics approaches. 
 
 
The unicellular green alga Chlamydomonas reinhardtii is a choice reference system for 
the study of photosynthesis, lipid and starch metabolism and metal homeostasis.  It is 
also a valuable model for the study of algal biofuel production. Despite decades of 
research, the function of thousands of genes remains largely unknown, and new 
approaches are needed to categorically assign genes to cellular pathways. Growing 
collections of transcriptome and proteome data now allow a systematic approach based 
on integrative co-expression analysis. We have used a dataset comprising 518 RNAseq 
samples derived from 58 independent experiments to identify potential co-expression 
relationships. While on a global scale random gene-pairs are not co-expressed, the 
determination of the co-expression profile of gene lists (manually curated from the 
literature) revealed high-confidence candidate genes with roles in cell cycle control, 
photosynthesis and respiration. Another striking observation was the clustering of nuclear 
genes largely as a function of their diurnal phase, even after the removal of all RNAseq 
samples collected over a diurnal cycle. A closer look at the remaining samples uncovered 
partial but frequent diurnal synchronization, although these samples had been collected 
from cultures maintained in constant light. We are now also exploring the potential 
heterogeneity of Chlamydomonas cultures grown in constant light by single-cell RNAseq: 
we have sequenced ~73,000 cells from two independent experiments representing two 
genotypes and three biological conditions, which we can identify clearly during 
visualization of this high-dimension dataset. We are now investigating the sources of 
heterogeneity within each culture by overlaying informative gene sets from our bulk RNA-
seq data, to attempt to characterize diverse cellular states within large populations of 
cells.  In the future, understanding the sources of variability could allow us, for example, 
to select states that are optimal for biofuel production. 
 
This material is based upon work supported by the U.S. Department of Energy Office of 
Science, Office of Biological and Environmental Research program under Award 
Number DE-FC02-02ER63421 
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We are developing cyanobacteria as optimized cell factories for producing biofuels and 
other renewable biochemicals. One approach takes advantage of the global control of gene 
expression by the circadian “biological clock” to enhance photosynthetic production of 
ethylene and free fatty acids (FFAs). The second approach involves stabilizing expression 
of the ethylene forming enzyme (EFE) through removal of the inhibitory byproduct 
guanidine. The third approach involves metabolic engineering to circumvent native 
regulation of fatty acid biosynthesis.  
 In the first approach, we are investigating the ability of circadian clock reprogramming1 
to enhance product formation in three different species or strains of cyanobacteria: 
Synechococcus sp. PCC 7942 and PCC 7002, and Synechocystis sp. PCC 6803. We are using 
both PCC 6803 and PCC 7942 to produce the economically important chemical feedstock 
ethylene. Ethylene can be produced from CO2 in PCC 6803 by overexpressing a single ethylene-
forming enzyme (EFE) that derives from a plant pathogen.2 Preliminary studies showed that 
ethylene production in this engineered Synechocystis is under regulation of the circadian clock, 
but attempts to manipulate the clock in PCC 6803 have been challenging due to the complexity 
and redundancy of circadian clock regulation in this species.  

Ethylene can also be produced by expressing EFE in PCC 79423, which has a well 
characterized circadian clock, but the transgenic strains exhibited instability which is at least 
partially due to the toxicity of guanidine that is generated concomitantly with ethylene from the 
EFE reaction4. Therefore, we overexpressed a guanidine-degrading (GD) enzyme from PCC 
6803 in PCC 7942, after which the cells showed much higher tolerance to exogenous guanidine 
as well as to the expression of EFE. Recently we have implemented two inducible systems to 
regulate the expression of EFE in PCC 7942, in order to further enhance strain stability. These 
stabilized strains of PCC 7942 will enable circadian clock reprogramming to be tested in a more 
predictable ethylene-producing host species. 

Finally, we are developing strains of cyanobacteria that are optimized for production of 
FFAs, which are precursors to diesel fuels and other high-value oleochemicals including fatty 
alcohols, methyl ketones, and olefins5. We are engineering PCC 7002 to produce medium chain 
FFAs by overexpressing thioesterases that target the corresponding acyl-ACP intermediates 
made via fatty acid biosynthesis. Genes are integrated at the site of key acyl-ACP synthetases, 
thereby eliminating futile cycles. Early strains are producing titers comparable to the best 
presented in the literature, albeit in shorter production times given the faster growth of PCC 7002. 
Ongoing work is examining other rate limiting steps in fatty acid biosynthesis as well as product 
export and toxicity. 

Unlike PCC 6803 and PCC 7942, it has not been reported whether a circadian system 



exists in PCC 7002. To test if PCC 7002 shows circadian rhythmicity, we have also generated 
two kinds of luminescence reporters using Vibrio harveyi luciferase encoded by luxA and luxB 
(luxAB) genes. Both reporter constructs exhibited robust circadian rhythms in PCC 7002 under 
constant light conditions. Moreover, the circadian rhythms of PCC 7002 showed longer circadian 
periods and different phase angles at 30°C relative to those in PCC 7942. The PCC 7002 rhythms 
also displayed two other diagnostic circadian properties; they were well entrained by light/dark 
cycles and compensated over a broad range of temperatures. Therefore, we have discovered that 
a potent circadian clock exists in PCC 7002, and our recent data have demonstrated that 
reprogramming of the PCC7002 circadian clock can also promote expression levels of foreign 
reporter genes. In future studies we will attempt to manipulate it to further enhance production of 
FFA and other renewable biochemicals.  
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Project Goals: The objective of this project is to develop a systematic approach to identify bottlenecks 
within metabolic pathways that limit carbon flux towards enhanced lysine (LYS) and free fatty acid (FFA) 
production in genetically engineered cyanobacteria. We are developing methods based on desorption 
electrospray ionization-ion mobility-mass spectrometry imaging (DESI-IM-MSI) and stable isotope (13C) 
based nonstationary metabolic flux analysis (INST-MFA) to rapidly quantify metabolite abundance and 
metabolic flux in bacterial cultures. 

We have developed DESI-IM-MSI methods to rapidly sample and annotate biosynthetically 
produced molecules from microorganisms1. DESI-IM-MSI methods to sample microbial metabolites are 
of particular interest for screening purposes due to rapid sample acquisition and minimal sample 
preparation associated with ambient sampling. Using the imaging capabilities of this technology, we have 
associated the composition and amounts of biosynthetic products to different mutations, samples, or 
colonies within a MSI experiment. Our current work in the development of this DESI-IM-MSI platform has 
shown success in sampling FFAs from engineered E. coli grown on surfaces, LYS from modified 
cyanobacteria under solid phase growth, and various excreted metabolites within cellular media. 

We also developed and successfully utilized INST-MFA to delineate the photoautotrophic 
metabolism of cyanobacteria2,3,4. This work describes our current efforts at refactoring previously 
engineered lysine-producing Synechococcus PCC 7002 strains5 to identify flux bottlenecks that can be 
targeted to enhance strain performance. We compared the flux differences between high (TK.032) and 
low (AM.319) LYS producing strains with a wild-type (WT) control PCC7002 strain. Fluxes through 
enolase (ENO), pyruvate kinase (PK), and pyruvate dehydrogenase (PDH) were higher, while fluxes 
through malic enzyme (ME) and phosphoenolpyruvate carboxylase (PEPC) were lower in TK.032 as 
compared to AM.319 and WT strains. We hypothesize that by perturbing the expression of enzymes 
around these network nodes, we can remove potential flux bottlenecks and enhance LYS productivity. 

Our studies demonstrate the promise of DESI-IM-MSI and INST-MFA to provide rapid analytical 
readouts on metabolic production and efficiency, which has broad implications in the field of synthetic 
biology. Further, the union of DESI-IM-MSI and INST-MFA presents a technology capable of rapid 
annotation of metabolism for optimizing cyanobacterial and algal strains for biotechnological/industrial 
applications. 
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Project Goals:  

Of the myriad specialized metabolites that plants form to adapt to environmental challenges, 
terpenes form the largest group. In many major crops, unique terpene blends serve as key stress 
defenses that directly impact plant fitness and yield. In addition, select terpenes are used for biofuel 
manufacture. Thus, engineering of terpene metabolism can provide a versatile resource for 
advancing biofuel feedstock production, but requires a system-wide knowledge of the diverse 
biosynthetic machinery and defensive potential of often species-specific terpene blends. This 
project merges genome-wide enzyme discovery with comparative –omics, protein structural and 
plant microbiome studies to define the biosynthesis and stress-defensive functions of switchgrass 
(Panicum virgatum) terpene metabolism. These insights would be combined with the development 
of genome editing tools to design plants with desirable terpene blends for improved biofuel 
production on marginal lands.  

Abstract: 

Diterpenoids constitute a diverse class of metabolites with critical functions in plant development, 
defense, and ecological adaptation. Major monocot crops, such as maize (Zea mays) and rice 
(Oryza sativa), deploy diverse blends of specialized diterpenoids as core components of biotic and 
abiotic stress resilience. This study reports the genome-wide discovery and functional 
characterization of stress-related diterpene synthases (diTPSs) and cytochrome P450 
monooxygeases (P450s) in the bioenergy crop switchgrass (Panicum virgatum). Mining of the 
allotetraploid switchgrass genome identified the largest thus far known diTPS family in plants, 
comprising 31 members. Biochemical analysis of 11 diTPSs revealed a modular metabolic 
network producing a diverse array of diterpenoid metabolites. In addition to ent-copalyl 
diphosphate (CPP) and ent-kaurene synthases likely involved in gibberellin biosynthesis, we 
identified syn-CPP and ent-labda-13-en-8-ol diphosphate (LPP) synthases as well as two diTPSs 
forming (+)-labda-8,13E-dienyl diphosphate (8,13-CPP) and ent-neo-cis-trans-clerodienyl 
diphosphate (CT-CLPP) scaffolds not previously observed in plants. Structure-guided protein 
mutagenesis of the (+)-8,13-CPP and ent-neo-CT-CLPP synthases revealed active site 
determinants that may resemble neo-functionalization events that occurred during diversification 
of the switchgrass diTPS family. In addition, we identified an unusual subfamily of P450s that are 
capable of directly converting the CPP and CLPP predicts into corresponding furanoditerpenoid 
structures, this bypassing the paradigmatic pathway organization of labdane diterpenoid 
metabolism.  



 

Formation of several diTPS and P450 products, alongside the elicited expression of the 
corresponding biosynthetic genes, was induced in switchgrass roots and leaves in response to 
drought and UV irradiation, indicating their possible roles in abiotic stress adaptation. Together, 
these findings expand the known chemical space of diterpenoid metabolism in monocot crops 
toward systematically investigating and ultimately improving stress resilience traits in bioenergy 
crop species. 
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Project Goal: Understand the metabolic pathways in R.toruloides. 

Fatty acid synthesis enables production of biodiesel from renewable sources. However, 
efficiently supplying enough NADPH for fatty acid synthesis is challenging. How is this 
achieved in natural systems? To explore this, here we utilize stable isotope tracing in 
R.toruloides IFO0880, a yeast strain that engages in copious fatty acid and lipid production. 
Metabolic flux analysis (MFA) based on 1,2-13C tracing reveals high metabolic flux through the 
oxidative pentose phosphate pathway (oxPPP) in both nitrogen-rich and nitrogen-scarce 
environments. 2H-glucose tracing confirms substantial NADPH and fat labeling mediated by 
transfer of 2H to NADPH at the G6PD step of the oxPPP. Strikingly, quantitative calculations 
show fat labeling in excess of that expected if all NADPH was made via the oxPPP in a well-
mixed system. The data can be explained by channeling between hexokinase and G6PD to drive 
oxPPP flux. Implications and future research directions will be discussed. 
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Oleaginous yeast Rhodosporidium toruloides is viewed as a potential platform organism for production of 
biofuels and bioproducts such as biodiesel, lubricants, polyols, jet fuels, and alcohols from renewable 
lignocellulosic biomass1,2. R. toruloides naturally accumulates lipids from multiple sugars when some other 
essential nutrients such as nitrogen is limiting3. Recently, we have engineered R. toruloides for increased 
lipid production during growth on glucose4,5. In addition to lipid-based chemicals, R. toruloides also 
produces a number of sugar alcohols at high titers. For example, during growth on xylose in nitrogen-rich 
medium, R. toruloides produced D-arabitol6. However, present efforts to engineer the organism are 
hampered by the limited availability of genetic engineering tools. Targeted knock-in and knock-out are 
available using strains which have had the non-homologous end-joining (NHEJ) gene KU70 removed, 
allowing homologous recombination (HR) to dominate, albeit at the expense of the cells’ DNA repair 
capabilities and requiring tedious and low-throughput construction of long homology arms to target the 
modification. 

As part of this project, we seek to both improve the fundamental understanding of R. toruloides’ metabolism 
by elucidating the mechanisms of substrate utilization, metabolite identification, and identification of the 
key genes governing the lipogenesis process, as well as to develop more advanced genome editing tools to 
facilitate metabolic engineering efforts. 

We performed transcriptome and metabolite analysis of R. toruloides IFO0880 during growth on plant-
based sugars, acetic acid and lipids. The results from transcriptomics and metabolomics indicate global 
metabolic shifts resulting from growth on different substrates. We mapped differential gene expression and 
metabolite levels on the metabolic pathways for R. toruloides, which revealed the activation of different 
pathways by different substrates. We also identified and functionally characterized a few putative sugar 
transporters from R. toruloides in Saccharomyces cerevisiae. These results provide more clarity regarding 
substrate utilization in R. toruloides and their associated pathway.  

We also report the first development of a functional CRISPR/Cas9 system in R. toruloides for modular, 
high-efficiency targeted gene knockout7. Different Cas9 and gRNA expression systems were evaluated, and 
reporter genes in the β-carotene biosynthetic pathway (phytoene synthase, phytoene desaturase) were 
knocked out with up to 98% deletion efficiency using a novel hybrid 5S rRNA-tRNA promoter for gRNA 
expression. Multiplexed deletion of phytoene synthase and β‐isopropylmalate dehydrogenase (LEU2) was 
demonstrated with 78% efficiency. 

 

References 

1. Jagtap, S. S. & Rao, C. V. Microbial conversion of xylose into useful bioproducts. Applied 

https://www.igb.illinois.edu/DOEcenter


Microbiology and Biotechnology 102, 9015–9036 (2018). 

2. Isikgor, F. H. & Becer, C. R. Lignocellulosic biomass: a sustainable platform for the production of 
bio-based chemicals and polymers. Polymer Chemistry 6, 4497–4559 (2015). 

3. Ageitos, J. M., Vallejo, J. A., Veiga-Crespo, P. & Villa, T. G. Oily yeasts as oleaginous cell 
factories. Applied Microbiology and Biotechnology 90, 1219–1227 (2011). 

4. Zhang, S. et al. Engineering Rhodosporidium toruloides for increased lipid production. 
Biotechnology and Bioengineering 113, 1056–1066 (2016). 

5. Zhang, S., Ito, M., Skerker, J. M., Arkin, A. P. & Rao, C. V. Metabolic engineering of the 
oleaginous yeast Rhodosporidium toruloides IFO0880 for lipid overproduction during high-
density fermentation. Applied Microbiology and Biotechnology 100, 9393–9405 (2016). 

6. Jagtap, S. S. & Rao, C. V. Production of D-arabitol from D-xylose by the oleaginous yeast 
Rhodosporidium toruloides IFO0880. Applied microbiology and biotechnology 102, 143–151 
(2018). 

7. Schultz, J. C., Cao, M. & Zhao, H. Development of a CRISPR/Cas9 system for high efficiency 
multiplexed gene deletion in Rhodosporidium toruloides. Biotechnology and Bioengineering 116, 
2103–2109 (2019). 

  

This work was supported by the U. S. Department of Energy, Office of Science, Office of Biological and 
Environmental Research under award number DE-SC0018260. 



Genome-scale Model Reconstruction and 13C-Metabolic Flux Analysis for Non-model Yeast 
Organisms Rhodosporidium toruloides IFO0880 and Issatchenkia orientalis SD108 
 
Hoang V. Dinh1* (hvd5034@psu.edu), Patrick F. Suthers1, John I. Hendry1, Yihui Shen2, Tianxia 
Xiao2, Anshu Deewan3, Sujit Jagtap3, Zia Fatma3, Joshua D. Rabinowitz2, Christopher Rao3, 
Costas D. Maranas1, and Huimin Zhao3 
1The Pennsylvania State University, University Park, Pennsylvania; 2Princeton University, 
Princeton, New Jersey; 3University of Illinois at Urbana-Champaign, Urbana-Champaign, Illinois 
 
https://www.igb.illinois.edu/DOEcenter 
 
Project Goals: Our project aims to develop new metabolic engineering, omics analysis, and 
computational modeling tools on a genome scale for strain development, which may be 
implemented in an automated manner at the Illinois Biological Foundry for Advanced 
Biomanufacturing. Two non-model yeasts, Rhodosporidium toruloides for production of 
oleaginous compounds and Issatchenkia orientalis for production of organic acids, are 
selected as the platform organisms. To guide metabolic engineering, we aim to develop 
kinetic models accounting for reaction kinetics and allosteric regulations. Milestones 
achieved so far include reconstruction of comprehensive genome-scale metabolic models and 
development of large-scale carbon mapping models for 13C-metabolic flux analysis used in 
kinetic parameterization. 
 
Non-model yeasts are promising microbial cell factories due to their unique metabolic capabilities. 
R. toruloides is a basidiomycetes yeast that can accumulate large amount of lipids while 
Issatchenkia orientalis is a promising host for industrial production of organic acids thanks to its 
low-pH tolerance. To better assess these yeasts’ metabolic capabilities, we reconstructed separate 
genome-scale metabolic models (GEMs) for each organism. Model reactions and genes were 
drawn from genome annotations. Biomass descriptions were derived from in-house-measured 
macromolecular composition and ATP maintenance requirements (calculated from chemostats 
data). We curated the model based on the available experimental data and ensure its quality with 
standardized tests (i.e., memote). Following the genome-scale models, we built carbon mapping 
models that are capable of explaining 13C-labeling data and network cofactor balances. Flux 
distributions were predicted using the mapping model and labeling data (U-13C-glucose and 1,2-
13C-glucose) capturing central carbon flux differences between the two yeasts. Energy metabolism 
involving reduced cofactors can also be elucidated. 
 
This work is supported by U. S. Department of Energy Office of Science, Office of Biological and 
Environmental Research under Award Number DE-SC0018260. 
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