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Project Goals 
Advances in different -omics technologies have revolutionized biological research by enabling 
high-throughput monitoring of biological processes at the molecular level and their responses to 
environmental perturbation. Metabolomics is a fast-emerging technology in systems biology that 
aims to profile small compounds within a biological system that are often end products of 
complex biochemical cascades. Thus, metabolomics can enable discovery of the genetic basis of 
metabolic variation by linking the genotype to the phenotype. Despite increasing accessibility of 
multi-omics technologies, integration of multi-omics data in analysis pipelines remains a 
challenge especially in the environmental field. In addition, there are still many associated 
bottlenecks to overcome in metabolomics before measurements will be considered robust. The 
overarching goal of this proposal is to optimize the analysis of complex and heterogeneous 
biological and environmental datasets by developing a user-friendly, open-source metabolomics 
data analysis pipeline that is integrable with other multi-omics data sets. 
 
Abstract 
Untargeted tandem mass spectrometry by Fourier transform Ion Cyclotron Resonance preceded 
by liquid chromatography (LC-FTICR-MS/MS) is a high-throughput and sensitive metabolomics 
technique that yields high mass accuracy. Such experiments produce information-rich datasets 
that require the use of many software programs of different programming languages for data 
analysis. This problem is exacerbated by integrating multi-omics data with metabolomics 
because of the data heterogeneity. In addition, many of the existing state-of-art software were 
designed for model organisms, and have limited functionality for complex environmental data 
and non-model organisms, such as soil and plants. Therefore, our goals in this study were 
two-fold: i) demonstrate the capabilities of LC-FTICR-MS/MS for metabolic profiling, and ii) to 
develop a data analysis pipeline for a complex and non-model organism, oak (​Quercus​ spp.). 
 
North America is one of the centers of oak genetic diversity, having almost 300 species growing 
across Mexico, USA and Canada. Continental US has approximately 90 of those species growing 
from coast to coast ​(USDA, NRCS, 2021)​. Despite the incredible diversity of oak species and the 
social and ecological relevance of oak woodlands, the genetic resources of many species are 
limited ​(Plomion et al., 2016, 2018; Sork et al., 2016)​. Therefore, several aspects about oak 
species biology, and interactions with the environment still remains to be explored. 
Metabolomics is a fast-emerging technology in systems biology that remains relatively untapped 
in environmental and forest sciences. In this study, we used a LC-FTICR-MS/MS technique to 
perform a metabolic profiling of nine oak species, and to demonstrate its use as a tool for 
discovery of the genetic basis of phenotypic variation. 
 
Metabolite extracts were prepared by Folch extraction ​(Folch et al., 1957)​ from healthy, living 
leaves. Tandem mass spectrometry was collected on a 21 Tesla (21T) Agilent FTICR-MS 
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equipped with a Waters ultra-performance liquid chromatography system as previously described 
in ​(Fudyma et al., 2019)​. Negative mode ​raw chromatography data were preprocessed using the 
R package XCMS ​(Benton et al., 2010; Smith et al., 2006)​. Fragmentation spectra (MS/MS or 
MS2) were searched against the GNPS High-Throughput Dereplication Comprehensive MS/MS 
Libraries ​(Wang et al., 2016)​. ​The remaining unannotated spectra were ​annotated ​in silico​ using 
Sirius command-line v.4.5 ​(Dührkop et al., 2019)​. Downstream multivariate statistical analyses 
were conducted with features with MS2 that received at least a molecular formula assignment. 
Genome-metabolome integration was done using MAGI ​(Erbilgin et al., 2019)​. The predicted 
amino acid sequences of the ​Q. robur​ reference genome ​(Plomion et al., 2018)​ were used in 
order to unveil potential reactions between the metabolites and genes.  
 
One of the challenges of working with non-model organisms is the lack of useful annotation 
from publicly available MS2 databases. We only identified 19 compounds in GNPS MS/MS 
libraries. Using SIRIUS, we were able to assign ​in silico​ molecular formula and potential 
structure to 916 compounds, but many of these ​in silico​ predictions remained unknown because 
structural matches were not found in public databases. In addition, there is a lack of 
fragmentation spectra libraries generated by ultrahigh resolution mass spectrometers such as the 
21T FTICR.  
 
The main differences observed in this dataset were between deciduous and brevideciduous oak 
species. PCA was performed on the log-transformed MS2 feature intensities, and the groupings 
of brevideciduous versus deciduous species drove more the variance within the dataset (~35%). 
This was in agreement with PERMANOVA, which showed that leaf longevity was a significant 
factor (R​2​ = 0.28, p = 0.004**). Deciduous oaks showed a higher number of organic acids and 
benzenoids compared to brevideciduous. Brevideciduous species showed a higher number of 
lipids and lipid-like molecules compared to deciduous species.  
 
Using thermodynamics, Gibbs free energy (GFE) calculation can be used as an indication of the 
bioavailability of compounds in which lower GFE values indicate more bioavailable compounds 
such as carbohydrates and sugars ​(LaRowe & Van Cappellen, 2011)​. We observed a significant 
difference in the GFE values of brevideciduous and deciduous oak species (Kruskal-Wallis test, 
p = 3.5e-05 ***). Brevideciduous species had a higher median GFE value compared to 
deciduous, which suggests that brevideciduous have more non-polar compounds represented 
mainly by lipids and lipid-like molecules that could potentially play a role in plant cell wall 
formation. 
 
The genome-metabolome integration was done using MAGI, and direct associations between 
amino acids and compounds were found based on known reactions and pathways found in the 
BioCyc database ​(Caspi et al., 2018)​. We leveraged MAGI for a compound-centric view of 
biochemical reactions between genes and compounds, and we identified seven compounds 
directly associated with oak genes. Beta-glucogallin (tannin), astragalin 
(flavonoid-3-o-glycosides), and quercetin (flavonoid, polyphenol) are phytochemical compounds 
with medicinal properties with potential uses as anti-inflammatory, antioxidant, and 
antimicrobial ​(Li et al., 2016; Puppala et al., 2012; Riaz et al., 2018)​. Uridine diphosphate (UDP) 
glucuronic acid and UDP galacturonate are both sugar-like molecules involved in the 
biosynthesis cascade of plant cell wall polymers such as hemicellulose ​(Mølhøj et al., 2004; 
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Reboul et al., 2011)​. Oxidized glutathione (peptide) and prostaglandin-like molecules (lipid fatty 
acid) are signaling molecules involved in pathways related to stress responses in plants ​(Mueller, 
1998; Rahantaniaina et al., 2013)​. 
 
Our study has demonstrated the application of LC-FTICR-MS/MS is metabolic profiling of nine 
different oak species. The profile of MS features were most distinct between brevideciduous and 
deciduous species rather than oak type, red vs white. Although many compounds remained 
unknown, we leveraged different software and strategies to structurally annotate unknown 
compounds, and were able to identify seven compounds with very important biological roles, 
including at least three phytochemical compounds well-known for their pharmacological 
applications. 
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