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Dear Colleague:

Welcome to the 2020 Genomic Science Annual PI Meeting! On behalf of the entire program staff of BER’s
Biological Systems Science Division (BSSD) I'd like to thank you for the success of the Genomic Science
Program (GSP). Your scientific creativity, insight, and experimental results are what sustains this program.

From the program level, biological research continues to capture attention. We’ve seen much discussion in
policy circles on how to accelerate a burgeoning bio-based economy, be more competitive in the global
biotechnology arena, and lead development of next generation technologies. DOE has a significant role to play
in all of these areas and this program will likely form a cornerstone of related efforts. The GSP and the BSSD
portfolio with its combination of basic research, enabling capabilities and user facilities, is poised to address a
wide range of research challenges in the bioeconomy, biotechnology, and next-gen technologies space, should
we be afforded the opportunity to do so. We are optimistic about the future and how the Division is currently
positioned to address national priorities and you should be too.

We have a full agenda again this year highlighting some exceptional research results. As always, we hope that
the presentations will spark fruitful discussions among attendees. The PI meeting is an important mechanism
for our staff to become aware of results from projects funded within the program. We also hope that it helps
researchers connect with others working in complementary areas. Please use this opportunity to seek out
and meet your colleagues.

We are pleased to have Dr. Tom Juenger (University of Texas, Austin) as our keynote speaker this year. Dr.
Juenger’s research touches on many facets of the GSP portfolio, and we know that his talk will have broad
appeal. We are also pleased to welcome new early career awardees, new plant genomics and environmental
microbiome researchers, and new computational biology and secure biosystems design pilot project
researchers to this year’s meeting.

The meeting agenda includes talks from each element of the program, beginning with the Bioenergy Research
Centers and continues across the portfolio in several breakout sessions throughout the meeting. There are
also some interesting plenary sessions from the DOE User Facilities and community resources highlighting
new capabilities available to researchers in the portfolio. Of particular interest is a new plenary on making
better use of biological data.

Finally, a reminder that we hope you treat this meeting as an opportunity to view your research in the broad
context of the larger program. All principal investigator projects from our University and DOE National
Laboratory portfolios, as well as User Facilities and enabling capabilities funded by the program are present
at this meeting. Please take full advantage of this opportunity to meet with your colleagues and with your
DOE program staff, representatives from elsewhere within the Department of Energy, and colleagues from
other Federal Agencies.

Thank you again for making the GSP the success that it is. We look forward to an excellent meeting!
Sincerely,

Todd Anderson, Ph.D.

Director, Biological Systems Science Division, SC-23.2

Office of Biological and Environmental Research
Office of Science
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Paul Abraham: Improving the safety and outcome of research using next-generation genome
engineering
PRESENTER: Paul Abraham

Mike Adams: Genome-scale metabolic and regulatory network reconstruction of Caldicellulosiruptor
bescii
PRESENTER: Ying Zhang

Mike Adams: Systems Biology-Based Optimization of Extremely Thermophilic Lighocellulose Conversion
to Bioproducts
PRESENTER: Gabriel Rubinstein

Paul Adams: A Method for Circularizing Microbial Genomes from Metagenomics Data
PRESENTER: Lauren Lui

Paul Adams: A Multi-Laboratory Effort to Use Synthetic Communities to Discover, Characterize, and
Dissect Key Microbial Processes Relevant to Field Observations
PRESENTER: Jacob Valenzuela

Paul Adams: Applying Stable Isotopes for Source Fingerprinting of Dissolved Organic Nitrogen in
Groundwater
PRESENTER: Romy Chakraborty

Paul Adams: Core Values: Spatial Variation in Microbial Function, Activity, and Community Assembly in
Groundwater and Sediment from a Contaminated Subsurface Aquifer
PRESENTER: Heidi Smith

Paul Adams: High nitrous oxide emissions from a nitrate contaminated subsurface indicate significant
metabolic activity
PRESENTER: Kristopher Hunt

Paul Adams: High throughput approaches for investigation of microbial interactions within synthetic
microbial communities
PRESENTER: Trent Northen

Paul Adams: Integrating data and algorithms from ENIGMA into KBase
PRESENTER: Anni Zhang



Paul Adams: Integrating Genomics, Physiology and Genetics of the Oak Ridge Field Research Site
Microbiome
PRESENTER: Adam Deutschbauer

Paul Adams: Selective Carbon Sources Influence the End-Products of Microbial Nitrate Respiration
PRESENTER: Hans Carlson

Paul Adams: Spatiotemporal Dynamics of Groundwater and Sediment: Geochemistry, Microbial
Communities and Activities in a Contaminated Aquifer
PRESENTER: Katherine Walker

Paul Adams: The ENIGMA Data Clearinghouse: A platform for rigorous self-validated data modeling and
integrative, reproducible data analysis
PRESENTER: John-Marc Chandonia

Francis Alexander: Optimal Experimental Design (OED) of Biological Systems
PRESENTER: Francis Alexander

Andrew Allen: Evolution and Metabolic Configuration of Nitrogen Flux in a Model Marine Diatom
PRESENTER: Sarah Smith

Andrew Allen: Identification of transcription factor binding sites and characterization of promoter
architecture in the model diatom Phaeodactylum tricornutum
PRESENTER: Andrew Allen

Andrew Allen: Modeling carbon metabolism of the diatom Phaeodactylum tricornutum during nitrogen
starvation and during high light and low light conditions
PRESENTER: Amy Zheng

Andrew Allen: Temporal profiles unravel resource allocation mechanisms under nitrogen starvation in
the diatom Phaeodactylum tricornutum
PRESENTER: Cristal Zuniga

Steven Allison: Prolonged drought alters plant-litter decomposition via changes in bacterial
communities and substrate availability
PRESENTER: Sarai Finks

Ana Alonso: Functional Analysis of Candidate Genes Involved in Qil Storage and Stability in Pennycress
PRESENTER: Emmanuel Ortiz

Ana Alonso: Natural Variation of Pennycress Metabolome and Transcriptome, an Emerging Crop for
Aviation Biofuel
PRESENTER: Cintia Arias

Daniel Amador-Noguez: In vivo thermodynamic analysis of glycolysis in C. thermocellum and T.
saccharolyticum using 13C and 2H tracers
PRESENTER: Tyler Jacobson



James A Anderson: Investigating Seed Size and Oil Content in Pennycress, Thlaspi arvense
PRESENTER: Katherine Frels

Adam Arkin: KBase: Omics driven discovery of novel functional capabilities in biological systems
PRESENTER: Janaka Edirisinghe

Adam Arkin: KBase: Leveraging Amplicon Analysis Tools to Generate Testable Hypotheses From
Complex Natural Communities
PRESENTER: Pamela Weisenhorn

Adam Arkin: KBase: Microbiome and Phylogenomics Capabilities
PRESENTER: Dylan Chivian

Adam Arkin: KBase: The Systems Biology Knowledgebase for Predictive Biological and Environmental
Research in an Integrated Data Platform
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Adam Arkin: Large Scale Model-Driven comparison of Metagenome Assembled Genomes from Diverse
Environments
PRESENTER: José Faria

Adam Arkin: NWChem Computational Modeling of Metabolites in KBase
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Adam Arkin: The 2019 KBase Fungal Biochemistry Curation Jamboree: Insights and Lessons Learned
PRESENTER: Jeremy Zucker

Jose Avalos: Genetically Encoded Biosensors for Mitochondrial and Cytosolic Biosynthesis of Branched-
Chain Higher Alcohols in Saccharomyces cerevisiae
PRESENTER: Jose Avalos
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Jill Banfield: Rapid automated curation of genomes from metagenomes and integration into KBase
PRESENTER: Rohan Sachdeva

Rebecca Bart: Optimizing Tradeoffs Implicit During Bioenergy Crop Improvement: Understanding the
Effect of Altered Cell Wall and Sugar Content on Sorghum-associated Pathogenic Bacteria
PRESENTER: Rebecca Bart

Ivan Baxter: New Computational Pipelines to Prioritize Candidate Genes for Optimal Biomass
Production under Drought in C4 Plants Setaria viridis and Sorghum bicolor
PRESENTER: Seung Rhee

Ivan Baxter: PEPC kinetics and the efficiency of C4 photosynthesis in Sorghum bicolor
PRESENTER: Asaph Cousins



Ivan Baxter: Phenomics of stomata and water use efficiency in C4 species
PRESENTER: Andrew Leakey

Ivan Baxter: Targeted Mutagenesis and Programmed Transcriptional Regulation in Setaria and Sorghum
PRESENTER: Dan Voytas

Ivan Baxter: The Centrality of the Development of Transgenic Lines for the Analysis of Photosynthetic
and Water Use Efficiencies in Sorghum
PRESENTER: Albert Kausch

Ivan Baxter: Using synthetic genetic circuits to tightly control root architecture.
PRESENTER: Jose Dinneny

Michael Betenbaugh: Metabolic Flux Analysis of Sucrose-Secreting Cyanobacterium Synechococcus
elongatus
PRESENTER: Cristal Zuniga

Michael Betenbaugh: Optimizing Carbon Metabolism in Co-Culture for Applications to Sustainable
Biosynthesis
PRESENTER: Jackson Jenkins

Jennifer M Bhatnagar: Ectomycorrhizal fungi: mediators of plant-microbial interactions and terrestrial
Biogeochemistry
PRESENTER: Jennifer M Bhatnagar

Crysten Blaby: Developing a molecular-level model of cofactor-trafficking in chloroplasts
PRESENTER: Crysten Blaby

Crysten Blaby: Understanding poplar and sorghum micronutrient stress by integrating functional
genomics with molecular-level experimentation
PRESENTER: Meng Xie

Eduardo Blumwald: Molecular Regulation of Cell-type Specific Responses to Abiotic Stresses in Poplar
PRESENTER: Eduardo Blumwald

Eduardo Blumwald: Rational design and testing of osmotic-stress inducible synthetic promoters from
poplar cis-regulatory elements
PRESENTER: Neal Stewart

Nicholas Bouskill: Microbial environmental feedbacks and the evolution of soil organic matter
PRESENTER: Nick Bouskill

Nanette Boyle: Enabling Predictive Metabolic Modeling of Diurnal Growth Using a Multi-Scale Multi-
Paradigm Approach
PRESENTER: Nanette Boyle



Daniel Buckley: Harnessing Metagenomic Stable Isotope Probing to Uncover the Carbon Cycling
Capacity of Soil Microbes
PRESENTER: Samuel Barnett

Daniel Buckley: Phenolic acid-degrading populations of Paraburkholderia prime decomposition in forest
soils
PRESENTER: Roland Wilhelm

Stephen Burley: RCSB Protein Data Bank: Making connections from genes to ecosystems
PRESENTER: John D Westbrook

Kristin Burnum-Johnson: Spatiotemporal Mapping of Lignocellulose Decomposition by a Naturally
Evolved Fungal Garden Microbial Consortium
PRESENTER: Kristin Burnum-Johnson

Posy Busby: Identifying Plant Genes Associated With Pathogen Antagonism in Populus trichocarpa
PRESENTER: Posy Busby

C

William Cannon: Elucidating Principles of Bacterial-Fungal Interactions
PRESENTER: William Cannon

William Cannon: LEARNING REGULATION AND OPTIMAL CONTROL OF ENZYME ACTIVITIES AND
APPLICATION TO SYSTEMS BIOLOGY DATA OF NEUROSPORA CRASSA
PRESENTER: William Cannon

John Carlson: Breeding Resilient, Disease-Resistant Switchgrass Cultivars for Marginal Lands
PRESENTER: John Carlson

Patrick Chain: Examinations of the Fungal Genus Monosporascus Reveal its Potential as an Experimental
Model for Studying Bacterial-Fungal Interactions
PRESENTER: Aaron Robinson

Patrick Chain: Integrating read-based microbiome taxonomy classification tools into KBase
PRESENTER: Mark Flynn

Patrick Chain: Investigating Chloroplast Signal within the Hyphae of Diverse Fungi
PRESENTER: Julia Kelliher

Patrick Chain: Resolving Intracellular Chloroplast in Fungi from Sequence to Slide.
PRESENTER: Demosthenes Morales

Clint Chapple: Coupling Metabolic Source Isotopic Pair Labeling And Genome Wide Association For
Metabolite And Gene Annotation In Plants
PRESENTER: Clint Chapple



George Church: Characterizing the portability of RecT-mediated oligonucleotide recombination
PRESENTER: Gabriel Filsinger

George Church: Deep Mutational Learning of Protein Function for New Intracellular Biosensors
PRESENTER: Alexander Garruss

George Church: Genetic Code Expansion in Bacillus subtilis
PRESENTER: Devon Stork

George Church: High Throughput Functional Variant Screens via In-vivo Production of Single-stranded
DNA
PRESENTER: Max Schubert

George Church: Parallelized in vivo Construction of a Synthetic 57-Codon E. coli Genome
PRESENTER: Akos Nyerges

George Church: Uncovering spatial taxonomic structures of synthetic microbial communities using
subcellular RNA sequencing
PRESENTER: Andrew Pawlowski

John Coates: Revealing the Prevalence and Diversity of a Rare Phosphorus Metabolism through
Selective Enrichments and Genome Resolved Metagenomics
PRESENTER: Sophia Ewens

John Coates: The Lineages of Dissimilatory Phosphite Oxidation Genes Indicate an Ancient, Vertically
Transferred Metabolism
PRESENTER: Alexa Gomberg

Luca Comai: Discovery and characterization of disease resistance loci using a unique gene copy number
variant population
PRESENTER: Luca Comai

Gloria Coruzzi: EvoNet: A phylogenomic and systems biology approach to identify genes underlying
plant survival in marginal, low-Nitrogen soils
PRESENTER: Gil Eshel

Hugo Cuevas: Genome-wide association analysis of anthracnose resistance response in the NPGS sweet
sorghum collection
PRESENTER: Hugo Cuevas

D

Gautam Dantas: Characterizing growth and metabolism of Rhodococcus opacus PD630 on real lignin
breakdown products
PRESENTER: Garrett Roell



Gautam Dantas: Elucidating aromatic tolerance and utilization in adaptively evolved Rhodococcus
opacus strains for lignin valorization
PRESENTER: Winston Anthony

Brian Davison: Pectin — lignin interactions in plant cell walls and model composites
PRESENTER: Hugh O'Neill

Brian Davison: Polymer and structural science behind valorizing lignin using solvents
PRESENTER: Loukas Petridis

Brian Davison: Precision Labeling of Membrane Fatty Acids in Bacillus subtilis and the Impacts on the
Cellular Proteome and Lipidome
PRESENTER: James Elkins

Kristen DeAngelis: Drivers and Mechanisms of Long-Term Soil Response to Chronic Warming
PRESENTER: Kristen DeAngelis

Evan Delucia: A role for differential Rca isoform expression in C4 bioenergy grass thermotolerance?
PRESENTER: Sang Yeol Kim

Evan Delucia: An Ecosystem-Scale Comparison of Sorghum, Maize, and Miscanthus as Three Bioenergy
Crop Candidates
PRESENTER: Caitlin Moore

Evan Delucia: Application of Spatially Adjusted Machine Learning Approaches to Improve Sorghum
Biomass Prediction Using Unmanned Aerial Vehicles
PRESENTER: Sebastian Varela

Evan Delucia: Assessing Biological Nitrification Inhibition in the Rhizosphere of Field-Grown Bioenergy
Sorghum
PRESENTER: Mark Burnham

Evan Delucia: Building a Comprehensive Set of Genetic Tools for Metabolic Engineering of Issatchenkia
orientalis
PRESENTER: Mingfeng Cao

Evan Delucia: Coarse-grained Modeling of Saccharomyces cerevisiae Physiology
PRESENTER: Viviana Nguyen

Evan Delucia: Development of High Throughput MALDI-TOF-MS Workflow for Profiling Medium-Chain
Fatty Acids from Microbial Colonies
PRESENTER: Kisurb Choe

Evan Delucia: Development of High Throughput Primer Design and Quantification for Nitrogen Cycle
Genes in Bioenergy Crop Soils
PRESENTER: Jaejin Lee



Evan Delucia: Effectiveness of Payments for Greenhouse Gas Mitigation to Induce Low Carbon
Bioenergy Production
PRESENTER: Fahd Majeed

Evan Delucia: Effects of Natural Variation in Self-Shading on Photosynthetic Traits in Sorghum
PRESENTER: Nikhil Jaikumar

Evan Delucia: Energizing the Machinery of Storage Lipid Synthesis in Plant Vegetative Tissues
PRESENTER: John Shanklin

Evan Delucia: Establishment of Efficient Multiplex Genome Editing in Sorghum Using Green Calli
PRESENTER: Praveena Kanchupati

Evan Delucia: Gene Targeting and Targeted Mutagenesis for Genetic Improvement of Oilcane
PRESENTER: Baskaran Kannan

Evan Delucia: Leveraging Comparative Population Genomics to Dissect the Mechanisms of Issatchenkia
orientalis Fluconazole Resistance
PRESENTER: Yasuo Yoshikuni

Evan Delucia: Linking Microbial Community Structure and Function for Sustainable Production of
Bioenergy Crops
PRESENTER: Angela Kent

Evan Delucia: Metabolic Engineering of Triacylglycerols with Specialized Fatty Acids in Sorghum
PRESENTER: Kiyoul Park

Evan Delucia: Oleaginous Yeasts for the Production of Sugar Alcohols
PRESENTER: Sujit Jagtap

Evan Delucia: Quantifying the Plant-Microbial Interactions Controlling Soil Organic Matter Formation in
Bioenergy to Improve Model Representations of Sustainability
PRESENTER: Joanna Ridgeway

Evan Delucia: Rewiring Metabolism to Construct a Yeast Strain Capable of Producing 2,3-butanediol
Without Ethanol and Glycerol Production
PRESENTER: Jaewon Lee

Evan Delucia: Towards a fully automated algorithm driven platform for biosystems design
PRESENTER: Shekhar Mishra

José Dinneny: Discovering innovations in stress tolerance through comparative gene regulatory network
analysis and cell-type specific expression maps.
PRESENTER: Jose Dinneny

Mitch Doktycz: Pant-Microbe interfaces: Application of machine -learned protein-metabolite binding
prediction models to plant-microbe interfaces
PRESENTER: Omar Demerdash



Mitch Doktycz: Plant-Micrboe Interfaces: Systems Biology Approaches to Understanding a Plant's
Adaptation to and Regulation of the Phytobiome
PRESENTER: Daniel Jacobson

Mitch Doktycz: Plant-Microbe Interfaces: Experimental characterization of protein movement from
plants to ectomycorrhizal fungus
PRESENTER: Xiaohan Yang

Mitch Doktycz: Plant-Microbe Interfaces: Identification of gene products involved in plant colonization
by Pantoea sp. YR343 using a plant-responsive diguanylate cyclase
PRESENTER: Jennifer Morrell-Falvey

Mitch Doktycz: Plant-Microbe Interfaces: Identification and characterization of Proteolytic Cleavage
Product (PCP) peptides that function as key signaling molecules for Plant-Microbe Interactions
PRESENTER: Robert Hettich

Mitch Doktycz: Plant-Microbe Interfaces: Metabolomics of non-host switchgrass plants expressing a
poplar lectin receptor-like kinase in response to the mycorrhizal fungus Laccaria bicolor
PRESENTER: Timothy Tschaplinski

Mitch Doktycz: Plant-Microbe Interfaces: Pathway prediction and production through cell-free synthetic
biology
PRESENTER: Mitchel Doktycz

Mitch Doktycz: Plant-Microbe Interfaces: Simplified community approach to investigate the dynamic
host-microbiome relationship
PRESENTER: Dale Pelletier

Mitch Doktycz: Plant-Microbe Interfaces: Temporal Variation in Plant-Microbe Interactions
PRESENTER: Melissa Cregger

Tim Donohue: Accelerating Yield Improvement in Switchgrass through Genomic Prediction of Floral
Anthesis
PRESENTER: Neal Tilhou

Tim Donohue: Associative Nitrogen Fixation (ANF) in High-Yielding Switchgrass Varieties
PRESENTER: Carolina Cordova

Tim Donohue: Crabtree-like aerobic xylose fermentation through increased metabolic flux and altered
sugar signaling pathways in Saccharomyces cerevisiae
PRESENTER: Trey Sato

Tim Donohue: Data-driven design and engineering of biomolecules: mRNA and DNA
PRESENTER: Sanjan Gupta

Tim Donohue: Designing Mixed-Solvent Environments for Acid-Catalyzed Biomass Conversion Processes
PRESENTER: Alex Chew



Tim Donohue: Engineering of the Enzymes IspG and IspH from Zymononas mobilis to Increase
Terpenoid Production
PRESENTER: Isabel Askenasy

Tim Donohue: Engineering Streptomyces to Capture Value from Lignocellulosic Biofuel Conversion
Residue
PRESENTER: Caryn Wadler

Tim Donohue: Incorporation of protocatechuaic acid (3, 4-dihydroxybenzoate) conjugates into the lignin
of transgenic poplar
PRESENTER: Faride Unda

Tim Donohue: Integrated spatially explicit optimization of biofuel supply chains and landscape design
considering biomass yield uncertainty
PRESENTER: Eric O'Neill

Tim Donohue: Microbial conversion of chemically depolymerized lignin into valuable compounds
PRESENTER: Steven Karlen

Tim Donohue: Microbial Valorization of Lignin: Using Novosphingobium aromaticivorans to Break the
Bonds in Lignin and Convert Lignin Deconstruction Products into Value-added Chemicals
PRESENTER: Wayne Kontur

Tim Donohue: Model-driven analysis of mutant fitness experiments improves genome-scale metabolic
models of Zymomonas mobilis ZM4
PRESENTER: Dylan Courtney

Tim Donohue: MPK6-MYB46 Regulatory Module Suppresses Plant Biomass Formation During Salt Stress
PRESENTER: Kyung-Hwan Han

Tim Donohue: Pathway Engineering and Re-targeting Boosts Production of High-Value Bioproducts in
Plants
PRESENTER: Jacob Bibik

Tim Donohue: Sorghum Dw2 controls stem growth by regulating PLD&/endomembrane activity and cell
proliferation
PRESENTER: Joel Oliver

Tim Donohue: Stability of Switchgrass Leaf Microbiome in the Face of Natural Aerial Colonizers
PRESENTER: Lukas Bell-Dereske

Tim Donohue: Systems Level Comparison of Medium Chain Fatty Acid Production
PRESENTER: Nathaniel Fortney

Tim Donohue: Using fungal diversity to improve biofuel conversion
PRESENTER: David Krause



Tim Donohue: Using the Zip-Lignin Strategy to Build the Optimal Sorghum Biofuel Crop
PRESENTER: Rebecca Smith

John Dunbar: Influence of microbial surface litter decomposer communities on CO2 emissions from
natural soils
PRESENTER: Sanna Sevanto

John Dunbar: Merging fungal and bacterial community profiles via an internal control
PRESENTER: Miriam Hutchinson

John Dunbar: Microbial Community Composition Controls Carbon Flux Across Litter Types in Short-Term
Litter Decomposition
PRESENTER: Marie Kroeger

John Dunbar: Organism interactions and substrate range are the primary mechanisms linked to
divergent carbon flow during litter decomposition
PRESENTER: Michaeline Albright

John Dunbar: Role of geographic scale in likelihood of microbial-driven functional variation during litter
decomposition
PRESENTER: Rae DeVan

Mary Dunlop: High-speed spectroscopic stimulated Raman scattering microscopy for measuring biofuel
synthesis
PRESENTER: Haonan Lin

Mary Dunlop: Single Cell Chemical Imaging with Stimulated Raman Scattering for Biofuel Production
Screening
PRESENTER: Nathan Tague

John Dyer: Genomics and Phenomics to Identify Yield and Drought Tolerance Alleles for Improvement of
Camelina as a Biofuel Crop
PRESENTER: Hussein Abdel-Haleem

E

Robert Egbert: Genome remodeling to control the persistence of engineered functions in soil
microbes
PRESENTER: Robert Egbert

Edward Eisenstein: Transgenic Poplar Lines to Probe Host Genes Involved in Defense Against Rust
PRESENTER: Edward Eisenstein

Sarah Evans: Free-living Nitrogen Fixation in the Switchgrass Rhizosphere
PRESENTER: Darian Smercina



Sarah Evans: Relic DNA dynamics mask the resilience of switchgrass bacterial communities to extreme
drying rewetting
PRESENTER: Heather Kittredge

Sarah Evans: Soil Microbes Affect Switchgrass Germination More than Seedling Growth Under Drought
PRESENTER: Tayler Ulbrich

Andrea Eveland: Elucidating the Molecular Mechanisms Underlying Drought Resilience in Sorghum
PRESENTER: Andrea Eveland

F

Kjiersten Fagnan: Cultivation-independent expansion of the Nucleocytoplasmic Large DNA Viruses
PRESENTER: Frederik Schulz

Kjiersten Fagnan: The National Microbiome Data Collaborative: Empowering the Research Community
to More Effectively Harness Microbiome Data
PRESENTER: Pajau Vangay

Mary Firestone: Arbuscular Mycorrhizal Fungi Transport Water to Host Plants
PRESENTER: Anne Kakouridis

Mary Firestone: Connecting switchgrass-microbe-soil interfaces for sustainable bioenergy crop
production on marginal soils: stable-isotope labeling, genomics and exometabolomics
PRESENTER: Mary Firestone

Mary Firestone: Cross-Kingdom Interactions: the Foundation for Nutrient Cycling in Grassland Soils
PRESENTER: Joanne Emerson

Mary Firestone: Effects of Switchgrass Cultivation on Deep Soil Carbon Stock and Long-term Carbon
Dynamics in Marginal Lands
PRESENTER: lJialiang Kuang

Mary Firestone: Microbial and Viral Niche-Differentiation in Time-Resolved Metatranscriptomes from
Rhizosphere and Detritusphere Soil
PRESENTER: Ella Sieradzki

Mary Firestone: Multitrophic and Metabolite Responses to Drought in Grassland Soils
PRESENTER: Javier Ceja-Navarro

Mary Firestone: Spectroscopic Diagnosis of Plant Phosphorus Availability and Relationship to Tissue
Chemistry and Productivity of a Bioenergy Feedstock
PRESENTER: Zhao Hao

Mary Firestone: Succession of Rhizosphere Biotic Communities During Switchgrass Establishment in
Marginal Soils
PRESENTER: Yuan Wang



Mary Firestone: Unravelling Rhizosphere-Microbial Interactions in the Rhizosphere of Alamo
Switchgrass (Panicum virgatum) under Abiotic Stresses
PRESENTER: Nameer Baker

Brian Fox: Creation of an Acyltransferase Toolbox for Plant Biomass Engineering
PRESENTER: Brian Fox

G

Jeffrey Gardner: Using systems biology to untangle the complex physiology of bacterial xylan utilization
PRESENTER: Jeffrey Gardner

Jean Gibert: PROTIST PREDATION MEDIATES THE TEMPERATURE RESPONSE OF MICROBIAL
COMMUNITIES
PRESENTER: Jean Gibert

Ryan Gill: A Marionette S. cerevisiae Strain to Control Metabolic Pathways
PRESENTER: Marcelo Bassalo

Ryan Gill: Design and engineering of native regulatory networks in non-model microbes
PRESENTER: Margaret Habib

Ryan Gill: Engineering of Regulatory Networks for Improved C3-C4 Alcohol Tolerance and Production in
E. coliand S. cerevisiae
PRESENTER: Emily Freed

Ryan Gill: Towards Integration of Cello, the Computer-Aided Design Platform for Genetic Circuits, into
KBase.
PRESENTER: Omree Gal-Oz

H

Kirsten Hofmockel: Controls on the Composition of Microbial Derived Necromass in Soil
PRESENTER: Kirsten Hofmockel

Kirsten Hofmockel: Deconstructing the Soil Microbiome into Reduced-Complexity Functional Modules
PRESENTER: Janet Jansson

Kirsten Hofmockel: Fungal hyphal networks play a key role in soil microbiome micronutrient acquisition
and transport during drought
PRESENTER: Christopher Anderton

Kirsten Hofmockel: Generation and Analysis of Reduced Complexity Model Soil Consortia
PRESENTER: Ryan McClure



Kirsten Hofmockel: Unraveling the Molecular Mechanisms Underlying the Microbiome Response to Soil
Rewetting
PRESENTER: Mary Lipton

Kirsten Hofmockel: Viral diversity: decoding hidden potential for metabolic functions in soils
PRESENTER: Emily Graham

Bruce Hungate: Effects of Warming on Bacterial Growth and Element Fluxes in Soil
PRESENTER: Bruce Hungate

Bruce Hungate: Measurement of Isotope Assimilation Rates into Microbial DNA Through Quantitative
Stable Isotope Probing with Internal Standards.
PRESENTER: Egbert Schwartz

No entries
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Daniel Jacobson: Exascale Networks for Arabidopsis in Kbase
PRESENTER: Daniel Jacobson

Daniel Jacobson: Peta- and Exa-scale for Arabidopsis in KBase
PRESENTER: Michael Garvin

Tiffany Jamann: Conserved Genetic Mechanisms for Biotic Stress in Sorghum
PRESENTER: Tiffany Jamann

Kolby Jardine: Cell Wall O-Acetyl and Methyl Esterification Patterns of Leaves Reflected in Atmospheric
Emission Signatures of Acetic Acid and Methanol
PRESENTER: Rebecca Dewhirst

Michael Jewett: Accelerating Pathway Engineering of Non-Model Organisms Through Novel Cell-Free to
In Vivo Workflows
PRESENTER: Michael Koepke

Michael Jewett: Determining Protospacer Adjacent Motif Preferences of Industrially Relevant Clostridial
Type I-B CRISPR-Cas Systems
PRESENTER: Grant Rybnicky

Michael Jewett: Establishing an Automated High-throughput Screening Platform
PRESENTER: Rasmus Jensen

Michael Jewett: Integrating Proteomic and Metabolomic Analyses to Optimize Cellular Extract
Preparation for Enhanced Cell-Free Protein Synthesis
PRESENTER: Richard J. Giannone



Michael Jewett: Kinetic Modeling Tools Using Cell-Free Experiments to Predict Metabolic Network
Behavior in Non-Model Systems
PRESENTER: Jacob Martin

Michael Jewett: Predicting Novel Biosynthetic Pathways with Generalized Enzymatic Reaction Rules
PRESENTER: Zhuofu Ni

Michael Jewett: Sequencing and Gene Mining the Largest Collection of Industrially used Acetone-
Butanol-Ethanol (ABE) Fermentation Strains
PRESENTER: Steve Brown

Martin Jonikas: Transforming our understanding of chloroplast-associated genes through
comprehensive characterization of protein localizations and protein-protein interactions
PRESENTER: Martin Jonikas

Thomas Juenger: Ecosystem responses in switchgrass monoculture stands across a latitudinal gradient
PRESENTER: Michael Ricketts

Thomas Juenger: Genetics of Climate Adaptation Using Genome-Wide Association in Switchgrass
PRESENTER: Alice MacQueen

Thomas Juenger: Host Genetics Control the Composition of Root-associated Microbiota in Switchgrass
(Panicum virgatum)
PRESENTER: Joseph Edwards

Thomas Juenger: Spatiotemporal dynamics of a microbiome on Panicum hallii under drought stress
PRESENTER: Esther Singer

Thomas Juenger: The genomic basis of ecotype evolution in Switchgrass
PRESENTER: John Lovell

Thomas Juenger: Using Machine Learning to Identify Cultivar x Site Interaction and Environmental
Variable Affecting Aboveground Biomass
PRESENTER: Li Zhang

K

Jay Keasling: A Droplet Microfluidic Platform for Lab Automation
PRESENTER: Kosuke lwai

Jay Keasling: Adaptive Laboratory Evolution as an Efficient Technology for Strain Construction
PRESENTER: Adam Feist

Jay Keasling: An Automated Sample Preparation Workflow For High-throughput, Quantitative Proteomic
Studies of Microbes
PRESENTER: Christopher Petzold



Jay Keasling: ART: a machine learning Automated Recommendation Tool for synthetic biology
PRESENTER: Hector Garcia Martin

Jay Keasling: Carbon footprint and economics of integrating biogas upgrading process and carbon
capture technologies in cellulosic biorefineries
PRESENTER: Minliang Yang

Jay Keasling: Catabolism of Lignin Oligomers by Soil-Derived Microbiomes
PRESENTER: Steven Singer

Jay Keasling: Collaboration with the Experiment Data Depot
PRESENTER: Nathan Hillson

Jay Keasling: Conversion of lonic Liquid Pretreated Poplar into Jet Fuel
PRESENTER: John Gladden

Jay Keasling: Distillable lonic Liquids/Deep Eutectic Solvents for an Effective Recycling and Recovery
Approach
PRESENTER: Ezinne Achinivu

Jay Keasling: Engineered Polyketide Synthases as Platform for Synthetic Chemistry
PRESENTER: Jay Keasling

Jay Keasling: Environmental Impacts of Biomass Sorghum Production in the Continental United States
PRESENTER: Umakant Mishra

Jay Keasling: Field Testing of Engineered Switchgrass with Improved Biomass Yield and Sustainability
Traits
PRESENTER: Henrik Scheller

Jay Keasling: Genome-scale metabolic rewiring to achieve predictable titers, rates and yields of non-
native products at scale
PRESENTER: Aindrila Mukhopadhyay

Jay Keasling: High-Throughput Screening of Lignocellulosic Biomass Degrading Enzymes Utilizing Mass
Spectrometry
PRESENTER: Noel Ha

Jay Keasling: Lowering Lignin Recalcitrance and Producing Value Bioproducts in Poplar
PRESENTER: Chang-Jun Liu

Jay Keasling: Machine Learning to Predict Biomass Sorghum Yields under Future Climate Scenarios
PRESENTER: Corinne Scown

Jay Keasling: Production of Platform Chemicals in Bioenergy Crops: Stacking Low-Recalcitrance Traits
with Co-Products
PRESENTER: Aymerick Eudes



Jay Keasling: Redirecting metabolic flux via combinatorial multiplex CRISPRi-mediated repression for
isopentenol production in E. coli
PRESENTER: Taek Soon Lee

Jay Keasling: Sorghum Secondary Cell Wall Nanoarchitecture Can Be Revealed By Solid State NMR
PRESENTER: Jenny Mortimer

Jay Keasling: Towards Whole Biomass Utilization: Development of lonic Liquid Technologies for Lignin
PRESENTER: Seema Singh

Matias Kirst: Deciphering N-fixing symbiosis signaling in Medicago with dynamic regulatory module
networks (DRMNs)
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Matias Kirst: Evolution of root nodule symbiosis & engineering of symbiotic nitrogen fixation in Populus
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Matias Kirst: Global scale phylogenomics of the nitrogen fixing clade
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Peggy Lemaux: Lessons from the Field: How Sorghum and Its Microbiome Respond to Drought
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Karen Lloyd: Arctic Microbial Permafrost Degradation
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Stephen Long: Increasing photosynthetic efficiency of energycane under fluctuating lights
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Stephen Long: Stem Parenchyma Cell-specific Gene Characterization in Energycane
PRESENTER: Jiang Wang
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Stephen Long: Towards Qil Cane: Engineering Energycane for Hyperaccumulation of Lipids and
Improved Agronomic Performance
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David Lowry: Identification of Adaptive Fungal Pathogen Resistance Loci in Switchgrass
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Ting Lu: Simultaneous consumption of mixed sugars through the division of labor (DOL) in a synthetic
Saccharomyces cerevisiae consortium
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Ting Lu: Dissecting the Social Interactions of Yeast-Lactic Acid Bacteria Consortia
PRESENTER: Yongping Xin
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Josh Michener: Systems Metabolic Engineering of Novosphingobium aromaticivorans for Lignin
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PRESENTER: Ada Sedova

James Moran: Evaluating Biogeochemical Processes Facilitated by Plant and Microbial Interactions
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consortia and their viral predators
PRESENTER: Victoria Orphan

Victoria Orphan: Microbial Interactions at Micro-scale and Pore-scale Revealed by Process-based
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Terry Papoutsakis: Syntrophic Co-Cultures of Clostridium Organisms to Produce Higher Alcohols & Other
C6-C8 Metabolites
PRESENTER: Kamil Charubin

Kabir Peay: Symbiotic niche mapping reveals nutrient specialization and functional complementarity
among ectomycorrhizal fungi
PRESENTER: Kabir Peay

Jennifer Pett-Ridge: A Workflow for Generating and Polishing Nanopore Reads from Low Biomass
Samples
PRESENTER: Olivier Zablocki

Jennifer Pett-Ridge: How Drought Modulates Formation and Persistence of Microbe-Derived Soil
Carbon from Rhizosphere, Detritusphere, and Bulk Soil Microbial Communities
PRESENTER: Noah Sokol

Jennifer Pett-Ridge: Trait-based Modeling of Mineral-associated Soil Organic Matter Formation in
Distinct Soil Habitats
PRESENTER: Gianna Marschmann

Jennifer Pett-Ridge: Unearthing the Active Microbes, Viruses and Metabolites in Dynamic-Redox
Tropical Soils with Quantitative SIP and Metagenomics
PRESENTER: Jennifer Pett-Ridge

Jennifer Pett-Ridge: Using Quantitative Stable Isotope Probing to Link Precipitation Regimes of
Mediterranean-Grassland Ecosystems to Soil Microbial Ecophysiology

PRESENTER: Megan Foley

Jennifer Pett-Ridge: Viral Diversity and Potential Carbon Cycling Impacts Across a Soil Climate Gradient
PRESENTER: Christine Sun
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PRESENTER: Howard Salis
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project.
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Daniel Schachtman: Sorghum root microbiome dynamics under nutrient-limited and drought conditions
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their genomes
PRESENTER: Ethan Hillman

Rhona Stuart: Beneficial Partners: Mycorrhizal Resource Exchange in Bioenergy Cropping Systems
PRESENTER: Rachel Hestrin

Rhona Stuart: Categorizing metabolic exchange and signaling reveal distinct mechanisms of mutualistic
algal-bacterial interactions
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Rhona Stuart: Characterizing algal metabolites and their role in biotic interactions
PRESENTER: Vanessa Brisson

Rhona Stuart: Examining the role of physical proximity and diffusion of metabolites in algal-bacterial
interactions
PRESENTER: Hyungseok Kim

Rhona Stuart: System-level analyses of beneficial interactions in an algal-bacterial co-culture
PRESENTER: Ali Navid

Rhona Stuart: Tools for Importing, Comparing and Merging Functional Annotations for Improved
Metabolic Modeling in KBase
PRESENTER: Patrik D'haeseleer

Rhona Stuart: Understanding Variation in the Switchgrass Microbiome Across Scales: Evidence for Both
Host Filtering and Environmental Control
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Matthew Sullivan: KBase Science GSP: Towards a Viral Ecogenomics Toolkit at KBase
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Matthew Sullivan: The role of viruses in the carbon cycle along a permafrost thaw gradient
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Matthew Sullivan: Viruses may manipulate the global carbon cycle through carbohydrate active
enzymes
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Cong Trinh: Understanding and Eliminating the Detrimental Effect of Thiamine Deficiency on the
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phenylpropanoid biosynthesis
PRESENTER: Meng Xie

Gerald Tuskan: Genetic engineering to produce C-lignin deposition in plant stems
PRESENTER: Jaime Barros

Gerald Tuskan: Genome shuffling and bacterial quantitative trail locus (QTL) mapping in Pseudomonas
putida
PRESENTER: Julie Chaves

Gerald Tuskan: Improving Clostridium thermocellum Product Titers by Increasing the Thermodynamic
Driving Force of its Glycolytic Pathway
PRESENTER: Lee Lynd

Gerald Tuskan: Enzymatic Synthesis of Xylan Microstructures
PRESENTER: Peter Smith

Gerald Tuskan: Investigating the spatial organization of aromatic catabolism in P. putida KT2440
PRESENTER: Allison Werner

Gerald Tuskan: Leveraging Super High Optical Resolution Microscopy to Probe the Interaction Zone
Between Clostridium thermocellum and Biomass
PRESENTER: John Yarbrough

Gerald Tuskan: Lignocellulose-Fermenting Microbiomes: A Compass for Biofuel Process Development
PRESENTER: Evert Holwerda

Gerald Tuskan: Rapidly domestication poplar using genomic selection and machine learning
PRESENTER: David Kainer

Gerald Tuskan: The role of beneficial microbes in stress management of Populus
PRESENTER: Jessy Labbe

Keith Tyo: Prospecting thiamine diphosphate-dependent carboligases and characterizing their
promiscuity to create novel metabolic pathways from primary metabolites
PRESENTER: Bradley Biggs

Keith Tyo: Using machine learning to model promiscuous activity of thiamine diphosphate-dependent
carboligases and side reactions in the E. coli metabolome
PRESENTER: Tracey Dinh

U

James Umen: Deep Green: Structural and Functional Genomic Characterization of Conserved
Unannotated Green Lineage Proteins
PRESENTER: James Umen



Vv

Kranthi Varala: Infernet: Gene Function Inference By Leveraging Large, Organ-Specific Expression
Datasets And Validation Of Non-Redundant Regulators
PRESENTER: Kranthi Varala

W

Jim Wang: Dynamic Genome-Scale Metabolic Network Modeling for a Novel Methanotroph-
Cyanobacteria Coculture
PRESENTER: Kiumars Badr

Jim Wang: Tuning C1-metabolism for efficient utilization of biogas in synthetic photoautotroph-
methanotroph binary consortium.
PRESENTER: Marcus Bray

David Weston: Microbiome transfer and synthetic community approaches for determining the genetic
and environmental factors underlying mutualism within a Sphagnum peatmoss system
PRESENTER: David Weston

Jan Westpheling: Development of emerging model microorganisms: Megasphaera elsdenii for biomass
and organic acid upgrading to fuels and chemicals
PRESENTER: Janet Westpheling

lan Wheeldon: Developing the yeast Kluyveromyces marxianus as a thermotolerant bioproduction host
PRESENTER: lan Wheeldon

Thea Whitman: Dissection of Carbon and Nitrogen Cycling in Post-Fire Soil Environments using a
Genome-Informed Experimental Community
PRESENTER: Thea Whitman

Mari Winkler: Integrating single-cell wetland microbiome structure, function, and activity to ecosystem-
scale biogeochemical fluxes
PRESENTER: Mari-Karoliina Winkler

Kelly Wrighton : Coupling KBASE with PFLOTRAN
PRESENTER: Roelof Versteeg

X

No entries

Y

Todd Yeates: Innovations in Enzyme and Pathway Engineering for Cell-Free Production of Biofuels and
High-Value Chemicals
PRESENTER: Saken Sherkhanov



Todd Yeates: Microbial Metabolism, Chemistry, and Communities under Study at the UCLA-DOE
Institute for Genomics and Proteomics
PRESENTER: Rachel Loo

Todd Yeates: New Atomic Imaging Technology Development at the UCLA-DOE Institute
PRESENTER: Jose Rodriguez

Todd Yeates: Transcriptomic analyses of bulk and single cell Chalmydomonas RNA-seq data reveal new
gene functions and cell state heterogeneity
PRESENTER: Matteo Pellegrini

Jamey Young: Metabolic engineering of cyanobacteria for enhanced production of ethylene and free
fatty acids
PRESENTER: Bo Wang

Jamey Young: Rapid flux phenotyping to accelerate metabolic engineering of cyanobacteria
PRESENTER: Piyoosh Babele

Z

Philipp Zerbe: Improved Biofuel Production through Discovery and Engineering of Terpene Metabolism
in Switchgrass
PRESENTER: Kira Tiedge

Huimin Zhao: Evidence for Metabolic Channeling of Glucose into the Oxidative Pentose Phosphate
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Improving the safety and outcome of research using next-generation genome engineering

Paul E. Abraham!' *(abrahampe@ornl.gov) Michael M. Vergara', Guoliang Yuan', Mahmudul
Hassan!, Amber McBride!, Xiaohan Yang', Daniel Jacobson', and Jessy Labbe'

'0ak Ridge National Laboratory, Oak Ridge, Tennessee 37831.

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 Zhang™* (yingzhang@uri.edu), Ke Zhang, * Irina A. Rodionova,® Dmitry A. Rodionov,? James R.
Crosby,® Ryan G. Bing,® Diep M. N. Nguyen,* TaniaN. N. Tanwee,* Gabriel M. Rubinstein,*
Robert M. Kelly,® and Michael W. W. Adams'

'University of Rhode Island, Kingston, RI; *Sanford-Burnham-Prebys Med. Discovery Ingtitute, La
Jolla, CA; ®*North Carolina State University, Raleigh, NC; “University 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 ther mophilic lignocellulose-
degrading or ganism known, Caldicellulosiruptor bescii, which grows optimally near 80°C. This
work leverages recent breakthrough advancesin the development of molecular genetic toolsfor
this organism, complemented by a deep under standing of its metabolism and physiology gained
over the past decade of study in the PIs' |aboratories. We are applying the latest metabolic
reconstruction and modeling approaches to optimize biomassto product conversion using
switchgrass asthe model plant and acetone and other fermentation products astargets. The
over-arching goal isto demonstrate that a non-model microor ganism, specifically an extreme
thermophile, can be a strategic metabolic engineering platform for industrial biotechnology
using a systems biology-based appr oach.

Caldicellulosiruptor bescii isan extremely thermophilic, strictly anaerobic, gram-positive bacterium.
It is the most thermophilic cellulolytic bacterium known to date (T,,=78~80°C, T,,,=90°C), and it
can use awide 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
severa 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 RNA Seq 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 amost 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 isbeing
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.

References
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Systems Biology-Based Optimization of Extremely Thermophilic Lignocellulose
Conversion to Bioproducts
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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 ther mophilic lignocellulose-
degrading organism known, Caldicellulosiruptor bescii (T, 78°C). Thiswork leverages
recent breakthrough improvementsin the molecular genetic toolsfor C. bescii,
complemented by a compr ehensive under standing 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 biomassto product conversion using
switchgrass as a model plant, and acetone and other industrial chemicalsastargets. The
over -ar ching goal isto demonstrate that a non-model microor ganism, specifically an
extreme ther mophile, can be a strategic metabolic engineering platform for industrial
biotechnology using a systems biology-based appr oach.

Bio-processing above 70°C can have important advantages over near-ambient operations. Highly
genetically modified microorganismstypically 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 |oss 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 isleveraging recent developmentsin the PIS' labsfor C. bescii that enable the
proposed effort (1-11). We are devel oping 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 ams 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 arobust 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, astrain 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
renewabl e 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 (N-2O).

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 CS5) 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 N>O.
The EnvSim campaign has deduced four potential mechanisms that may account for the N>O
emissions at the FRC and are currently being investigated by labs across ENIGMA.
Denitrification at the FRC! 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 pathway?®. 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
N20, 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
conditions®.

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 8!°N-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 8'°N-
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.



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
(<0.1pum) 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.

ENIGMA (http://enigma.lbl.gov) at LBNL supported by Office of Biological and Environmental
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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 1lab 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).

This material by ENIGMA- Ecosystems and Networks Integrated with Genes and Molecular Assemblies a
Scientific Focus Area Program at Lawrence Berkeley National Laboratory is based upon work supported
by the U.S. Department of Energy, Office of Science, Office of Biological & Environmental Research
under contract number DE-AC02-05CHI11231
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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.

This material by ENIGMA- Ecosystems and Networks Integrated with Genes and Molecular Assemblies a
Scientific Focus Area Program at Lawrence Berkeley National Laboratory is based upon work supported
by the U.S. Department of Energy, Office of Science, Office of Biological & Environmental Research
under contract number DE-AC02-05CHI11231
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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 pm, 0.2 um and
0.1um 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 10° cells /ml and the counts for Area 3 averaged between 2 to 8 x 10° 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 *H-leucine. Activity measurements
changed temporally and were an order of magnitude higher for uncontaminated wells compared
to the contaminated wells (1-3 x 10~ ng C/cell/d versus 0.6-8 x 10 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



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 0.1pm filters showed decreased relative abundance of area-specific
species over time, but ESVs from larger fractions (0.2um to 10pum) 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 508 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 8pum and 0.2um 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.

This material by ENIGMA- Ecosystems and Networks Integrated with Genes and Molecular Assemblies a
Scientific Focus Area Program at Lawrence Berkeley National Laboratory is based upon work supported
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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 Olffice of Science, Olffice of Biological and Environmental Research, of the U.S.
Department of Energy under Contract No. DE-AC02-05CHI1231.
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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.

Supported by DE-SC0008593, Biological and Environmental Research
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Pt has the ability to store up to 45% of dry cell weight as triacylglycerol (TAG), a neutral lipid
and precursor to biodiesel'. 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 '*C metabolic flux analysis (MFA) to understand
changes in metabolism by generating a quantitative flux map of the metabolic reaction
network.>?® 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 (60uE), we observed significantly higher chlorophyll content compared
to the chlorophyll content at high light growth conditions (250uE). 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 *C
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
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3 Ma, F. et al. Isotopically nonstationary '3C flux analysis of changes in Arabidopsis thaliana leaf metabolism due to
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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'. 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 tools”.
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Prolonged drought alters plant-litter decomposition
via changes in bacterial communities and substrate availability
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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
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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 (7hlaspi 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 '*C-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
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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 fuel'. 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.
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In vivo thermodynamic analysis of glycolysis in C. thermocellum and T. saccharolyticum
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Project Goals: To develop experimental-computational approaches for in vivo genome-scale

determination of Gibbs free energies (4G) 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 H and '*C 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 7. 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! !. 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 Asia®. 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
profiles®. 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 oil*. 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 M» 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 #8 mutant has 10% higher oil content
and has shown growth and yield characteristics agronomically indistinguishable from wild-type
pennycress.
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KBase : Omics driven discovery of novel functional capabilities in biological systems

Janaka N. Edirisinghe*? (janakae@anl.gov), Benjamin Allen®, Jason Baumohl', Jay Bolton',
Shane Canon', Stephen Chan', John-Marc Chandonia', Dylan Chivian', Zachary Crockett®,
Paramvir Dehal', Meghan Drake®, José P. Faria’, Annette Greiner!, Tianhao Gu?, James
Jeffryes?, Marcin P. Joachimiak', Sean Jungbluth', Roy Kamimura', Keith Keller', Vivek
Kumar®, Sunita Kumari’, Miriam Land®, Sebastian Le Bras', Zhenyuan Lu’, Akiyo Marukawa',
Sean McCorkle*, Cheyenne Nelson', Dan Murphy-Olson?, Erik Pearson', Gavin Price', Priya
Ranjan®, William Riehl', Boris Sadkhin?, Samuel Seaver’, Alan Seleman® Gwyenth Terry',
James Thomason’, Doreen Ware’, Pamela Weisenhorn?, Elisha Wood-Charlson', Shinjae Yoo*,
Qizhi Zhang?, Robert Cottingham®, Chris Henry” and Adam P. Arkin'

'Lawrence Berkeley National Laboratory, Berkeley, CA; *Argonne National Laboratory,
Argonne, IL; *Oak Ridge National Laboratory, Oak Ridge, TN; “Brookhaven National
Laboratory, Upton, NY; > Cold Spring Harbor Laboratory, Cold Spring Harbor, NY.

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-AC02-05CHI11231, DE-AC02-06CH11357, DE-AC05-000R22725, and
DE-AC02-98CHI10886.
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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, Olffice
of Science, Office of Biological and Environmental Research under award numbers DE-AC(2-
05CHI11231, DE-AC02-06CH11357, DE-AC05-000R22725, 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-AC02-06CHI11357.
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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 (GOTTCHA?2). 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, Olffice
of Science, Office of Biological and Environmental Research under award numbers
DE-AC02-05CHI11231, DE-AC02-06CH11357, DE-AC05-000R22725, 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


http://kbase.us/

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, GOTTCHAZ2, 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-ACO05-000R22725, and
DE-AC02-98CHI10886.
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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 wused 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' pipeline in
KBase? (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


https://genome.jgi.doe.gov/portal/GEMs/GEMs.download.html
https://narrative.kbase.us/#org/jgimags

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-AC02-056CH11231, DE-AC02-06CH11357, DE-AC05-000R22725,
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-AC02-06CH11231.
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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 NWChem! 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.? 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 Y east 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.

References
1. M. Valiev, E.J. Bylaska, et al. "NWChem: a comprehensive and scalable open-source
solution for large scale molecular simulations" Comput. Phys. Commun. 181, 1477
(2010)
2. N. Kumar, et al. “Mechanistic Implications of Reductive Co—C Bond Cleavage in Bi»-
Dependent Methylmalonyl CoA Mutase” J. Phys. Chem. B 123, 10, 2210 (2019).

Funding statement. KBase is funded by the Genomic Science program within the U.S.
Department of Energy, Office of Science, Office of Biological and Environmental Research
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Development Program at Pacific Northwest National Laboratory (PNNL). PNNL is a multi-
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1830. 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.
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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.qgithub.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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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 (BCHASs), 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 (o.-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 R?=0.97 and R?>= 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.
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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.
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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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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 CO, 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.
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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 CO> concentrations (C;) in the plant. The initial carboxylation reaction in Cs4
plants is catalyzed by phosphoenolpyruvate carboxylase (PEPC) and leads to elevated CO>
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™ (Knco3) 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 C; and C4
isozymes of PEPC influence the efficiency of C4 photosynthesis when the availability of
atmospheric CO; is low. To accomplish this objective, we are measuring the kinetic properties of
28 PEPC isozymes from both C; and C4 plants from members of the Poaceae family. These
enzymes were overexpressed and purified from the PEPC-less PCRI Escherichia coli strain. The
kinetic measurements have been compared to determine if there is a tradeoff between Kpgp and
Kucos. 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/Cpfl 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 dCpfl. 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.
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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:

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).
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elongatus

Bo Wang (bo.wang.2@vanderbilt.edu) " Cristal Zuniga (crzuniga@ucsd.edu) 2* Karsten
Zengler >*, Jamey D. Young >, Michael J. Betenbaugh °

! 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. * Center for Microbiome Innovation, University of California San
Diego, La Jolla, CA. ° Department of Molecular Physiology and Biophysics, Vanderbilt University,
Nashville, TN. ® 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 CO; 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 '*C
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., *C
metabolic flux analysis (MFA) and Genome-Scale Modeling (GSM), to elucidate the difference
of intracellular resource allocation by quantifying metabolic fluxes between these strains. '3C-
MFA uses '*C-labelled compound as tracer to displace the '2C 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. *C-MFA and GSM can be applied to decipher network regulations and
hence guide metabolic engineering.

We performed '*C-MFA and GSM for three cyanobacterial cultures — [wild type], [wild type +
NaCl], and [cscB" + NaCl] — under photoautotrophic conditions. For 3C-MFA, we use "*C-
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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.
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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 CO, 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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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 COz) 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.
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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 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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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 approach®.
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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Rational design and testing of osmotic-stress inducible synthetic promoters from poplar cis-regulatory
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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), Olffice of
Biological and Environmental Research (BER), Genomic Science Program.
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Microbial environmental feedbacks and the evolution of soil organic matter
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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, #5P00005182
and D.F. Cusack #DE-SC0015898. This research used resources of the Berkeley Synchrotron
Infrared Structural Biolmaging (BSISB) Program at the Advanced Light Source, which is a DOE
Office of Science User Facility under contract no. DE-AC02-05CH11231.



Enabling Predictive Metabolic Modeling of Diurnal Growth Using a Multi-Scale Multi-Paradigm
Approach
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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 *C-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
Environmental Research (BER), grant no. DE-SC0019171



Harnessing Metagenomic Stable Isotope Probing to Uncover the Carbon Cycling Capacity of
Soil Microbes

Samuel E. Barnett* (seb369@cornell.edu) and Daniel H. Buckley
School of Integrative Plant Science, Cornell University, Ithaca, NY

Project goals: We aim to recover metagenome assembled genomes of bacteria active in soil
carbon cycling by enriching for isotopically labeled DNA from 3C-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 3C-labeled genomes from diverse
communities. Preliminary analysis indicates that metagenomes were enriched for taxonomic
groups corresponding to '3C-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 *2C-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
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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 '*C-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. RP117) 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 (RP114%Y) increased
dramatically in relative abundance (23-fold) after PHB amendment, corresponding with the priming of
3 - 13 pumols C g! dry wt soil of native SOC. In contrast, glucose amendment reduced SOC
mineralization by -3 to -8 umols C g™ dry wt soil. RP1145Y abundance and pobA4 expression correlated
with PHB respiration rates and were inversely correlated to in situ SOC accumulation. The metabolic
state of RP117 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.

Funding Statement

This material is based upon work supported by the Department of Energy, Office of Biological &
Environmental Research Genomic Science Program under Award Numbers DE-SC0010558 and DE-
SC0004486.
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RCSB Protein Data Bank: Making connections from genes to ecosystems
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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 1% 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.

RCSB PDB is funded by the National Science Foundation (DBI-1832184), the US Department of
Energy (DE-SC0019749), and the National Cancer Institute, National Institute of Allergy and
Infectious Diseases, and National Institute of General Medical Sciences of the National Institutes
of Health under grant RO1GM133198.



Spatiotemporal Mapping of Lignocellulose Decomposition by a Naturally Evolved Fungal
Garden Microbial Consortium
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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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This research is supported by the U.S. Department of Energy (DOE), Olffice 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 Olffice of Biological and Environmental Research.



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 leat 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.

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.

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).



Elucidating Principles of Bacterial-Fungal Interactions
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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:

e 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.

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

o 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 naive 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 naive 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.
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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 (107 to 1 s!)
to gene and protein regulation (~20 minutes) to circadian rhythms (24 hours).

Circadian Day

Transcription Translation

Enzymatic reactions Circadian Night

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.



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 Key metabolite levels in the glycolysis
regulation upside-down. Instead of highly non- pathway in Neurospora oscillate in a
equilibrium reactions being the targets for regulation | circadian manner in time with the
in metabolic pathways [2, 3], regulation results in zfecfggsgnzfﬁg?gfgrg;fgige?ﬁey;ms that
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.




(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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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 sifu 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



Integrating read-based microbiome taxonomy classification tools into KBase
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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: GOTTCHA?2 and PanGIA.
These nucleotide-based classifiers each make different trade-offs between sensitivity and
specificity. GOTTCHAZ2 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 GOTTCHAZ2 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.

LA-UR-20-20696
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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.

LA-UR-20-20697
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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/LLC-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 lacl, 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|



Genetic Code Expansion in Bacillus subtilis
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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
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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
companies in which he has related fincancial 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: 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)! and directed evolution with
random genomic mutations (DIVERGE)? 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)® 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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Uncovering spatial taxonomic structures of synthetic microbial communities using subcellular
RNA sequencing.
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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 sifu 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.



http://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 CO; 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*°). Alternative P
redox states are often ignored in global P cycle models, despite the fact that reduced P species
have been identified in diverse environments'. Phosphite (P*?) is a highly soluble, reduced P
compound that can account for up to 30% of total dissolved P in diverse environments?. 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 metabolism?,
This organism, Desulfotignum phosphitoxidans FiPS-3, is an autotrophic acetogen for which
DPO activity was attributed to the ptx-ptd gene cluster*. 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 metagenome>°,
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 oxidation’*.
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 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 CO; fixation

The work described here advances hypothesis 2.

Phosphorus (P) is essential for all life, and predominantly exists on Earth as oxidized phosphate
(P*®). 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 limited'. In 2000, Schink et al. identified a
novel microbial metabolism in which phosphite was used as a chemolithotrophic electron donor
in cellular energy metabolism?. 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 assignments®. 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 metagenome*>. 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 compounds®. 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 event’.
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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.

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
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Abstract Text:

Anthracnose, caused by the fungal pathogen Colletotrichum sublineolum in Kabat and Bubak
(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, '*C-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.'? 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.
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™)* 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 temperatures' 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 '*C-"H 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.
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Figure 1: Simulated mean square displacement (MSD) for both Figure 2: Experimentally measured
dry and solvated lignin at 25 °C. MSD quantifies the amplitude of = QENS signal at -20 °C for dry and
atomic fluctuations and is a measure of lignin softness. In the solvated lignin. The broadening of
simulations, MSD is calculated over a broad time-range. The the signal indicates mobility and is a
nano-second timescale, indicated by an arrow, is directly measure of lignin softness.

compatible with the experimentally obtained QENS spectra.

References
1. Derya Vural, Catalin Gainaru, Hugh O’Neill, Yungiao Pu, Micholas Dean Smith, Sai Venkatesh Pingali,
Eugene Mamontov, Brian H. Davison, Alexei P. Sokolov, Arthur J Ragauskas, Jeremy C. Smith, Loukas
Petridis Green Chem. R. Soc. Chem. 2018 20, 1602-1611
2. Xianzhi Meng, Aakash  Parikh, Bhogeswararao  Seemala, Rajeev  Kumar, Yungiao  Pu, Phillip
Christopher, Charles E. Wyman, Charles M. Cai, and Arthur J. Ragauskas ACS Sustainable Chemistry &
Engineering 2018 6 (7), 8711-8718

Oak Ridge National Laboratory is managed by UT-Battelle, LLC for the U.S. Department of Energy
under contract no. DE-AC05-000R22725. This program is supported by the Office of Biological
and Environmental Research in the DOE Office of Science.



Precision Labeling of Membrane Fatty Acids in Bacillus subtilis and the Impacts on the
Cellular Proteome and Lipidome

Jonathan D. Nickels,' Suresh Poudel,? Sneha Chatterjee,” Abigail Farmer,>* Destini Cordner,!
Shawn R. Campagna,®* Richard J. Giannone,> Robert L. Hettich,® Dean A. A. Myles,® Robert F.
Standaert,” John Katsaras,*®° and James G. Elkins*!*" (elkinsjg@ornl.gov), and Brian H.
Davison?

'Department of Chemical and Environmental Engineering, University of Cincinnati, Cincinnati,
OH; *Biosciences Division, Oak Ridge National Laboratory, Oak Ridge, TN; *Department of

Chemistry, University of Tennessee, Knoxville, Knoxville, TN; *Biological and Small Molecule
Mass Spectrometry Core, University of Tennessee, Knoxville, Knoxville, TN; *Chemical
Sciences Division, Oak Ridge National Laboratory, Oak Ridge, TN; *Neutron Scattering
Division, Oak Ridge National Laboratory, Oak Ridge, TN; "Department of Chemistry, East
Tennessee State University, Johnson City, TN; 8Shull Wollan Center — a Joint Institute for
Neutron Sciences, Oak Ridge National Laboratory, Oak Ridge, TN; Department of Physics and
Astronomy, University of Tennessee, Knoxville, Knoxville, TN; °Department of Microbiology,
University of Tennessee, Knoxville, Knoxville, TN

http://cmb.ornl.gov/index.php/research/bioenergy/dynamic-visualization-of-lignocellulose

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.' 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 (AfadN), 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 D>O 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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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 CO; fixation. Most plant species express two Rca isoforms, the larger Rca-a and the
shorter Rca-B3, 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 [CO3] 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-a and the other
encoding Rca-B, which are closely positioned in the genome. A variety of abiotic stress-related
motifs exist in the Rca-a promoter of each grass, and while the Rca-6 gene was constantly
highly expressed at ambient temperature, Rca-a isoforms were expressed only at high
temperature but surpassed 30% of Rca-B3 content. The pattern of Rca-a 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-a isoforms was similar to the recovery rates of gas exchange and Rubisco
activation from high temperature, which inferred a functional correlation between Rca-a
isoform expression and maintenance of Rubisco activation at high temperature. Therefore, our
research suggests Rca-a isoforms have a functional role in carbon fixation by supporting
Rubisco activation at high temperature.
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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.

Funding statement.
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Project Goals: In the context of design and engineer environmentally resilient crops with
maximum vyield 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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analysis of spatially varying relationships. Hoboken, NJ: John Wiley & Sons.
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Project Goals: Agricultural activity causes significant nitrate (NO3") leaching and nitrous
oxide (N20) gas fluxes, polluting groundwater and contributing to global greenhouse gas
emissions. Improving our understanding of microbial NO3™ and N20 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 (N20) 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 N> are key steps leading to NO3™ and N,O
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
NOs™ 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.

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). Any opinions, findings, and conclusions or
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reflect the views of the U.S. Department of Energy.
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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 1. orientalis genome, which greatly improved the
stability of the episomal plasmid'. We also discovered and characterized a set of constitutive
promoters and terminators under different culture conditions by using RNA-Seq analysis and a
fluorescent reporter’. In addition, the optimized CRISPR/Cas9 system consisting of an improved
Cas9 and single guide RNA (sgRNA) expressed by a fusion RPRI’-tRNA promoter could
achieve efficiencies of 97%, 90%, and 47% for single, double, and triple gene disruptions®.
Lastly, we developed an in vivo assembly method in 1. 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 kb'.
These genetic tools should be generally applicable for rapid strain development and metabolic
engineering of this organism for production of biofuels and chemicals.
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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 rate', we chose to investigate resource
allocation at the level of the proteome. Based on previous work of coarse-grained modeling of E.
coli, 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 TORCI 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 workflow!' 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 gPCR 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 Cs plants have the ability to partially
acclimate to low light levels over the course of a leaf lifespan'?, it is unclear whether C4 plants
have this same capacity, as previous studies in maize® and sugarcane* 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 CO»
assimilation (®©co2) and whole chain electron transport (®j), light-adapted respiration Rp,
maximal photosynthetic capacity 4max, 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:

e Shaded leaves exhibited lower ®co2 and @y than sun leaves, but this decline was less in

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


mailto:jaikumar@illinois.edu

e 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.

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

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,
DGATI 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 WRII 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.

Funding statement.



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). Any opinions, findings, and conclusions or
recommendations expressed in this publication are those of the authors and do not necessarily
reflect the views of the U.S. Department of Energy.



Establishment of Efficient Multiplex Genome Editing in Sorghum Using Green Calli

Praveena Kanchupati™®” (praveena@illinois.edu), Tony Trieu™?, Kankshita Swaminathan* and
Stephen P. Moose™?

'DOE Center for Advanced Bioenergy and Bioproducts Innovation
’HudsonAlpha Institute for Biotechnology, Huntsville, Alabama
3University of Illinois Urbana-Champaign, Urbana, lllinois

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 /. orientalis an attractive chassis for producing biofuels and bioproducts directly from
lignocellulosic hydrolysates. Understanding how 1. 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.

Funding statement: This work was funded by the DOE Center for Advanced Bioenergy and
Bioproducts Innovation (U.S. Department of Energy, Office of Science, Olffice of Biological and
Environmental Research under Award Number DE-SC0018420). Any opinions, findings, and
conclusions or recommendations expressed in this publication are those of the authors and do
not necessarily reflect the views of the U.S. Department of Energy.
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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.

This work is supported by U. S. Department of Energy Olffice of Science, Office of Biological and Environmental
Research under Award Number DE-SC0018420.
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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

!, Production of these sugar alcohols by yeast often results, from redox imbalances

drugs
associated with growth on different sugars, accumulation of toxic intermediates, and as a cell
response to the high osmotic pressure of the environment 23, 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 >. 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 . 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, CO., 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.

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). Any opinions, findings, and
conclusions or recommendations expressed in this publication are those of the authors and do
not necessarily reflect the views of the U.S. Department of Energy.
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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—alssS, coding
for acetolactate synthase, and alsD, coding for acetolactate decarboxylase, from B. subtilis were
overexpressed. Third, we eliminated glycerol accumulation by deleting both GPDI 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 PYCI 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.

Funding statement

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). Any opinions, findings, and
conclusions or recommendations expressed in this publication are those of the authors and do not
necessarily reflect the views of the U.S. Department of Energy.
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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 agorithms.

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
anaysis 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 al gorithm select experiments which are performed by Illinois Biological Foundry
for Advanced Biomanufacturing (iBioFAB). BioAutomata excel s 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 theinitial 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
Sfunctions 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 naive
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.

Funding statement: U.S. Department of Energy, DE-SC0020358: Discovering innovations in
stress tolerance through comparative gene regulatory network analysis and cell-type specific
expression maps, Awarded September 2019
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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
(R?) 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.

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.
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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-Al 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.

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
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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.
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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.

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 thizosphere 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 ef 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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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.

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 tissues'; 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.
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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
1N, 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 leavest+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 ISUI, 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 TKLI. Engineered duplications of the xylose metabolism enzymes
and TKLI 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 CO; 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 /00-fold compared
to the same reactions in pure water.! 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.! 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 interactions® 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.! 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).>