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Dear Colleague:

Welcome to the 2021 Genomic Science and Bioimaging Program Annual Pl Meeting. What an extraordinary
year it has been since we last met! It was almost exactly a year ago that we were all convening in Washington
DC for what was to be the last big face-to-face meeting within BER. Two weeks later we were all on lockdown.
BSSD staff have remained on telework status ever since. Despite the challenges that remote work has
presented, we have tried to maintain our programmatic activities as much as possible and our portfolio
continues to thrive due to your fervent efforts. From all of us in BSSD, we thank you for your endeavors to
maintain a sense of normalcy in abnormal times and continuing your best efforts to advance your research as
the situation allows. The ongoing COVID-19 pandemic has impacted us all in various ways, and we hope,
above all, that you and your families have remained healthy and safe.

From BSSD’s perspective there have been some remarkable achievements to note this past year. The 2020
Nobel prize in chemistry was awarded to Dr. Jennifer Doudna (UC-Berkeley and LBNL) for her efforts in
developing CRISPR-based gene editing, a discovery whose origins trace back to early DOE support and which
now is a standard technique used in much of the research presented at this meeting. Also, Dr. Susannah
Tringe (LBNL and ]JGI) was awarded one of DOE’s highest honors as a recipient of the 2020 Ernest Orlando
Lawrence Award for her work in environmental metagenomics and fostering entire communities of
researchers in this area through her position at JGI. Congratulations to both!

It has also been a year of extraordinary scientific publications in our core topics of bioenergy and bioproduct
research from the BRCs, biosystems design, plant genomics, microbial and microbiome science, structural
biology, and bioimaging research. Additionally, there have been exciting developments within JGI, KBase,
NMDC, at the new cryo-EM centers, and at our resources at the DOE Synchrotron Light and Neutron Sources.
As aresult, the portfolio continues to be rich with amazing ideas and full of promise. As we transition to a new
Administration, we are confident that the Division will have a major role in spurring innovations for
renewable energy, biotechnology, environmental research, and enabling an expanding bioeconomy. We
therefore remain very optimistic on the portfolio’s future and wish to thank you again for making the
Genomic Science and Bioimaging programs so successful. It is our pleasure to work with you in this exciting
and vibrant program.

This year, we have combined the Genomic Science meeting with our Bioimaging PI meeting. Our Bioimaging
program seeks to develop new multimodal methods to image and analyze biological processes of relevance to
the Genomic Science program. We encourage cross-connections between our Genomic Science and
Bioimaging portfolios, and in this spirit, we are privileged to have Dr. Eva Nogales of UC-Berkeley as our
keynote speaker to highlight some of the extraordinary developments in imaging science that will hopefully
be of interest to everyone. We also have an excellent lineup of plenary speakers, breakout sessions and
presentations from team representing key enabling capabilities being developed within the portfolio.

Finally, I would like to extend a warm welcome to our new Early Career awardees, new Sustainability Pls,
new Secure Biosystems Design SFA teams, new Computational Biology projects and new Quantum Science-
enabled Bioimaging projects. These last three elements are new efforts in the portfolio for this year. As
always, we hope this meeting provides context for how your project fits within the larger portfolio and sparks
collaborations and/or contacts to enrich your science.

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: Establishment, Spread, and Impact of Non-Native Microbes in Non-Model Perennial
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approaches to enhance poplar disease control
PRESENTER: Joanna Tannous

Paul Abraham: Bacterial quantitative trait-loci (QTL) mapping — a novel method for identification of
genetic determinants affecting establishment of allopatric bacteria
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PRESENTER: Sara Gushgari-Doyle
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PRESENTER: Kristopher Hunt

Paul Adams: Combining Multi-omics with Random Walks to Explore the Function of Candidate Genes
PRESENTER: David Kainer

Paul Adams: Cone Penetrometer 3-D Characterization of Y-12 Site to Determine the Hydrological,
Geological and Biogeochemistry Best Sites for ENIGMA Subsurface Observatories
PRESENTER: Erin Kelly



Paul Adams: High Throughput Isolation and Microbial Community Enrichment Platforms
PRESENTER: Jennifer Kuehl

Paul Adams: Using high-throughput technologies to understand mechanisms of predation
PRESENTER: Vivek Mutalik

Paul Adams: Physical size matters in groundwater bacterial community assembly
PRESENTER: Daliang Ning

Paul Adams: Mechanism across scales: integrating laboratory and field studies for microbial ecology as
illustrated by the ENIGMA SFA
PRESENTER: Heidi Smith

Paul Adams: Technologies for High-Throughput characterization of environmental isolates
PRESENTER: Valentine Trotter

Paul Adams: The Development, Progress, and Cross-Campaign Investigation of the Abiotic Influences
on Denitrification Processes Partitioned Between Synthetic Communities
PRESENTER: Jacob Valenzuela

Paul Adams: Strain dynamics and functional diversity of 22 high-quality single cell genomes from
ENIGMA ground water
PRESENTER: Anni Zhang

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

Andrew Allen: Developing episome-based gene expression platforms in the model diatom
Phaeodactylum tricornutum
PRESENTER: Tessema Kassaw

Andrew Allen: Cas9-mediated mutagenesis of GS-GOGAT genes in the diatom Phaeodactylum
tricornutum
PRESENTER: Mark Moosburner

Andrew Allen: Mapping transcription factor-mediated remodeling of diatom metabolism in response to
shifting environmental conditions
PRESENTER: Sarah Smith

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

PRESENTER: Amy Zheng



Steven Allison: Diel Activity of Microbial Communities in Surface Soil Litter
PRESENTER: Eric Morrison

Steven Allison: Differential Response of Microdiversity to Simulated Global Change Within a Bacterial
Genus
PRESENTER: Nick Scales

Ana Alonso: Unravelling the Role of Pennycress (Thlaspi arvense L.) Proteins in the Modulation of
Neutral Lipid Droplet Abundance
PRESENTER: Julius Ver Sagun

Ana Alonso: Elucidating the Temporal and Spatial Organization of Storage Lipids using 13C-labeling in
Developing Embryos of pennycress, a Promising Source for Aviation Fuel
PRESENTER: Umesh Prasad Yadav

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

James Anderson: Genetic improvement of seed yield and oil content in field pennycress
PRESENTER: Zenith Tandukar

Jean-Michel Ané: Creating representative microbial communities to promote biological nitrogen fixation
on sweet sorghum
PRESENTER: April Maclntyre

Jean-Michel Ané: A Systems Understanding of Nitrogen-Fixation on the Aerial Roots of Sorghum
PRESENTER: Wilfred Vermerris

Dionysios Antonopoulos: Rapid Design and Engineering of Smart and Secure Microbiological Systems
PRESENTER: Dionysios Antonopoulos

Dionysios Antonopoulos: Grammar and Language of CRISPR/Cas-Targetable Sites in Escherichia coli,
Shigella, Pseudomonas, and Salmonella: A Comprehensive Survey
PRESENTER: Carla Mann

Dionysios Antonopoulos: CRISPR-Act: Al-guided Prediction of a CRISPR Kill Switch Under Diverse
Physiological Conditions
PRESENTER: Rebecca Weinberg

Adam Arkin: ModelSEED release 2: High Throughput Genome-Scale Metabolic Model Reconstruction
and Analysis in KBase
PRESENTER: José P. Faria

Adam Arkin: KBase Partners with SFA Developers to Increase Functionality of Tools and Analysis
PRESENTER: Elisha Wood-Charlson



Jose Avalos: Systems Biology of Isobutanol Production in Saccharomyces Cerevisiae
PRESENTER: Jose Montano Lopez
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Ivan Baxter: Phenotyping for water use efficiency and related traits in C, grasses Setaria and Sorghum
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Ivan Baxter: Engineering enhanced photosynthesis and water use efficiency in Sorghum
PRESENTER: Asaph Cousins

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

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

Ivan Baxter: Mathematical modeling strategies to study the impact of drought on plant growth and
metabolism in Setaria and sorghum.
PRESENTER: Cheng Zhao

Jeff Bennetzen: Systems analysis of the beneficial associations of sorghum with arbuscular mycrorrhizal
fungi studied with genetics, genomics, imaging and microbiomics
PRESENTER: Jeff Bennetzen

Michael Betenbaugh: Revealing Metabolic Exchange and Optimizing Carbon Transformation in Co-
Culture for Applications to Sustainable Biosynthesis
PRESENTER: Jackson Jenkins

Michael Betenbaugh: Sustainable production of biofuels by consortia of Synechococcus elongatus and
Aspergillus species.
PRESENTER: Cristal Zuniga

Jennifer Bhatnagar: Plant- Mycorrhizal - Decomposer interactions and their impacts on terrestrial
biogeochemistry
PRESENTER: Nahuel Policelli

Crysten Blaby: Delivering the goods: leveraging functional genomics to understand cofactor trafficking
PRESENTER: Crysten Blaby

Crysten Blaby: A New Structural Paradigm In Heme Binding — A Novel Family Of Plant Heme Oxidases
PRESENTER: Nicolas Grosjean

Crysten Blaby: Optimizing hydroponic growth system for metal stress studies of bioenergy crops
PRESENTER: Meng Xie



Eduardo Blumwald: Contribution of Serine Biosynthesis and Degradation to Carbon and Nitrogen
Metabolism During Salinity stress in Poplar.
PRESENTER: Maria del Mar Rubio-Wilhelmi

Eduardo Blumwald: Rational design and testing of abiotic stress inducible synthetic promoters from
poplar cisregulatory
elements

PRESENTER: Yongil Yang

Nicholas Bouskill: Microbial metabolic feedbacks following hydrological perturbation
PRESENTER: Stephany Chacon

Nanette Boyle: Advanced Metabolic Modeling of Diurnal Growth in Chlamydomonas reinhardtii
PRESENTER: Alex Metcalf
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PRESENTER: Jolene Britton

William Cannon: A Physics-Based Model of Fungal Metabolism and its Regulation
PRESENTER: William Cannon

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

Patrick Chain: Adaptive hydrophobic and hydrophilic surface response of fungi to changing growth
conditions
PRESENTER: Saskia Bindschedler

Patrick Chain: Endo-hyphal microbiome: a core of bacteria associated with the nitrogen cycle
PRESENTER: Simone Lupini



Patrick Chain: Microscopic methods to identify, locate, and study endofungal bacteria.
PRESENTER: Demosthenes Morales

Patrick Chain: Exploring Mechanisms of Bacterial-Fungal Interactions Using Ralstonia pickettii Genomes
Obtained from Diverse Monosporascus Isolates
PRESENTER: Aaron Robinson

Clint Chapple: Identification of the tyrosine- and phenylalanine-derived soluble metabolomes of
sorghum
PRESENTER: Jacob Olson

Clint Chapple: Metabolic Source Isotopic Pair Labeling and Genome-Wide Association Are
Complementary Tools for the Identification of Metabolite-Gene Associations in Plants
PRESENTER: Jeffrey Simpson

George Church: Precise genome editing in new microbial species using SSAP libraries and broad-host
recombineering methods
PRESENTER: Gabriel Filsinger

George Church: Programming high-order combinatorial genetics with Cas9-mediated gene drive
approach for cellular engineering
PRESENTER: Xiaoge Guo

George Church: Towards genetic incorporation of an Orthogonal Ribosome-tRNA pair and D-amino-acids
in E.coli.
PRESENTER: Kamesh Narasimhan

George Church: Construction of a Synthetic 57-Codon E. coli Chromosome and Tools for Microbial
Genome-Scale Recoding
PRESENTER: Akos Nyerges

George Church: In situ sequencing for deciphering spatial taxonomic structures of plant-associated
microbial communities.
PRESENTER: Andrew Pawlowski

George Church: High-throughput pooled functional screens via in-vivo production of Single-stranded
DNA, toward applications in photosynthetic microbial hosts
PRESENTER: Max Schubert

John Coates: Prevalence of autotrophy and the characterization of carbon reduction in dissimilatory
phosphite oxidizing microbes
PRESENTER: Sophia Ewens

John Coates: Environmental and Biological Constraints on Dissimilatory Phosphite Oxidizing
Microorganisms
PRESENTER: Kyle Metcalfe



John Coates: Determination of Phosphite (HPO52 by a New IC/MS/MS Method Using an 180-labeled
HPO52 Internal Standard
PRESENTER: Sepideh Sadeghi

Hugo Cuevas: Genomic dissection of anthracnose resistance response in the sorghum nested association
mapping populations
PRESENTER: Hugo Cuevas
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Gautam Dantas: Elucidating Aromatic Utilization Mechanisms in Engineered Rhodococcus opacus
Strains for Lignin Valorization
PRESENTER: Winston Anthony

Brian Davison: Chemical and Morphological Structure of Solubilized Lignin Extracted via Ethanol,
Tetrahydrofuran, and y-Valerolactone Pretreatments from Wild Type and Transgenic Switchgrass
PRESENTER: Luna Liang

Brian Davison: Developing next-generation modeling techniques to analyze biomembrane neutron
scattering data
PRESENTER: Jonathan Nickels

Brian Davison: Visualization of plant cell wall polymers using neutron scattering and deuterium labelling
in planta
PRESENTER: Sai Venkatesh Pingali

José Dinneny: Divergence in stress tolerance mechanisms across the Brassicaceae family highlight
strategies for maintaining growth and physiological balance under extreme environments
PRESENTER: Jose Dinneny

José Dinneny: Identification of Cell-type Marker Genes from Plant Single-cell RNA-seq Data Using
Machine Learning
PRESENTER: Haidong Yan

Mitch Doktycz: Plant-Microbe Interfaces: Metaproteomics reveals shifts in microbial activity and
regulation in assembling communities as they respond to environmental variation
PRESENTER: Paul Abraham

Mitch Doktycz: Plant-Microbe Interfaces: Simplified community approach to investigate multiple levels
of selection in a host-microbiome relationship
PRESENTER: Dana Carper

Mitch Doktycz: Plant-Microbe Interfaces: Beneficial mycorrhization mediated by a lectin receptor-like
kinase
PRESENTER: Jay Chen



Mitch Doktycz: Plant-Microbe Interfaces: Determining the rate and consequences of horizontal gene
transfer in the rhizosphere by simulating lateral spread of salicylate catabolism genes
PRESENTER: Stephan Christel

Mitch Doktycz: Plant-Microbe Interfaces: Temporal dynamics of the Populus microbiome across scales
PRESENTER: Nicholas Dove

Mitch Doktycz: Plant-Mlcrobe Interfaces: Comparative genome evolution of Populus root endophytes
PRESENTER: Yi Hong Ke

Mitch Doktycz: Plant-Mlcrobe Interfaces: In situ chemical monitoring and imaging of Populus and its
root microbiome using engineered devices with a porous membrane
PRESENTER: Muneeba Khalid

Mitch Doktycz: Plant-Microbe Interfaces: Functional characterization of Populus proteins involved in
plant-microbe interactions
PRESENTER: Haiwei Lu

Mitch Doktycz: Plant-Microbe Interfaces: Exploring plant-microbe associations uisng Random Walk with
Restart on multiplex networks
PRESENTER: Izaak Miller

Mitch Doktycz: Plant-Microbe Interfaces: Characterizing the perception of lipochitooligosaccharides
signaling in fungi
PRESENTER: Tomas Rush

Mitch Doktycz: Bio-Scales Pilot Project: Defining gene function and its connection to ecosystem
processes
PRESENTER: Chris Schadt

Mitch Doktycz: Plant-Microbe Interfaces: Structural basis for a bacterial Pip system plant effector
recognition protein
PRESENTER: Amy Schaefer

Mitch Doktycz: Plant-Microbe Interfaces: Protein post-translational modifications in a 10-member
microbial community from the Populus rhizosphere offer critical insights into how microbes adapt to
changing environments

PRESENTER: Ivan Villalobos Solis

Mitch Doktycz: Plant-Microbe Interfaces: Formation and characterization of emergent microbial
communities
PRESENTER: Jia Wang

Mitch Doktycz: Plant-Microbe Interfaces: Microbial responses to the chemical environment of the
rhizosphere
PRESENTER: Amber Webb



Tim Donohue: Characterizing fungal inhibitors in drought-stressed switchgrass
PRESENTER: Sarvada Chipkar

Tim Donohue: A High-Efficacy CRISPR Interference System for Gene Function Discovery in Zymomonas
mobilis
PRESENTER: Amy Enright

Tim Donohue: Disruption of Brachypodium distachyon Lichenase Alters Metabolism of Mixed-linkage
Glucan and Starch
PRESENTER: Mingzhu Fan

Tim Donohue: Multiomics analysis of mitochondrial versus cytosolic compartmentalization of the
isobutanol pathway in Saccharomyces cerevisiae
PRESENTER: Francesca Gambacorta

Tim Donohue: Analysis of Carbon Capture in Lignocellulosic Biorefineries
PRESENTER: Caleb Geissler

Tim Donohue: Evolution of Cellulose Structure throughout gamma-Valerolactone-Assisted and
Enzymatic Biomass Deconstruction
PRESENTER: Elise Gilcher

Tim Donohue: Engineering DXS for Improved Flux into the MEP Pathway
PRESENTER: Jonathan Greenhalgh

Tim Donohue: Reinforcement Learning to Optimize Medium Chain Fatty Acid Production from
Lignocellulosic Stillage using Anaerobic Microbial Communities
PRESENTER: Madeline Hayes

Tim Donohue: Plant-soil-microbial interactions in detritusphere and its impact on N,O emission
PRESENTER: Alyssa Kim

Tim Donohue: Enzymatic Deconstruction of Cellulosic Biomass
PRESENTER: Nathaniel Kuch

Tim Donohue: Engineering naringenin into the lignins of transgenic poplar
PRESENTER: Elizabeth Mahon

Tim Donohue: Metabolomic and Proteomic Analysis of Zymomonas mobilis During Nitrogen Fixation
Reveals Metabolic Remodeling of Biofuel Producing Pathways
PRESENTER: Julia Martien

Tim Donohue: Investigating the Interplay between the Phyllosphere Microbiome, Epicuticular Wax, and
Root Mucilage on Sorghum Resilience to Water and Nitrogen Limitation.
PRESENTER: Marco Mechan Llontop



Tim Donohue: Deletion of the ntrYX two Component System in Rhodobacter sphaeroides Causes the
Generation of Diverse Extracellular Membrane Structures
PRESENTER: Daniel Parrell

Tim Donohue: Redundancy in Aromaric O-demethylation and Ring Opening Reactions in
Novosphingobium aromaticivorans and their Impact in Biological Conversion of Lignin
PRESENTER: Jose Perez

Tim Donohue: Investigating the Effects of Environmental Stress on Feedstock Quality and Biofuel
Production by Field-to-Fuel Optimization Research Pipeline
PRESENTER: Trey Sato

Tim Donohue: Lignin Valorization by Integrating Chemical Depolymerization and Microbial Funneling
PRESENTER: Canan Sener

Tim Donohue: Drought Caused a 33% Reduction in Switchgrass (Panicum Virgatum L.) Biomass with
Minimum Effects on Net CO, Assimilation
PRESENTER: Mauricio Tejera Nieves

Tim Donohue: Chemical genomic profiling of hydrolysates and toxins: implications for yeast strain
engineering
PRESENTER: Elena Vanacloig

Tim Donohue: Impact of genome assemblies, genotyping methods, variant types, and ploidy levels on
genomic prediction in switchgrass
PRESENTER: Peipei Wang

Tim Donohue: Perenniality Drives Soil Microarthropod Community Differences Across Three Potential
Bioenergy Cropping Systems
PRESENTER: Allison Zahorec

Sharon Doty: Elucidation of the Roles of Diazotrophic Endophyte Communities in Promoting Productivity
and Resilience of Populus through Systems Biology Approaches
PRESENTER: Andrew Sher

John Dunbar: Microbial Control of Mineral-Bound Carbon
PRESENTER: Joany Babilonia

John Dunbar: Cycles of Wetting and Drying Reduce Carbon Efflux and Litter Decomposition in Soil
Microcosms
PRESENTER: Tayte Campbell

John Dunbar: Microbial driven variation in carbon flow & stabilization during root litter decomposition
PRESENTER: Rae DeVan

John Dunbar: Influence of Microbial Surface Litter Decomposer Communities on CO, Emissions from
Natural Soils
PRESENTER: Sanna Sevanto



John Dunbar: Comparing In-Situ, Individual Bacterial Growth Rates in Cropped and Successional Soils
Using a 16S rRNA Internal Standard
PRESENTER: Cassandra Wattenburger

Mary Dunlop: Live-cell imaging of E. coli biofuel synthesis by spectroscopic stimulated Raman scattering
microscopy
PRESENTER: Haonan Lin

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

E
Robert Egbert: Identifying growth harness actuator genes for Pseudomonas putida
PRESENTER: Shara Balakrishnan

Robert Egbert: Serine integrase-assisted genome engineering (SAGE) enables efficient, iterative site-
specific genome engineering in bacteria
PRESENTER: Joshua Elmore

Robert Egbert: 3D Cartography of the Sorghum Rhizosphere
PRESENTER: Pubudu Handakumbura

Robert Egbert: Rapid Functional Annotation Using Degenerate Kmers
PRESENTER: Jason McDermott

Robert Egbert: Identifying persistence control strategies in plant-growth promoting soil bacteria with
RB-TnSeq, CRISPRI, and proteomics
PRESENTER: Aaron Ogden

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

Emiley Eloe-Fadrosh: Enhanced metadata standards supported by the National Microbiome Data
Collaborative
PRESENTER: William Duncan

Emiley Eloe-Fadrosh: Multi-omics workflows to support data integration for the National Microbiome
Data Collaborative
PRESENTER: Bin Hu

Emiley Eloe-Fadrosh: The National Microbiome Data Collaborative community survey on microbiome
research data
PRESENTER: Pajau Vangay



Joanne Emerson: Infective Viruses and Inert Virions: Illuminating Abundant Unknowns in Terrestrial
Biogeochemical Cycles
PRESENTER: Joanne Emerson

James Evans: Opportunities Linking Omics and Structural Biology at PNNL: Excelling at Cryo-EM
PRESENTER: James Evans

Sarah Evans: Nitrogen Addition Impacts on Structure and Function of the Switchgrass Root-associated
Diazotrophic Community
PRESENTER: Darian Smercina

Andrea Eveland: PhytoOracle: Leveraging Open-Source Tools for Phenomic Data Processing at Scale
PRESENTER: Michele Cosi

Andrea Eveland: Elucidating the Molecular Mechanisms Underlying Drought Resilience in Sorghum
PRESENTER: Andrea Eveland
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Kjiersten Fagnan: Genesearch: A Sequence Similarity Search Service for Genomics Workflows
PRESENTER: Kjiersten Fagnan

Mary Firestone: Cross-Kingdom Characterization of Community Dynamics and C flow in Grassland Soils
PRESENTER: Javier Ceja-Navarro

Mary Firestone: Belowground Allocation and Dynamics of Recently-Fixed Plant Carbon in a California
Annual Grassland Soil
PRESENTER: Christina Fossum

Mary Firestone: Carbon Transported by Arbuscular Mycorrhizal Fungi to Soil Alters the Characteristics of
Soil Organic Carbon as well as the Soil Microbial Community
PRESENTER: Anne Kakouridis

Mary Firestone: Soil Viral Community Composition Differs Spatially and in Response to Wet-up in
Mediterranean Grasslands
PRESENTER: Christian Santos-Medellin

Brian Fox: Identification and Characterization of a New Set of Monocot BAHD Monolignol Transferases
PRESENTER: Rebecca Smith

G

Ryan Gill: Extension of Genetic Circuit Design Optimization to Industrially-relevant Organisms
PRESENTER: Hamid Doosthosseini

Ryan Gill: Engineering of Regulatory Networks for Complex Phenotypes in E. coli and S. cerevisiae
PRESENTER: Emily Freed



Ryan Gill: Integration of Random Barcode Transposon Sequencing Applications into KBase
PRESENTER: Omree Gal-Oz

Ryan Gill: Functional genetic screening in the thermotolerant yeast Kluyveromyces marxianus
PRESENTER: Maria Priscila Lacerda

Michael Guarnieri: IMAGINE BioSecurity: Integrative Modeling and Genome-Scale Engineering for
Biosystems Security
PRESENTER: Michael Guarnieri

H
William Hancock: Nanoscale Dynamics of Cellulase TrCel7A Digesting Cellulose
PRESENTER: Zachary Haviland

William Hancock: Characterizing the degradation of cellulose by combinations of cellulolytic enzymes
PRESENTER: Thomas Starr

Christopher Henry: Integrating BER Facilities and Resources for Multi-Omics to Reactive Transport
Modeling Workflows
PRESENTER: Timothy Scheibe

Kirsten Hofmockel: Quantitative Analysis of the Fate of Microbial Residues in Biofuel Soils
PRESENTER: Kirsten Hofmockel

Bruce Hungate: The temperature sensitivity of soil: microbial biodiversity, growth, and carbon
mineralization
PRESENTER: Ember Morrissey

Bruce Hungate: The Phylogenetic Organization of Tundra Bacterial Growth in Response to Short-Term
and Long-Term Warming
PRESENTER: Jeffrey Propster

Bruce Hungate: Scaling of 180-informed Microbial Growth Rates Links Microbial Activity to Soil Carbon
Flux
PRESENTER: Bram Stone

J

'}iffany Jamann: Differential Regulation of Maize and Sorghum Orthologs in Response to the Fungal
Pathogen Setosphaeria turcica
PRESENTER: Pragya Adhikari

Tiffany Jamann: Genomic regions associated with pathogenicity in Exserohilum turcicum identified by
linkage mapping in a biparental population
PRESENTER: Pummi Singh



Janet Jansson: Fungal Nutrient Acquisition and Transport in Soil Micromodels is Regulated by Organic
Acid Chelation and Specific Membrane Transporters
PRESENTER: Arunima Bhattacharjee

Janet Jansson: Unveiling the Molecular Mechanisms Underlying the Microbiome Response to Soil
Rewetting
PRESENTER: Mary Lipton

Janet Jansson: Interspecies Interactions During Chitin Decomposition in a Naturally Enriched Model Soil
Microbial Consortium
PRESENTER: Ryan McClure

Janet Jansson: Prediction of Spatial Assemblies in Soil Microbiomes Governed by Interspecies
Interactions and Environmental Gradients
PRESENTER: Hyun-Seob Song

Janet Jansson: Soil Moisture Impacts Composition, Activity and Ecosystem Functions of Soil DNA and
RNA Viruses
PRESENTER: Ruonan Wu

Kolby Jardine: Volatile Emissions and Cell Wall Ester Signatures of Abiotic Stress in Poplar
PRESENTER: Rebecca Dewhirst

Michael Jewett: Closing the Carbon Cycle: Design, Optimization and Scaling-Up Production of Carbon-
Negative Platform Chemicals
PRESENTER: Steve Brown

Michael Jewett: Multi-omics analyses reveal temperature-induced metabolic changes in the
industrially relevant microbe Clostridium autoethanogenum affecting its product profile
PRESENTER: Payal Chirania

Michael Jewett: Rapid Prototyping of Novel Bioproduct Pathways in an Acetogen through Integrated
Computational Modeling and High-throughput Candidate Screening
PRESENTER: Zach Cowden

Michael Jewett: Modeling Tools to Predict Metabolic Network Behavior in Non-Model Systems
PRESENTER: Jacob Martin

Michael Jewett: Spacer2PAM: an R Package for CRISPR Protospacer Adjacent Motif Prediction from
Spacer Sequences
PRESENTER: Grant Rybnicky

Yonggin Jiao: From Sequence to Cell to Population: Secure and Robust Biosystems Design for
Environmental Microorganisms
PRESENTER: Dan Park



Yonggin Jiao: An Electrochemical Model of Rhizosphere ROS Generation to Analyze Commensal
Engineering Strategies
PRESENTER: Eric VanArsdale

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

Thomas Juenger: Environmental and Genetic Effects on Switchgrass (Panicum virgatum) Biomass
Composition across Diverse Environments
PRESENTER: Laura Bartley

Thomas Juenger: Genetic signatures influencing host-microbiome interactions in switchgrass (Panicum
virgatum)
PRESENTER: Joseph Edwards

Thomas Juenger: The switchgrass genome: polyploidy and introgressions facilitate climate adaptation
and biomass yield
PRESENTER: John Lovell

Thomas Juenger: Community Resources to Study Switchgrass Adaptation Using Genome-Wide
Association
PRESENTER: Alice MacQueen

K

Jay Keasling: Integrated Pseudomonas putida Strain Design For Maximizing Biomass Conversion To
Biofuels And Bioproducts.
PRESENTER: Deepanwita Banerjee

Jay Keasling: Production Cost and Carbon Footprint of High Performance Biomass-Derived
Dimethylcyclooctane as a Jet fuel Blendstock
PRESENTER: Nawa Baral

Jay Keasling: Title: An semi-automated workflow for high-throughput and quantitative proteomic
analysis of metabolic engineered microorganisms
PRESENTER: Yan Chen

Jay Keasling: Multiple lons in lonic Liquid for Lignocellulosic Biomass Processing — A Boon or a Bane
PRESENTER: Hemant Choudhary

Jay Keasling: The development of an automated platform for the use of Polyketide Synthases for
Biofuels and Sustainable Chemical Production
PRESENTER: Cameron Coates

Jay Keasling: A mass spectrometry based high-throughput platform to study lignin modifying enzymes
PRESENTER: Kai Deng



Jay Keasling: Understand the Nanoarchitecture of Native and Engineered Plant Cell Wall via Multi-
dimensional Solid-state NMR
PRESENTER: Yu Gao

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

Jay Keasling: Development of Automated Workflows and Data Processing to Enable the Conversion of
Bioenergy Crops into Biofuels and Bioproducts
PRESENTER: Nurgul Kaplan

Jay Keasling: Lignin manipulation via plant synthetic biology to produce a biodegradable polyester
precursor with concurrent improvement in biomass quality for biofuel production
PRESENTER: Chien-Yuan Lin

Jay Keasling: Engineering Rhodosporidium toruloides for Bioproduction of Polyketide Synthase and p-
Coumarate Derived Compounds
PRESENTER: Peter Otoupal

Jay Keasling: Pseudomonas putida soil isolates that metabolize C5 sugars and lignin-derived aromatics
PRESENTER: Mee-Rye Park
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Project Goals: The Secure Ecosystem Engineering and Design (SEED) Science Focus Area
(SFA), led by Oak Ridge National Laboratory, combines unique resources and expertise in the
biochemistry, genetics, and ecology of plant-microbe interactions with new approaches for
analysis and manipulation of complex biological systems. The long-term objective is to develop
a foundational understanding of how non-native microorganisms establish, spread, and impact
ecosystems critical to U.S. Department of Energy missions. This knowledge will guide
biosystems design for ecosystem engineering while providing the baseline understanding needed
for risk assessment and decision-making.

Abstract text:

Biofeedstock plants, such as poplar trees (Populus sp.), grow in unison with soil microbes that
can aid plant productivity. Commercially available biostimulants and biopesticides containing
bacterial species are marketed for enhancing plant growth and pest resistance. However, the
establishment and spread of beneficial bacteria in biofeedstock plants may be constrained by a
variety of factors including microbe and host plant gene-gene interactions, characteristics of the
invading organisms or community, and traits of the resident microbial community. We will
investigate how genetics and ecology of non-model bacteria drive their establishment,
persistence, and the productivity of biofeedstock perennial plants.

Bacillus species are ubiquitous bacteria in soils, sometimes forming beneficial mutualisms that
promote plant growth (Xie, Zhang, and Pare, 2009). Establishment depends on gene-gene
interactions between the bacteria and host plant. We will examine establishment success among
Bacillus species and genotypes that are introduced to soils planted with either Populus
triochocarpa (genotype 93-968), P. deltoides (ILL-101 and D124), a F1 hybrid cross (52-225),
or a no-plant control. We will introduce multiple genotypes of three Bacillus species: B.
velezensis (GB03, FZB42, BK100), B. subtilis (168, RO-NN-1), B. amyloliquefaciens (DSM?7),
and a mixture of all six genotypes mixed at equal proportions. This study will be conducted in
the greenhouse in a fully factorial experiment: 8 Bacillus groups (6 genotypes, 1 mixture, 1 no-
Bacillus control) x 5 plant groups (4 genotypes, 1 no-plant control) x 5 replicates, for a total of
200 pots. Establishment success will be measured using targeted qPCR on extracted DNA from
soils. Plant growth parameters — photosynthetic rate, number of leaves, stem height, SPAD
greenness index, foliar N content, and above and belowground biomass — will be measured to
quantify the effect of microbial invaders on plants. We will quantify how microbial invaders
affect the native soil microbiome by characterizing community composition via 16S and ITS2



amplicon sequencing and metaproteomics. We hypothesize that: (1) B. velezensis (GB03) will
promote plant growth more than the other genotypes; (2) Populus deltoides (D124) will have the
least successful microbial invasions because it is known to be resistant to other microbial
invaders (e.g., Septoria); and (3) microbial invasions will be more successful in a diverse
community than with individual genotype invasions. This controlled experiment will allow us to
quantitatively disentangle how gene-gene interactions and genetic diversity drive microbial
invader establishment and persistence.

In a concurrent field study, we will investigate the establishment and systemic spread of Bacillus
velezensis (GB03). This genotype is applied as a commercial biofungicide in ornamental and
fruit crops but has not yet been studied in a Populus system. It is applied to the soil and can
spread from roots to leaves where it interacts antagonistically with fungal pathogens. We will
study how the efficacy of B. velezensis varies among Populus species and genotypes (two P.
trichocarpa genotypes, two P. deltoides genotypes, and two F1 hybrid genotypes). Invasion
ecology theory suggests that propagule pressure increases establishment, and we will introduce
B. veleznesis at four levels of propagule pressure: 0 (control group), 50% of the commercially
recommended rate (3.4 x 10° CFU/gallon), the recommended rate (6.9 x 10° CFU/gallon), and
double the recommended rate (13.8 x 10° CFU/gallon). We will track establishment and spread
of B. velezensis over time by periodically sampling soil, root, and leaf tissues and quantify
abundance through targeted qPCR. We hypothesize that (1) P. trichocarpa will support B.
velezensis introductions; and (2) the establishment and rate of systemic spread will increase with
increased propagule pressure. Our field study will be a fully factorial cross of 6 tree genotypes x
4 propagule pressure levels x 3 destructive harvest points (720 plants total). Harvests will
continue non-destructively once plants are 6 months post-planting. This is the first temporal
study of biofungicide systemic spread in a biofeedstock plantation and has applications for
national energy security.
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Project goals: The Secure Ecosystem Engineering and Design (SEED) Science Focus Area (SFA),
led by Oak Ridge National Laboratory, combines unique resources and expertise in the
biochemistry, genetics, and ecology of plant-microbe interactions with new approaches for
analysis and manipulation of complex biological systems. The long-term objective is to develop a
foundational understanding of how non-native microorganisms establish, spread, and impact
ecosystems critical to U.S. Department of Energy missions. This knowledge will guide biosystems
design for ecosystem engineering while providing the baseline understanding needed for risk
assessment and decision-making.

The fungus Sphaerulina musiva has been reported to be both an agent of disease and a mutualistic
partner of Poplar trees. While S. musiva is known to be the causal agent of one of the most
detrimental diseases affecting susceptible hybrid poplar (e.g. P. trichocarpa) in North America,
there have evidence that it can act as a passive endophyte when interacting with P. deltoides. This
vast diversity of interactions is mainly related to the host genetic variation and susceptibility.

Breeding and cultivation of resistant plant species have been the main approaches used so far to
control the damage caused by this pathogen on susceptible hosts. The limited amount of
information about genetic functional molecular markers involved in S. musiva’s establishment and
pathogenicity combined with the lack of optimized genetic tools have greatly hampered the
development of disease mitigation strategies at the pathogen level. Therefore, we aim to quantify
the genetic and molecular determinants that influence the establishment of Sphaerulina musiva
within native Populus and Salix microbial communities.

For our first experiment, we have selected two S. musiva strains that represent the extremes of the
virulence spectrum for the host Populus trichocarpa, with a long-term goal of extending and
validating this work on the large collection of North America native population of 122 §. musiva
isolates. Transcriptomics and proteomic data will be leveraged to identify functional markers that
associate with successful establishment to interrogate the establishment and persistence of S.
musiva in Populus and its associated microbiome. The collected omic datasets will be used to
design and implement CRISPR RNA-guided gene drive systems to eradicate host-recognition
mechanisms between Sphaerulina and Populus or Salix and attenuate its pathogenicity. Our
ultimate objective of the CRISPR/Cas9 gene drive is to suppress leaf blight and stem canker
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disease caused by S. musiva which has adverse outcomes on the production of the ecologically and
commercially significant DOE biofeedstock Populus.
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Project Goals: The Secure Ecosystem Engineering and Design (SEED) Science Focus Area
(SFA), led by Oak Ridge National Laboratory, combines unique resources and expertise in the
biochemistry, genetics, and ecology of plant-microbe interactions with new approaches for
analysis and manipulation of complex biological systems. The long-term objective is to develop
a foundational understanding of how non-native microorganisms establish, spread, and impact
ecosystems critical to U.S. Department of Energy missions. This knowledge will guide
biosystems design for ecosystem engineering while providing the baseline understanding needed
for risk assessment and decision-making.

Abstract text:

Plant tissues are intimately associated with hundreds of thousands of microbes. Members of
these microbial communities can profoundly affect plant health and microbiome manipulation
has the potential to improve the productivity of biomass plantations. However, microbial
inoculants often perform inconsistently in field settings because the newly introduced bacteria
fail to survive and proliferate in the presence of the plant and associated microbiome. These
failures are attributed to poor understanding of the complex genetic networks and environmental
factors involved in microbial establishment. Strains of Bacillus velezensis provide a good model
system to study this process because they stimulate growth of a broad array of plant species and
are currently available as commercial root and foliar inoculants.

To study the genetic architecture of B. velezensis establishment in plant ecosystems, we are
using a novel genetic method, bacterial QTL mapping. QTL mapping techniques, which rely on
crosses between distinct strains or lines, have a long history as powerful tools to untangle the
genetic basis of complex phenotypes in eukaryotes. However, the lack of native systems for
sexual recombination has prevented the use of this method for similar analyses in bacteria. Our
approach uses genome shuffling by protoplast fusion to remove the barriers to recombination on
a genome scale between genetically diverse bacterial cells.

As a proof-of-concept, we demonstrated the capacity of this method to produce QTL
populations in B. subtilis where protoplast generation has been well characterized. Using
B. subtilis strains with different genetic distances as parents, we showed that a single round of
shuffling produces multiple random recombination events across the genome. Recursive
protoplast fusion generated further genetic diversity. The resulting libraries of shuffled strains
can be sequenced and phenotyped in a high-throughput manner to map causal genetic variants.
We are currently expanding this approach to B. velezensis strains to identify genetic variants that
correlate with successful establishment in plant-associated communities. This work will allow
predictive control of microbial establishment, engineering of plant-microbe systems with
optimized performance, and risk mitigation in the use of microbial inoculants.
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Project Goals: The Secure Ecosystem Engineering and Design (SEED) Science Focus Area
(SFA), led by Oak Ridge National Laboratory, combines unique resources and expertise in
the biochemistry, genetics, and ecology of plant-microbe interactions with new approaches
for analysis and manipulation of complex biological systems. The long-term objective is to
develop a foundational understanding of how non-native microorganisms establish, spread,
and impact ecosystems critical to U.S. Department of Energy missions. This knowledge will
guide biosystems design for ecosystem engineering while providing the baseline
understanding needed for risk assessment and decision-making.

Abstract: CRISPR/Cas-based genome-editing has recently emerged as a powerful technology for
genetic modifications in various organisms for a wide range of applications. Different CRISPR-
Cas genome engineering tools, such as Cas9 nucleases, base editors, and prime editors, have been
developed and widely used in ‘loss-of-function’ and ‘gain-of-function’ studies. Meanwhile, there
are concerns about the risks associated with potential unwanted and unintended DNA changes that
might accidentally arise from CRISPR-mediated gene editing. Potential off-target effects are
currently unavoidable and very difficult to detect, requiring whole-genome sequencing for
thorough evaluation, which is time consuming and costly. Therefore, it is critical to develop
biosensor technologies for detecting the activities of CRISPR-Cas gene editing systems. Here, we
aim to develop real-time detection systems that can indicate the presence of functional gene-editing
systems for gene knockout, base editing, and prime editing in plants. To achieve this goal, we have
created fluorescence-based molecular biosensors that are able to effectively detect (through
fluorescence microscope) knockout, base editing and prime editing using protoplast transient
expression and Agrobacterium-mediated leaf infiltration. Also, we are working on incorporating
two visible reporters for real-time, noninvasive detection of Cas9 nucleases, base editors, and
prime editors in plants without need for tedious analysis under fluorescence microscope. One of
the reporters can indicate genome engineering under UV light. The other reporter can be visualized
by naked eyes without the need of using special equipment or chemical treatments. These
biosensors with visible reporters will not only simplify the detection procedures, but also be
directly integrated with high-throughput plant phenotyping facility to link genes to traits.
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Project Goals: We are using systems biology-guided approaches to develop a non-model,
microbial metabolic engineering platform based on the most thermophilic lignocellulose-
degrading organism known, Caldicellulosiruptor bescii (Top¢ 78°C). This work leverages
recent breakthrough improvements in the molecular genetic tools for C. bescii,
complemented by a comprehensive understanding of its metabolism and physiology gained
over the past decade of study in the PIs’ laboratories. We are applying the latest metabolic
reconstruction and modeling approaches to optimize biomass to product conversion using
switchgrass as a model plant, and acetone and other industrial chemicals as targets. The
over-arching goal is to demonstrate that a non-model microorganism, specifically an extreme
thermophile, can be a strategic metabolic engineering platform for industrial biotechnology
using a systems biology-based approach.

Bioprocessing above 70°C has important advantages over near-ambient operations. These include
resistance to contaminating organisms or phages, lower utility costs by using low-grade steam for
heating and non-refrigerated water for cooling and reduced operating costs for maintenance of
reactor and facility sterility. Additionally, generation of volatile products can reduce downstream
separation costs, which typically account for a significant portion of operating costs. To develop
C. bescii into a bioprocessing platform for conversion of unpretreated lignocellulose into
industrially relevant chemicals, a comprehensive metabolic and regulatory reconstruction is
necessary to provide a detailed description of this bacterium’s physiology and metabolism and,
more importantly, inform metabolic engineering strategies (1). This project leverages recent
developments in C. bescii biomass deconstruction, genetic tools and strains and characterization
of an alternate glycolytic pathway to experimentally validate ongoing modeling efforts (2,4-7).
Recent metabolic engineering efforts in C. bescii demonstrated the ability to upgrade organic acids
to alcohols through an aldehyde ferredoxin oxidoreductase and alcohol dehydrogenase (AOR-
adhA pathway) (3) and the production of acetone from cellulose (8). Additional C. bescii strains
are currently being constructed to study energy carrier usage and carbon flow and produce
industrially relevant chemicals. High temperature continuous cultures and transcriptomic analyses
are being employed to determine bioenergetic parameters and gene regulation patterns for growth
of C. bescii strains. Additionally, fermentation profiling will be performed with lignocellulose-
relevant sugars, including glucose, xylose, and cellobiose. These data will be used to refine the
metabolic reconstruction and modeling analyses to inform metabolic engineering strategies that
improve carbon and energy flow toward chemical production pathways, with the goal of
demonstrating bioreactor scale industrial chemical production.
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Project Goals: We are using systems biology-guided approaches to develop a microbial
metabolic engineering platform for the non-model organism, Caldicellulosiruptor bescii, the
most thermophilic lignocellulose-degrading organism known with an optimal growth
temperature near 80°C. This work leverages recent breakthrough advances in the
development of molecular genetic tools for this organism, complemented by a deep
understanding of its metabolism and physiology gained over the past decade of study in the
PIs’ laboratories. We are applying the latest metabolic reconstruction and modeling
approaches to optimize biomass to product conversion using switchgrass as the model plant
and acetone and other fermentation products as targets. The overarching goal is to
demonstrate that a non-model microorganism, specifically an extreme thermophile, can be
a strategic metabolic engineering platform for industrial biotechnology using a systems
biology-based approach.

Caldicellulosiruptor bescii is an extremely thermophilic, strictly anaerobic, gram-positive
bacterium. It is the most thermophilic cellulolytic bacterium known to date (Topt 78°C, Tmax 90°C),
and it can use a wide range of simple and complex carbohydrates. Its ability to degrade plant
biomass without enzymatic or chemical pretreatments and at a high optimum growth temperature
offers several advantages for industrial applications (1). Engineered C. bescii strains have 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. Previous experimental
studies identified a variety of carbohydrate-active enzymes in C. bescii and related C.
saccharolyticus species, while prior transcriptomic experiments identified their putative
carbohydrate uptake transporters.

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 reconstruction of carbohydrate utilization
regulatory network includes the predicted binding sites for 34 mostly local transcription factors
and points to the regulatory mechanisms controlling expression of genes involved in degradation
of plant biomass (1). The Rex and CggR regulons control the central glycolytic and primary redox
reactions. The identified transcription factor binding sites and regulons were validated with
transcriptomic and transcription start site experimental data for C. bescii grown on cellulose,
cellobiose, glucose, xylan, and xylose. The XylR and XynR regulons control xylan-induced
transcriptional response of genes involved in degradation of xylan and xylose utilization. The
reconstructed regulons informed the carbohydrate utilization reconstruction analysis and improved



functional annotations of 51 transporters and 11 catabolic enzymes. Using gene deletion, we
confirmed that the shared ATPase component MsmK is essential for growth on oligo- and
polysaccharides, but not for the utilization of monosaccharides (2).

The reconstruction of regulatory networks of carbohydrate utilization was complemented with a
genome-scale model (GEM) of the C. bescii metabolism (3). The model was used to examine
potential bottlenecks that could be encountered for metabolic engineering of C. bescii to produce
bio-based chemicals from plant biomass. The model utilizes subsystems-based genome annotation,
targeted reconstruction of carbohydrate utilization pathways, and biochemical and physiological
based experimental validations. Specifically, carbohydrate transport and utilization pathways
involving 160 genes and their corresponding functions were incorporated, representing the
utilization of C5/C6 monosaccharides, disaccharides, and polysaccharides such as cellulose and
xylan. The model predicted that optimal production from biomass-based sugars of the model
product, ethanol, was driven by ATP production, redox balancing, and proton translocation,
mediated through the interplay of an ATP synthase, a membrane-bound hydrogenase, a bifurcating
hydrogenase and a bifurcating NAD- and NADP-dependent oxidoreductase. These mechanistic
insights guided the design and optimization of new engineering strategies for product optimization,
which were tested in the C. bescii model, showing a two-fold increase in ethanol yields (3).
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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.

Natural organic matter (NOM) plays important roles in biological, chemical, and physical
processes within the terrestrial ecosystem. The water-soluble fraction of NOM, known as
dissolved organic matter (DOM), is associated with high microbial activity and respiration.
Improving our knowledge of DOM composition is therefore critical to understand the native
substrates used to support soil and sediment microbial communities.

Previously, we analyzed DOM of a saprolite soil collected from the Oak Ridge Field Research
Center (ORFRC) using untargeted characterization of water-soluble soil microbial metabolites
[1]. With this approach, 96 metabolites were identified, including amino acids, sugars, mono-
and di-carboxylic acids, nucleobases, and nucleosides. This pool of metabolites was used to build
a soil defined medium (SDM). Although SDM is environmentally based, it only supported the
growth of only half of the tested bacterial from the ORFRC field site [1] which we now attribute
to elemental stoichiometry especially the low carbon to nitrogen ratio which was 1. Here, we
describe the construction of a new defined medium, NLDM, which additionally accounts for soil
elemental stoichiometry, soil microbe metabolite use, and the composition of the widely-used
R2A rich medium. We found that NLDM supported the growth of 53 of 53 phylogenetically
diverse isolates we tested and enabled rapid profiling of substrate use via LC-MS/MS. We
anticipate that this media may have additional use in isolating soil and sediment microorganisms.

Using ultrahigh resolution mass spectrometry, we were able to characterize ORFRC sediment
DOM and its transformation by indigenous microbes. Lignin-like carbon, is the major
component of DOM along the entire depth of sediment core. Labile carbon such as carbohydrate
and amino sugar-like compounds are present in DOM from shallow surficial sediment. Decrease
in abundance in deeper sediment, which happens to be more abundant in mainly recalcitrant
carbon such as lipid and condensed aromatics. The dissolved organic nitrogen (or protein-like
compounds) fraction of sediment DOM is an alternative carbon source for microbes inhabiting
ORFRC groundwater when labile carbon is limited [2]. With sediment DOM as sole carbon
source we successfully enriched rarely cultured phyla including Verrucomicrobia,
Planctomycetes, and Armatimonadetes, and obtained isolates of several novel and undescribed
organisms [3].
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With our novel understanding of DOM and their transformations by FRC isolates using NLDM
are now being used to link our lab studies to field observations. This will result in a better
understanding of the coupling between growth substrates, other environmental controls, and
microbial community activity and structure.
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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.

Isolation of microorganisms representative of key environmental metabolisms is essential to
developing a fundamental understanding of ecological processes., yet, the scientific community
estimates that we are able to culture fewer than 2% of microorganisms on Earth in the
laboratory.! To recover field-relevant isolates from Oak Ridge Reservation Field Research
Center (ORR FRC), we combined several statistical analyses using our environmental and
sequencing metadata to A) identify high-priority targets for isolation based on abundance,
community correlation, and other metrics, B) select samples and enrichments with increased
probability to yield those targets, and C) inform growth medium composition as well as
enrichment and isolation approaches. We have employed these targeted isolation techniques (in
addition to high-throughput, untargeted approaches- ENIGMA SFA poster by Kuehl et al.) to not
only increase isolate diversity in the ENIGMA culture catalogue, but also to recover key isolates
from the fieldsite that are suspected to play integral roles in carbon and nitrogen cycling in the
terrestrial subsurface.

Here, we present several isolation and enrichment successes resulting from this targeted
approach, including organisms exhibiting nitrate- and sulfate-reducing metabolisms, complex
carbon-transforming metabolisms, high metal tolerance, and acidophiles. Several of our isolates
are novel and rarely cultivated/ previously uncultivated clades. We also present ongoing efforts
in enrichment and isolation of ammonia oxidizing- and nitrous oxide reducing- microorganisms
(see ENIGMA SFA poster by Hunt et al.). In addition, we have several ongoing efforts enriching
and isolating for metabolisms and characteristics representative of field observations at the ORR
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FRC. The results of this work will facilitate development of novel, tractable genetic systems,
community interaction studies, and environmental simulations to connect phenotype and
genotype to field observations.
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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:

Linking field observations with laboratory studies, and vice versa, is essential for advancing predictive
understanding of environmental systems and for stewardship of those systems. We are developing tools
and identifying systems that capture phenomena observed in the field in a reproducible, minimally
disruptive, and dissectible manner (see poster by Smith et. al.). In turn, those observations serve to direct
more refined laboratory studies designed to more completely resolve the roles of microbial ecology and
abiotic processes in observable systems-level processes (see poster by Valenzuela et. al.).

Microbial activity in the field can be a challenge to quantify due to spatial and temporal heterogeneity and
the cost/methodological constraints of real time observations without perturbation. Stable isotopic
analysis of biogeochemically active substrates and products can circumvent some of these limitations.
The field research center (FRC) at Oak Ridge, TN contains a site that has been contaminated with low pH
(3-7), heavy metal laden nitrate (~10 g/l) for decades from historical activities. To understand the
microbial processes of this site, we analyzed stable isotopes of ground water as well as dissolved nitrate
and nitrous oxide collected from a total of 27 different wells over 3 different areas. These isotopic
analyses are well suited for this investigation given the strong process signals (denitrification vs
nitrification vs dilution) imprinted on 15N and 8180 of different nitrogen species. Previous
measurements of nitrous oxide flux indicated major subsurface production of nitrous oxide, which are
supported here by 615N, 6180, and site preference of nitrous oxide samples analyzed from groundwater.
Analyses revealed a variable distribution of activity across the site (horizontally and with depth) and
implicated both denitrification and chemodenitrification in nitrous oxide production. These data are being
contextualized by complementary molecular, biological, and chemical characterization of groundwater
and sediment traps recovered from the 27-well survey, together contributing to a framework for
developing a more predictive understanding of biotic and abiotic controls of local and systems-level
processes.

High concentrations and fluxes of nitrous oxide measured in the subsurface without associated surface

emissions indicated significant microbial activity driven by both the production and consumption of this
high energy electron acceptor. Two populations of nitrous oxide reducers (clade I and II) were observed
to be stratified with depth, a distribution suggested to be controlled by either nitrous oxide concentration



or response to inhibitory factors, including competition for oxygen. To understand these processes and
populations, nitrous oxide reducers are being isolated and will provide field relevant kinetic and
physiological parameters to evaluate the roles of the activities and variable distribution of clade I and 11
nitrous oxide reducers in controlling nitrous oxide emissions from the subsurface (see poster by Gushgari-
Doyle et. al.).

This material by ENIGMA- Ecosystems and Networks Integrated with Genes and Molecular Assemblies a
Science 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-AC02-05CH11231
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The Secure Ecosystem Engineering and Design (SEED) Science Focus Area (SFA), led by Oak
Ridge National Laboratory, combines unique resources and expertise in the biochemistry,
genetics, and ecology of plant-microbe interactions with new approaches for analysis and
manipulation of complex biological systems. The long-term objective is to develop a
foundational understanding of how non-native microorganisms establish, spread, and impact
ecosystems critical to U.S. Department of Energy missions. This knowledge will guide
biosystems design for ecosystem engineering while providing the baseline understanding needed
for risk assessment and decision-making.

Abstract text:

The SEED project will inoculate a Populus trichocarpa (Black Cottonwood) genotype with over
one hundred strains of the fungal pathogen Sphaerulina musiva (formerly Septoria) in order to
measure a phenotype that describes the success of microbial invader establishment. A wide array
of omics data will be assayed in the Septoria population, including genomics, transcriptomics
and proteomics, which will allow us to explore the factors that influence an invader’s ability to
become established. GWAS (Genome Wide Association Studies) will be used to associate
Septoria genomic variation with variation in establishment phenotypes. However, GWAS for
complex traits often provides cryptic results. To unravel the complexity of establishment
dynamics we will apply network analysis techniques coupled with Explainable Al (X-AI)
algorithms so that all aspects of omics data are incorporated jointly with the GWAS results.

Each available omics layer, including publicly available data on Sphaerulina musiva and related
species, will be converted to a network format that connects genes to genes based on functional
and experimental relationships. Multiple networks will be combined into a multiplex network!
for use with machine learning algorithms such as Random Walk with Restart (RWR)?. The RWR
approach enables the exploration of the function of candidate genes using network-topology-
association without being limited to their immediate neighborhood. The multiplex network
jointly uses the gene-gene connectivity from every omics layer while maintaining the
information encoded within the unique topology of each layer. Together this is a powerful multi-
omic analysis framework.
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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. The Cone
Penetrometer field study overarching aim was to get a detailed view of lithology of the
subsurface in Area 3 next to S-3 ponds disposal site to select the best sites for installing
subsurface observatories for follow-on ENIGMA studies. Additional aims were to: 1.
Create groundwater flow model of Area 3 that shows nitrate concentration, 2. Analyze
impacts of groundwater rate and flow direction on geochemical parameters and nitrate
concentration in Area 3, 3. Analyze impact of subsurface lithology on nitrate concentration
in Area 3, and 4. Analyze impact of subsurface lithology on DOC concentration in Area 3.

Over 16 days, a 131-push cone penetrometer grid was completed across the 2,600 square
meters of Area 3 with subsurface lithology mapped from 1m to 11m below ground surface
(mean=5.9m). In addition, 34 sediment samples were collected near select pushes. Each 0.6m
core was collected within 2 to 9.5m below ground surface and consisted primarily of clay. Cores
were subdivided into 292 subsamples for: metals, C, N, DOC, DON, biomass, pH, nitrate, nitrite,
isotopic fractionation, 16S/18S sequencing, Geochip, respiration, and metabolomics.
Groundwater in wells in this area were also measured during the cone penetrometer activity for:
DO, pH, temperature, conductivity, redox, salinity, nitrate, depth to water and vector for
groundwater flow and rate with colloidal boroscope. The cone penetrometer survey provided a
detailed view of the unconsolidated sediment layers of Area 3. This study was conducted to
evaluate the interaction between groundwater, different sediment types, and biogeochemistry in
order to identify the locations of the future subsurface observatories for ENIGMA. Sediment
types, cone pressures, and geochemical data can be mapped to find the extent of subsurface
sediment layers with the intention of identifying pathways of flow and recharge. Pushes were
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driven to refusal by stiff fine grained material or rock. In the northern section of Area 3, refusal
was reached around 4m and the layers most likely contributing to flow are those high in sand and
gravel with detectable radiation measured on an in-field Geiger counter. Moving southward, the
distance to refusal increased linearly with some pushes extending to 12m indicating a southward
slope in the direction of a low-order surface stream. The well-defined gravel layers of the north
appear to be mixed in the southern and central section’s where mixed sand layers are abundant.
The sands include gravely sands, silty sands, and clayey sands with shifting sedimentary
composition indicating heterogeneity within the layers. Initial models of the lithology suggest
these layers are connected although the central section had a reduced number of pushes due to
existing infrastructure. The cone penetrometer study also revealed a large number of localized
discontinuous clay and silty clay lenses with limited horizonal and vertical extent. This high-
resolution study of the sediment types will benefit our future investigations and current
understanding of the transport, storage, and fate of both organic and inorganic substrates in Area
3.Water levels, colloidal borescope vectors, and geochemical measurements were gathered in
combination with the stratigraphy data to investigate the possible locations for future multi-level
subsurface observations. Because of the large number of wells (102) in Area 3 it allowed
measurements before, during and after cone penetrometer pushes near these wells. This
demonstrated that the cone penetrometer pushes had no effect on adjacent well water level,
vector for flow direction and rate of flow or for DO, pH, temperature, conductivity, redox,
salinity, and nitrate. To our knowledge this is the first time this has been demonstrated for a cone
penetrometer survey.

This material by ENIGMA- Ecosystems and Networks Integrated with Genes and Molecular Assemblies a
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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.

Generating models that can accurately predict how environmental perturbations will affect the
microbial communities and their natural ecosystems will require a representative set of
characterized microbial strains found in the field. To that end, we have developed microbial
isolation strategies to quickly generate and catalogue thousands of isolates using a variety of
standard growth media and a scalable characterization pipeline including high quality genome
sequences, growth data over a standard set of conditions, and accompanying exometabolomics.
To date, this approach has generated > 1000 isolates, from commonly isolated genera (i.e.
Pseudomonas, Cupriavidus), to isolates assigned to a genus that is new to our ENIGMA strain
collection (i.e. Zoogloea, Xylophilus, Cellovibrio). The commonly cultured genera, which in
some cases are abundant at the site, can be used to pinpoint the genomic signatures that account
for differences in their growth profiles, while the rare members provide a valuable strain
resource to discover novel genes and pathways. In parallel, we are also using microbial
enrichments, that expand the spectrum of growth conditions tested and microbial membership, to
increase the culturable microbial diversity in the lab. This enrichment dataset provides a wealth
of information about the microbial growth parameters ideal for capturing microbes important in
the field, while at the same time generating the microbial community materials that can be used
for generating isolates using the high throughput pipeline. In addition, the microbial
enrichments-when done at the scale we are doing here- can provide insight into microbial
interactions, the conditions that drive those interactions, and the raw materials to start dissecting
those interactions. All of this work, complements the targeted approach of other ENIGMA
researchers and provides them the bandwidth to go after the very difficult and slow growing
microbes that are important at the field site. With the successful development of these
platforms, we have begun the rountine processing of isolates and enrichments adding to the
shared ENIGMA resource of a diverse and tractable microbial collection.

This material by ENIGMA- Ecosystems and Networks Integrated with Genes and Molecular Assemblies a
Science 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-AC02-05CH11231
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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:

Microbial communities are highly dynamic impacted by diverse biotic and abiotic factors in an
ecosystem. One of the key biotic factors that impact the community dynamics is the antagonistic
behavior by the members of the community. Like bacterial viruses/phages, bacterial predators
that kill and feed on other nearby prey bacteria account for large percentage of bacterial
mortality and are widespread in diverse ecosystems. Similarly, phage tail-like
bacteriocins (PTLBs) are highly potent, variable spectrum bactericidal agents known to impact
microbial community dynamics. Though predator-prey interactions have been studied over
deacdes, our molecular understanding of how prey-recognition and specificity of interaction
works is still unclear!. In particular, there is a scarcity of such information on bacterial predators
(phages and bacterial predators) and bactericidal agents in heavy metal contaminated soil and
water bodies such as Oak Ridge FRC field site. For example, the metagenomic sequence data
from Oak Ridge FRC site samples shows the presence of bacterial predators such as Bdellovibrio
and Bacteriovorax species, however their role in structuring the community observed is less
clear. The discovery of predator-prey interaction specificity determinants and predator resistance
mechanisms would open new avenues for the dissection of ecosystem function.

We identified PTLB biosynthetic gene clusters in eleven of a set of twelve closely related Oak
Ridge Pseudomonas isolates’. We focus on five Kkilling interactions, and two resistant
interactions, between PTLBs purified from producing strains, and genome-wide random bar code
transposon-site sequencing (RB-TnSeq) mutant libraries® of target strains. PTLB production was
confirmed and characterized by transmission electron microscopy and proteomics analyses. To
survey host factors involved in PTLB mediated target killing, we performed pooled fitness
assays with the RB-TnSeq libraries, using PTLBs as stressors. Initial analysis of our genome-
wide fitness data suggests that specific lipopolysaccharide residues—likely serving as binding
receptors—are involved in killing by different PTLBs. We aim to determine the atomic structure
of the tailocin tail fibers in complex with the LPS in order to understand the recognition
mechanism used by Tailocins to bind to and kill bacteria.
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We have successfully enriched bacterial predator Bdellovibrio from the serially enriched
water sample from Oak Ridge FRC field site. We are currently refining our methods to isolate
clonal isolate of predators that grow on different target hosts. Our next steps will include
characterization of their host-range and prey cognition determinants using genome-wide libraries
of target isolates from the same environment.
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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.

A central issue in microbial ecology is to identify key drivers shaping community assembly and
functioning, which is also fundamental for ecological modeling. Various physical-chemical and
microbial drivers have been extensively investigated, including climate (e.g. temperature),
chemistry (e.g. pH, carbon sources), microbial functional genes, etc. However, a basic trait,
physical size of cells or the particles they attached, was rarely studied. Considering the porous
habitats in subsurface, physical size should be particularly important in groundwater microbial
community assembly and functioning. Small-size microbes (e.g. ultramicrobacteria) can be
easier to pass through soil pores along groundwater flow; but when flow rate is limited, they may
be more difficult to escape from absorption, trapping, or flocculation. In addition, small size
generally leads to higher specific surface area and slower growth rate (longer division period) of
bacteria. Thus, we hypothesize that physical size plays an essential role in the variation of
microbial diversity, assembly, and functioning.

The groundwater in the Oak Ridge Integrated Field Research Challenge site (FRC, Oak Ridge,
TN) has large geochemical gradients and diverse subsurface conditions for microbial dispersal.
In the spring of 2019, three areas under different contamination levels, three groundwater wells
in each area, were selected for 9-week bi-weekly sampling from March to May. Each
groundwater sample was filtered in succession through 10-pm filter mainly for large-size and
particle-attached bacteria (so-called ‘large’), 0.2-pm mainly for normal-size free-living bacteria
(so-called ‘medium’), and 0.1-pum for small free-living bacteria (so-called ‘small’). The results of
bacterial communities from 16S rRNA gene sequencing well supported our hypothesis.
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The large, medium, and small-size bacteria counted for 7%, 62%, and 31% of the DNA
concentrations on average, and the small-size portion was higher than 20% (up to 32% ) in some
well in May, indicating these three types were all not negligible. The size significantly affected
bacterial diversity and community structure. Alpha diversity of small-size bacteria (Shannon
3.8+1.2) was generally lower than medium (5.441.2) and large-size bacteria (5.1%1.1). The size
difference explained a substantial proportion (24.4%, P<0.001; higher than location and time) in
the variation of bacterial alpha diversity (Shannon index), and proportion (8.4%, P<0.001;
similar to location and time) of beta diversity (Bray-Curtis index). The location, which reflects
the influence of contamination and/or spatial distance, showed obvious effect on the alpha (21%
and 29%) and beta diversity (26% and 29%) of large and medium-size bacteria, but had much
lower impact on small-size bacteria (14% of alpha and 10% of beta). While large and medium-
size bacteria from different areas always showed different community structure, small-size
bacteria from different areas became convergent after late Apr. The results might be related to
better dispersal of small-size bacteria and increased precipitation in late April and May. The size
also affected the dominant phylogeny and some key functional species. While alpha- and/or
beta-Proteobacteria generally dominated in large and medium-size bacteria, the phylum
Bacteroidetes significantly increased or even predominate in small-size bacteria after late April,
mainly attributed to the genus Hydrotalea. Sulfate-reducing bacteria, a relevant functional group
in this site, were mainly detected in the orders Syntrophobacterales and Desulfobacterales and
Class Thermodesulfovibrio in both large and medium-size bacteria, but were nearly undetectable
in small-size bacteria. A newly developed framework based on phylogenetic-bin-level null
model analysis (ICAMP) was applied to explore the different assembly mechanisms of
bacteria with different sizes. Based on the results, dispersal limitation generally played more
important roles in large-size (46+5%) than in medium (38+6%) and small-size bacteria (23+9%)).
In contrast, selection was obviously more influential in small (31£12%) and medium (23+5%)
than in large-size bacteria (18+2%). The major assembly processes, selection, dispersal
limitation, and drift, all showed dramatically higher (1.5-4.0 folders) temporal variations in small
(CV 0.39-0.45) than in medium (CV 0.17-0.29) and large-size bacteria (CV 0.10-0.19).

In conclusion, the size of cells or attached particles is essential in shaping groundwater
microbiome. Bacteria with larger sizes or particle-attached bacteria were more affected by
dispersal limitation and showed more variation among different locations but higher resistance in
temporal dynamics; in contract, smaller free-living bacteria are more sensitive to temporal
change of environmental conditions, and can be easier to migrate under adequate flow rate.
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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

Over the last century, leaps in technology for imaging, sampling, detection, high-
throughput sequencing and ‘omics analyses have revolutionized microbial ecology to enable
rapid acquisition of extensive datasets for microbial communities across ever-increasing
temporal and spatial scales. The present challenge is capitalizing on our enhanced abilities of
observation and integrating diverse data types from different scales, resolutions and disciplines
to reach a causal and mechanistic understanding of how microbial communities transform and
respond to perturbations in the environment. This type of causal and mechanistic understanding
will make predictions of microbial community behavior more robust and actionable in
addressing microbially-mediated global problems. To discern drivers of microbial community
assembly and function, we recognize the need for coordinated, model-driven experiments that
integrate the analysis of genomics data, biogeochemical parameters, and ecological and physical
forces to rates of microbial growth at specific locations.

To link processes and factors from the gene scale to the ecosystem scale for subsurface
microbiology, ENIGMA, a U.S. Department of Energy Science Focus Area, seeks to understand
the biogeochemical and microbial processes in the Oak Ridge Reservation (ORR). To
accomplish this, we are using a coordinated inter-laboratory framework to link processes and
factors from the gene scale to the ecosystem scale. ENIGMA coordinates multiple studies at the
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field scale, mesocosm scale, and molecular/species level and has major research thrusts aimed at
field surveys, laboratory and bioreactor studies of isolates, syncoms, enrichments, improved
isolation methods, genetic tool development, and bioinformatics analyses and tools. We describe
how these ENIGMA efforts are being utilized to characterize and build a predictive
understanding of the microbial subsurface communities of ORR and how we are generalizing
this integrated approach to be applicable to other study systems and environments.

This material by ENIGMA- Ecosystems and Networks Integrated with Genes and Molecular
Assemblies a Science Focus Area Program at Lawrence Berkeley National Laboratory is based
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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.

Ongoing large scale high-throughput cultivation and targeted lower throughput approaches aim
to recover the broad diversity of microbes from the Oak Ridge site that are exemplars of relevant
metabolism occurring in this specific environment. With the overarching goal to understand the
interactions of this large set of isolated microbes with their environment, the ENIGMA team has
developed high-throughput technologies that allow large-scale phenotypic investigation and in-
depth characterization.

Some of the molecular genetic tools we have developed, such as RB-TnSeq, led to a
considerable amount of gene function inferences from gene-phenotype measurements. We are
working on extending the application of this approach to previously genetically challenging
microbes. We developed an automated platform for DNA Affinity Purification (DAP) —seq, a
biochemical assay used to characterize protein-DNA interaction sites by in vitro affinity-based
protein purification, DNA binding, and next generation sequencing. When applied in parallel,
DAP-seq has the power to elucidate the DNA binding sites of a bacterium’s entire repertoire of
transcription factors.

Another approach, exometabolomics, is based on the comparison of inoculated vs. uninoculated
media to identify secreted products and depleted metabolites. This provides direct biochemical
observations on consumed and secreted metabolites which can be used to predict resource
competition and cross-feeding in microbial consortia and communities. This approach has
enabled the rapid profiling of substrate use via LC-MS/MS by FRC isolates. These efforts will
result in a better understanding of the coupling between growth substrates, and microbial
activity.
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We combined RB-TnSeq and metabolomics to explore the impact of stresses on a biological
system and showed that the use of multi-omics techniques provides a way to probe complex
interactions.

Finally, we developed computational tools capable of incorporating our large-scale
experimentally generated data (Fitness browser — https://fit.genomics.Ibl.gov/) and providing
reliable analyses for genome annotation (Gap Mind - http://papers.genomics.lbl/gov/gaps)

facilitating data communication and availability to the scientific community at large.
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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
an overarching goal of the Environmental Simulations and Modelling Campaign to simulate,
model, predict, and characterize mechanistic underpinnings of N:0 emissions in varying
ecological contexts of shifts in pH, oxygen, metal availability and community organization.
Insights from these studies will inform the efforts of additional campaigns when performing field
studies to test mechanistic hypotheses that may explain observed field phenomenon.

Abstract:

Legacy activities at the Field Research Center (FRC) at Oak Ridge, TN has led to some of
the highest recorded subsurface nitrate concentrations [>10g/L] on record. This concerningly large
pool of subsurface nitrate is often reduced to the greenhouse gas nitrous oxide (N20) via
denitrification or from dissimilatory nitrate reduction to ammonia (DNRA), which eventually can
be converted to N2O from a variety of microbial processes. It is important to understand the
environmental conditions that favor complete denitrification (N2 emission) or incomplete
denitrification (e.g., N2O emission) in the subsurface. For instance, at the FRC we have observed
that wells with a pH below neutral and high nitrate levels emit large amounts of N2O. In addition,
monitoring wells after a rainfall events revealed a sudden decline in pH up to 1.5 units over a
matter of hours. This phenomenon has been observed in other soil environments, and during such
perturbations, denitrification processes may be stimulated, leading to the increased production of
N20 and N2. We therefore, hypothesized that if the process of complete denitrification is
partitioned among incomplete denitrifiers, it is subject to specific abiotic influence that may lead
to increased N20 off-gassing. To test this hypothesis, we have organized a cross-campaign effort
to elucidate different mechanisms of abiotic control, in particular pH shifts, C/N ratios,
microaerobic environments, and metal availability. Here we have established a synthetic
community (SynCom) of two field isolates --Rhodanobacter sp. R12 and Acidovorax sp. 3H11--
which together can perform complete denitrification. Using time course experiments we
determined that a shift in pH from neutral pH 7 to pH 6 is enough to decouple the complete
denitrification process of the SynCom resulting in significant increases in N2O emissions. By


http://enigma.lbl.gov/

analyzing transcriptional profiles, we aim to model, predict, and characterize mechanistic
underpinnings of N2O emissions in varying ecological contexts. Ongoing experiments are focused
on additional environmental controls such as, shifts in pH at differing C/N ratios, oxygen, and
metal availability (e.g., Ni). Insights from these studies will inform field studies that may validate
model-driven hypotheses.

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-AC02-05CH11231
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Project Goals: 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.

Microbial communities are diverse, dynamic ecosystems comprised of genetically diverse
populations. Single-cell sequencing yields information about strain-level differences within a
population that can hardly be obtained by metagenome sequencing. Thus, we aim to obtain high
quality novel genomes from ENIGMA samples through single-cell sequencing and develop a
pipeline to decode strain-level variations in metagenomes. Importing them into KBase as good
references for ENIGMA community could have an outsize impact on environmental

microbiology research.

We profiled 22 high-quality and high novelty single cell genomes (with >97% complete and <
1% contamination) from an ENIGMA groundwater well GW462 by droplet microfluidics
(Microbe-seq). We observed high strain dynamics and functional diversity in these single cell
genomes. To reveal the history of bacteriophage infections and adaptive immune system in
ENIGMA bacterial species, we detected CRISPR loci from 4 of 22 single cell genomes (from
Aeromonas, Alkanindiges, Propionivibrio, and Rhodobacteraceae) using crass crispr. Spacer

sequences were extracted and searched agaisnt NCBI nt database to identify potential phages.
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We identified a total of 154 unique spacers from 4 single cell genomes, indicating intense
infections of bacteriophage and coevolution of bacterial host and phage. Among 154 spacers
identified in single cell genomes, only 3 spacers in Aeromonas species were annotated as
Aeromonas phages by NCBI. This indicates that our knowledge of bacteriophage targeting
natural microbes is still quite limited. We also found the same spacer carried by multiple

CRISPR.

We annotated the pathways in 22 single cell genomes by KEGG and EGGNOG databases using
hmmsearch. We searched for pathways that exhibiting maximal functional diversity across single
cell genomes with at least 2 fold-change and with the maximum of at least 10 genes found in a
single cell. We observed high functional diversity in pathways involving antimicrobial resistance
(to beta-lactam, vancomycin, and cationic antimicrobial peptide CAMP), energy metabolisms
(nitrogen metabolisms, methane metabolisms, sulfur metabolisms, and oxidative
phosphorylation), and xenobiotics degradation (benzoate degradation, toluene degradation,
polycyclic aromatic hydrocarbon degradation, aminobenzoate degradation, nitrotoluene
degradation, styrene degradation, and caprolactam degradation). This indicates distinct strategies
of adaptation and diversification among bacterial species in ENIGMA environment. We further
annotated nitrogen metabolisms pathways by Fama. We found a high diversity of
Burkholderiales species in nitrogen metabolisms involving denitrification, nitrification, and

dissimilatory nitrate reduction.

All single cell genomes were imported into KBase (https://narrative.kbase.us/narrative/65855)
and annotated by Fama

(https://narrative.kbase.us/#catalog/apps/FamaProfiling/run_FamaGenomeProfiling/), as good

references for environmental microbiology research in ENIGMA community.

This material by ENIGMA- Ecosystems and Networks Integrated with Genes and Molecular Assemblies a
Science 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-AC02-05CH11231
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Project Goals:

The project’s overall goal is to develop optimal experimental campaigns to achieve a particular
objective, namely metabolite yield alteration. The optimal experiments will be designed by
quantifying the cost of uncertainty in the current predictive model—a transcriptional regulatory
network model that regulates metabolism—and selecting the experiments that are expected to
maximally reduce the model uncertainty that affects the attainment of the aforementioned
objective. This approach will serve as a proof of principle, demonstrating the significant potential
of computationally guided biology in areas directly relevant to BER’s missions.

Any future bio-economy likely will include a spectrum of engineered organisms. As sources of
economically valuable products, prokaryotes offer many beneficial attributes (e.g., rapid growth
and diverse metabolic capabilities), including the production of multiple value-added products that
can offset the cost of bioenergy products. However, the biological complexity and diversity of
these organisms impede development of genome-wide engineering strategies. Lack of knowledge
about proteins that participate in or regulate given processes presents a barrier to predictive
engineering. Consequently, despite recent molecular advances with Clustered Regularly
Interspaced Short Palindromic Repeats associated (CRISPR Cas)-based tools, knowing what and
how to engineer organisms to achieve a desired goal remains a bottleneck, resulting in many
genome engineering projects that do not meet expected outcomes. Even with simple organisms
such as prokaryotes, knowledge is highly uncertain and incomplete. Understanding how these
systems respond to an intervention is even less exhaustive. Thus, such paucity of knowledge
regarding complex biological systems requires robust optimization strategies.

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. Data derived from biological experiments 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.

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.

We have developed a new flexible analysis pipeline, TRIMER: Transcription Regulation
Integrated with MEtabolic Regulation, enabling integrative systems modeling of transcription
factor (TF) regulated metabolism. In this workflow, we adopt a Bayesian network (BN) inferred
from large-scale gene-expression compendia, rather TF-gene conditional probabilities, which
enables the incorporation of prior relational knowledge when modeling TF regulations that affect
metabolism. Consequently, our modeling framework can take advantage of pathway knowledge
and quantify the impact of extending our current knowledge regarding transcription regulation via
future experiments on the objective (i.e., optimize metabolite yield). Based on the constructed BN,
we can infer the probabilities of gene states of interest, and consequently predict genome-scale
metabolic fluxes of mutants by TF knockouts. Additionally, we have developed a simulation
framework to mimic the TF-regulated metabolic network, which is capable of generating both
gene expression states and metabolic fluxes, thereby providing a fair evaluation platform for
benchmarking models and predictions. Here, we present progress on these computational pipelines
as well as their applicability to both simulated and actual experimental data.

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. 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. Specific goals and technical approaches are focused around four
themes: 1) Modeling and Flux studies, 2) Photosynthetic efficiency, 3) Linking metabolic
and regulatory networks, 4) Genome scale engineering methodology and application.

Developing genetic approaches for efficient and scalable disruption of gene expression can aid in
dissecting mechanisms governing cellular processes, studying gene function, enable high
throughput genome-scale screens and assist in redirecting metabolic flux towards high-value
metabolites. In diatom algae, RNA1 has been the most commonly used gene expression
knockdown tool. The current state of the art for inducible gene expression is based on
endogenous promoters that respond to different environmental conditions that also change host
physiology. Here, we are developing highly efficient, target specific, tunable, and scalable
transcriptional control system in the model diatom P. tricornutum. We designed and tested six
episome-based chemical inducible gene expression systems that have been proven effective in
other eukaryotic organisms. Using flow cytometry, we assess time- and dose-response dynamics
of each expression system and its reporter protein (Y FP). Addition of a chemical inducer/ligand
to transgenic strains activates transcription with a dynamic range of up to ~450-fold. We
demonstrate our transcriptional control system is tunable and reversible in a dose-and time-
dependent manner. Using RT-PCR, we found that inducer dependent transcriptional activation
starts within ten minutes of addition and saturates within two hours - without any detectible
expression in controls. Upon inducer withdrawal, the expression of the reporter protein was
nearly undetectable after 24hrs. The system described here will expand the molecular and
synthetic biology toolkits in algae, facilitate gene discovery efforts and tailoring of organisms for
maximum productivity.



Funding statement: This research was supported by the DOE Office of Science, Office of
Biological and Environmental Research (BER), grant no. DE-SC0018344.



Title: Cas9-mediated mutagenesis of GS-GOGAT genes in the diatom Phaeodactylum
tricornutum
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Project Goals: Short statement of goals. (Limit to 1,000 characters)

Abstract text: Diatoms contribute tremendously to primary production in contemporary marine
food webs partially due to their ability to quickly assimilate and out-compete other microbes for
nitrogenous compounds. Nitrogen assimilation in diatoms is multifaceted in that it uniquely
contains two complete glutamine synthetase - glutamate synthase (GS-GOGAT) cycles, one
localized to the chloroplast and one to the mitochondria. In order to elucidate the function of
genes involved in nitrogen assimilation and of entire GS-GOGAT cycles (chloroplast or
mitochondria), CRISPR-Cas9 was employed in the diatom Phaeodactylum tricornutum to
knock-out individual genes and two genes simultaneously. Episomal delivery of CRISPR-Cas9
was used to deliver an antibiotic-based selectable Cas9 and one or two guide-RNA expression
cassettes via bacterial conjugation. To aid in the workflow in generating Cas9 episomes, a
colorimetric cloning methodology was developed based on hierarchical Golden Gate assembly'.
Using this Cas9 episome, mutant cell lines were generated for four genes, the chloroplastic GS
(GSII) and GOGAT and the mitochondrial GS (GSIII) and GOGAT. Also, both the
mitochondrial GS and GOGAT were knocked out together, which resulted in mutant cell lines
with reduced growth rates. A paired knock out of the chloroplastic GS and GOGAT enzymes
was not possible, potentially due to a severely decreased or abolished growth rate subsequently.
The single-gene mutant cell lines for GSII and GSIII did not impair growth regardless of the
nitrogenous compound supplemented for growth. Interestingly, GSII mutants appear to have
elevated lipid content during early and mid-exponential phases compared to wild-type
Phaeodactylum while growing comparably. Here, physiological growth measurements of mutant
cell lines were used to hypothesize the respective functions of GSII and GSIII in the context of
lipid biosynthesis.

References/Publications
1. Moosburner, M. A., Gholami, P., McCarthy, J. K., Tan, M., Bielinski, V. A., & Allen, A.
E. (2020). Multiplexed knockouts in the model diatom phaeodactylum by episomal delivery
of a selectable cas9. Frontiers in microbiology, 11, 5.

Funding statement: This research was supported by the DOE Office of Science, Office of
Biological and Environmental Research (BER), grant no. DE-SC0018344



Title: Mapping transcription factor-mediated remodeling of diatom metabolism in
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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. Specific goals and technical approaches are focused around four themes: 1)
Modeling and Flux studies, 2) Photosynthetic efficiency, 3) Linking metabolic and regulatory
networks, 4) Genome scale engineering methodology and application.

Abstract text: Transcription factors regulate gene expression by binding DNA and promoting
(activate) or block (repress) recruitment of RNA polymerase. Therefore, they are a key part of
regulating the enaction of gene expression programs that govern regular growth (progression
through the cell cycle) and allow cells to respond and acclimate to shifts in environmental
conditions (such as light, and nutrient status) to optimally maintain homeostasis and survive.
Despite the importance of diatoms in the marine environment, and their relevance for biofuels
development, little is known about these mechanisms with any molecular detail. DNA affinity
purification sequencing (DAP-Seq) is a high-throughput in vitro method to characterize
transcription factor binding sites genome-wide. Using this method, we have mapped the
transcription factor binding sites for >100 transcription factors in the P. tricornutum genome.
Our results corroborate findings from previous investigators for the few transcription factors that
have been functional characterized, and greatly expand the catalog of these key molecular
components of signal transduction cascades in diatoms. Notably, we identify a homolog of the
fungal regulator of the nitrate regulon and link it to the regulation of nitrate metabolism in P.
tricornutum and across diatom diversity. Further, we identify transcription factors involved in
other key cellular events such as the coordination of metabolic shifts across diel cycles, and
activation of the carbon concentrating mechanism. In diatoms, heat shock factors (HSF) have
expanded massively into diatom-specific distinct classes, and we detail for the first time,
variation in the binding sites of the different HSF classes providing insight into the functional



significance of their evolution in this group. Through linking the prevalence of binding sites in
the promoters of condition-specific regulons, we develop the first genome-scale view of the
metabolic regulatory network in diatoms.

Funding statement: This research was supported by the DOE Office of Science, Office of
Biological and Environmental Research (BER), grant no. DE-SC0018344
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The diatom Phaeodactylum tricornutum (Pt), a model photosynthetic eukaryotic microbe,
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 long-term goal
of this project is to promote efficient production of high-value and fuel-related compounds
through optimization of metabolic fluxes in Pt. Building upon our expertise in *C
metabolic flux analysis (MFA),? our current goal is to develop novel experimental protocols
and data analysis workflows to enable 3C flux analysis of Pt. We are currently
investigating the metabolic adjustments of Pt to three variables, i.e., light, nitrogen
availability, and genetic knockout of TAG degradation enzymes, which strongly impact cell
growth and lipid accumulation.

In our first study, we varied the light intensity supplied to the Pt culture. We compared metabolic
fluxes inside wild-type (WT) Pt cells grown under low-light (60 pE m? s!) or high-light (250 pE
m? s') conditions. We observed higher metabolic flux in the TCA cycle under high light relative
to the low light. Further, we observed that the TAG profile at high light contained significantly
more omega-3 fatty acids compared to low light.

In a second study, we investigated metabolic fluxes inside wild-type Pt and a nitrate reductase
(NR) knock-out strain in response to changing nitrogen availability in the culture medium. We
studied three cultures, i.e., Pt-WT with nitrate (Pt-WT), Pt-WT without nitrate (Pt-WT _N-), and
Pt-NR with nitrate (Pt-NR). We found enhanced accumulation of TAG in Pt-WT N- and Pt-NR
relative to Pt-WT. Concomitantly, the pool sizes of pyruvate (end product of glycolysis) and
amino acids decreased significantly in Pt-WT_N- compared to those in Pt-WT, whereas the pool
sizes of TCA cycle metabolites and urea increased dramatically. Our results are consistent with
previous findings that genes associated with urea cycle are upregulated while expression of urea-
degrading urease is downregulated in WT Pt cells under N- conditions>. Interestingly, Pt-NR
showed a similar trend of abundance of intracellular metabolites except a few in the TCA cycle.
Our preliminary '*C-MFA results have revealed remarkable differences in the metabolic fluxes
between Pt-WT, Pt-WT _N- and Pt-NR.
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In a third study, we aimed to characterize metabolic changes in an acyl-CoA dehydrogenase
knockout (ACAD-KO) Pt strain. When Pt cultures are switched from nitrogen-depleted to
nitrogen-replete media, WT cells rapidly degrade the accumulated TAG while ACAD-KO cells
retain their TAG storages. Comparing the ACAD-KO strain to WT after nitrogen repletion, we
observed increases in TCA cycle labeling in the ACAD mutant. We hypothesize that the TCA
cycle in the WT strain is being fed by the breakdown of the TAG, resulting in lower labeling.

Our findings based on '3C MFA will help us to understand how Pt metabolism adapts to various
environmental conditions and genetic modifications, which will guide strain engineering efforts
to maximize TAG biosynthesis in Pt.

(Supported by grant DE-SC0018344: Design, Synthesis, and Validation: Genome Scale
Optimization of Energy Flux through Compartmentalized Metabolic Networks in a Model
Photosynthetic Eukaryotic Microbe from the Department of Energy.)

1. Hu, Q. et al. Microalgal triacylglycerols as feedstocks for biofuel production: perspectives and advances. Plant
Journal 54, 621-639, doi:10.1111/j.1365-313X.2008.03492.x (2008).

2. Jazmin, L.J. et al. Isotopically nonstationary '3C flux analysis of cyanobacterial isoburyaldehyde production.
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3. Levitan, O. et al. Remodeling of intermediate metabolism in the diatom Phaeodactylum tricornutum under
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The overarching goal of this project was to quantify potential diel partitioning of metabolic
functions in microbial communities of decomposing grass litter in a Mediterranean
climate-grassland ecosystem. We measured litter respiration as an indicator of microbial
activity overall, and used gene expression data to determine activity of specific taxa or
functions. We ask 1) is there a diel signal in microbial gene expression, 2) what are the
predominant abiotic drivers of short-term transcriptomic variation, 3) is there diel signal
in the activity of dominant taxa, and 4) which genes are most responsive to diel cycling?

Diel fluctuations are known to be important for the functioning of photosynthesis-dominated
microbial ecosystems — for example, aquatic communities, plant-associated rhizospheres, and
desert crusts. In these cases, heterotrophic activity often appears to track light-dark cycles as
nutrient and carbon availability fluctuates in relation to the activity of photosynthetic organisms.
It is less clear whether there are prominent diel patterns in activity of soil microbes. In surface
soil, including decomposing litter, microbes may be exposed to environmental variability that is
diel in nature — including temperature, moisture, and UV radiation. Indeed, there is evidence that
CO; flux from litter displays diel fluctuations in diverse ecosystems including wetlands,
Mediterranean woodlands, and temperate forests. To the extent that diel variation is a
predominant driver of microbial activity there is potential for specialization among soil microbes
such that particular taxa may be active and/or perform different functions at different times. Our
goal in this study was to quantify short-term variation in microbial activity and gene expression
in litter decomposition. In particular we ask 1) is there a diel signal in microbial gene expression,
2) what are the predominant abiotic drivers of short-term variation, 3) is there diel signal in the
activity of dominant taxa, and 4) which genes are most responsive to diel cycling? We addressed
these questions using a metagenomic and metatranscriptomic sequencing approach in
combination with litter respiration, temperature, and moisture measurements under a high-
temporal resolution sampling over three continuous days. This study was performed at the Loma
Ridge Global Change Experiment (LRGCE) in a Mediterranean climate, grassland ecosystem.
Three plots were established within the larger experimental site, with 36 spatially randomized
litterbag samples per plot, and one litterbag per plot sampled every two hours for three days.
Metagenomic and metatranscriptomic sequencing was performed by the DOE Joint Genome
Institute.

We observed diel fluctuations in temperature, moisture, and litter respiration over the
three-day period. There was a gradient in terms of average moisture content across the three plots
(P =0.0015) ranging from 24% to 47%. This gradient resulted in the two plots with lower
moisture content having stronger diel fluctuations in moisture content (P < 0.01), whereas no
significant diel signal in moisture was observed in the third plot (P = 0.12). We also observed
diel fluctuations in respiration in the two plots with lowest and highest moisture content (P =
0.01), with peaks in respiration coinciding with the peak in moisture content or temperature,



respectively. Community composition did not display a strong diel signal. However, there were
diel shifts in the expression of specific metabolic functions correlated with moisture and
temperature but varying by plot. Five of the ten most abundant taxa (identifiable to genus or
family) displayed significant diel signal (P < 0.05) in the high-moisture plot, including the most
abundant genus, Curtobacterium. In terms of functional genes, after correcting for multiple
comparisons 101, 35, and 205 groups of KEGG orthologs displayed significant diel signal in the
low-, intermediate-, and high moisture plots, respectively. Overall, our data demonstrate that
gene expression of heterotrophic microbial litter decomposers responds to diel variability in the
environment. Taxa appear to respond to this variation in unique ways, with some taxa responding
more strongly to diel moisture variation and others responding to diel temperature variation. We
further observed a diel signal in functional gene expression overall and in the expression of
specific functional genes, indicating that microbes may perform particular functions in
accordance with day-night cycles in environmental conditions.

This research was supported by the DOE Olffice of Science, Office of Biological and
Environmental Research (BER), grant no. DE-PS02-09ER09-25 and DE- SC0016410.



Title: Differential Response of Microdiversity to Simulated Global Change Within a
Bacterial Genus

Authors: N.C. Scales*! (nscales@uci.edu), A.B. Chase?, S. Finks!, C. Weihe'!, S.D. Allison,
J.B.H. Martiny'

Institutions: 'Department of Ecology and Evolutionary Biology, University of California,
Irvine, California, USA; *Center for Marine Biotechnology and Biomedicine, Scripps Institution
of Oceanography, University of California San Diego, La Jolla, California

Project Goals:

We sought to establish an amplicon sequencing method which would allow us to characterize
within-genus diversity (microdiversity) of an ecologically important soil bacterium to simulated
global change. Curtobacterium is one of the most abundant bacteria in the surface litter layer of
soil at the Loma Ridge Global Change Experiment. We applied this method to determine the
subclade-level response of the taxon to simulated drought and nitrogen addition. We did this
within two ecosystems, a grassland and a shrubland, to allow us to elucidate differences in
response to the global change treatments by ecosystem type. Lastly, we sought to explain these
differences by analyzing the genomes of Curtobacterium strains to look for differences in
carbohydrate-active enzyme (CAZyme) content.

Abstract text:

Global change experiments often observe shifts in soil bacterial composition based on 16S rRNA
gene sequences, however, less is known about how global change might alter bacterial
microdiversity, defined here as diversity below the genus level. In particular, it is not known
whether the broad taxonomic shifts are consistent within a genus, or whether they represent the
summation of divergent responses occurring at a finer scale, i.e., whether the 16S-level data
masks the microdiversity response. To investigate the response of bacterial microdiversity to
global change, we focused on Curtobacterium, a genus of gram-positive aerobic Actinobacteria
highly abundant in leaf litter, the topmost layer of soil within the Loma Ridge Global Climate
Experiment (LRGCE). Established in 2007, the LRGCE manipulates drought and nitrogen in two
adjacent plant communities, grassland and coastal sage scrub (CSS), by intercepting
approximately 50% of the rainfall, and adding soluble CaNOs. To characterize fine scale
diversity within the genus, we used an amplicon sequencing approach, designing
Curtobacterium-specific primers for the groEL gene, a molecular chaperone found in all
bacteria. This method revealed an enormous amount of diversity — more than 6,000 exact
sequence variants (ESVs) that fall within at least 12 distinct phylogenetic lineages. The
composition of Curtobacterium microdiversity varied significantly within the global change
experiment, across the two ecosystems, and over time. Although added nitrogen did not alter
ESV composition, the drought treatment did significantly alter ESV composition, explaining
9.79% of the variation (PERMANOVA: p = 0.001). Ecosystem (grassland or CSS) contributed



the largest amount of variation in Curtobacterium microdiversity, accounting for 19.6%
(PERMANOVA: p=0.001). Since most of the variation was explained by the two ecosystems,
we further investigated the carbohydrate-active enzyme (CAZyme) content by subclade among
sequenced isolates. The CAZyme genomic content of the strains differed significantly between
subclades (ANOSIM: R = 0.8044; p = 0.001). These data support the idea that resolving fine-
scale patterns of niche differentiation in microbes are key to understanding the response of
microbial communities to global change.

Funding statement: This research was supported by the DOE Office of Science, Office of
Biological and Environmental Research (BER), grant numbers: DE-PS02-09ER(09-25, DE-
SC0016410, and DE-SC0020382.
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Project Goals: To investigate the function of candidate genes involved in lipid storage and
stability using transient expression in Nicotiana benthamiana.

The finite nature of crude oil-derived fuels coupled with their adverse effects on the
environment means the search for alternative, renewable sources of energy that are more
environmentally friendly is paramount. Pennycress (Thlaspi arvense L.) has been identified as
a promising alternative crop for aviation fuel production. It is an annual winter Brassicaceae
growing in most parts of North America, and produces seeds with high oil content (26-39%).
It can be grown in a summer/winter rotation cycle with other conventional commodity crops
such as maize and soybean and requires low agricultural inputs. The average yield of
pennycress seeds is 1,500 kg ha!, corresponding to 600-1200 L ha™! of oil, which is higher
than that of soybean and camelina. While pennycress 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. Transcriptional analysis of 22 pennycress
accessions resulted in the identification of potential gene candidates whose expression levels
were correlated with seed oil yield (DE-SC0019233). Here, we show that protein products of
six of these candidate genes- a lipid transfer protein homolog (LTP6), a lipid droplet associated
protein homolog (LDAP3), an annotated lipase (o/p hydrolase), a long-chain acyl-coA synthase
protein (LACS1), an endomembrane regulatory protein (RABA3), and a lipid storage and
packaging protein (Oleosin)- mainly localize to lipid droplets when transiently expressed in
Nicotiana benthamiana. The overexpression of coding sequences for these six proteins in NV.
benthamiana leaves resulted in a proliferation of cytoplasmic neutral lipids appearing as
droplets under confocal microscopy. Analysis of the infiltrated leaves using GC-MS indicated
that the overexpression of these proteins increased the total neutral fatty acid content and
somewhat altered the fatty acid composition of N. benthamiana leaves. Our data point to
possible roles of these six candidate proteins in the compartmentalization and/or stability of
pennycress lipid droplets and represent interesting targets for genetic manipulation of
pennycress seeds with increased oil content.

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
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Project Goal: Assessing temporal and spatial regulation of storage lipid accumulations in
developing Pennycress seeds using *C-labeling and mass spectrometry imaging.

The US military and commercial aviation industry consume nearly 20 billion gallons of jet fuel
per year. With unpredictable prices, finite fossil fuel sources, and concerns over environmental
impact, the discovery of sustainable alternatives to fossil-derived jet fuels is critical. In the last few
years, pennycress (Thlaspi arvense L.) emerged as a promising oilseed crop especially suited for
aviation fuel production due to its moderate oil content and fatty acid composition. In addition to
its excellent biofuel potential, pennycress requires low agricultural inputs and can serve as a cover
crop when grown in a summer/winter rotation cycle with other conventional commodity crops,
such as corn and soybean. Improvements to the understanding of regulatory factors that limit oil
yields in pennycress seeds will be instrumental to advance the goal of developing bio-based
aviation fuels for the future. Culture conditions were optimized to provide *C-labeled glucose to
pennycress siliques to follow the temporal and spatial organization of storage lipid metabolism in
pennycress seeds. This approach allows for the tracing of metabolism from carbohydrate sources
to storage oils in near in vivo conditions. The fatty acid composition and growth rate of embryos
harvested from these silique cultures were similar to in planta, which validates this method. Using
this procedure, 100% [U-'3C]-glucose was supplied to 16 days after pollination (DAP) siliques for
120 h to track the incorporation of *C-labeled acetyl fragments into de novo synthesized fatty
acids in seed plastids and in elongated fatty acids in the cytoplasm. The results showed that the
percentage of labeling in plastidic and cytosolic fragments was found to be significantly lower in
the axis of the embryos in comparison to the cotyledons. A time course-experiment was conducted
to monitor the temporal incorporation of *C-acetyl fragment in embryos from 14 DAP siliques
incubated for 24 h, 48 h, 72 h, and 96 h; the labeling in acetyl fragments gradually increased up to
19%. Further, to evaluate the spatial organization of lipid metabolites in developing seeds, '*C-
isotopic labeling and mass spectrometry imaging (MSI) were coupled to analyze metabolic flux in
situ. Combining isotopic labeling and MSI presents technical challenges ranging from sample
preparation, label incorporation, data collection, and analysis. Using currently available software
and techniques, '*C-labeled isotopomers were analysed for the membrane lipid and storage oil
lipid intermediate phosphatidylcholine (PC). Consistent with '*C-isotopic labeling of fatty acids,
MSI revealed greater '*C-isotopic labeling of PC molecular species in the cotyledons than the
embryonic axis of developing embryos. Moreover, greater isotopic enrichment in PC molecular
species with more saturated and longer chain fatty acids suggest differences in flux related to fatty
acid desaturation and elongation. Expanding the combination of '*C-isotopic labeling and MSI to
additional time points and to additional lipid intermediates will provide an opportunity to visualize
the spatial differences in lipid metabolism during seed development. These data-intensive,



comprehensive approaches will offer greater insights into the internal organization and regulation
of oil synthesis in pennycress seeds, which will ultimately support metabolic engineering efforts
to produce higher yield of biofuels.

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.



In vivo thermodynamic analysis of glycolysis in Clostridium thermocellum and
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Project Goals: This project will integrate thermodynamic analysis with advanced mass
spectrometry, computational modeling, and metabolic engineering to develop an approach
for in vivo determination of Gibbs free energies (4G) in metabolic networks. This project will
also investigate how the thermodynamics of biosynthetic pathways in microbial biofuel
producers change dynamically as substrates are depleted or products accumulate. This
research will result in the construction of computational models that quantitatively define
trade-offs between energy efficiency of biosynthetic pathways and their overall catalytic
rates. The approach developed in this project will be useful for identifying thermodynamic
bottlenecks in native and synthetic pathways and pinpoint the enzymes whose expression
levels will have the largest effect on production rates and final product yields.

Abstract:  Clostridium thermocellum and Thermoanaerobacterium saccharolyticum are
thermophilic anaerobic bacteria with complementary metabolic capabilities that utilize distinct
glycolytic pathways for the conversion of cellulosic sugars to biofuels. We integrated quantitative
metabolomics with 2H and '*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 7. saccharolyticum. These
observations help explain the comparatively low ethanol titers of C. thermocellum and suggest
engineering interventions that may be used to increase its ethanol productivity and glycolytic rate.
In addition to thermodynamic analysis, we used our isotope tracer data to reconstruct the 7.
saccharolyticum central metabolic network, revealing exclusive use of the Embden-Meyerhof-
Parnas (EMP) pathway for glycolysis, a bifurcated tricarboxylic acid (TCA) cycle, and a
sedoheptulose bisphosphate bypass active within the pentose phosphate pathway.
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Project Goals:

This project is aimed at understanding the genetic control of seed size and oil content in
field pennycress (Thlaspi arvense L.; pennycress). This knowledge will be applied to improve
pennycress seed and oil yields for its use as a new winter annual cash cover crop for the U.S.
Midwest. Winter annual cover crops provide a continuous living cover on otherwise fallow
agricultural soil. Genetic improvement of seed yield and oil content will aide in widespread
adoption of pennycress as a profitable cover crop that can serve as a source of renewable
feedstock for the biodiesel and biofuels industries as we transition to cleaner and more
sustainable sources of energy.

Abstract:

Pennycress possesses extreme winter hardiness (up to -30°C), high natural seed yields
(1100 — 2250 Kg/hectare), highly oil-rich seeds (27%-39% on a dry weight basis), and protein
for food, feed and other end uses (Sedbrook et al. 2014). Pennycress is planted in the fall and
grows into a rosette that is dormant during the winter, flowers and sets seed in the spring, and is
harvested in June. Fall planted pennycress acts as a continuous living cover on the otherwise
fallow soil. This reduces pollution of our water sources through nutrient run-off and soil erosion
from barren farmlands. In the spring, pennycress provides an early food source for pollinators, as
well as helps in suppressing weeds. Cropping systems that can leverage optimal growing
conditions for both the major summer annual cash crops (e.g. corn and soybeans) and winter
annual pennycress can help maximize farmer profits and environmental benefits in the future.

The widespread adoption of pennycress will depend upon its economic viability as a
second cash cover crop where the benefits outweigh the cost of inputs and farmer effort.
Pennycress has spent most of its evolutionary history as a weed and has only recently been the
subject of domestication and breeding efforts. The first generation of domesticated pennycress
with improvements in reduced pod shatter, low erucic acid and glucosinolates concentration, and
earlier flowering have already been achieved (Chopra et al., 2019). However, increased seed size
and higher oil content are desirable for maximum yield and productivity and to make it amenable
for mechanical processing. Therefore, our current research aims to i) identify loci that control
seed size and oil content in a diverse collection containing wild germplasm via association
mapping, ii) identify loci that control seed size and oil content in two biparental recombinant
inbred line (RIL) populations, iii) characterize genes controlling seed size and oil content in
pennycress EMS mutagenesis populations, and iv) generate pennycress CRISPR-Cas9 knockouts
in genes known to regulate seed size and oil content in Arabidopsis.



The diversity panel has been grown in four locations over three years and genotyped with
genotyping-by-sequencing to produce a rich dataset for genome wide association study. Two Fe.7
RIL populations have been developed from parents divergent in seed size and oil content and
planted in field conditions for the first time during fall 2020. These populations will be
genotyped and phenotyped in 2021 for QTL mapping. We have generated and phenotyped over
15,000 EMS pennycress lines generated in MN106 genetic background and identified large
seeded as well as high oil mutants which are currently being tested in field conditions. In
addition, several single and stacked CRISPR-Cas9 mutants for both seed size and oil content
have been generated in Spring32 genetic background. The results from these projects will help
advance the knowledge of the genetic basis that underlies seed size and seed oil content in
pennycress. Research relating to the development of large seeded and high oil pennycress can
ensure the use of pennycress as a renewable feedstock for the biofuels industry, and in addition
serve as a valuable resource for more translational research into other major oilseed crops that
provide a significant portion of edible oil around the world.
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Project Goals: We aim to promote biological nitrogen fixation on sweet sorghum, a target crop
for biofuel production, using a systems biology-based approach involving both the plant and
associated microbes. On the microbial side, we plan to do this by 1) isolating and characterizing
microbes associated with sorghum aerial roots, 2) forming representative communities from
these isolates and investigating community dynamics and functions by building computational
models to predict their behaviors, and 3) testing the efficacy of these synthetic communities to
promote biological nitrogen fixation, and, by extension, sorghum health, and growth.

https://sonar.bact.wisc.edu/

Biological nitrogen fixation (BNF) on cereal crops to increase crop production sustainability and
reduce environmental damage from synthetic fertilizers has long been an agronomical Holy
Grail. Cereal crops cannot form symbiotic relationships with nitrogen-fixing rhizobia. They rely
on synthetic fertilizer inputs and less efficient associative nitrogen fixation or free-living nitrogen
fixation from soil microbes'. Some indigenous maize accessions from Central America can
obtain 29%-82% of their nitrogen from the air through BNF?. This nitrogen-fixing corn' recruits
environmental diazotrophic microbes to live around its aerial roots, where root border cells
produce mucilage that provides a low oxygen, sugar-rich niche suitable for BNF. Similar aerial
root production and BNF have also been noticed in sorghum accessions but have not been
characterized like maize. Since sorghum is a crop of interest for biofuel production, breeding this
aerial root trait into more sorghum lines and optimizing BNF on aerial roots are target areas for
research and development. On the microbial side, we aim to 1) isolate and characterize microbes
associated with sorghum aerial roots, 2) form representative communities from these isolates
and observe community dynamics through model building, and 3) test the efficacy of these
synthetic communities on protecting sorghum health and promoting biomass accumulation.
Currently, we have a diverse environmental isolate collection of ~90 strains selectively isolated
on artificial mucilage media from aerial root producing corn and sorghum lines. With additional
mucilage microbiome data, we may add more strains if we feel our selection missed key
community members. All environmental isolates will be screened for plant growth-promoting
phenotypes, such as nitrogen fixation, auxin and siderophore production, and polysaccharide
catabolism. Further, we will examine the conditions under which these environmental
diazotrophs release ammonia or nitrate to the plant via the mucilage and the survival of these
strains around aerial roots through wet/dry cycles. Using high-throughput, combinatorial, in vitro
community assembly experiments, we will measure temporal changes in community
composition and ammonia production. These data will be used to build computational models at
different resolutions to elucidate keystone bacterial species in community growth, survival, and
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BNF, and decipher the microbial and metabolic interactions driving ammonia production. Our
experimental data, coupled to computational models, will guide the selection of defined
communities that can be studied in the context of sorghum accessions. With these defined
communities we will confirm survival, nitrogen fixation, and promotion of sorghum nutrition,
growth, and health in the field.
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Project Goals: The overall goal of this project is to understand better the molecular and
cellular networks controlling biological nitrogen fixation in sorghum aerial roots using a
combination of genetics, synthetic bacterial communities, and systems biology.

Since the Green Revolution, the intensive use of synthetic fertilizers is the most common strategy
to alleviate the limitation of nitrogen (N) availability on crop yields. With the desire to produce
bioenergy crops on low-productivity lands to avoid competition with food production, the heavy
use of fertilizer that will be necessary to ensure reasonable yields raises the cost of production and
increases the environmental footprint of producing bioenergy crops. Sorghum is an attractive
bioenergy crop due to its ability to produce high biomass yields with limited inputs and to
withstand biotic and abiotic stresses. To further enhance sorghum’s bioenergy potential, we are
investigating the mechanisms that enable specific sorghum accessions to support symbiotic
interactions with N-fixing microbes in the mucilage of their aerial roots. This symbiosis allows
them to obtain a significant amount of N from the air, reducing the need for chemical fertilizers.
Specifically, we are investigating the genetic basis of aerial root formation using a genome-wide
association study of two panels of genetically diverse genotypes. We are also determining the
dependence of aerial root formation on factors such as rainfall and soil composition by planting
select genotypes in different geographic locations and with varying levels of fertilizer. In parallel,
we are using single-cell and bulk transcriptome profiling to investigate the sorghum gene
regulatory networks that enable mucilage production and N-fixation and interactions of sorghum
with diverse microbial species. From this analysis, we expect to infer cell-type-specific gene
regulatory networks and critical regulatory genes that drive the dynamics of these processes.
Candidate genes that are important to enable biological nitrogen fixation (BNF) will be tested
through reverse genetics approaches. Furthermore, breeding populations derived from crossing
bioenergy sorghums with accessions that support BNF are under development. As a result of these
activities, we will enhance our understanding of BNF in sorghum and have genetic tools at our
disposal to enable the commercial development of N-fixing bioenergy sorghums to display high
biomass productivity on marginal lands, with a reduction in inputs.

The authors gratefully acknowledge funding from the U.S. Department of Energy (BER) grant
no. DE-SC0021052.
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Project Goals: The long-term goal for this Project is to realize secure biodesign strategies
for microbial systems that operate in the dynamic abiotic and biotic conditions of natural
environments, thus enabling systems-level and rational biological design for field use.
There are several key challenges to incorporating safeguard systems at the design stage
including: (1) lack of knowledge for how well safeguards operate across the broad set of
environmental and physiological conditions that an organism experiences; (2) a need to
integrate the safeguard with other cellular components so that it can sense and recognize
specific signals from the intracellular or extracellular environment, and mediate a
response; and (3) a need for rapid and reliable methods to engineer and optimize the
biological components for safeguard construction and functional integration. To address
these challenges, we propose to utilize recent advances in the fields of synthetic biology,
artificial intelligence (AI), and automation, which are creating the conditions for a
paradigm shift in our understanding of the ways that cellular function can be designed at
the level of bacterial communities.

The design and application of successfully engineered biosystems requires an understanding
of how engineered microbes will interact with other organisms — either as one-on-one
competitors, for example, or in the context of microbial consortia. Engineering microorganisms
from first principles for non-laboratory, environmental applications is inherently challenging
because: (1) engineered systems tend to quickly revert back to their wild-type behaviors; and (2)
these systems typically pay a price in reduced fitness making them uncompetitive against
invasive contaminating species (i.e., metabolic burden). A key question is how do sensing,
signaling, and metabolism contribute to the stabilization and destabilization of these interactions?
Here, the organization, control, stabilization, and destabilization of natural and engineered
microbes will be investigated through a synthetic biology approach. The approach will enable
development of (1) single-strain systems capable of detecting and responding to target organisms
in the environment; (2) a pipeline for refining and engineering biological constructs in new non-
model host organisms; and (3) improved systems for the rapid designing, engineering, and
assaying of new biological modules. This coupled approach to design and build safeguard
systems for intrinsic biocontainment that are predictable and portable across bacterial species,
would focus on microbes that are part of the beneficial plant microbiome. A long-term goal
beyond the proposed research is to enable the engineering of communities of microorganisms



based on first principles of biological design that mimic the smart performance of
microorganisms observed in natural systems. This will enable a new vision of biosecurity and

biocontainment that harnesses the underlying mechanisms of resource management occurring
within and between organisms.

This Project is funded by the Biological Systems Science Division’s Genomic Science Program,
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Project Goals: The long-term goal for this Project is to realize secure biodesign strategies
for microbial systems that operate in the dynamic abiotic and biotic conditions of natural
environments, thus enabling systems-level and rational biological design for field use.
There are several key challenges to incorporating safeguard systems at the design stage
including: (1) lack of knowledge for how well safeguards operate across the broad set of
environmental and physiological conditions that an organism experiences; (2) a need to
integrate the safeguard with other cellular components so that it can sense and recognize
specific signals from the intracellular or extracellular environment, and mediate a
response; and (3) a need for rapid and reliable methods to engineer and optimize the
biological components for safeguard construction and functional integration. To address
these challenges, we propose to utilize recent advances in the fields of synthetic biology,
artificial intelligence (AI), and automation, which are creating the conditions for a
paradigm shift in our understanding of the ways that cellular function can be designed at
the level of bacterial communities.

The advent of CRISPR/Cas revolutionized precision genome editing and engineering.
However, the technology has introduced its own set of challenges, particularly in choosing a
target site within a genome that matches potentially stringent experimental parameters, such as
efficiency of double-strand break (DSB) induction, DSB location, and number of off-target sites.
Even when a suitable target site has been identified in a model organism, there is no guarantee
that that particular target will be present in closely related species. These requirements
demonstrate the importance of understanding the genomic landscape of CRISPR/Cas-targetable
sites to better understand the rules governing the behavior of gRNAs. To that end, we surveyed
the genomes and CRISPR/Cas-targetable sites within 16,171 Escherichia coli, 446 Shigella,
7,867 Pseudomonas, and 14,604 Salmonella genomes from the Pathosystems Resource
Integration Center (PATRIC) [1,2] database.

We analyzed the quality of the genomes present in the PATRIC database for each species
using the scoring system devised by Land et al. [3] and demonstrate a species quality bias —
nearly 97% of E. coli genomes meet our quality threshold, while only 15% of Shigella, 75% of
Pseudomonas, and 65% of Salmonella genomes meet that threshold.

Using the high-quality genome assemblies, we calculated genomic GC content, identified
rare codons within each species, and identified the species’ core genes. We further identified all
SpCas9, St1Cas9, SaCas9, NmCas9, CjCas9, and AsCasl2a-targetable sites in each genome.
Using MASH [4], an implementation of the MinHash algorithm for estimating genomic distance,
we found that these Cas-targetable sites are as well conserved among each species as the overall



genomes themselves, although those sites located within highly conserved core genes and
operons are themselves highly conserved.
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Project Goals: The long-term goal for this Project is to realize secure biodesign strategies
for microbial systems that operate in the dynamic abiotic and biotic conditions of natural
environments, thus enabling systems-level and rational biological design for field use.
There are several key challenges to incorporating safeguard systems at the design stage
including: (1) lack of knowledge for how well safeguards operate across the broad set of
environmental and physiological conditions that an organism experiences; (2) a need to
integrate the safeguard with other cellular components so that it can sense and recognize
specific signals from the intracellular or extracellular environment, and mediate a
response; and (3) a need for rapid and reliable methods to engineer and optimize the
biological components for safeguard construction and functional integration. To address
these challenges, we propose to utilize recent advances in the fields of synthetic biology,
artificial intelligence (AI), and automation, which are creating the conditions for a
paradigm shift in our understanding of the ways that cellular function can be designed at
the level of bacterial communities.

The development of genetically modified and engineered organisms necessitates the creation
of secure and efficient biocontainment systems to prevent these organisms from escaping the
laboratory and endangering the environment, public health, and public perception of scientific
research. Safeguards based on controlled activation of a self-targeting CRISPR/Cas9 “self-
destruct” mechanism that activates outside of laboratory conditions are transferable between
different organisms, cost-effective, and relatively easy to implement in comparison to other
safeguard systems. However, the variability of CRISPR/Cas cleavage efficiency within a
genome (and even within the same gene) [1, 2] represents a challenge in choosing efficient self-
targeting guide RNAs (gRNAs) for self-destruction, particularly as that variability is heightened
under different environmental conditions. We have developed a machine-learning prediction
method, CRISPRACct, that models this behavior across different environmental conditions to
assist in identifying gRNAs for use in the proposed secure biosystem.

We hypothesized that dynamic gene expression responses to varying physiological
conditions would influence the cell killing activity of the CRISPR/Cas9 system. We created a
library of gRNAs composed of ~180,000 gRNAs corresponding to sites throughout the
Escherichia coli MG1655 genome and control gRNAs (~20,000) that did not match. Using this
library, we conducted screens for killing activity in three physiological conditions: rich (LB)
media in exponential growth; defined (M9) media in exponential growth; and rich media in
stationary phase. We then captured sequence data representing the transcriptomes corresponding
to these conditions, and the killing activity of the gRNAs over time. Using our libraries, we
identified ~6,000 guides that were statistically overrepresented (via ANOVA testing) for



physiology-specific function. A small subset of gRNAs (174) were “outlier switches” that
exhibited outstanding killing activity in a specific physiological condition, while their high
prevalence in another condition was consistent with providing a growth advantage. The library
screens generated an extensive dataset of ~530,000 data points used to develop CRISPRAct to
interrogate features influencing gRNA Kkilling activity.

The CRISPRAct model combines a state-of-the-art natural language processing (NLP) model
based on the Google Al ALBERT architecture [3] with conventional neural network (NN)
models to predict the efficiency of gRNAs under various conditions. The NLP model treats
genomic context as a machine-interpretable “language” by training embeddings on a
representative set of twelve E. coli genomes [4] divided into “sentences” of seven “words” that
each consist of three bases, and then fine-tuning on the gRNA activity dataset. The NN models
use a set of 428 features including gRNA positional and physicochemical properties [1], as well
as the E. coli growth phase in the form of optical density, and environmental factors including
media growth concentrations. The results of these models are combined through a polynomial
regression to predict the percent change in E. coli cell population after Cas9 induction.
CRISPRACct achieves a Mean Square Error of 0.13 and Spearman Correlation Coefficient of
47.31% on a test dataset of 71,228 gRNAs. This level of model performance is comparable to
other efforts to predict gRNA activity. However, due to our approach of leveraging physiological
conditions to train models, CRISPRAct offers a more resilient basis for transfer learning in novel
organisms and environmental conditions without having to undergo a costly re-training process.
This strategy will decrease the time and effort needed by other researchers to identify gRNAs
with desired behaviors in various physiological conditions.
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Project Goals: Short statement of goals. (Limit to 1000 characters)

The Department of Energy Systems Biology Knowledgebase (KBase) is a platform designed to
solve the grand challenges of Systems Biology. KBase has implemented bioinformatics tools that
allow for multiple workflows, including genome annotation, comparative genomics, and
metabolic modeling. First released in 2010, the ModeISEED [1] genome-scale model
reconstruction pipeline has now built over 200k draft metabolic reconstructions and supported
hundreds of publications. Here, we describe the first major update to this model reconstruction
tool with important new features including: (1) a dramatically improved representation of energy
metabolism ensuring models produce accurate amounts of ATP per mol of nutrient consumed,;
(2) new templates for Archaea and Cyanobacteria; and (3) greatly improved curation of all
metabolic pathways mapping to RAST and other annotation pipelines.

Abstract text

KBase has made several key improvements to the ModeISEED model reconstruction tool. ATP
production was improved in our model reconstruction procedure by constructing core models,
testing for proper ATP production from this core, then ensuring that ATP production does not
incorrectly explode when expanding the core model to a genome-scale model. We similarly
improved our gapfilling approach to ensure that gapfilling does not cause a model to start over-
producing ATP. While other approaches aim to correct ATP overproduction in models, these
new procedures in the ModelSEED pipeline aim to ensure that ATP overproduction does not
happen in the first place. To handle the necessary expansion of templates, we developed machine
learning (ML) classifiers to determine automatically which template most correctly applies to a
new genome being modeled. The classifiers will also produce new template and biomass
objective functions specific to archaea and cyanobacteria (modeled after existing published
metabolic models of these species). This ML approach allows for the rapid introduction of
additional modeling templates, enabling researchers working with unclassified species or
metagenome-assembled genomes extracted to achieve more specific reconstructions.

To improve metabolic pathway annotation completeness and accuracy in ModelSEED models,
we first updated our biochemistry database to include the latest reaction data from KEGG,
MetaCyc, BIGG, and published models. Next, we manually curated the major pathways in our
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reconstruction templates to reconcile pathway representation across these multiple databases.
Finally, we curated our mapping of RAST functional roles to this reconciled biochemistry based
on data mined from KEGG and published metabolic models.

Within the KBase platform, we demonstrate our improved model reconstruction pipeline on a
phylogenetically diverse set of approximately ~6400 genomes (all Bacteria and Archaea
complete genomes in KEGG) and constructed draft genome-scale metabolic models (GEMs).
We show how the gene counts and modeling metrics (ATP production, biomass yields, reaction
classification, pathway representation) are improved with this new release of the ModeISEED.
We also selected genomes for which comprehensive Biolog data are available, and we compared
model predictions of all data with experimental results. The comparisons showed significant
improvement compared to models generated by the original ModelSEED. Finally, we compare
the pathway content, gapfilling, size, and gene counts in our models with models constructed by
the CarveMe method.

The listed improvements will be available as an update to the ModelSEED reconstruction
pipeline. The new release will be made available across all web platforms currently supported;
KBase (kbase.us), ModelSEED (modelseed.org), and PATRIC (patricbrc.org) resources.
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Project Goals: (Limit to 1000 characters)

Several SFAs were selected for training on the KBase Software Development Kit (SDK) to
integrate tools and data into the KBase platform. Overall, the collaborative effort was viewed as
highly successful. Every SFA project was able to achieve their proposed targets for training and
functionality, while also gaining an appreciation for the role KBase plays/could play in their
future science plans. Both the SFA and KBase teams felt that continued collaboration would be
beneficial, especially if the programs were able to jointly prioritize scope and readiness of future
projects. This poster will outline the scope of functionality added by SFA community
developers, and highlight points of intersection across these efforts.

Abstract text

In total, 5 SFAs were awarded additional funds to support developer time, with the goal of
integrating analysis tools into KBase to support the SFA’s science. Across the board, this
strategy seemed to be well-received, as several SFAs confirm it can be challenging to justify
resources for technology-related goals alongside the often complex and ambitious SFA science
goals. Two SFAs (LLNL Biofuels and Soil) reported that they are already actively using the new
functionality inside KBase, and Stuart acknowledged that the integration has greatly improved
their model development. Other SFAs recognized that this effort focused mainly on the core
implementation of longer-term analysis goals (LANL Fungal, LLNL Soil, ORNL Structure). All
SFAs recognized the value in these efforts to enable the broader research community to also
benefit from the additional functionality in KBase.

Overall, the SFAs reported significant progress towards their proposed goals during the
additional funding period. For example, KBase now has the first phage analysis pipeline in the
system (LLNL Soil), which was presented as an online webinar to the broader user community in
November 2020. KBase has several ways for researchers to improve their fine-scale evaluations
of microbial communities by exploring strain-level variation (ENIGMA), improve metabolic
models by combining various annotation methods (LLNL Biofuels), and screen small-molecule
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ligand binding to protein structures (ORNL Structure). Still coming are additional measures to
assess quality of contigs prior to assigning taxonomic and/or functional annotations (LLNL Soil),
and a joint SFA effort to provide functional annotation for viral sequences (LLNL Biofuels and
Soil). Many of the SFAs reported an added bonus to these efforts - increased knowledge of
KBase’s resource enhancements and community investment, making them ambassadors for
KBase in their own communities (LANL Fungal, LLNL Biofuels and Soil).

This poster will outline the major functional components added by SFA developers. The
presenter will be available to answer any questions about possible future collaborations.

This work is supported as part of the Genomic Sciences Program DOE Systems Biology
Knowledgebase (KBase) funded by the U.S. Department of Energy, Olffice of Science, Olffice of
Biological and Environmental Research under Award Numbers DE-AC02-05CH11231,
DE-AC02-06CHI11357, DE-AC05-000R22725, and DE-AC02-98CH10886.
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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 system to study these metabolic pathways. This includes measuring transcriptomic
changes in steady state or dynamic production systems. Ultimately, we will use these genomic
and transcriptomic data to discover the key cellular networks involved in BCHA production
and tolerance, which will be instrumental in developing better producing strains.

Branched-chain higher alcohols (BCHAs), including isobutanol and isopentanol, have been
identified as key biofuels by the Office of Energy Efficiency & Renewable Energy of the U.S.
Department of Energy!. These alcohols have better fuel properties than bioethanol, including
higher energy density and better compatibility with current gasoline infrastructure. The yeast
Saccharomyces cerevisiae i1s 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.

Existing efforts to commercialize these types of biofuels are challenged by limited productivities,
as well as the toxicity that these alcohols have on strains engineered to produce them. Significant
progress has been made in boosting yields and titers, particularly of isobutanol, through extensive
metabolic and enzyme engineering based on detailed knowledge of branched chain amino acid
metabolism and the structure and function of the enzymes involved®*. In contrast, virtually nothing
is known about the interplay between different cellular networks and BCHA production and
tolerance, leaving a basic question unexplored: What are the key cellular networks that influence
BCHA production?

Using our recently described genetically encoded biosensor for isobutanol production®, we are
currently carrying out a genome-wide analysis of isobutanol production in yeast. We have
previously shown that genomic screens are invaluable to discover the role of cellular networks in
complex traits, such as tolerance to isobutanol’. Our biosensor reports on the activity of isobutanol
biosynthesis by expressing a fluorescence reporter (GFP), allowing us to quantify this metabolic
activity. By optimizing a protocol to transform yeast genomic libraries®, we have completed the
construction of a new library, in which we introduced this isobutanol biosensor into the entire yeast
gene deletion collection’. We kept this library arrayed in a 96-well plate format, which allows us



to measure how each gene deletion affects isobutanol production and gives us maximum flexibility
to develop high-throughput assays.

We have validated this library by verifying the correlation between the biosensor output signal and
isobutanol production in a subset of strains. We have also confirmed the effect of gene deletions
known to affect isobutanol production®’. We will present the results of initial screens, which
revealed previously unknown gene deletions that increase production. The effects of some of these
deletions are consistent with what is known about yeast metabolism and physiology. However, the
effects of other deletions cannot be explained by known yeast biology, constituting new scientific
discoveries and areas of future inquiry. We are currently in the process of completing our screens
of the entire collection, which will provide quantitative measurements of the effect of each non-
essential gene on isobutanol biosynthesis. This will allow us to build a full genetic interaction map
relating cellular networks involved in isobutanol production. Altogether, this project will produce
invaluable knowledge towards understanding and developing strains for improved isobutanol
production.
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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: Plant growth and water use are interrelated processes influenced by the genetic control
of both plant morphological and biochemical characteristics. Improving plant water use
efficiency (WUE) to sustain growth in different environments is an important breeding objective
that can improve crop yields and enhance agricultural sustainability. However, genetic
improvements of WUE using traditional methods have proven difficult due to low throughput
and environmental heterogeneity encountered in field settings. To overcome these limitations we
have utilized a combination of high throughput approaches that measure physiological and
biochemical properties of plants applied to populations of the C4 species Setaria viridis and
Sorghum Bicolor. Across multiple experiments, we have combined greenhouse and field based
methods to control water availability, and leveraged image based phenotyping of plant growth
along with methods to visualize root crown initiation, stomatal patterning, leaf physiology, and
biochemical measurements of metabolites, transcripts, carbon isotopes and elemental
accumulation. By combining these approaches with quantitative genetics populations, we are
able to get a more comprehensive understanding of the factors contributing to water use
efficiency in these important species.

Funding statement: This work was supported by the Office of Biological and Environmental
Research in the DOE Office of Science (DE-SC0018277).
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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.

Abstract: The yields of C4 bioenergy crops are increasing through breeding and improved
agronomy but the amount of biomass produced for a given amount of water use (water use
efficiency) remains unchanged. Therefore, our research focuses on three major control points of
water-limited production, with a systems-approach to biodesign: (1) greater photosynthetic carbon
assimilation; (2) reduced water use through greater stomatal resistance to water loss; and (3)
enhanced acquisition of available water by roots.

The high rates of photosynthesis and the carbon concentrating mechanism in C4 plants is initiated
by the enzyme phosphoeno/pyruvate carboxylase (PEPC). A decrease in the Ky, for HCO3™ (Knco3)
has been proposed as a selective advantage for maintaining high rates of Cs photosynthesis,
particularly when carbon substrate availability is low due to restricted stomatal conductance under
drought. We will present our work showing significant variability in Kncos among PEPC enzymes
from different Cs grass species. Additionally, our data provides new insight into the structural
components responsible for Kucos that can be used to engineer increased photosynthetic efficiency
in C4 plants. This research builds the foundation for engineering a kinetically enhanced PEPC and
the next step is using gene editing to enhance the kinetic properties of PEPC in Sorghum.

Recent increases in atmospheric [COz] means that C4 crops increasingly have greater CO2 supply
than is needed to saturated photosynthesis. Therefore, reducing stomatal conductance by reducing
the number or size of stomata can increase intrinsic water use efficiency without necessarily
suffering a trade-off of reduced photosynthetic CO; fixation. We are testing a series of orthologs
of Arabidopsis stomatal developmental genes to determine the best solution for reducing stomatal
conductance without unwanted pleiotropic effects that can alter stem or reproductive development.
In addition, we have performed transcriptomic profiling of developing leave to identify the
network of genes controlling differentiation of epidermal cells.



Roots represent the supply side of plant-water relations. Root architecture, which is the branching
pattern of the root system in soil, determines the efficiency that water and nutrients are accessed,
but also represent a cost to the plant in terms of carbon. Previous work by our group has shown
that grasses exhibit a suppression of crown root development under drought and a dramatic
induction of their growth upon rewatering. Our current work is focused on identifying the genes
necessary for these responses and the design of a synthetic biology approach to finely tune root
branching. Work that will be presented includes the characterization of a novel locus controlling
the initiation of Setaria root development under well-watered conditions and the establishment of
a synthetic biology toolkit that enables two-input logic gates to be constructed in plants.

Funding statement: This work was supported by the Office of Biological and Environmental
Research in the DOE Office of Science (DE-SC SC0018277).
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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.

Abstract text: 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. We contribute the central hub capability to create, test and
cultivate transgenic and genome edited plants with the various laboratories involved with this
project. We harness this capability to help meet the Overall Project Goal to develop

novel technologies to redesign the bioenergy feedstock Sorghum bicolor and to enhance its water
use and photosynthetic efficiencies. We have established reliable protocols for the
Agrobacterium-mediated introduction of experimental genetic constructs into sorghum cv
BTx430, and deliver the viable transgenics required for the ongoing investigations with our
collaborators on this project. We show the timeline of stable lines of sorghum that 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
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transformation (MRMT) is a breakthrough toward enabling rapid transformation and genome
editing. We report the development of an improved transformation method using MMRT
technology with the potential to increase through-put and decrease time for our projects. We will
be working with the Voytas lab that will allow MMRT to be more broadly utilized within the
group. We also report the development of qPCR methods for the quantification of transgene
insert copy number which further improves our capabilities for molecular analysis of the
transgenic sorghum lines prior to shipment to our collaborators. Our program continues to
support the central and essential aspects to provide the transgenic lines to investigate
photosynthetic and water use efficiencies in sorghum.

Funding statement: This work was supported by the Office of Biological and Environmental
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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 research was supported by the DOE Office of Science, Office of Biological and
Environmental Research (BER), grant no. DE-SC0018277.
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Mathematical modeling is useful to determine how components function in a system to produce
different phenotypes. We apply two different modeling strategies at two scales of plant growth in
Setaria and sorghum. In the first modeling strategy, we abstract the process of the above ground
Setaria plant tissue growth to develop a top-down trait based dynamical model. This model
describes events that occur within the growth and development of above-ground tissue. The
model is applied to a diversity panel of over 250 Setaria lines in drought and well-watered
conditions. The parameters in our model are intended to describe growth and developmental
decisions of the plant. The heritability of the parameter estimates were calculated for both wet
and dry conditions. Heritable parameters will be used to identify loci that control processes
critical to drought response.

In the second modeling strategy, we present a computational framework of multiscale
metabolic 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 Sorghum bicolor, generated from a generic sorghum model
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
physiological and omics data to inform the multiscale model, such as photosynthetic rates,
metabolomic data, and RNA-seq data for sorghum under well-watered and drought conditions at
multiple time points. Using the computational framework, we predicted that high light could
alleviate biomass production induced by drought stress, which was validated by experimental
testing. Moreover, a list of candidate genes were identified as potential targets to engineer for a
higher biomass production.The trait based dynamical method provides a novel way to identify
plant phenotypic traits for identifying new genes that control dynamic processes. This novel
framework will be used in the future to understand if phenotypic variability may be emergent
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from the interaction between environmental space searching strategies, biomass allocation
strategies, and genotype. The multiscale metabolic model provides a novel platform for the
analysis of inter-cellular metabolism with a dynamic constraint of carbon and energy exchange.

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
noDE-SC0018277.



Systems analysis of the beneficial associations of sorghum with arbuscular mycrorrhizal fungi
studied with genetics, genomics, imaging and microbiomics

Jeff Bennetzen'* (maize@uga.edu), Jonathan Arnold', Anny Chung', Katrien Devos',
Nancy Collins Johnson®

'University of Georgia, “Northern Arizona University

Project Goals: The objective of this project is to discover the sorghum genes that recruit and sustain the
root microbial community, especially the AMF community, that promotes high sorghum biomass yield
under a known range of environmental conditions, and to build/test predictive models derived from these
insights. These studies are designed to discover the interactions between genetic and environmental factors
that cause the variable performance of mycorrhizal symbioses in field conditions, using a series of field and
greenhouse experiments with genetically diverse sorghum lines in Georgia and Arizona. Through six
integrated sub-projects, we will collect tens of thousands of phenotypic measurements, including root
morphology, AMF morphology, AMF taxa abundance, other microbial abundances, plant root gene
expression, AMF gene expression, plant mineral content and biomass yield. Promising candidate
associations of these phenotypes with each other and with the sorghum genotype will be identified under a
multiple testing scenario and then confirmed by independent experiments to find validated causal links
(metadata) for increased biomass production.

Abstract: The roots of most plants form symbioses with arbuscular mycorrhizal fungi (AMF), which can
enhance nutrient uptake, drought tolerance and disease resistance for host plants. Harnessing these
symbioses could reduce irrigation and fertilizer inputs for more sustainable production of biofuel crops like
sorghum. Despite decades of effort, successful use of AMF as bioinoculants has been elusive, largely
because mycorrhizae are complex systems and their effects are context dependent. The positive
contributions of AMF and other microbes to crop productivity have been broadly documented, but the same
microbes can vary in their contributions, from highly beneficial to functionally parasitic, depending on the
field environment. Though the contributions of some plant genes in plant-AMF interactions have been
studied in controlled laboratory conditions, none of these interactions are well understood in field
conditions, and it is likely that whole categories of interactions are completely unknown at this stage. The
project teams’ laboratories have recently identified plant genome segments that determine which AMF and
other microbial taxa are abundant in the root/soil environment. This suggests that sorghum genetics can be
a key to unravelling the plant-microbe-environment system and optimizing plant-microbe interactions for
yield. These predictions will be more than just biomass yield associated with particular sorghum genotypes,
AMF communities and input regimens, but also predictions of the other phenotypes that will be
commensurate. These predictions will be tested both in small-scale controlled-environment experiments,
and in analyses of agricultural field data produced during the project but not used in the initial model
building. These data and metadata associations will be utilized to create systems models that predict in
detail the performance of novel sorghum genotypes under a variety of environmental conditions.
Mutagenized sorghum will also be employed to test the impact of specific sorghum genes on AMF type,
abundance and functions. Confirmations of predicted associations will have tremendous value in
uncovering the mechanisms that determine beneficial plant-AMF-environment interactions. Moreover, the
iteratively improved models will not only have exceptional impact for inspiring and guiding future
experimental design, but also for applied use by farmers to guarantee optimal sorghum biomass yield by
using beneficial microbial associations that require only the appropriate sorghum genotype and agricultural
inputs, not any artificial microbial inoculum.



Revealing Metabolic Exchange and Optimizing Carbon Transformation in Co-Culture for
Applications to Sustainable Biosynthesis
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Project Goals: The goal of this project is to develop and characterize synthetic lichen communities
of autotrophic and heterotrophic microbes as a novel sustainable symbiotic platform for the
production of biofuels and biochemicals. Carbon-fixing autotrophs provide oxygen, organic carbon
substrates and other metabolites to their heterotrophic neighbors, which in turn generate carbon
dioxide and diverse interemediate compounds. By optimizing and enhancing these interactions, we
can create a robust, sustainable and more efficient synthetic lichen community to transform carbon
dioxide into bioproducts. Multi-omics driven genetic engineering will enhance metabolite exchange
and product generation capabilities with the microbial co-culture.

Lichens are communities that collect sunlight and carbon dioxide and apply it to power the group’s
activities. They potentially 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. Understanding the metabolite exchange between photoautotrophic and
heterotrophic members of co-cultures is a complex but crucial task in optimizing a synthetic lichen for
more efficient bioproduction. Two major challenges include recognizing the species origin of secreted
metabolites and uncovering key rapidly-consumed exchange metabolites that may only be present in trace
concentrations. To overcome these challenges, we implemented a membrane-separated photobioreactor
(mPBR) allowing co-cultivation of photoautotrophic and heterotrophic microbes and capturing of critical
exchanged metabolites. Profiling of extracellular metabolome in different compartments of the mPBR
provided insights into the origin of exchange metabolites and direction of their flux, and suggested
exchanged compounds crucial for a mutualistic microbial relationship. In addition, to explore the potential
of improved carbon utilization in heterotrophs, our team has engineered an industry-relevant yeast
Yarrowia lipolytica strain to grow on sucrose as the only carbon source by constitutively expressing
invertase, the enzyme responsible for sucrose hydrolysis. Interstingly, invertase expression improved the
utilization of several other carbon substrates compared to the wild-type strain. Improving the range of
consumable substrate in heterotrophic co-culture partners opens the potential for more resilient and
flexible synthetic lichens allowing generation of a wide array of biochemicals.

Supported under award DE-SC0019388, Biological and Environmental Research
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Sustainable production of biofuels by consortia of Synechococcus elongatus and Aspergillus species.
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The goal of this project is to combine phototrophic and heterotrophic microorganisms as a novel
platform for the sustainable production of biofuel and its precursors. Here we study the consortia
of Synechococcus elongatus cscB™ and Aspergillus species. S. elongatus cscB" is providing sucrose
and oxygen to the heterotrophic Aspergillus species, and in exchange, the fungi are producing CO,
for S. elongatus for carbon fixation via photosynthesis. Synthetic microbial communities of
cyanobacterium-fungus pairs were evaluated for productivity through genome-scale metabolic
modeling. For this, we manually curated and updated transport capabilities in the model of the
cyanobacterium S. elongatus PCC 7942 (iJB792) and reconstructed new metabolic models for two
Aspergillus strains, i.e. A. nidulans and A. niger. Subsequently, two community metabolic models
were created by pairing the cyanobacterium model with the new Aspergillus models.

The experimental success of working with these communities relies on the characterization of sucrose
secretion by the phototroph. For this, we performed *C-MFA under photoautotrophic conditions for three
S. elongatus cultures: wild type, wild type + NaCl, and cscB" + NaCl. "*C-labelled bicarbonate served as
tracer to quantify labeling of more than a dozen intracellular metabolites over time. We identified
significant changes in intracellular metabolite pool sizes and metabolic fluxes of these three cultures,
unveiling that expanding the sucrose sink via overexpressing the cscB gene increases carbon fixation in S.
elongatus. Using the metabolic model for S. elongatus we evaluated the solutions space of the three
cultures using random sampling. We found that sucrose secretion is linked to a change in the flux through
the photosystem, reducing photon absorption. These energetic changes augmented asparagine hydrolysis
and decreased glutathione, glutamate, and glycine synthesis. We reconstructed the models of A. nidulans
(iANid1230) and A. niger (iANigl153) using semi-automated algorithms. These knowledge base tools
were extensively validated using high-throughput phenotypic growth data on 190 carbon and 95 nitrogen
sources for each species.

The highly curated metabolic models of S. elongatus, A. nidulans, and A. niger enabled the development
of two community metabolic models (CM-models). CM-models were integrated using the shared
metabolite pool (SMP) approach, which includes metabolites that can potentially be exchanged by each
synthetic community. Potential exchanges were refined by high-throughput phenotypic data. Co-cultures
were characterized by a) predicting growth rates and population proportions (constraints-based choice to
achieve experimental growth rates), b) determining metabolic interactions (theoretical interchange of
metabolites, SMP analysis), ¢) co-culture medium optimization (robustness analysis), and d) syntrophic
pathway inclusion (metadata contextualization). The reconstructed CM-models helped elucidating
syntrophic interactions between community members. We furthermore deployed the CM-models to
evaluate the capability of the consortia to produce organic chemicals and biofuels. Growth and flux
distribution predictions will be validated by physiological data, as well as untargeted metabolomics, and
gene expression.

Supported under award DE-SC0019388, Biological and Environmental Research



Plant-Mycorrhizal-Decomposer Interactions and Their Impacts on Terrestrial
Biogeochemistry
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Project Goals: We aim to determine the role of plant and soil resources in shaping
interactions between coniferous plants, symbiotic ectomycorrhizal fungi, and free living

saprotrophs, which control the biogeochemistry of forest soils.

https://genomicscience.energy.gov/carboncycle/2019Awards.shtml

Interactions between soil microbes can drastically alter ecosystem processes both above and
belowground, but the mechanisms by which these microbes interact, and their impacts on soil
biogeochemistry remain elusive and difficult to parameterize in existing ecosystem models. We
aimed to characterize interactions between coniferous plants, their major root fungal symbionts
(ectomycorrhizal fungi, EMF), and free-living saprotrophic decomposers (SAPs) in soil. We
performed a greenhouse-based synthetic ecosystem experiment with Pinus taeda seedlings
growing with and without their EMF symbiont (Suillus cothurnatus), under high and low levels
of soil carbon (C), soil nitrogen (N), and plant C (ambient vs. elevated carbon dioxide -CO>). We
expected that under low soil C, EMF prime decomposer activity and increase the release of soil
C as CO», while under high soil C, EMF slow decomposition and reduce soil CO; release, with
EMF competing with SAPs for access to soil organic matter (i.e. the Gadgil effect). These
processes would be exacerbated under high plant C availability to EMF, but suppressed under
high soil N. We found that EMF prime decay of soil organic matter under low soil C, but slow
decay under high soil C. Elevated soil N suppressed the EMF effect on soil C-derived CO»
losses. Elevated CO: might increase plant-EMF uptake of soil N by outcompeting SAPs, but
total N uptake may depend on soil C availability. Together, our results suggest that the direction
of EMF-SAP interactions is highly dependent on soil C and N availability to SAPs and might
change according to plant C level.

Funding statement: The authors acknowledge DOE BER awards DE-SC0020403,
AN_360581, and JGI/EMSL FICUS 51536.
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Project Goals: The Quantitative Plant Science Initiative (QPSI) is a 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 molecular-level
experimentation. In this way, we leverage the scalability of ‘omics data and bioinformatic
approaches to capture system-level information, while generating sequence-specific
understanding of gene and protein function. By incorporating molecular-level
experimentation in our workflow, we are addressing the question of how a protein functions
and establishing mechanistic insight into how sequence variation impacts phenotype. This
knowledge 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.

Transition metals occupy numerous and often essential positions within the biochemical
framework of the cell. As protein cofactors, these elements have expanded the breadth of protein-
catalyzed reactions and enabled pivotal energy-intensive reactions. To use metal ions as catalysts,
the cell must balance a fundamental dichotomy: nutrient and toxin. Metal homeostasis has evolved
to tightly modulate the availability of metals within the cell, avoiding cytotoxic interactions due to
excess and protein inactivity due to deficiency. Even in the presence of homeostasis processes,
however, low bioavailability of these essential metal nutrients in soils can negatively impact crop
health and yield. While research has largely focused on how plants assimilate metals, acclimation
to metal-limited environments, such as marginal soils, requires a suite of strategies that are not
necessarily involved in metal transport. The identification of these assimilation-independent
mechanisms provides an opportunity to improve metal-use efficiency and optimize feedstock yield
in low nutrient soils without supplementing with expensive and environmentally damaging
fertilizers.

By leveraging phylogenomic and data-mining analyses combined with an inter-disciplinary
experimental approach, we have discovered a novel transferase that delivers zinc to an essential
zinc-dependent enzyme during zinc deficiency. We provide evidence that this function is
universally conserved from fungi to plants, where duplication has resulted in analogous pathways
in the cytosol and chloroplast. Based on biochemical and phenotype analysis, this ancient and
conserved mechanism is required during Zn insufficiency to ensure protein translation fidelity.

This research was supported by the DOE Office of Science, Office of Biological and
Environmental Research (BER) as part of the Quantitative Plant Science Initiative (QPSI) SFA.



A New Structural Paradigm In Heme Binding — A Novel Family Of Plant Heme Oxidases.
Nicolas Grosjean*{! (ngrosjean@bnl.gov), Desigan Kumarant!, Meng Xie!, Ian Blaby'-? and
Crysten E. Blaby-Haas'

'Biology Department, Brookhaven National Laboratory, Upton, NY

2Current affiliation: US Department of Energy Joint Genome Institute, Lawrence Berkeley
National Laboratory, Berkeley, CA.

TContributed equally

https://genomicscience.energy.eov/research/sfas/bnlgpsi.shtml

Project Goals: The Quantitative Plant Science Initiative (QPSI) is a capability that aims to
bridge the knowledge gap between genes and their encoded function. A central aspect of our
strategy is combining genome-wide experimentation and comparative genomics with
molecular-level methodologies. Our program leverages the scale of ‘omics data and
bioinformatic approaches to capture system-level information, while generating sequence-
specific understanding of gene and protein function. By incorporating molecular-level
experimentation in our workflow, we are addressing the question of how a protein functions
and establishing mechanistic insight into how sequence variation impacts phenotype. This
knowledge 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 nutrient-limited environments.

Up to 90% of the iron found in leaves is located in the chloroplasts, where every membrane-
spanning photosynthetic complex has an absolute requirement for iron cofactors, such as heme.
Specialized biogenesis pathways involved in heme trafficking and insertion have been described
specifically for cytochrome b- and c-type hemoproteins. These pathways exist to ensure fidelity of
cofactor synthesis and limit potential oxidative stress caused by free heme. However, the existence
of a generalized heme chaperone that can interact with the labile heme pool in plant cells to protect
and deliver heme has yet to be identified.

Using a phylogenomic approach, we identified a large protein family consisting of uncharacterized
or putative heme-binding proteins. Our analysis suggested that distinct members of this family
have evolved discrete functions as heme-sensing regulators, heme oxidases, and heme chaperones.
Specifically, we identified three distinct, but related, subfamilies of phototroph-specific homologs.
The first subfamily includes the previously characterized AtGluTRBP that binds to GluTR and
plays a pivotal role in heme biosynthesis regulation. The second subfamily, which we predict
contains novel heme oxidases, is composed of uncharacterized plant and algal proteins, and the
third subfamily, which we predict contains novel heme chaperones, is composed of
uncharacterized cyanobacterial proteins.
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To test these computationally derived hypotheses, we purified protein homologs from the green
alga, Chlamydomonas reinhardtii, the bioenergy feedstock Populus trichocarpa, and the
cyanobacterium, Synechocystis sp. PCC 6803. We demonstrated that the algal and land plant
proteins can bind and degrade heme in vitro, suggesting that these proteins, which are localized in
the chloroplast, present a new family of plant heme oxidases. In contrast, the cyanobacterial
homolog can bind but not degrade heme in the presence of an exogenous electron donor,
suggesting that this subfamily may function as either heme storage or heme chaperones.

Determination of crystal structures of the cyanobacterial homolog in the presence and absence of
heme revealed unprecedented features. In the presence of heme, the protein forms a dimer where
the heme is saddled by two zinc ions. By analogy with the protective axial histidines found in a
bacterial heme transporter, we propose that the zinc saddle found here protects heme from
oxidation. By homology modelling, this structure also helps to understand the structure-function
relationship of plant homologs where this protective function is not conserved. The discovery of
this family of novel heme oxidases and putative heme chaperones provides new molecular and
genomic insights into the evolution of heme regulation in photosynthetic organisms.

This research was supported by the DOE Office of Science, Office of Biological and
Environmental Research (BER) as part of the Quantitative Plant Science Initiative (QPSI) SFA.
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Project Goals: The Quantitative Plant Science Initiative (QPSI) is a 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 molecular-level
experimentation. In this way, we leverage the scalability of ‘omics data and bioinformatic
approaches to capture system-level information, while generating sequence-specific
understanding of gene and protein function. By incorporating molecular-level
experimentation in our workflow, we are addressing the question of how a protein functions
and establishing mechanistic insight into how sequence variation impacts phenotype. This
knowledge 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.

Populus is one of the primary bioenergy crops that DOE has been focusing on for decades. With
the state-of-the-art genomics resources, Populus has emerged as an ideal model system to study
woody perennial plants. There is general agreement that the study of Populus is required to
understand the specialized physiology of woody perennials, especially adaptation to
environmental stresses. The transition metals iron (Fe) and zinc (Zn) are indispensable cofactors
for numerous critical aspects of plant growth, including metabolism, signaling, gene expression,
genome stability, and the assimilation of other nutrients. However, in excess, these metals can be
cytotoxic for plants. Imbalanced Fe and Zn concentrations in soils can cause physiological stress
es that negatively impact crop health and yield. How woody perennials deal with Fe or Zn stress
(deficiency and excess) is poorly understood. We are combining transcriptomics, ionomics, and
non-destructive physiological measurements in a time-series study of Populus treated by various
Zn and Fe stresses to characterize the genome-wide response of Populus towards transition metal
stresses. Our studies will enhance the understanding of the specialized physiology of long-lived
perennial plants and the genetic improvement of Populus as a cost-effective sustainable biomass
feedstock.

To perform the time-series study, we have optimized a hydroponic system for Populus growth that
allows us to precisely manipulate Fe and Zn bioavailability. Using this versatile platform, we
observed stress phenotypes within two weeks. Additionally, the hydroponic system is inexpensive
to build and can easily be adapted for other bioenergy crops like sorghum.

This research was supported by the DOE Office of Science, Office of Biological and
Environmental Research (BER) as part of the Quantitative Plant Science Initiative (QPSI) SFA.
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Contribution of Serine Biosynthesis and Degradation to Carbon and Nitrogen Metabolism
During Salinity stress in Poplar.
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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.

Plant responses to environmental stress are dynamic and involve complex cross-talk
between different regulatory pathways', including metabolic adjustments and gene/protein
expression at the cellular level for physiological and morphological adaptation at the whole-plant
level?. 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’. Thus, determining the
plant responses to environmental changes requires the study of the cell/molecular properties of
specific single cell-types within a tissue to effectively reveal the underlying mechanisms regulating
developmental processes and plasticity under suboptimal conditions.

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 salinity stress was 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 using cryo-sectioning and laser-capture microdissection (LCM) techniques. Plants
were exposed progressively to 50 mM, 100 mM, and 150 mM NacCl for 10 days (Early Salt Stress,
ESS) and maintained at 150 mM NaCl for another 10 days (Late Salt Stress, LSS), followed by a
period of recovery from stress where the plants returned to control growth conditions (Recovery,
R). Leaf palisade and vascular cell types were collected and processed using nanoPOTS
(nanodroplet processing in one-pot for trace samples) platform, which includes a nanoliter-scale
liquid handling robotic station in which the cells were lysed for protein extraction®. The proteins
were then alkylated, digested, and the peptide samples were loaded onto nano-LC coupled to a
Tribrid Lumos Mass spectrometer. The collected peptide abundance values were filtered,
normalized, and converted to protein abundance values and used to limit reliable detection (LOD)
and Z-score calculation.

Proteins detected at least in either control or stress conditions were used to calculate total
Palisade and vascular identified proteins. The relative abundance values (salt vs. control) of



identified proteins were used for Z-score assessment analysis, and proteins altered under stress
(+2<Z-SCORE<-2) were used to calculate %cell type unique and shared proteins. A higher
percentage of proteins significantly altered under stress were found to be explicitly unique to both
Palisade (ESS-44.5%, LSS-34.6%, R-34.2%) and vascular (ESS-49.4%, LSS-55.2%, R-60.2%),
suggesting that cell type unique proteins might regulate the leaf proteomic responses to salt stress
and recovery.

Our results showed that a higher number of proteins associated with the ‘phosphorylated
pathway’ for Serine (Ser) biosynthesis and Ser degradation accumulated in the vascular tissue at
LSS. The production of Ser from 3-P-glycerate in plastids, together with glycine (Gly) catabolism
in the mitochondria, provide cytosol with Ser and generating intermediaries that play important
roles in pathways associated with energy production, carbon/nitrogen (C/N) balance, and
lignification. Under stress conditions, 2-OXG may be used in the TCA cycle, providing energy
supply in the vascular tissue for the increasing demand brought about the stress and contributing
to the transport and reallocation of resources to sink tissues. 2-OXG is associated with ammonia
re-assimilation, supplying the carbon skeleton needed by the GS/GOGAT cycle. Glycine
Decarboxylase (GDC) carries Gly catabolism in the mitochondria yielding Ser. This reaction also
produces high amounts of ammonia that are re-assimilated to amino acids (via Asparagine
synthetase (AS) and Carbamoyl phosphate synthase (CPS)), to avoid toxicity. Ser catabolism to
Gly, mediated by Ser hydroxymethyl transferase (SHMT) and the recycling of Gly to Ser in the
mitochondria by GDC, are the main Carbon source of C-1 metabolism in plants. Thus, Ser is
crucial for tetrahydrofolate (THF) metabolism, providing methyl group donors through S-
adenosylmethionine (SAM) cycle, an important process for synthesizing lignin in vascular tissues.

Phosphorylated and non-phosphorylated pathways of Ser biosynthesis are important
processes linking Carbon and Nitrogen metabolism, maintaining energy levels under stress
conditions®. Salinity stress-induced changes in protein levels of these pathways in vascular and
Palisade tissues will be presented and discussed.
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Project Goals:
Sypro Poplar: Improving poplar biomass production under abiotic stress conditions: an

integrated omics, bioinformatics, synthetic biology and genetic engineering

The project goal is to attain robust biomass of trees under abiotic environmental stress conditions
via genetic engineering. Abiotic stress-resistance genes, especially to water deficit-, salt-, and
temperature-stress, need to be under inducible regulatory control. We are designing, building,
and testing stress-inducible synthetic plant promoters to drive resistance genes. —Omics data are
used to discover cis-regulatory DNA motifs that may be used to construct synthetic promoters.
The synthetic promoters are then tested under appropriate stimuli in engineered plants to use

toward development of environmentally-robust poplar.



Abstract text:

Abiotic stress resistance traits may be especially crucial for sustainable production of bioenergy
tree crops. Here we show the performance of a set of rationally designed osmotic-related and salt
stress-inducible synthetic promoters for use in hybrid poplar. De novo motif-detecting algorithms
yielded 30 water-deficit- (SD) and 34 salt-stress (SS) candidate DNA motifs from relevant
poplar transcriptomes. We selected three conserved water-deficit-stress motifs (SD18, SD13, and
SD9) found in 16 co-expressed gene promoters, and we discovered a well-conserved motif for
salt-response (SS16). We characterized several native poplar stress-inducible promoters to
enable comparisons with our synthetic promoters. Fifteen synthetic promoters were designed
using various SD and SS subdomains, in which heptameric repeats of five-to-eight subdomain
bases were fused to a common core promoter downstream, which, in turn, drove a green
fluorescent protein (GFP) gene for reporter assays. These 15 synthetic promoters were screened
by transient expression assays in poplar leaf mesophyll protoplasts and agroinfiltrated Nicotiana
benthamiana leaves under osmotic stress conditions. Twelve synthetic promoters were induced
in transient expression assays with a GFP readout. Of these, five promoters (SD18-1, SD9-2,
SS16-1, SS16-2, and SS16-3) endowed higher inducibility under osmotic stress conditions than
native promoters. These five synthetic promoters were stably-transformed into Arabidopsis
thaliana to study inducibility in whole plants. Herein, SD18-1 and SD9-2 were induced by
water-deficit stress, whereas SS16-1, SS16-2, and SS16-3 were induced by salt stress. The
synthetic biology design pipeline resulted in five synthetic promoters that outperformed

endogenous promoters in transgenic plants.
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Project Goals: The microbial feedbacks project seeks to characterize and predict microbial
(fungal, bacterial, and archaeal), and viral responses to rapid environmental fluctuations. The
project examines responses across multiple scales, from analysis of metabolic response to
environmental change at the single-cell level to whole community responses to drought along
precipitation gradients in a humid tropical forest. This approach integrates multiple streams of
data, including multi-omic datasets, infrared spectroscopy, isotope geochemistry, and gas flux
data with an end goal of linking soil biogeochemistry, and organic matter composition to the
traits and trade-offs selected for during drought.

Abstract: Model projections predict that climate change impacts on the tropics will include an
increased frequency of drought and precipitation cycles. Such environmental fluctuations at the
soil pore scale play an important role in shaping microbial adaptive capacity, and trait
composition of a community, which feeds back on to the breakdown and formation of soil
organic matter (SOM). Humid tropical forest soils contain vast soil carbon stocks due to high
productivity. Therefore, developing a predictive understanding of the factors controlling soil
carbon balance remains a social imperative. Improved characterization of microbial feedbacks to
the composition and stability of SOM pools is critical. Herein, we examine the microbial
response to drought perturbations across 3 different, but complementary scales. At the largest
scale, we explored the impacts of drought across a 1 m precipitation gradient spanning four sites
from the Caribbean coast to the interior of Panama. At each site, 4 throughfall exclusion plots
(10 x 10 m) were constructed to reduce precipitation by 50 %. We sampled these exclusion plots,
and the corresponding controls, 18-months into the treatment to characterize the traits selected
for across the gradient and under throughfall exclusion. To increase the signal: noise ratio intact
cores from one site were taken at mid-rainfall from infertile soils and subject to 3 different
hydrological treatments (control, drought, rewetting-drying cycles) in the laboratory over a 5-
month period. For the field and meso-scale experiments, we evaluated changes imparted

by hydrological perturbations using multi-omic approaches, and physico-chemical
measurements. Finally, to improve our holistic understanding of traits expressed by
microorganisms under either osmotic or matric stress (both characteristic of drought), we
reduced the complexity again, by isolating a range of gram-positive and negative bacteria and
subjected them to acute stress at the scale of the single-cell and simple communities. Single-cells



were subjected to osmotic or matric stress and short-term physiological responses determined
using non-destructive synchrotron radiation-based Fourier Transform-Infrared
spectromicroscopy. Through this approach we identified changes in metabolic allocation within
different cells, in particular to the secondary metabolome of the different bacteria. Our
contribution will discuss the outcomes of these multi-scale experiments. Specifically focusing
on how shifts in the microbial community and physiological changes may influence tropical soil
carbon stability under future scenarios of altered drought and precipitation cycles.
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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 '3C-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 have
used circadian gene expression data from Chlamydomonas reinhardtii to cluster gene expression and
convert discrete data into continuous functions. We then implemented these functions as additional
constraints on our metabolic model and are currently integrating this constrained model into an agent-based
framework. We will present the result of this work and demonstrate how these modeling techniques are
able to further improve 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
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Project Goals: In this work, we aim to dissect the effects of microbes (fungal and bacterial)
on carbon (C) and nitrogen (N) dynamics in post-forest fire soils. Our conceptual framework
is rooted in systems biology and ecology, while our experimental approach combines
genomics, transcriptomics, metabolomics, microbial community profiling, stable isotope
techniques, small scale fire systems (pyrocosms), tightly controlled methods for producing
labeled pyrolyzed organic matter, and high-throughput monitoring of C mineralization
rates. We have three major research objectives: (1) To determine how dominant post-fire
soil microbes affect the fate of PyOM; (2) To assess the interaction between N availability
and PyOM mineralization by post-fire microbial communities and individual pyrophilous
microbes; (3) To define the network of microbial interactions that facilitate PyOM
breakdown over time and the key genes involved in this process.

Abstract text: Understanding post-fire soil systems are essential because they have significant
direct and indirect effects on global carbon storage. Fires result in a large amount of carbon that
remains resident on the site as dead and partially “pyrolyzed” (i.e., burnt under low oxygen)
material with long residency times and constitutes a significant pool in fire-prone
ecosystems. Besides, fire-induced hydrophobic soil layers, caused by condensation of pyrolyzed
waxes and lipids, increase post-fire erosion and lead to long-term productivity losses. Soil
microbes are likely involved in the degradation of all these compounds, yet little is currently
known about the organisms or metabolic processes involved. So far, we sequenced and annotated
four pyrophilous Basidiomycetes and seven Ascomycetes genomes. In our previous work on
Basidiomycetes fungi (Steindorff et al., 2021), we found expansion of genes potentially involved
in the degradation of the hydrophobic layer, pyrolyzed organic matter, and mushroom formation.
In this work, we focused on the seven ascomycetes genomes and compared them with other 12
non-pyrophilous in the same order and also with 124 genomes at a larger scale, including
pyrophilous Basidiomycetes and other organisms with heterogenous lifestyles. Additionally, we
explored enriched Pfam domains and CAZymes to identify patterns associated with these
organisms’ ‘charcoal-loving’ lifestyle. Our analyses uncovered gene families related to
degradation of pyrolyzed organic matter, but these gene families were distinct from those
expanded in the pyrophilous fungi in Basidiomycota. . The enrichment analysis revealed families
like peritrophin-A, arthropod defensin, aminopeptidases, beta-glucosidase, heat shock proteins,



and fungal fucose-specific lectin. These families might be involved with the phyrophilous fungi’
capacity to survive in a toxic environment like post-fire soil. We found a CAZyme CBM14
expanded exclusively in the Pyronemataceae family. This family is mainly found in metazoans,
and in fungi, it is only found in some Eurotiomycetes. Since it’s a chitin-binding domain, this
suggests that secreted CBM 14 domain proteins might protect the fungus from microbial attacks in
its soil habitat. Another interesting finding is that pyrophilous fungi have larger proteins than non-
pyrophilous, being in an intermediate state to thermophiles. Pyrophilous fungi are commonly
found fruiting after fire events, therefore, passing through their sexual stages in this process. To
make an in-depth comparison of these conditions, we analyzed the available transcriptomic data
of Pyronema domesticum grown in charcoal and during sexual development. We performed a co-
expression network analysis and found two modules with the most differentially expressed genes
in  charcoal and  sexual  development. Gene  Ontology  categories  like
chitin/carbohydrate/lipid/superoxide metabolism and transport were found in both modules,
showing that such processes are likely required to grow in the presence of charcoal and sexual
development. The transcription factor STE12, known to be involved in sexual development in
yeast and filamentous ascomycetes, was up-regulated in both conditions when compared with their
respective controls. This study will improve our understanding of this unique lifestyle of
pyrophilous fungi and their role in post-fire carbon cycling.
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Project Goals: The goal of this project was to identify genomic signatures of life history
strategies of soil bacteria that influence their activity in soil carbon cycling.

Abstract text: Life history strategies are important determinants of microbial activity in soil
carbon cycling. Life history strategies are defined by tradeoffs in energy allocation to population
growth, nutrient acquisition, and cellular maintenance. In microbes, these tradeoffs influence the
rate and efficiency by which cells utilize carbon substrates as well as the fate of that carbon.
Measuring life history strategies in situ is difficult due to complex microbe-microbe and
microbe-environment interactions, though metagenomics may provide a solution. We
hypothesized that genomic signatures of life history strategies exist in soil bacteria and that these
signatures relate to bacterial activity in soil carbon cycling. We used metagenomic-stable isotope
probing (metagenomic-SIP) to link genes to patterns of carbon assimilation from diverse '*C-
labeled organic matter substrates over time. These carbon assimilation dynamics have previously
been linked to life history strategies along the copiotroph-oligotroph life history continuum. This
gene to function linkage allowed us to examine 11 genomic signatures predicted to vary along
this copiotroph-oligotroph continuum. Out of these 11 signatures, we found that the abundance
of transcription factor genes and secretion signal peptide encoding genes in the genomes
explained significant variation in genome position along the copiotroph-oligotroph continuum.
The other 9 genomic features evaluated were not significantly correlated with the copiotroph-
oligotroph continuum but may distinguish bacterial lifestyles within these strategies. Our results
demonstrate that genomic signatures can be used to distinguish life history strategies of soil
bacteria active in soil carbon cycling.

Funding statement: This project was funded Supported by the Department of Energy, Office of
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This early career research project is dedicated to achieving transformative molecular-level
insights into microbial lignocellulose deconstruction through the comprehensive and
informative view of underlying biological pathways provided by the integration of
spatiotemporal multi-omic measurements (i.e., proteomics, metabolomics, and lipidomics).
A focus of this project is 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 and spatially-resolve regions of the fungus garden at
initial to advanced stages of leaf degradation. Lipids containing alpha-linolenic acid (18:3) from
the leaves were enriched in the top of the gardens, where lysophosphatidylcholines (LPC)
provided evidence for phospholipase activity and 18:3 signaling which adversely impact fungus
health and plant biomass degradation.

When leaves are wounded, the polypeptide systemin is emitted from the damaged cells
into the apoplast, signaling the liberation of 18:3 from plant membrane lipids into the cells. 18:3



begins the defense pathway by being converted to 12-oxophytodienoic acid and then through
beta-oxidation is converted into jasmonic acid. The main defense mechanism in these leaves is
jasmonic acid, and 18:3 is crucial to its synthesis. Despite extensive study of the cascade of
molecular events in response to plant wounding, there is limited knowledge on the contribution
and fate of individual membrane lipids, and specificity of phospholipase enzymes in this process.
Which is the reason why we still do not know the exact origin of linolenic acid in the signaling
pathway. To visualize lipid composition at wound sites with micrometer-scale resolution, we
used two complementary matrix-assisted laser desorption/ionization (MALDI) mass
spectrometry imaging (MSI) platforms. We performed MALDI-Fourier transform ion cyclotron
resonance (FTICR)-MSI and MALDI-trapped ion mobility spectrometry time-of-flight
(timsTOF)-MSI experiments across wounded leaf sections of Solanum lycopersicum which is a
model system for studying plant defense signaling. With concurrent mapping of phospholipids
with 18:3 fatty acid composition and lysolipid spatial behavior we obtained insight into the
possible origin of linolenic acid in the wounding process. Among lysolipids, LPC species
strongly co-localize with the injured zone of wounded leaflets in all bioreplicates. We observed
the highest spatial correlation between LPC (16:0): LPC (18:3), LPC (16:0): LPC (18:2) and
LPC (16:0): LPC (18:0) ion image pairs, while lower correlation is observed between individual
18C LPCs.

Here we explore how lipid levels change in leaves of dicot plants during microbial
degradation and mechanical wounding. Both studies suggest that linolenic acids are
predominantly released from phosphatidylcholines (PCs). Our micrometer-scale co-localization
analysis in wounded zones suggests that linolenic acids are predominantly released from PCs
with 16 18 fatty acid composition. A better understanding of plant molecular signaling pathways
at a spatial and molecular level can aid in devising new approaches for the production of fuels
and chemicals in bioenergy crops.

This research is supported by the U.S. Department of Energy (DOE), Office of Biological and
Environmental Research (BER) under the Early Career Award Program. A portion of the research
has been performed using EMSL (grid.436923.9), a DOE Office of Science User Facility sponsored
by the Office of Biological and Environmental Research.
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Project Goals: The project objective is to design and build a multimodal nanoscopy system to generate
adaptive 3D images with high-resolution, and real-time, dynamic label-free chemical imaging of metabolic
processes in photosynthetic organisms.

Abstract:

Metabolism is highly organized in space and time. In bacteria, this spatial and temporal
organization of metabolism enables multiple, often competing, reactions to occur simultaneously in the
same cell. However, the architectural principles of metabolic reaction networks and underlying cellular
complexity of bacterial cells is only beginning to be appreciated. To unlock the true potential of synthetic
biology and design novel microbial systems, signaling pathways and metabolic networks, the subcellular
environment must be considered (in space and time). Our interdisciplinary research team harnesses cutting-
edge synthetic biology tools, advanced live-cell imaging modalities, quantitative image analysis, and an
integrated theoretical framework to investigate the regulatory and physical design principles underlying the
spatiotemporal modulation metabolism in single bacterial cells.

Cyanobacteria are major primary producers and are unique in their ability to perform oxygenic
photosynthesis, nitrogen fixation, and CO, fixation using light energy; these reactions are naturally
optimized through spatial and temporal separation. These attributes make cyanobacteria ideal platforms to
investigate and modulate cellular architecture and metabolism. We have developed a new imaging system
to enable multidimensional measurements of photosynthetic metabolism in vivo and will describe the new
types of measurements that can now be made in single cells. Understanding the design principles that enable
robust functionality of the photosynthetic and carbon-fixing machinery is a fundamental challenge to
improve native and heterologous metabolic pathways.

References

1. Nicholas C. Hill, Jian W. Tay, Sabina Altus, David M. Bortz, Jeffrey C. Cameron. (2020). Lifecycle of
a cyanobacterial carboxysome. Science Advances 6 (19): eabal2692.

2. Kelsey K. Dahlgren, Colin Gates, Thomas Lee, Jeffrey C. Cameron. Proximity-based proteomics reveals
the thylakoid lumen proteome in the cyanobacterium Synechococcus sp. PCC 7002. (2020).
Photosynthesis Research. https://doi.org/10.1007/s11120-020-00806-y

3. Sarah J. Hurley*, Boswell A. Wing, Claire E. Jasper, Nicholas C. Hill, Jeffrey C. Cameron*.
Cyanobacterial oxygenic photosynthesis dominated Mid-Proterozoic primary productivity. (2021)
Science Advances Vol 7. No. 2, eabc8998, DOE: 10.1126/sciadv.abc8998 (*Corresponding Author)

This study was financially supported by the U.S. Department of Energy (DOE) DE-SC0019306
(to J.C.C.).



A Multiscale Model of Fungal Growth & Metabolism

Jolene Britton*!?, Alireza Ramezani'?, Mark Alber'?, Dale Pelletier’, Jessy Labbé®, and William R. Cannon*

'Department of Mathematics, University of California, Riverside, Riverside, CA 92521

’Interdisciplinary Center for Quantitative Modeling in Biology, University of California, Riverside, CA 92521
*0Oak Ridge National Laboratory, Oak Ridge, TN, 37830

*Pacific Northwest National Laboratory, Richland, WA, 99352;

Project Goals

The goals of this 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 are:

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

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

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

Abstract

Bacterial-fungal interactions play a fundamental role in many processes including crop biofuel development and
biosystem design. In this work, we focus on the interactions between the fungi Laccaria bicolor and the
bacterium Psuedomonas fluorescens, which play an integral role in the fitness of the roots of the Populus tree,
an organism of interest as a biofuel crop. L. bicolor synthesizes trehalose which stimulates growth and
chemotaxis of P. flourescens. Furthermore, P. flourescens provides L. bicolor with thiamine thereby increasing
fungal mass. We developed a multiscale computational model to investigate these interdependent interactions.
Our focus of this presentation is on the development of the L. bicolor structure and characterizing the energetic
costs of growth and maintenance.

The hyphae of the filamentous fungi L. bicolor are modeled as a series of connected line segments using an
off-lattice model coupled with a grid representing nutrient concentrations in the external environment. Nutrients
in the environment diffuse while hyphae absorb the nutrients in the substrate at a rate of uptake following
Michaelis-Menten kinetics that is dependent on both the current concentration of nutrients inside the hyphae
and the local concentration of nutrients external to the hyphae. Nutrients that have been absorbed into the
mycelium are transported throughout the colony to either fuel further growth or contribute to maintenance of the
fungi. Nutrients used for maintenance are converted to nutrients used for growth at a rate following
Michaelis-Menten kinetics. Both forms of nutrients are transported throughout the mycelia structure between
hyphae segments. Passive short-range translocation of nutrients for maintenance move by convection and
diffusion. Additionally, nutrients for growth undergo longer range active translocation towards the hyphal tips.
Nutrients due to maintenance experience a loss in concentration due to biomass maintenance [1]. The changes
in concentrations of nutrients due to maintenance and growth are represented by time-dependent ordinary
differential equations.

L. bicolor grows by means of apical elongation of the hyphae and sub-apical branching. The length of the

hyphal tip segment exhibits a rate of change following Michaelis-Menten kinetics which is dependent on the

concentration of nutrients for growth. The energetic cost of growth is dependent on the rate of extension and
1



results in a loss of nutrients used for maintenance and for growth. Since hyphae are observed to grow in straight
directions, the change in angle of the direction of elongation from one hyphae segment to the next differs by a
normally distributed random number with mean zero and a small standard deviation. While the biological
mechanisms underlying lateral branching is not well understood, some theorize it is due to a build up of vesicles
far from the tip [4]. We model this phenomena by increasing the likelihood for a branch to emerge as a function
of the internal concentration of nutrients for growth[2]. A hyphae segment is eligible for branching if it has not
previously branched, the internal nutrient concentrations are greater than the costs of growth, and the segment is
located behind a septa. We assume compartments separated by septa are of uniform length, hence septa are
located at every N segments on each hyphal branch. The angle of branching follows a normal distribution where
the mean and standard deviation are determined from experimental data [3]. After apical growth or sub-apical
branching occurs, a check is performed for anastomosis or hyphal fusion. In the model presented, this occurs
when two hyphae segments intersect. In the instance of intersection, the endpoint of the hyphae segment that
experiences new growth is redefined to be the point of intersection.

To begin studying the energetic costs of growth and maintenance of L. bicolor, the impact of three different
rates on mycelia development are tested. The three rates tested were the maximum uptake rate, the maximum
rate of conversion of nutrients for maintenance to nutrients for growth, and the maximum rate of elongation at
the tip. Preliminary results show that each rate has a large impact on the development of the mycelium, in
particular, the amount of branching, colony size, and concentration of internal nutrients.

Our future work aims to couple the fungal model with two other biologically relevant models. First, the fungal
development model will be coupled with an thermodynamic-kinetic maximum entropy ODE model for
metabolism. The metabolism model contains over 200 reactions including protein and nucleic acid synthesis,
from which the costs of growth and maintenance can be calculated. Second, we will couple the fungal model
with a bacteria movement model. Trehalose secretion at the tips of the hyphae acts as a source of diffusive
chemoattractant for P. fluorescens. The bacteria are described by a subcellular element submodel, a
coarse-grained approach for describing biological properties of bacteria with great flexibility. Each bacterium is
represented by multiple nodes connected to one another with linear and rotational springs with parameters
calibrated using experimental measurements of mechanical properties of the bacteria. Bacterial motion is
governed by potential functions and a propulsive force, calibrated using cell tracking data, which determine the
movement and rearrangement of the nodes in an overdamped regime. We use simulations to evaluate the
orientation and turning angle of the bacteria as they reverse their direction of motion in response to chemotactic
signaling. The novelty of this multiscale model is that it takes into account bacteria-bacteria, bacteria-external
nutrient, and fungal-bacteria interactions in addition to providing specific predictions to be tested in
experiments. For example, we plan to test the impact of variations in fungal structures and nutrient excretion
rates on bacterial chemotactic behavior.
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Project Goals

The goals of this 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 are:

o Evaluating 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 Characterizing Laccaria-stimulated chemotaxis of P. fluorescens by coupling trehalose signaling and
metabolism to chemotaxis P. fluorescens.

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

Abstract

The exchange of metabolites between microbes is an emergent property that evolves because the exchanged
metabolites allow for increased growth of both species by reducing the thermodynamic cost of growth. Instead
of each species producing every metabolite needed, metabolite exchange allows each microbe to specialize and
efficiently produce a metabolite, such as trehalose, in exchange for one that it cannot produce as cheaply, such
as thiamine.In economics this is known as Ricardo's principle of comparative advantage [1]. In order to
evaluate the benefits of such microbial trade, physics-based models are needed that are capable of modeling the
thermodynamic costs and benefits.

The long-term goal is to develop a complete physics-based model of metabolism, protein expression and gene
expression and to couple this metabolic model to the filament model discussed in the poster, A Multiscale
Model of Fungal Growth & Metabolism.

Our Laccaria bicolor metabolic model currently includes all reactions of central metabolism, synthesis of all 20
proteogenic amino-acids, synthesis of ATP, GTP, UTP, CTP and TTP and all deoxy-nucleic acid forms,
synthesis of generic proteins, synthesis of generic DNA and growth on minimal media of glucose, ammonia,
sulfate, and phosphate. Currently the model contains over 200 reactions and over 225 chemical species.

The ordinary differential equations (ODEs) needed to model the dynamics of metabolism are obtained by
exploiting the natural selection principle that organisms that have the highest entropy production rates as a
group will outcompete species with lower entropy production rates. Because we are using detailed models,
entropy production includes all of growth, maintenance and catabolism. Another way of stating the entropy
production principle is that the organisms that grow the fastest and most efficient will out compete others with
slower and less efficient metabolisms. This perspective of metabolism subsumes many ecological concepts such
as the red queen hypothesis and the black queen hypothesis. The maximum entropy production principle has a
form that can be explicitly derived at the scale of metabolism.

The ODE:s are solved using optimization methods, which provides steady state solutions in seconds, but can
also be solved using time-dependent ODE solvers when non-steady state simulations are needed.



Experimentally determined constraints on growth and metabolism are included in the model (for instance, see
Control and Regulation below).

Control and Regulation of Metabolism. Experimental measurements or computational model predictions of the
post-translational regulation of enzymes needed in a metabolic pathway is a difficult problem. Consequently,
regulation is mostly known only for well-studied reactions of central metabolism in various model organisms.
We utilized two approaches to predict enzyme regulation policies and investigate the hypothesis that regulation
is driven by the need to maintain the solvent capacity in the cell [2]. The first predictive method uses a
statistical thermodynamics and metabolic control theory framework. The second method is performed using a
hybrid optimization-reinforcement learning approach:

Efficient regulation schemes were learned from experimental data that either agree with theoretical calculations
or result in a higher cell fitness using maximum useful work as a metric. As previously hypothesized, regulation
was shown to control the concentrations of both immediate and downstream product concentrations at
physiological levels. The model predictions provide the following two novel general principles: (1) the
regulation itself causes the reactions to be much further from equilibrium instead of the common assumption
that highly non-equilibrium reactions are the targets for regulation; and (2) the minimal regulation needed to
maintain metabolite levels at physiological concentrations maximizes the free energy dissipation rate instead of
preserving a specific energy charge. The resulting energy dissipation rate is an emergent property of regulation
which may be represented by a high value of the adenylate energy charge. In addition, the predictions
demonstrate that the amount of regulation needed can be minimized if it is applied at the beginning or branch
point of a pathway, in agreement with common notions. The approach is demonstrated for three pathways in the
central metabolism, gluconeogenesis, glycolysis-TCA and Pentose Phosphate-TCA, which each require
different regulation schemes. It is shown quantitatively that hexokinase, glucose 6-phosphate dehydrogenase
and glyceraldehyde phosphate dehydrogenase, all branch points of pathways, play the largest roles in regulating
central metabolism.
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Project Goals: This project is expanding on previous projects for the development of
disease-resistant switchgrass cultivars for cultivation in the northeastern US, while
expanding knowledge of underlying genotype-by-environment interactions. This involves:
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 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 existing research,
populations, and genomics tools from previous projects 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 focuses on
improvement of resistance to anthracnose (caused by Colletotrichum navitas), Bipolaris leaf spot
(caused by Bipolaris oryzae), and environmental stress. In addition to cultivar development, we
strive to better understand the sources of genetic and environmental variation affecting yield and
disease susceptibility in switchgrass, including soil metagenome variation. To study Genotype-
by-Environment interactions in=depth, we have established both cultivar yield trials and a
GWAS family at 3 agronomically distinct field trial sites in NY, PA, and NJ.

Expanded selection and testing of disease-resistant switchgrass cultivars: A seeded yield trial
established at the NY, NJ, and PA field trial sites in year 1, consisting of 13 cultivar selections
replicated 4 times in randomized block design, was evaluated for disease incidence and biomass
yield. Little anthracnose was observed, with exception of the NJ site. Vigor of plants at the mine
reclamation site in PA was poor compared to the NY and NI sites. A subset of plants from each
site were prepared for evaluation of biomass composition by NIR. The mature nursery at Ithaca
NY, consisting of 178 half-sibling progeny from two populations (one upland ecotype and one
lowland ecotype) of switchgrass were evaluated for disease incidence. Leaf damage from
unseasonably early frost in September made a second disease evaluation impractical. Large
progeny trials of 5,760 seedlings from 180 advanced breeding lines, established in year 1 at the
Rutgers and Ithaca field trial sites, were scored for vigor and disease incidence. Results of
phenotypic data in years 1 and 2, including comparisons of years and sites, will be presented.

Three years of phenotypic data collection was obtained from the Q7L mapping population of 240
full-sib plants at Rutgers. Overall, the mapping family exhibited a relatively normal distribution



of anthracnose disease severity, with a skew towards more disease susceptibility within the
population. The family was transferred from the field site to the greenhouse over winter to
provide healthy leaves for DNA isolation. After delays due to the pandemic, ddRADseq
sequencing of the samples is underway. The data will soon be available for map construction and
identification of QTL for disease-resistance.

Association mapping panel: A second year of phenotypic data (height, circumference, vigor, and
anthracnose severity ratings) was collected from all 552 genotypes of the [Lu et al. 2013]
association panel planted in 3 replicates at the NY, NJ, and PA trial sites in 2018. Bipolaris
infections were not observed in 2019, however smut infections were wide-spread and thus
severity ratings were also collected at all 3 trials sites. In general, growth, volume and vigor
values were lower at the PA mine reclamation site relative to the NJ and NY field sites, although
several genotypes did perform well there. Normal distributions of data were generally observed,
with similar means in both 2019 and 2020. Anthracnose infection levels in the GWAS family
were found to be negatively correlated with growth across the 3 test sites, as expected.

GWAS analyses were conducted to identify SNPs associated with anthracnose disease ratings and
growth. A preliminary GWAS analysis for SNP-trait associations conducted with Tassel v5.0
software (Mixed Linear Model, using GBS genotypes (Lu et al 2013) and minimum SNP
presence of 25%) was conducted for volume and anthracnose disease ratings collected in year 1
from all 540 association panel genotypes, replicates, and field sites in NY, NJ and PA. At a
significance threshold of 5x10-8, 6 SNP markers were associated with anthracnose disease
ratings, and 2 SNP markers were associated with calculated plant volumes. Several additional
SNP markers just below the threshold are also being investigated. After year 2 growth
phenotypes and disease ratings were collected, new GWAS studies were conducted to compare
significance of associations among years and sites (Method = FDR, MAF >= 0.05, nSNPs =
67,721) using the statgenGWAS package in R and exome-capture genotypes (Evans et al., 2017).
For severity of anthracnose infection, 92 SNPs were found to be significant above the fixed
threshold of LOD = 4. Genes harboring significant SNPs included those related to known plant
immunity and stress response gene families; such as NAC TranscriptionFactor-Like 9,
Quinolinate Synthase, and GDP-D-mannose 3', 5'-epimerase (GME). Additionally, genes
including those belonging to the Divergent CCT motif (relating to flowering time) and
NAALAD (relating to plant cell wall regulation) were found to be significant and represented by
a high LOD score (>4.5).

Rhizosphere microbiome composition: A further component of the assessment of genotype-by-
environment interactions involves analysis of the rhizosphere microbiome composition and if the
microbiome changed after transfer of the GWAS family to the 3 trial sites. The first step was
characterization of the rhizosphere microbiome at the initial common garden site of the GWAS
family at Cornell. Metagenomic sequence data (16S and ITS amplicons) from 382 rhizosphere
soil samples revealed a rich rhizosphere microbial community of at least 493 bacterial genera
and 57 fungal genera, distributed across 8 major phyla. Alpha diversity analyses indicated an
influence of host switchgrass genotypes on rhizosphere bacterial diversity, and overall that
rhizosphere diversity differed along three modes of switchgrass stratification - ploidy, ecotype,
and populations. To assess microbiome composition after transplant and establishment at the 3
trial sites, soil core samples were taken for 128 selected switchgrass genotypes at all 3 trial sites




(Ithaca NY, Freehold NJ, and Philipsburg PA). Bacterial 16S amplicon libraries were generated
from each sample. However, sequencing was delayed by covid pandemic issues. Sequencing and
metagenomic analyses should be completed early in project year 3, barring further interruptions.
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Project Goals: Bacterial-fungal interactions (BFI) drive a multitude of process in the
environment. In the context of soil, fungi are able to cope with heterogenous environmental
constraints thanks to their filamentous lifestyle. This has a crucial impact on fungal
highways, a BFI describing the ability of bacteria to spread in soil by using the fungal
filamentous network. The formation of an aqueous film at the surface of hyphae appears to
be a key parameter for the fitness of fungal highways. It is assumed that hydrophilic
surfaces are more conducive to this fungal-driven bacterial dispersal. Therefore, in this
study, we aimed at assessing how hyphal growth in hydrophobic or hydrophilic conditions
impacts hyphae surface properties (i.e. hydrophilicity) by comparing two methods: a
colony-scale approach (contact angle measurements) and a hypha-scale approach (atomic
force microscopy).

At the microbial scale, soil is a heterogeneous environment composed of air pores, liquid
patches, and solid particles. This results in the co-existence of numerous micro-environments
with contrasting physicochemical characteristics that vary over space and time. This clearly
represents a major influence to the development and activity of microbial life. In soil,
filamentous fungi build 3D networks that may represent up to 10* m per g of soil. In addition to
this, due to their microscopic dimensions, fungal hyphae have a high surface:volume ratio. As a
result, a large fraction of the soil volume consists in fungal surfaces interacting with both biotic
and abiotic soil components. This represents a central aspect of soil functioning. To be able to
cope with the ever-changing conditions of soil microenvironments, while building and
maintaining an extensive network, fungi need to dynamically adapt their surface properties. For
instance, it is known that fungal hyphae are able to escape the water-air interface with
amphiphatic peptides known as hydrophobins. In this study, we assessed the influence of growth
conditions (either on hydrophobic or hydrophilic surfaces) on three fungal strains with two
different approaches: contact angle (CA) and atomic force microscopy (AFM). CA measures
surface hydrophilicity at the scale of fungal colonies, while AFM allows assessing surface
properties at the scale of a single hypha. Two different types of behaviors were observed with
CA: some fungi had a mycelial network that remained hydrophobic (or hydrophilic), whatever
the growth conditions; while others dynamically adapted to the growth conditions. AFM showed
that on hydrophobic surfaces, fungal hyphae tended to minimize the contact with the surface. On



the contrary, on hydrophilic surface, fungal hyphae tended to be flat by adhering to the surface
and secreted EPS-like compounds. Likewise, the topographical surface characteristics of hyphae
varied depending on the growth surface, but species-dependent patterns were still prominent.
Overall, these results corroborate the ability of fungi to adapt their network to the highly
dynamic conditions of soil by quickly adapting their surface properties. However, this adaptation
occurs at the scale of single hyphae. Therefore, this aspect should be taken into account when
considering fungal highways in which bacteria directly depend on the surface properties of
fungal hyphae to spread.

This work was supported by the U.S. Department of Energy, Office of Science, Biological and
Environmental Research Division, under award number LANLF59T.
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Project Goals: The interactions that occur in the rhizosphere between fungi and bacteria are
fundamental for the ecological network of the soil. Over the past few years, scientist have
described the diversity of microbial communities in a variety of soils associated with plants,
yet little is known about the specific ecological significance and how these interactions are
established. Bridging this knowledge gap could address multiple DOE priorities, as the effect
of these interactions can have positive repercussions on the reduction of chemical fertilizers
and increment of plant resistance towards abiotic and biotic stresses. Here we present
preliminary results on the composition and possible function that these fungal-bacterial
interactions could have on the soil ecosystem. Based on the isolation and identification of
possible fungal-bacterial association from the soil, and combining bioinformatics and
molecular tools, we are on the verge of understanding the importance of these associations.

Over the past several years, the scientific community has described the diversity of microbial
communities in a variety of soils associated with plants, but at present, little is known about the
specific diversity of the soil fungal microbiome, involving bacteria colonizing the surface of fungi
(i.e., exo-bacteria) or existing within fungal hypha (i.e., endobacteria). This study aimed to collect,
identify, and characterize several fungi and their associated (endo- and exo-) microbiome collected
from the rhizosphere of several plants. Microcosm devices called fungal highway columns,
containing one of four plant-based media as attractants, were placed in the rhizosphere of six
different plants. The isolated fungi and their associated endo- and exo- bacteria were identified by
sequencing of the ITS (fungi) or 16S (bacteria) rRNA regions, followed by Scanning Electron
Microscope (SEM) and fluorescence in situ hybridization (FISH) imaging. Most of the fungi
recovered are known plant pathogens, such as Fusarium, Pleosporales, and Cladosporium together
with species associated with the soil, e.g. Kalmusia. The bacteria recovered were previously
described as plant promoters, such as Bacillus, Rhizobium, Acinetobacter or Ensifer. The
interactions between fungi and exo-bacteria recovered from any single medium were further
investigated via confrontation assays. From the reconstruction of the potential co-occurring
bacterial-fungal association in the rhizosphere, we discovered that the most promiscuous exo-
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bacterium group (associated with diverse fungi) was Bacillus, which presented either neutral or
negative interactions with different fungi. Furthermore, some endobacteria and exo-bacteria

identified seemed to be host-specific. These findings suggest a complex interaction between fungi
and bacteria in the rhizosphere.

This work was supported by the U.S. Department of Energy, Office of Science, Biological and
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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.
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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.

Interactions between fungi and bacteria are both common and diverse. Descriptions of these
interkingdom interactions generally fall into two categories: internal and external associations.
The total number of descriptions of internal associations, where the bacterial partner is present
and often maintained within cells of the fungal host, as well as the taxonomic diversity of these
descriptions continue to steadily increase over time. However, the mechanisms that allow or
promote these internal associations, as well as their diversity remain largely unknown due to the
currently limited number of descriptions and genetic resources.

Genome sequencing results from several Monosporascus (Ascomycota; Xylariales) isolates
obtained from the roots of plants in the Southwestern U.S. contained a substantial number of
bacterial reads, despite the isolates being grown on diverse antibiotics and having been sub-
cultured several times before sequencing. The majority of these sequences were classified as
Ralstonia pickettii (Burkholdariaceae) at both the read and contig levels. Here we show
fluorescence in situ hybridization (FISH) imaging indicates that Monosporascus is capable of
harboring and maintaining R. pickettii as a bacterial endosymbiont. Attempts at isolating R.
pickettii from these fungal hosts have been unsuccessful and the persistence of this bacteria in
fungal isolates which have been maintained in culture for several years suggest an intimate
relationship. The genome sequencing results for three distinct Monosporascus isolates each
contained enough reads for the de-novo assembly of near complete R. pickettii genomes.
Phylogenetic comparisons indicate that these R. pickettii genomes recovered from
Monosporascus represent three distinct lineages that are closely related to previously identified
environmental isolates. Broad-scale evolutionary comparisons conducted with these genome



assemblies also suggest differences both among the endosymbiotic R. pickettii lineages and
between the fungal-derived and non-fungal-derived R. pickettii lineages. The observed diversity
of these associations involving closely related bacterial endosymbionts recovered from closely
related fungal hosts indicate this association could serve as a valuable model for studying
bacterial-fungal interactions.

This work was supported by the U.S. Department of Energy, Office of Science, Biological and
Environmental Research Division, under award number LANLF59T.
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Project Goals: Improving our understanding of plant genomes and metabolomes is critical to
understand the function of genes, unlock higher plant productivity, develop new strategies to
protect crops from biotic and abiotic stress, and identify sources of new plant-based products.
Progress towards these goals is 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 will address these challenges through our recently developed stable
isotope feeding/LLC-MS/genome wide association strategy. This will identify functional gene-
metabolite relationships for metabolites that are derived from amino acids in Arabidopsis and
sorghum and authenticate them using reverse genetics. When complete, these data will identify
known and unknown metabolites within untargeted LC-MS analyses, and characterize the genes
involved in their synthesis.

The synthesis of small organic molecules, known as specialized or secondary metabolism, is one
way plants resist and tolerate biotic and abiotic stress. Many specialized metabolites are derived
from the aromatic amino acids phenylalanine (Phe) and tyrosine (Tyr). Improved
characterization of the specialized metabolites derived from these amino acids is necessary to
inform strategies for developing crops with improved stress resilience and traits for the
biorefinery. Sorghum bicolor (L.), a drought tolerant monocot, is widely cultivated for feed and
food and is an attractive crop for biofuels. Unlike dicots, sorghum and other monocots possess
Phe and Tyr ammonia-lyase activity (PAL and TAL, respectively), which generate cinnamic acid
and p-coumaric acids, respectively. Cinnamic acid can, in turn, be converted to p-coumaric acid
by cinnamate 4-hydroxylase. Thus, Phe and Tyr are both precursors of common downstream
products. Not all derivatives of Phe and Tyr are shared. Each amino acid acts as the precursor for
unique metabolites relevant to sorghum adaptation, such as the anti-herbivore cyanogenic
glycoside dhurrin derived from Tyr. In this study we used !*C isotopic labeled precursors, and
our recently developed PODIUM analytical pipeline, to identify MS-features derived from Phe
and Tyr in sorghum. Over 600 MS-features were identified from Phe and/or Tyr across the roots,
stems, and developing leaves of sorghum seedlings. These features comprised 20 percent of the
MS signal collected. Ninety percent of the labeled mass features were derived from both Phe and
Tyr. The ratio of incorporation of Phe and Tyr varied considerably between metabolites and
tissues, suggesting the existence of multiple pools of p-coumaric acid that are fed by the two
aromatic amino acids. Phe incorporation was greater for many known hydroxycinnamate esters
and flavonoid glycosides. In contrast, mass features derived exclusively from Tyr were the most
abundant in every tissue. The Phe and Tyr-derived metabolite library was also utilized to
retrospectively annotate soluble MS-features in two brown midrib mutants (bmr6 and bmri2),
locating several MS features that change significantly in each mutant.
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Project Goals: Improving our understanding of plant genomes and metabolomes is critical
to understand the function of genes, unlock higher plant productivity, develop new strategies
to protect crops from biotic and abiotic stress, and identify sources of new plant-based
products. Progress towards these goals is 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 will address these challenges through our
recently developed stable isotope feeding/L.C-MS/genome wide association strategy. This will
identify functional gene-metabolite relationships for metabolites that are derived from
amino acids in Arabidopsis and sorghum and authenticate them using reverse genetics.
When complete, these data will identify known and unknown metabolites within untargeted
LC-MS analyses, and characterize the genes involved in their synthesis.

The optimal extraction of information from untargeted metabolomics analyses is a continuing
challenge. Here we describe an approach that combines stable isotope labeling, LC-MS, and the
development of a computational pipeline (named PODIUM- https://github.com/chapple-
lab/podium) to automatically identify metabolites produced from a selected metabolic precursor.
We identified the subset of the soluble metabolome generated from phenylalanine (Phe) in
Arabidopsis thaliana, which we refer to as the Phe-derived metabolome (FDM) In addition to
identifying Phe-derived metabolites present in a single wild-type reference accession, the FDM
was established in nine enzymatic and regulatory mutants in the phenylpropanoid pathway. To
identify genes associated with variation in Phe-derived metabolites in Arabidopsis, MS features
collected by untargeted metabolite profiling of an Arabidopsis diversity panel were retrospectively
annotated to the FDM and natural genetic variants responsible for differences in accumulation of
FDM features were identified by genome-wide association. Large differences in Phe-derived
metabolite accumulation and presence/absence variation of abundant metabolites were observed
in the nine mutants as well as between accessions from the diversity panel. Many Phe-derived
metabolites that accumulated in mutants also accumulated in non-Col-0 accessions and was
associated to genes with known or suspected functions in the phenylpropanoid pathway as well as
genes with no known functions. Overall, we show that cataloguing a biochemical pathway’s
products through isotopic labeling across genetic variants can substantially contribute to the
identification of metabolites and genes associated with their biosynthesis.

Funding statement. This work was supported by the U.S. Department of Energy, Office of
Science (BER), Grant DE-SC0020368.


mailto:jsimpso1@purdue.edu
https://github.com/chapple-lab/podium
https://github.com/chapple-lab/podium




Precise genome editing in new microbial species using SSAP libraries and broad-host
recombineering methods

Gabriel T. Filsinger!? (Filsinger@g.harvard.edu), Timothy M. Wannier>3, Felix B. Pedersen*?,
Isaac D. Lutz>%?, Julie Zhang”®, Devon A. Stork>%, Anik Debnath®°, Kevin Gozzi'®, Helene
Kuchwara®, Verena Volf>!!, Stan Wang??, Xavier Rios?, Christopher J. Gregg®, Marc J. Lajoie?,
Seth L. Shipman'2!3, John Aach?, Michael T. Laub!’, George M. Church?3

"Department of Systems Biology, Harvard Medical School, Boston, MA; ?Wyss Institute for
Biologically Inspired Engineering, Harvard University, Cambridge, MA;*Department of
Genetics, Harvard Medical School, Boston, MA; “Department of Biochemistry and Molecular
Biology, University of Southern Denmark, Odense M, Denmark; >Institute for Protein Design,
University of Washington, Seattle, WA; ®Department of Bioengineering, University of
Washington, Seattle, WA ; "Department of Mathematics, Massachusetts Institute of Technology,
Cambridge, MA; ®Department of Molecular and Cellular Biology, Harvard University,
Cambridge, MA; °Tenza Inc., Cambridge, MA; °Department of Biology, Massachusetts Institute
of Technology, Cambridge, MA; 'Harvard University John A. Paulson School of Engineering
and Applied Sciences, Cambridge, MA; 2Gladstone Institutes, San Francisco, CA; *Department
of Bioengineering and Therapeutic Sciences, University of California, San Francisco, CA;

http://arep.med.harvard.edu

Project Goals: In this project we aim to develop efficient homologous recombination (HR)
methods in diverse microbes. MAGE and recombineering are powerful tools that improve
HR efficiency over 1000-fold in E. coli. These methods traditionally rely on SSAP protein, A-
Red B, which does not function in most in other species. Our work focuses on two distinct
strategies of expanding recombineering to new chassis organisms. First, we studied the
mechanism of SSAPs, including A-Red B, in order to characterize the lack of portability of
these proteins. Second, we developed a library of over 200 homologs of A-Red P in order to
screen diverse variants for functionality. With a reliable strategy for developing improved
recombineering methods in species beyond E. coli, we plan to develop a suite of methods that
will enable strain engineering in bacteria with unique capabilities for bioproduction.

Efficient genome editing methods are essential for biotechnology and fundamental
research. Homologous recombination (HR) is the most versatile method of genome editing, but
techniques that rely on host RecA-mediated pathways are inefficient and laborious. Phage-encoded
ssDNA annealing proteins (SSAPs) improve HR 1000-fold above endogenous levels; however,
they are not broadly functional. Using Escherichia coli, Lactococcus lactis, Mycobacterium
smegmatis, Lactobacillus rhamnosus, and Caulobacter crescentus we first investigated the limited
portability of SSAPs!. We find that these proteins specifically recognize the C-terminal tail of the
host’s single-stranded DNA-binding protein (SSB), and are portable between species only if
compatibility with this host domain is maintained. Furthermore, we find that co-expressing SSAPs
with a paired SSB can significantly improve activity, in some species enabling SSAP functionality
even without host-compatibility. We used the improved portability of SSAP-SSB pairs to expand
recombineering methods to new microbes.



In parallel, we designed and built a library of over 200 SSAP homologs in order to identify
proteins that enable efficient genome editing across different prokaryotes®. We’ve screened and
validated this library across Escherichia coli, Lactococcus lactis, Mycobacterium smegmatis,
Staphylococcus aureus, Agrobacterium tumefaciens, Corynebacterium glutamicum, and
Caulobacter crescentus. In each, we’ve identified and designed constructs with at least 10-fold
higher genome editing efficiency than any previously developed recombineering methods. The
library consistently enriches for a set of functional proteins, and provides the most reliable strategy
yet developed for developing efficient HR methods in electrocompetent bacteria®.

Finally, we demonstrate that high-efficiency HR using SSAPs far surpasses the mutational
capacity of commonly used random mutagenesis methods, generating exceptional phenotypes
inaccessible through sequential nucleotide conversions!. Error-prone methods of strain
improvement, such as evolution and mutagenesis, do not efficiently generate key combination
mutants that contribute to these expectational phenotypes. Additionally, HR focuses mutagenesis
at a precise genomic locus, rather than across the entire genome. We demonstrate the use of high-
efficiency HR to modulate protein function, but similar techniques could be used to diversify
promoters or specifically disrupt target genes.
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Project Goals: Deciphering combinatorial genetic modifications required for host chassis
optimization is key to creating robust and economical systems to realize the promise of
metabolic engineering. Our goal is to develop a high-throughput microbial platform that
enables rapid generation of targeted, high-order genetic alterations coupled to single-cell
mapping of combinatorial genotypes to identify host genome modifications giving rise to
enhanced productions of desired biomolecules.

Current apporaches to cellular engineering rely on introducing a single genetic alteration into a
genome one at a time and then studying its effects of metabolic output. This “one gene at a time”
approach for discovering which combination of mutations are best able to increase metabolic
output is not only time-consuming and labor-intensive but also restricted in the number and order
of genetic combinations that can be tested. Here, we introduce a Cas9-based gene drive framework
for constructing pools of cells with combinatorial genotypes in which each cell is characterized by
N combinations of defined genetic alteractions, along with a high-throughput method for genotype-
phenotype mapping. We demonstrate the utility of our approach in rapidly swapping promoters of
19 target genes with 7 promoters representing a continuum of gene expression level and identifying
all the combination of genetic manipulations that will result in high-level production of the
carotenoid lycopene. Our strategy allows high-order combinatorial genetics to be explored in a
high-throughput targeted manner, and greatly speed up the rate at which we are able to optimize
cellular chassis to produce valuable metabolites for use in consumer, biomedical and industrial
applications.
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Project Goals: Interactions between the acceptor arm of tRNA and the active-site of
ribosome is characterized by a set of Watson-crick base-pairs, conserved across all three
domains of life on Earth. By exploring alternative ribosome-tRNA base-pairing interactions
at this conserved loci, we have begun to lay the foundations for operationalizing a fully
orthogonal genetic code in E.coli. Finally, we have also established a robust and sensitive
analytical pipeline for detection of D-amino-acids at various stages of translation such as
tRNA amino-acylation and in target proteins.

Functionally mature tRNAs across all domains of life of have a conserved terminal 3’-CCA
trinucleotide in their acceptor arm. The 3’-CCA terminus of the tRNA engages in a highly-
conserved set of Watson-crick base pair interactions with the Peptidyl-transferase centre (PTC)
of the Ribosome, as it moves from the A-site to the P-site during the transpeptidation step [1].
Additionally, the integrity of 3’-CCA terminus is subject to surveillance by a host of tRNA
processing machineries[2]. We have genetically engineered E.coli strains that obviate 3’-CCA
tRNA surveillance and repair and have identified a subset of amino-acyl tRNA synthetases that
can amino-acylate mutant tRNA acceptor ends. To further aid our efforts in screening for
engineered synthetases that can act on mutant tRNA acceptor ends, we are harnessing T-box
riboswitches as potential sensors[3]. Together with orthogonal ribosomes that carry compensatory
mutations in their PTC to interact with variant tRNA acceptor arms, we are operationalizing a fully
orthogonal genetic code in E.coli[4].

Finally, a number of barriers remain in the way of incorporating D-amino acids into proteins[5].
Towards addressing this, we have developed robust and sensitive analytical methods for detection
of D-amino-acids at various stages of translation such as tRNA amino-acylation and incorporation
into target proteins. By integrating these analytical methods with strain engineering and directed
evolution of amino-acyl tRNA synthetases we are establishing strategies towards robust and
efficient genetic incorporation of D-amino-acids in E.coli.
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Project Goals: We are finalizing the construction of a fully recoded 3.97 Mb Escherichia
coli genome that relies on the use of only 57 codons. For this aim, the genome was
previously computationally designed, synthesized, and assembled into 87 segments. In the
final steps of genome construction, we combine and optimize these segments in vivo to
assemble the fully recoded, viable genome.

We present the construction of a fully recoded, 57-codon Escherichia coli genome, in
which seven codons are replaced with synonymous alternatives in all protein-coding genes. For
this aim, the entirely synthetic recoded genome was assembled as 87 50-kb episomal segments,
individually tested for functionality, and then integrated into the genome. The development of a
specialized integration system and the optimization of our workflow enhanced integration
efficiency to 100% and resulted in an order of magnitude increase in construction speed. We are
now combining recoded clusters with a novel technology that builds on our latest developments
in recombineering and CRISPR-associated nucleases'~.

In parallel with genome construction, we developed novel computational and
experimental methods to identify fitness-decreasing changes and troubleshoot these cases.
Leveraging cutting-edge computational tools and accelerated laboratory evolution® allowed us to
predict target loci accurately and correct fitness within days. We are now extending our
computational algorithms to provide an all-in-one solution for the genome-scale recoding of a
wide array of prokaryotes.

As we approach the final assembly of a virus-resistant E. coli genome, we are also
implementing dependency on non-standard amino acids and encoding modules for stringent
biocontainment.

In sum, our work will soon I.) demonstrate the first 57-codon organism, II.)
establish a tightly biocontained and virus-resistant chassis for new-to-nature protein
production, and IIl.) open a new avenue for the bottom-up synthesis and refactoring of
microbial genomes, both computationally and experimentally.
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Project Goals:

We aim to develop methods for characterizing microbial communities with single-cell and
spatial resolution. Here, we develop a fluorescent in situ sequencing (FISSEQ) technology' for
acquiring the spatial arrangement of bacteria to better understand how plant microbiomes
impact host physiology.

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 their environment. 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 improve the nucleotide discrimination of our probes to multiple
positions that can be discerned by a high-fidelity ligase, expanding the number taxa that we can assay
simultaneously. We then demonstrate our technology by assaying 25 diverse microbes and
demonstrate spatial single-cell resolution with Sequencing by Combinatorial Hybridization. Notably,
our library generation and Expansion Microscopy methodology is applicable to a wide range of
bacteria with different cell walls and cell morphologies. We can differentiate several members of the
same genus (e.g., within Pseudomonas, Bacillus, Lactobacillus, Staphylococcus, and Borrelia
genera), demonstrating that our technology can distinguish between bacteria that standard FISH
methods cannot.

We are now applying this technology to investigate the spatial distribution of a 185-member
synthetic community on Arabidopsis roots in collaboration with the Dangl Lab*. While our
technology was developed for spatial taxonomics, we are also pursuing an additional simultaneous
sequencing modality; spatial transcriptomics of the Arabidopsis host to investigate the change in
spatial gene expression in response to microbial community structure. To this end, we have
demonstrated Expansion Microscopy of Arabidopsis root tips, assembled full-length ribosomal DNA
genes from draft genome assemblies using pathracer, and are working towards assaying bacterial
localization using a universal probe and gene expression of control mRNA targets.
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This work forms the framework for investigating the taxonomic structure of microbial

communities and is the foundation for future de novo in situ sequencing of microbes in natural
environments.
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Project Goals: Enable and explore recombineering using substrates produced in-vivo, via
specialized bacterial retro-elements, creating a pooled Functional Genomics system,
combining efficient editing and NGS-based tracking of mutants. Deploy this tool and other
Next-generation genome editing technology toward Energy-related goals, including the
study of photosynthesis.

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'.
Curiously, the newly-identified single-stranded annealing protein (SSAP) CspRecT improves
efficiency of this process by as much as 11-fold, a larger effect than observed when CspRecT is
used with electroporated DNA. Because barcoded mutations are created, 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. The capacity to use non-designed DNA for such a screen stands in contrast
to CRISPR-based methods, and opens the door to many applications using undefined and/or
degenerate variation. Pooled genomic editing using ssDNA produced in vivo thus presents new
avenues for creating and exploring variation at the whole genome scale.

The future of Bioenergy depends on applying these rapid genetic engineering techniques
to organisms using atmospheric CO. for carbon, and sunlight or renewables for energy. To this
end, we have begin to apply our approaches to fast-growing cyanobacteria, an exciting new area
of bioenergy research??. Growing at speeds previously thought impossible, these photosynthetic
bacteria are a possible next-generation renewable synthetic biology host. Because functional
genomics approaches depend on complete, accurate genomes, we have begun by completing the
genome of PCC11801, the cyanobacterial strain with the fastest growth rates in ambient air
(~2.3hr doubling time)*. Our draft genome resolves existing assembly gaps, establishes that
PCC11801 is a more distant relative to the model strain PCC7942 than was previously



appreciated, and confidently detects 6 novel plasmids stably maintained in this strain. These
previously unreported plasmids represent ~12% of the genetic material in the strain, possibly
important for the strain’s intriguing phenotypes. Each plasmid shares locally collinear blocks
with other plasmids reported in this Synechococcus clade, suggesting an episomal component to
the core genome of Synechococcus. Directed evolution in this strain background enabled us to
isolate a strain growing to higher density in batch growth, and having less adherence to the
growth vessel. We are excited to develop pooled functional genomics approaches for fast-
growing cyanobacteria, and our highest priority is to use our existing approaches*® to develop
recombineering technologies in this organism. These technologies could aid our investigate these
new phenomena, and further enable this new renewable synthetic biology chassis as they have
for past hosts®.
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Project Goals: This project aims to investigate the role of microbial dissimilatory phosphite
oxidation (DPO) in the global phosphorus and carbon biogeochemical cycles. We are
examining the prevalence of DPO and phosphite (HPO3*) in a broad range of geochemical
environments, and to examine fundamental physiological and biochemical aspects of DPO.
To achieve this goal we will test three specific hypotheses:

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

2. DPO metabolism is universally conferred by the conserved p#x-ptd operon.

3. DPO is universally associated with CO; fixation

The work here advances hypothesis 3.

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 homoacetogen for which DPO activity was attributed to
the ptx-ptd gene cluster, and genomic analyses suggested that FiPS-3 fixed CO» via the Wood-
Ljungdahl pathway?. Following the isolation of FiPS-3, Phosphitivorax anaerolimi Phox-21 was
identified in the metagenome of a wastewater digester enrichment, serving as the second known
DPO microbe®. However, unlike FiPS-3, Phox-21 contained no known pathways for CO» fixation,
despite being grown autotrophically in the absence of alternative electron acceptors®. Genomic
analysis revealed that Phox-21 must fix COz via the reductive glycine pathway’. At the time, the
reductive glycine pathway had been proposed as a synthetic pathway for CO; fixation*, making
Phox-21 the first natural representative identified to harbor this novel CO, fixation pathway?.
Recently, Desulfovibrio desulfuricans was biochemically proven to use the reductive glycine
pathway to fix CO», validating its legitimacy as the seventh known carbon fixation pathway®. Since
the identification of Phox-21, our group has identified 21 novel DPOM through metagenomics of
wastewater enrichments (Ewens, et al. PNAS, 2021)°. Taxonomic analyses revealed that DPOM
span six taxonomic classes, but despite this diversity, physiological and analyses of the
metagenome assembled genomes (MAGs) suggests that the typical DPOM 1is a
chemolithoautotroph that specializes in phosphite oxidation coupled to COx reduction®.



CO: as an Electron Acceptor: Enrichment biochemistry revealed that DPOM preferentially grew
in microcosms in which CO> was the only exogenous electron acceptor, and DPO was not
definitively coupled to any electron acceptor other than CO» ©. A physiological survey of one of
our highly enriched DPO cultures further showed that CO» was necessary and sufficient to support
phosphite oxidation and growth®. The final product of CO: reduction in Phox-21 remains
enigmatic, as the genes for pyruvate conversion to acetate (phosphotransacetylase and acetate
kinase) are missing from the genome?. Lactate is a possibility, as the genomes of Phox-21 and
several other DPO MAGs contain D-lactate dehydrogenase, which converts pyruvate to lactate at
the expense of NADH. This is an energetically favorable reaction that accounts for all reducing
equivalents produced via phosphite oxidation:

6PO3* + 3CO; + 3H20 = 6PO4* + C3HsO3 AG®” = -29 kJ/mol e (-348 kJ/mol lactate)

CO:, Fixation to Biomass: In addition to serving as the electron acceptor for DPOM, CO: is also
fixed into biomass as the carbon source. We supplemented our physiological observations with
genomic analyses and found that, as observed in Phox-21, comparative genomics of DPO MAGs
revealed a notable absence of any canonical CO»-reduction pathways®. While none of the DPO
MAGs contained any canonical CO; fixation pathways, the majority of DPOM genomes appear
capable of CO,-fixation to pyruvate via the reductive glycine pathway®. Even if not a universal
carbon fixation pathway in DPOM, our analyses suggest the reductive glycine pathway might be
an important autotrophic mechanism across diverse DPO taxa.

Ongoing work is focused on parsing out the detailed mechanisms of the carbon reduction and
carbon fixation pathways of DPOM using HPLC and carbon tracing studies. These studies will
also be critical to understanding how nutrients are being exchanged in the DPOM communities, as
evidenced in parallel work by our group.
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Project Goals: This project aims to investigate the role of microbial dissimilatory phosphite
oxidation (DPO) in the global phosphorus and carbon biogeochemical cycles. We are
examining the prevalence of DPO and phosphite (HPO3*) in a broad range of geochemical
environments, and to examine fundamental physiological and biochemical aspects of DPO.
To achieve this goal we will test three specific hypotheses:

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

2. DPO metabolism is universally conferred by the conserved ptx-ptd gene cluster.

3. DPO is universally associated with CO; fixation

The work here advances hypothesis 1: Phosphorus (P) is an essential nutrient, but the majority
of P is trapped in mineral deposits as oxidized phosphate (P>*). Alternative P redox states are often
ignored in P cycle models, despite the fact that reduced species have been identified in diverse
environments'. Phosphite (P3") is a highly soluble, reduced P compound accounting 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?. This organism, Desulfotignum phosphitoxidans FiPS-3, is an
autotrophic acetogen for which DPO activity was attributed to the ptx-ptd gene cluster®. This gene
cluster has since been identified in many metagenome-assembled genomes (MAGs) from
wastewater enrichments®, spanning six phylogenetic classes®. A search of global metagenomic
databases revealed the presence of the ptx-ptd cluster in a numerous uncultured microoganisms
from diverse environments®. Here, we propose new geochemical and biological constraints on
DPO microorganisms (DPOM) in the environment, through a synthesis of insights from 1)
geochemical modeling, 2) enrichment cultures of DPOM from wastewater, and 3) enrichment
cultures of DPOM from estuarine sediment and groundwater. Assuming DPO was coupled to CO»
reduction to formate,’> geochemical modeling constrained energy yields for a range of PO4*/POs3*-
, which we compared with measurements from a range of environmental settings to identify
environments where DPO was likely to provide energy for microbial metabolism. While PO3*~
concentrations and electron accepting capacity provided geochemical constraints for
environmental DPOM activity, further evidence from enrichment cultures of DPOM suggests that
the community context of DPOM may also biologically constrain activity. Ewens et al.® found that
most DPOM are related to syntrophs, which depend on methanogens to mediate



thermodynamically unfavorable metabolic reactions.” While POs3*" oxidation is too
thermodynamically favorable to require syntrophic exchange, a symbiotic nutrient exchange may
explain DPOM resistance to isolation.’ By introducing a variety of inhibitors to a highly enriched
P03~ oxidizing culture (HEPO), we found that DPO activity is immediately inhibited by 2-
bromoethanesulfonate (BES), a specific inhibitor of methanogens. Since methanogens are prolific
corrinoid producers, we hypothesized that methanogens may supply DPOM with essential
corrinoids in exchange for PO4 and reduced carbon products, constraining DPOM to those
environments that host methanogens. Genomic analyses revealed that DPOM are incapable of
corrinoid synthesis while supporting a role for corrinoids in DPO metabolism. Extractions coupled
to HPLC-MS identified four corrinoids in the HEPO culture with a purported role for DPO activity.
Enrichment cultures also provided geochemical constraints to DPOM where abundant PO4*-
minerals such as struvite [MgNH4PO4-6H>O] neogenesis are observed.® Precipitation of highly-
insoluble minerals should pose a challenge to DPOM by cell encrustation, constraining DPOM to
conditions where mineral precipitation on cell surfaces is precluded unless a mechanism exists for
enhancing PO4*- solubility. To further constrain environmental DPO activity, we established 240
DPOM enrichments from sediment samples and a longitudinal transect of the Sacramento River
and the Los Angeles Basin, respectively. Results revealed prevalent POs;™ oxidation in these
environments and revealed a correlation between DPO activity and the in-situ potential for DPO
in a variety of anaerobic environments. Ongoing work will aim to characterize DPO MAGs from
enrichments that span the full diversity of environments sampled. By pairing geochemical analyses
with metagenomics, we will map the metabolic and phylogenetic diversity of DPOM to their
environmental context.
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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 COz: fixation

The work described here advances hypothesis 1.

A new method has been developed to determine trace amounts of phosphite (HPO3?) in
environmental samples using ion chromatography with electrospray tandem mass spectrometry
(IC-ESI/MS/MS). The method includes the production and use of an '0-labeled HPO3? internal

standard (IS). This isotopically labeled IS significantly improved sensitivity and could account
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for matrix suppression. The method detection limit (MDL) was determined as 0.017 and 0.034
pg L of HPOs2 (6.5 and 13 ng P L") using a 500 and 25 pL injection loop, respectively. Precision
(1-10%) and accuracy (recoveries = 96—106%) were established for a range of environmental
samples using known (spiked) addition. The impact of ionic interferences was investigated by
evaluating the response of the internal standard in the presence of common anions with respect to
distilled deionized water. The most significant interference was due to nitrate (100 mg-NOs™ L)
with a 99.99% reduction in IS intensity. The method was successfully applied to wastewater
effluent, anaerobic digester influent, centrifugation supernatant (centrate), biosolid, surface water,
tap water, and soil samples. Relatively low concentrations < 0.25 ug HPOs L' were measured
in tap water, surface water and wastewater effluent, 1.6 pg kg! HPOs? in soil samples,
2 ug HPO32 L' in centrate, 2.8 pg kg'! HPO3? in biosolid, and ~ 4 pg kg'! HPO3 in anaerobic
digester influent. Limited suppression was observed for all matrices. The largest IS peak area
suppression (~98%) was observed in WW effluent with 500 pL injection loop; however, this
method was able to quantify HPO52 with good recoveries and precision despite the mentioned
suppression, supporting the ability of the proposed method to quantify HPOs;? in different

environmental matrices.
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Abstract Text:

Sorghum [Sorghum bicolor L. (Moench)] is C4 tropical grass used for food, animal feed, forage,
and bioenergy that is drought-tolerant and has lower nutrient requirements compared to many
other grasses. The advantages of sorghum as biofuel feedstock are expected to further increase
the area of sorghum cultivation. The establishment of sorghum production outside of its natural
dry environment presents a challenge due to the presence of multiple abiotic and biotic
constraints that can reduce biomass and seed yield and quality. Anthracnose, caused by the
fungal pathogen Colletotrichum sublineolum in Kabat and Bubdk (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 tropical and temperate adapted sorghum germplasm. The evaluation of the
sorghum association panel (SAP) identified 40 accessions resistant across multiple locations.
Genome-wide association analysis identified three loci at the distal region of chromosome 5,
which explains 56% of the observed phenotypic variation. Therefore, other resistant sources
present in the SAP were not detected due to their low frequency (<0.05) or because they were
masked by overcorrection for population structure. Among the 40 resistance accessions
identified in the SAP, we determined that three (SC1103, SC265 and SC1345) were used as
founder lines in the sorghum nested association mapping (NAM) populations. Therefore, to
uncover resistance sources present in the SAP, we evaluated these three sets of
recombinant inbred lines (RILs) populations for anthracnose resistance.

The NAM population was developed to provide a germplasm and genomic resource that increases the
power for the genetic dissection of economically important traits. Ten diverse lines representing the
genetic variation of the SAP were crossed with a common parental line (RTx430) for the development of
ten sets of >200 RILs each. A two-year replicated field trial of SC1103 and SC265 RILs
populations in Texas, Georgia, Florida and Puerto Rico found segregation for anthracnose
resistance response. High-density recombination linkage maps previously constructed based on
genotyping by sequencing (GBS) of the RILs populations was used to delimit genomic regions associated
with resistance response based on linkage analysis. Genome scan for SC265 RILs populations associated
the distal regions of chromosome 6 with resistant response across locations (Figure 1A). This genomic
region explains up to 46% of the observed phenotypic variation. Genome scan for SC1103 RILs
populations associated the top region of chromosome 8 with resistance response in Texas and Puerto Rico
(Figure 1B). This region and the top region of chromosome 9 were associated with resistance response in
Florida, while no association was detected in Georgia. These genomic regions explain up to 40% of the



observed phenotypic variation. Based on a one year replicated trial of the SC1345 RILs population in
Puerto Rico, the distal region of chromosome 5 was associated with resistance response. Since this region
include the locus Sb005G172300 (i.e. genetic control similar to previously characterized in line SC112-
14) and SC1345 line has the resistant allele this RIL population was not evaluated across location.

The results of this study indicate that SC1103 and SC265 contains new anthracnose resistance
sources that could not be detected by the GWAS of the SAP. The development of other RILs
populations is necessary to uncover novel resistance sources in the SAP. These new resistance
sources present in temperate adapted germplasm are immediately available for sorghum breeding
programs.

Figure 1. Anthracnose resistance response in sorghum nested association mapping populations
evaluated at Texas, Georgia, Florida and Puerto Rico in 2019 and 2020. A) Genome scan for
recombinant inbred lines derived from SC265; B) Genome scan for recombinant inbred lines
derived from SC1103.

A) B)
Texas Texas
Georgia Puerto Rico
Florida Florida
Puerto Rico
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Project Goals: We aim to combine adaptive evolution, gene deletion analysis, and multi—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.

R. opacus is naturally tolerant to aromatic compounds found in lignin-derived mixtures. We have
demonstrated the potential of R. opacus for increased survivability in high concentrations of
aromatics 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 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 aromatics to
rigorously measure and compare how aromatic substrates were consumed [3, 4].

We have been performing multi-omics analyses and gene deletion experiments to
determine mechanisms of aromatic tolerance and utilization. Specifically, we have utilized
transcriptomics, machine learning-based transcript-to-flux prediction models, and recently
developed synthetic biology tools to elucidate the intriguing mechanisms of aromatic utilization
[5-9]. 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 [10-12]. In
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addition, this work will enable us to provide a genome-scale model of R. opacus to facilitate the
development of the promising biofuel production organism.
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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.

The recalcitrance of lignocellulosic biomass remains a challenge in the biofuels and bioenergy
process due to its complex physical and chemical structures of plant cell walls. To overcome the
biomass recalcitrance, pretreatment and genetic modification are two techniques in the biological
conversion of biomass to change or modify structures of biomass components in the plant cell wall.
In this study, three organosolv pretreatments using ethanol (EtOH), tetrahydrofuran (THF), and y-
valerolactone (GVL) were applied on wild type and transgenic switchgrass including down-
regulation of caffeic acid/5-hydroxyconiferyl aldehyde O-methyltransferase gene (COMT) and
over-expression of MYB4 gene (MYB) (see Figure). The physicochemical properties of
fractionated lignin precipitated from EtOH, THF, and GVL pretreatments were analyzed by gel
permeation chromatography (GPC), small angle X-ray scattering (SAXS), nuclear magnetic
resonance (NMR) techniques including *'P and two-dimensional '*C-'H heteronuclear single
quantum coherence (HSQC). In addition, molecular dynamics simulation was used to provide the
molecular modes of lignin molecules in the pretreatment solvents of EtOH, THF and GVL. The
pretreated solubilized lignins revealed a significant decrease in molecular weight compared to the
untreated native lignin, especially in EtOH pretreatment. A near complete removal of §-O-4
interunit linkages was also observed in EtOH pretreated lignin. Furthermore, THF pretreated lignin
presented the highest molecular weight, f — O — 4 linkages and aliphatic hydroxyl contents
among the three organosolv lignin streams.


https://cmb.ornl.gov/dynamic-visualization-of-lignocellulose/

Figure: Pretreatment processes of WT, COMT, and MYB switchgrass.

Oak Ridge National Laboratory is managed by UT-Battelle, LLC for the U.S. Department of Energy
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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.

The cellular membranes of fermentative microorganisms are a major target for the toxic effects of
advanced biofuels, including n- and iso-butanol as well as solvents used in the pretreatment of
lignocellulosic biomass such as tetrahydrofuran (THF). These amphiphilic molecules partition into
the lamellar structure of the membrane bilayer affecting its viscosity, stability, and structure, both
in the transverse and lateral directions. Small-angle neutron scattering (SANS) is ideally suited to
measure structural properties of membranes, due to its probe-free nature that enables
measurements with minimal perturbation to the membrane and its broad spatial resolution (i.e.,
~1-100 nm). However, improved models are needed to analyze and extract the maximum
information from the SANS data measured from the heterogeneous lamellar structures of microbial
membranes.

Our team has studied model microbial membranes in the

presence of co-solvents, Figure 1 (Smith et al. 2020), and

is currently looking at studies of bacterial lipid extracts

and the membranes of living bacteria. These studies have

already revealed differences in the partitioning and

localization of co-solvents, along with clear effects on

membrane structure. As the membrane compositions

become more complex and more biologically relevant,

there is a clear need for reliable and robust structural  Figure 1. SANS and MD simulations reveal

models that can credibly extract structural information,  different partitioning and structural effects

despite the complex composition of biological °f THF (left, yellow) and n-butanol (right,
] . purple) in model microbial membranes

membranes and the variable and broad spatial (bilayer of white fatty acids and blee or

distribution of the co-solvent molecules partitioned  green headgroups).

within the membrane.


mailto:jonathan.nickels@uc.edu
https://cmb.ornl.gov/dynamic-visualization-of-lignocellulose/

Figure 2. Implementation of the
slab model for symmetric lamellar
structures, shown here on a per
lipid basis in one leaflet. Our
implementation in Tan et al
(2021) provides a self-consistent
fitting algorithm to extract the key
parameters of area per lipid (APL)
and water content in the head
group region (ny).
A robust solution to this question is a slab model, a relatively simple structural description that can
be used to describe lamellar phases including lipid bilayers. To a first approximation, membrane
structure can be described by three slabs (or sheets) namely, a central solvent-free core and two
symmetric outer layers composing the solvated shell. This model well-describes the distribution of
neutron scattering length density within a membrane sample and therefore is applied to interpreting SANS
spectra derived from membrane lipid bilayers. Prior implementation of this model in common
scattering software packages was prone to generating unreliable results due to the covariance of
scattering length density and bilayer thickness. Here, we report on an improvement to the existing
models within the publicly available software suite, SasView, which enforces physical consistency
through the area per amphiphile molecule and number of solvent molecules included within the
solvent-exposed outer layer. The model was applied to fit standard lipid bilayer scattering data
sets, determine structural parameters consistent with prior literature values, and illustrate the
typical and ideal cases of fitting for neutron scattering data obtained using single or multiple
contrast matching conditions. The model has been submitted for inclusion in subsequent releases
of SasView and will aid the broader scattering community studying lamellar structures.

Adding self-consistency to this model is an important first step to the development of lamellar
models capable of describing the partitioning of co-solvents between the membrane and the bulk
solvent, and the resulting changes in membrane structure. The improved slab model provides the
opportunity to compare experimental membrane thickness and solvent positioning data to those
quantities predicted by molecular dynamics simulations of biomembranes under solvent stress.
Further, this comparison will permit future, experimentally guided, improvements to molecular
mechanics membrane force-field accuracy, ultimately leading to more predictive computational
tools for the study of membrane behavior under environmental stress.
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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.

The plant cell wall is a complex, multi-polymeric system that consists of primarily
carbohydrates and lignin. Cellulose strands come together to form microfibrils while the
amorphous polymers, hemicellulose and lignin form a network structure and fill in the interstitial
space. Small-angle neutron scattering is ideally suited to study the complex hierarchical structure
of biomass. However, neutron sensitivities of the different plant biopolymers are similar making
structural association non-trivial and ambiguous. A promising approach is partial deuteration of
the plants to increase the difference in the neutron sensitivity between the plant cell wall polymers.
Here, we will present the results from three different partially deuterated plants: switchgrass
(Panicum virgatum), kale (Brassica oleracea), and eucalyptus (Eucalyptus camaldulensis).

Partially deuterated switchgrass plants were obtained by hydroponic cultivation in media
containing 50% DO to produce tiller biomass with 34% deuterium incorporation determined by
NMR and contrast variation small-angle neutron scattering (CV-SANS).! The cell wall
composition was found to be similar to the same cultivar grown hydroponically in H>O, but with
slightly increased lignin content and different lignin deposition pattern as determined by TEM and
confirmed by SANS (see Figure). Surprisingly, these plants also had a lower recalcitrance to
enzymatic hydrolysis. Partially deuterated kale was obtained by hydroponic cultivation in 31%
deuterated media. Fourier-transform infrared spectroscopy (FTIR) results indicated that D/H
substitution for carbohydrate is higher than for lignin. By combining CV-SANS and FTIR, it was
determined that 50% of covalently bonded hydrogens were replaced with deuterium atoms in
cellulose while only 10% for lignin. Similar results were observed for partially deuterated
eucalyptus plants. These results open new avenues to visualize structural features of amorphous
plant polymers in the plant cell wall from those of the well-organized cellulose microfibrils.


https://cmb.ornl.gov/dynamic-visualization-of-lignocellulose/

_II " L | 1 rrrrri AL | 1 1 : LIILILI I L | ]
° 100 L Cell Wall : Wicrofibril ]
\Q' 80 Surface i Amorphous _
o) - | | ]

[ [ J
E 60 I peuterated i i -
S aof g
5 40 pm=mmm === = s mmm e gy
= - —=TT )
3 20 = pydrogenated ' I —
© B | ;| i
h O-II l 1 1 IIIIIIu\uuu_IA(I IIIIII#‘--I ]
g 8 2 4 68 2 4 68 2
O 0.001 0.01 0.1

Wave-vector, Q (A”)

Figure: The variation in contrast matching D,O solvent mixture as a function of
wave-vector, Q. Three samples were hydroponically grown switchgrass in 100%
H,O (red dots; red line), 50% DO (blue filled up-triangle; blue line), and 40%
D,0 at 30 °C (orange filled down-triangle; orange line) and field grown
switchgrass in 100% H>O (green filled-squares; green line).
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Title: Divergence in stress tolerance mechanisms across the Brassicaceae family highlight
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Project Goals:

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

Objective 2: Define how changes in the wiring of gene regulatory networks produce innovations
in transcriptional regulation in extremophytes and how bioenergy crops have diverged.
Objective 3: Establish a data driven, predictive framework for accelerating functional testing of
stress resilience genes using Arabidopsis and Camelina as a chassis for engineering.

Abstract text:

How plants achieve salt tolerance has been a focal question in our quest to develop bioenergy
crops that can be grown on marginal lands for sustainable energy production. One bottleneck to
overcome this challenge has been our lack of understanding in how naturally stress adapted
plants, extremophytes, respond and thrive under salt stress. To address this need, we used the
extremophyte models, Schrenkiella parvula and Eutrema salsugineum with the closely related
premier model, Arabidopsis thaliana in a multi-omics experimental design. In this study, we
used a comparative transcriptomic, ionomic, and metabolomic profiles to gain insight on how
these extremophytes respond to salt stress differently from the stress sensitive model, 4.
thaliana.

We found that S. parvula and E. salsugineum accumulated less Na™ and maintained higher K™ in
the shoots compared to A. thaliana under salt stress. However, Na” accumulation in E.
salsugineum was comparable to that of A. thaliana in the roots. Among the two extremophytes,
only S. parvula maintained a low Na* concentration in the roots upon salt exposure. Salt stress
led to a reduction in the abundance of macro and micro-nutrients in 4. thaliana roots, while both
halophytes could maintain their overall nutrient balance similar to control levels at comparable
salinities. Concordant with the ionomes, the shoot metabolomes of the extremophytes showed
minimal changes compared to A. thaliana. Among the notable changes to the root metabolome,
S. parvula increased in abundance of its primary sugars, amino acids, and other intermediates in
the TCA cycle while the abundance of these metabolites decreased in E. salsugineum under salt
stress. However, this reduction did not lead to a significant net reduction of these pools, as E.
salsugineum had higher basal levels of these metabolites in roots compared to S. parvula and A.
thaliana. Interestingly, S. parvula metabolomes converged with 4. thaliana more than with E.
salsugineum prior to salt stress and transitioned to a metabolome that was more representative of



E. salsugineum with increased salt concentrations or treatment durations. The transcriptomic
responses to salt stress further supported the metabolic adjustments of each species. Up-regulated
genes in all three species were enriched in stress-related pathways including ROS scavenging
and osmolyte biosynthesis. In addition, differently regulated genes in S. parvula were indicative
of uninterrupted root growth during salt stress governed by genes associated with auxin and
ABA pathways, quite contrasting to the other two species. In the shoots, the transcriptomic effect
on photosynthesis was significantly less in the extremophytes compared to 4. thaliana. Overall,
the extremophytes showed stress preparedness, both at the transcriptome and metabolome levels
to allow sufficient nutrient uptake to promote growth and development under salt stress levels
that impaired growth in Arabidopsis. Both extremophytes indicated successful yet different
strategies for stress tolerance at the metabolome and transcriptome levels during salt stress.

While the hormonal networks controlling growth have been extensively characterized in stress-
sensitive plants, it is unclear how these pathways are rewired in plants that maintain growth in
extreme environments. We have compared the developmental and molecular responses of four
closely related members of the Brassicaceae family including two salt-tolerant species (.
parvula and E. salsugineum) and two salt-sensitive species (Sisymbrium irio and A. thaliana) to
the salt stress-induced hormone, abscisic acid (ABA). While ABA inhibits root growth in most
species, we uncovered substantial growth-promoting effects in S. parvula, due to an
enhancement in cell elongation. Comparative transcriptomics informed by phylogenetic
relationships uncovered lineage and extremophile-specific differences in ABA response. DNA
Affinity Purification followed by sequencing (DAP-Seq) was utilized to establish gene
regulatory networks (GRNs) in each species for the entire ABA-RESPONSIVE ELEMENT
BINDING FACTORS (AREB/ABF) clade. Comparative GRN analysis identified relative
conservation in the core ABA signaling GRN, while the auxin growth-hormone GRN was highly
divergent, revealing how patterns of gain and loss of cis-regulatory elements mediate novel
physiological outcomes. Our findings demonstrate that the targets of hormone signaling
pathways are highly divergent between species and that diametric inversion of growth regulation
is possible, even between closely related species of the same plant family (Sun et al., 2020).
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Project Goals:

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

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

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

Abstract text: An essential step of single-cell RNA sequencing analysis is to classify specific cell
types with marker genes in order to dissect the biological functions of each individual cell. In this
study, we integrated five published scRNA-seq datasets from the Arabidopsis root containing over
25,000 cells and 17 cell clusters. We have compared the performance of seven machine learning
methods in classifying these cell types, and determined that the random forest and support vector
machine methods performed best. Using feature selection with these two methods and a correlation
method, we have identified 600 new marker genes for 10 root cell types, and more than 70% of
these machine learning-derived marker genes were not identified before. We found that these new
markers not only can assign cell types consistently as the previously known cell markers, but also
performed better than existing markers in several evaluation metrics including accuracy and
sensitivity. Markers derived by the random forest method, in particular, were expressed in 89-98%

of cells in endodermis, trichoblast, and cortex clusters, which is a 29-67% improvement over



known markers. Finally, we have found 111 new orthologous marker genes for the trichoblast in
five plant species, which expands the number of marker genes by 58-170% in non-Arabidopsis
plants. Our results represent a new approach to identify cell-type marker genes from scRNA-seq

data and pave the way for cross-species mapping of scRNA-seq data in plants.
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Abstract

An essential step of single-cell RNA sequencing analysis is to classify specific cell types with marker genes
in order to dissect the biological functions of each individual cell. In this study, we integrated five
published scRNA-seq datasets from the Arabidopsis root containing over 25,000 cells and 17 cell clusters.
We have compared the performance of seven machine learning methods in classifying these cell types,
and determined that the random forest and support vector machine methods performed best. Using
feature selection with these two methods and a correlation method, we have identified 600 new marker
genes for 10 root cell types, and more than 70% of these machine learning-derived marker genes were
not identified before. We found that these new markers not only can assign cell types consistently as the
previously known cell markers, but also performed better than existing markers in several evaluation
metrics including accuracy and sensitivity. Markers derived by the random forest method, in particular,
were expressed in 89-98% of cells in endodermis, trichoblast, and cortex clusters, which is a 29-67%
improvement over known markers. Finally, we have found 111 new orthologous marker genes for the
trichoblast in five plant species, which expands the number of marker genes by 58-170% in non-
Arabidopsis plants. Our results represent a new approach to identify cell-type marker genes from scRNA-

seq data and pave the way for cross-species mapping of scRNA-seq data in plants.
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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 interacts with numerous microbes that have been shown to enhance its health, growth,
and development. While PMI researchers have observed distinct microbiome compositions that
associate with the Populus rhizosphere and root endosphere, little is known about the dynamic
molecular mechanisms that influence microbial community assembly across distinct
environments. As environmental conditions fluctuate (e.g., nutrients, pH), individual microbes will
alter their cellular behavior and this will ultimately impact how they interact with other community
members. Unfortunately, studying microbe-microbe interactions and behaviors in a natural setting
is challenging, because of the complexity of natural ecosystems and the limited control over
environmental factors. A strategy to approach this major challenge relies on addressing community
complexity in a progressive manner, by first building a detailed understanding of relatively simple
subsets of the community and then achieving high predictive power through combining different
building blocks (e.g., hosts, community members, and environmental factors). Emergent
properties observed in simpler communities can then be re-evaluated as more complex systems are
studied and, when a particular property becomes less relevant, then higher-order interactions can
be identified.

In this study, ten taxonomically diverse bacterial members of the Populus deltoides rhizosphere
were co-cultured either in a complex (R2A) or minimal glucose (MOPs+glucose) medium.
Metaproteomics were utilized to understand community assembly, structure, adaptation, and



functionality. Microbial structure was assessed, and results showed that microbial relative
abundance stabilizes after few passages and the community is dominated by few microbial strains.
In general, we observed two different stable microbial community compositions between the two
media types tested. Proteome-wide analyses revealed that Pseudomonas was the dominant member
in both media, and expressed proteins involved in the synthesis of antibiotics, toxins, and
siderophores. Pairwise-microbe interaction data reinforced these antagonistic properties of
Pseudomonas by showing a presence of zone inhibition for most members of the community.

As members of the community are challenged with unfavorable conditions created either
intentionally by other members of the community (e.g., production of antibiotics from
Pseudomonas) or unintentionally through the collective activity of community metabolism (e.g.,
limited nutrients, lower oxygen levels, etc.), microbial persistence requires the expression of
necessary coping mechanisms. The proteome-wide analysis of Pantoea and Bacillus, which
maintained relatively high protein biomass across the rich media passages, revealed two distinct
behavioral changes used to cope with the changing environments. In brief, Pantoea was observed
to effectively adapt to the changes in the communities of R2A media by increasing the abundance
of proteins related to antibiotic resistance and motility as well as shifting metabolism from aerobic
to anaerobic processes. Bacillus, on the other hand, sporulated as an adaptive response to
nutritional deprivation and environmental stress.

Overall, metaproteomics provided an accurate assessment of community assembly across two
distinct growth media and improved our understanding of the molecular mechanisms associated
with dynamic microbe-microbe interactions and behaviors across changing communities and
environments. For this 10-member artificial community, Pseudomonas acted as a detrimental
member of the community through the production of proteins responsible for the synthesis of
antibiotics, toxins, and siderophores. In response to unfavorable conditions, other members
maintained relatively high abundances by adapting or becoming dormant. Moving forward, these
findings will be leveraged to predict the behavior of more complex systems.

Oak Ridge National Laboratory is managed by UT-Battelle, LLC for the U.S. Department of
Energy under contract no. DE-AC05-000R22725. The Plant-Microbe Interfaces Scientific
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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 the complex Populus host and microbial interactions, we developed a
synthetic community system that employs subsets of bacteria isolated from Populus. Selection of
bacterial communities is controlled by multiple interacting factors including environment, host
genetics, and bacterial genetics. To explore some of these factors, we constructed two types of
synthetic communities, (1) a highly diverse 150-member community to examine the interaction
of host genetics and environment, and (2) two communities (Variovorax and Rhizobium) of
closely related bacterial strains to examine how bacterial genetics determine colonization of host
organ specificity. These communities were used to inoculate double autoclaved soil containing
host plants. For the 150-community we used Populus trichocarpa, Populus tremula x alba, and
Arabidopsis thaliana, to test the effect of host species and exposed them to three environmental
perturbations (control ambient temperature, warming, and cold). We used 16S rRNA sequencing
to determine which strains colonized the hosts and how the environment affects community
structure. We found strong selection of the bacterial community based on host genus (Populus
and Arabidopsis, 28.4%), host species (10.8%), and environmental perturbations (8.9%).
Arabidopsis samples were mainly colonized by a Pantoea species, while in Populus a
Rhodanobacter and a Mycobacterium species were the main constituents of the community. To
examine what genetic traits lead to colonization on the bacterial side, we inoculated Populus
trichocarpa and Populus deltoides plants with a community of Rhizobium strains and Variovorax
strains. We used metagenomic sequencing to determine which strains colonized either the



rhizosphere (region around the roots) or the endosphere (interior region of the roots). We then
used a comparative genomics approach to determine what genetic traits could lead to
colonization of a specific compartment. We found 4 strains of Variovorax (out of 28), 32 strains
of Rhizobium (out of 82) enriched in the endosphere, 9 strains of Variovorax, and 32 strains of
Rhizobium enriched in the rhizosphere. In general genes involved in fatty acid biosynthesis, lipid
transport and metabolism, and amino acid transport were enriched in the rhizosphere regardless
of bacterial species. These experiments show the utility of synthetic communities to answer
questions on multiple environmental scales.

Oak Ridge National Laboratory is managed by UT-Battelle, LLC for the U.S. Department of
Energy under contract no. DE-AC05-000R22725. The Plant-Microbe Interfaces Scientific
Focus Area is sponsored by the Genomic Science Program, U.S Department of Energy, Olffice of
Science, Biological and Environmental Research under FWP ERKP730.
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Project Goals: The goal of the Plant-Microbe Interfaces (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.

Soil-borne microbes/fungi can establish mutualistic relationships with host plants, providing a
large variety of nutritive and protective compounds in exchange for photosynthesized sugars.
However, the molecular signals mediating the establishment of these beneficial relationships
remain unclear. Our previous genetic mapping and whole-genome resequencing studies
identified a gene deletion event of a lectin receptor-like kinase gene PtLecRLK I in Populus that
was associated with poor root colonization by the ectomycorrhizal fungus Laccaria bicolor. By
introducing PtLecRLK] into a perennial grass known to be a non-host of L. bicolor, switchgrass
(Panicum virgatum L.), we found that the L. bicolor colonizes the PtLecRLK transgenic
switchgrass roots, which illustrates that introduction of PtLecRLK1 has the potential to convert a
non-host to a host of L. bicolor. Further transcriptomic and proteomic analyses on inoculated
transgenic switchgrass root samples revealed genes/proteins overrepresented in the mutualistic
interaction and underrepresented in the pathogenic defense pathway, consistent with the view
that pathogenic defense response is downregulated during mutualistic interaction. Metabolomic
profiling revealed that root colonization in the transgenic switchgrass was associated with an
increase in N-containing metabolites and a decrease in organic acids, sugars, and phenolics,
including hydroxycinnamate conjugates, which are often seen in the early steps of establishing
mutualistic interactions in compatible partners. This work illustrates that PtLecRLK] is able to
render a plant susceptible to colonization by the ectomycorrhizal fungus L. bicolor and sheds



light on engineering mycorrhizal symbiosis into a non-host to enhance plant productivity and
fitness on marginal lands.

Oak Ridge National Laboratory is managed by UT-Battelle, LLC for the U.S. Department of
Energy under contract no. DE-AC05-000R22725. The Plant-Microbe Interfaces Scientific
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Science, Biological and Environmental Research under FWP ERKP730.
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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.

Horizontal Gene Transfer (HGT) is one of the main drivers of prokaryotic evolution. HGT is
particularly common in the rhizosphere, due to the abundance and diversity of microbes and
niches. Plants and microbes are continuously engaged in an evolutionary arms race. While the
slower-growing plants benefit from nurturing useful microbes and deterring antagonistic ones,
shorter microbial generation times provide an opportunity for microbes to evade host controls.
Horizontal transfer of pathways that regulate plant-microbe interactions are one of the fastest
evolutionary paths. However, many details about the ecological and evolutionary impact of this
transfer remain unclear. In this study, we assess the breadth, rates, and consequences of HGT in a
synthetic soil bacterial community of low complexity, both in vitro and in situ using Populus
trichocarpa as a model host.

In a first set of experiments, we tracked the abundance and association of a conjugative plasmid in
a constructed bacterial community in vitro, using the Hi-C technique to crosslink plasmid DNA to
the genome of its bacterial host. When employing capture probes that enrich for genome/plasmid
interactions, preliminary data suggest that the target plasmids can be tracked even when harbored
only transiently and by a very low percentage of the total microbial population (<0.01%). Analysis
of plasmid association time courses will elucidate the dynamics and network effects of its transfer.
By varying the constituents of the microbial community, the environmental conditions, and the
identity of the plasmids being tracked, we hope to increase our understanding of the mechanics
and impact of this process in nature.

In a second approach, we seek to investigate the consequences of successful HGT events in the
rhizosphere. Plants such as Populus are hypothesized to exude salicin and related compounds to



modulate its microbiome. Several Pseudomonas spp. isolated from Populus roots were engineered
to obtain energy and carbon from salicyl alcohol, a degradation product of salicin. To determine
how the acquisition of such a pathway could alter a strain’s niche and/or behavior, both engineered
and wild-type Pseudomonas strains were labeled with DNA barcodes and inoculated onto
otherwise sterile plant roots. DNA barcode sequencing was very sensitive, even for rhizosphere
samples, and so localization and abundance of the barcoded strains could be tracked with high
spatial resolution. These and future experiments with different substrate pathways will provide
insights into the evolutionary and ecological consequences of gene acquisitions by HGT on plant
roots.

Combining our two approaches, we aim to determine the holistic effects of MGEs in complex,
diverse environments, and investigate microbial evolutionary responses to mechanisms by which
plants shape the rhizosphere microbiome.

Oak Ridge National Laboratory is managed by UT-Battelle, LLC for the U.S. Department of
Energy under contract no. DE-AC05-000R22725. The Plant-Microbe Interfaces Scientific
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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.

Our understanding of the plant microbiome is clouded by the fact that the majority of studies on
the plant microbiome represent “snapshots”, as they present data from a single time point. It is
well known, however, that microbiomes are temporally-dynamic resulting from external forcing
factors and intra-community interactions. Hence, a predictive understanding of the relationship
between the plant and its microbiome, and the ways these events manifest themselves on the length
and time scales of natural systems, is a challenge that requires long-term fundamental research.
Using amplicon and metagenomic sequencing of the plant microbiome in combination with
ecological assembly and source tracking models, we work to characterize alterations in the
Populus microbiome in three projects. Studying temporal changes in the microbiome of a long-
lived plant species, such as Populus, can give us unique insights into the ecological processes
shaping microbiomes when compared to annual plant species (e.g., Arabidopsis, Maize, etc.) that
often serve as models.

The first project leverages a multi-year common garden experiment planted with 10 genotypes of
P. deltoides and P. trichocarpa with varying degrees of disease resistance. Over the course of a
year after planting in the spring of 2017, we collected soils, roots, and leaves from these genotypes
to assess microbial community assembly patterns and processes. We found that the initial assembly
of the Populus microbiome is time-, genotype-, and habitat-dependent, and is moderated by both
selective and stochastic factors. We hypothesize that the initial assembly of the plant microbiome
may establish the trajectory for forthcoming microbiome states (via priority effects) and could



determine the overall future health of the plant. We have continued to collect and analyze samples
from this site, now in its 4™ year, to address this hypothesis and determine intra- and inter-annual
changes in the Populus microbiome and how they vary with the health of the plant.

The second project further characterizes the initial Populus microbiome assembly as moderated
by an ecologically significant disturbance—wildfire. For this project we took advantage of a high-
intensity prescribed fire in Central Utah and collected soils, roots, and leaves of < 1 y old
regenerating P. tremuloides saplings in control, moderate, and severely burned areas. We found
that fire severity influences the relative dominance of microbial inoculum and the vertical
inheritance of the sapling microbiome from the parent tree resulting in changes to the leaf
microbiome, notably a three-fold increase in fungal pathogens with increasing severity. Overall,
this work demonstrates, for the first time to our knowledge, that fire impacts the plant microbiome,
outside of the bulk soil and rhizosphere and highlights potential for further research towards
increasing plant fitness and ecosystem recovery after fire events.

The third project extends the temporal scale of our previous work to the lifespan of a tree. To
accomplish this, we are taking advantage of the availability of large (10s to 100s ha) clonal stands
of P. tremuloides in the intermountain west, including the grove nicknamed “Pando”, which is one
of the largest organisms on earth. By using these clonal stands, we will be able to isolate the effects
of tree (ramet) age, from the soil and genotypic factors that we know from previous work also
exert large controls on microbiome composition. In the initial year of study, we characterized the
age, genotype, and soils of >200 trees in multiple clonal stands, and our first microbiome sampling
campaign is planned for summer 2021.

Integrating these three projects we work to understand the temporal changes in the Populus
microbiome from seasons to centuries (Figure 1).

Figure 1: Temporal scales of the Populus microbiome.
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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.

Endophytic fungi have a strong influence on ecosystems by benefiting the health and survival of
their host plants against biological and non-biological stresses. Fungal endophytes are
polyphyletic and hyperdiverse, yet their common adaptations that enable an endophytic lifestyle
are largely unknown. We sequenced genomes of over 40 fungal taxa representing 17 unique
lineages of endophytes associated with Populus. We compared the 17 endophyte lineages with
their closest-related free-living saprobe species to identify common genomic features associated
with endophytic symbiosis lifestyle. Among the genomic features we compared, endophytic fungi
were observed to consistently have significantly greater genome size and gene count than their
sibling taxa, including more CAZymes and more small secreted proteins. To correct bias from the
phylogenetic structure, we used phylogenetic linear regression models and phylogenetically
independent contrasts to compare genome evolution of each lineage with its nearest non-symbiotic
relative. Results of multiple phylogenetically-corrected analyses suggest several mechanisms by
which fungi have adapted to an endophytic lifestyle. Most fungal endophytes generally have
slower growth rates, lower competitive ability (as free-living fungi), while still maintaining a
certain amount of saprobic ability as well as ability to communicate with their plant host. To further
differentiate the exact genes contributing to endophytic lifestyle, we used an AIC model selection
to identify a core set of genes discriminating endophytes from their closely-related saprobes. Six
CAZymes, CE12, CBM67, GH39, CBM32, CBM38, GH1, were consistently identified as key
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genes regardless of phylogenetic correction method used. These genes are likely to be the core
genes that enable the endophytic lifestyle, and further investigations in other plant systems is
required to verify their universality.
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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 deeper understanding of complex biological systems demands spatial and temporal profiling of
the chemical signals and metabolites that drive organization and function. Conventional chemical
imaging technologies often rely on destructive techniques for sampling, preventing ongoing
tracking of biological systems over time. The ability to observe chemical processes in situ—
chemotaxis or signaling, for example—using nondestructive chemical imaging offers a new
direction to understand the dynamics of developing biological systems. Therefore, we propose a
promising pathway for non-destructively imaging chemical information within the
microenvironment of complex living systems through space and time. A microfluidic device
featuring a microchannel design, microporous membrane and a supporting gasket presents a viable
tool for online chemical imaging of a biological setup. As part of the Plant-Microbe Interface
project, we are interested in studying chemical interactions between Populus and its associated
root microbiome. Currently, we are mapping the distribution, growth and motility of select
microbes as well as growing Populus trichocarpa cuttings in our unique membrane-based
microfluidic platforms. Our ultimate goal is to trace microbial distribution along the root and
correlate this with the chemical environment in order to better understand the impact of the
microbiome on plant growth promotion, nutrient uptake and stress tolerance.
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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.

Plants, including woody species, live in a microbe-rich environment under natural conditions,
and interact with a diverse range of microbes. The outcome of plant-microbe interactions spans
the full spectrum from beneficial to pathogenic. With a focus on Populus — an ecologically and
industrially important tree species whose genome encodes hundreds of small proteins with
unknown functions (Yang et al., 2011), we characterized plant proteins involved in interactions
with beneficial and pathogenic microbes, respectively, with the goal of pushing the outcomes
toward enhanced beneficial impact on the plant host. One aspect of our project focuses on
examining the role of P. trichocarpa small secreted proteins (PtSSPs) in mutualistic symbiosis.
By screening of 417 putative PtSSP-encoding genes that have been shown to be responsive to the
mutualistic fungal symbiont Laccaria bicolor (Plett et al., 2017), we identified a total of 14
PtSSPs with DNA-binding ability. Focusing on two of the 14 PtSSPs, we performed yeast two
hybrid (Y2H) experiments to identify their protein targets in L. bicolor. Meanwhile, we
performed Agrobacterium rhizogenes mediated hairy root transformation and Agrobacterium
tumefaciens mediated stable transformation, respectively, to overexpress individual PtSSP
encoding genes fused to variants of the green fluorescent protein (GFP) gene in the hybrid poplar
clone INRA 717-1B4 (P. tremula x P. alba). We are currently screening for transgenic poplar
events and/or poplar roots showing high GFP expression to set up plant- L. bicolor co-culture
experiments to examine the secretion and movement of the PtSSPs.



In addition, extensive transcriptome changes are often observed in response to inoculation with
fungi and bacteria, and efficient manipulation of plant-microbe interactions likely requires the
ability to modify the expression of multiple plant genes simultaneously. Therefore, another focus
of our project is to develop a multiplex gene regulation system by employing CRISPR activation
(CRISPRa), CRISPR interference (CRISPR1), RNA interference (RNA1), and their combinations.
Using P. deltoides WV 94 — a species naturally resistant to the invasive fungal pathogen
Sphaerulina musiva, we are testing the efficiency of CRISPRa by targeting the orthologs of the
G-type lectin receptor-like protein kinase encoding gene Potri.005G018000, which confers
susceptibility to S. musiva (Muchero et al., 2018). We are also developing a protoplast-based
system to facilitate the screening of efficient single guide RNAs (sgRNAs) and their
combinations.

1. Yang X, Tschaplinski TJ, Hurst GB, Jawdy S, Abraham PE, Lankford PK, et al. (2011).
Discovery and annotation of small proteins using genomics, proteomics, and
computational approaches. Genome Research, 21(4), 634-641.

2. Plett JM, Yin H, Mewalal R, Hu R, Li T, Ranjan P, et al. (2017). Populus trichocarpa
encodes small, effector-like secreted proteins that are highly induced during mutualistic
symbiosis. Scientific Reports, 7(1), 1-13.

3. Muchero W, Sondreli KL, Chen JG, Urbanowicz BR, Zhang J, Singan V, et al. (2018).
Association mapping, transcriptomics, and transient expression identify candidate genes
mediating plant—pathogen interactions in a tree. Proceedings of the National Academy of
Sciences, 115(45), 11573-11578.
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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.

'Omics data provide insights into specific aspects of an organism or population, while combining
multi-omics data enables the holistic study of complex biological systems including plant-
microbe symbioses. Here we use a multi-omics approach to identify genes that affect the
relationship between host (Populus trichocarpa) and microbial taxa from the host microbiome.
Samples of xylem tissue were taken from a P. trichocarpa GW AS population, arrayed in
common gardens. First, RNA-Seq was performed on the samples. Then, reads that did not map
to P. trichocarpa reference (V.3.0) were classified using Parakraken against all publicly
available genomes. Reads that were classified as genera in the PMI culture collection and host
genes that were significantly associated to these genera via a genome wide association study
were selected for further investigation. We used a multi-omics approach, building eight gene-
gene networks from experimental datasets and publicly available networks. Each network
models a different type of biological relationship between genes or gene-products and forms a
single layer in a multiplex network. We then used a Random Walk with Restart Lines of
Evidence algorithm (RWR-LOE) to explore the multiplex network, starting from the set of genes
of interest. In the RWR-LOE approach, we use the principle of network-topology-based-
association to identify genes that fall below the initial significance threshold, but are nonetheless
associated with the genes-of-interest. We then used a series of Monte Carlo simulations to
identify the subset of genes from the initial genes of interest that are highly functionally related.
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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.

Lipochitooligosaccharides (LCOs) are signaling molecules with various moieties that were
thought to be uniquely produced by symbiont microbes (rhizobia bacteria and mycorrhizal fungi)
to communicate and colonize their hosts (Liang et al., 2014). A paradigm shift in this
understanding was recently initiated with the discovery that LCOs are produced across the whole
Fungi kingdom and are responsible for several changes in fungal growth patterns (Rush et al.,
2020). However, the alternate roles of LCOs and how fungi perceive them remain largely
unknown. Focusing on the Populus ectomycorrhizal associate Laccaria bicolor and the soilborne
and opportunistic human fungal pathogen, Aspergillus fumigatus, as pilot fungal systems, we use
a known mechanism of LCO recognition in plants to identify similarities in LysM domain
receptors. We apply a computational workflow of extensive molecular dynamics simulations and
machine-learning methods for binding affinity prediction of LysM-LCO complexes to investigate
the molecular basis of the specificity towards different LCO molecules. Candidate binding sites
were identified based on common structural features assembled for the optimum binding of the
hydrophobic acyl chain and the carbohydrate moieties (and substituents) that constitute the LCOs.
In addition, we provide a bioinformatic network map to highlight the commonality of LysM
receptors across multiple kingdoms. The selected LysM candidates are being validated by genetic
editing of mutants deficient in those LysM receptors. This pioneering work contributes to the
understanding of the cross-talk and their signals between microbes, their host, and how this
structures communities.
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Project Goals: The Bio-Scales Pilot Project focuses on understanding how genes influence traits
and ecosystem-level processes. Initial efforts examine specific combinations of host and
microbial traits that influence nitrogen transformation patterns and fluxes across the coupled
plant-soil-microbial system and consists of two objectives. In our first objective, we will sample
a subset of Populus genotypes with differential phenotypes related to N transformation and
biomass production, sequence their associated microbiomes (in collaboration with the Joint
Genome Institute), and collect environmental metadata. Our second objective is to prepare data
and metadata for integration and analysis using the National Microbiome Data Collaborative and
other tools and approaches (e.g., GWAS, network analysis) to predict how plant traits influence
soil microbiome functions and how together the plant and the microbiome modify ecosystem
processes.

The new Bio-Scales pilot project aimsto rapidly determine gene functions and traits and how
they scale to influence ecosystem-level processes. Our current work hypothesizes

that specific combinations of host and microbial traits influence rhizosphere elemental cycling
patterns and fluxes across the coupled plant-soil-microbial system, and that these transformations
will have important ramifications for nutrient cycling and availability with the rhizosphere.

Key plant chemical traits that influence the plant microbiome, rhizosphere biogeochemical
processes, and subsequent rhizophere nitrogen cycling are being examined. Using Populus as a
model host system, we are assessing key plant genotypic traits known to influence nitrifying and
denitrifying microbial activity across a genome-wide association mapping study population. The
three plant chemotypic traitsinitially targeted involve production of apha-linolenic acid, para-
coumeric acid and ferulic acid, that are hypothesized to influence rhizospheric microbial
communities and activities leading to altered N cycle transformations. Target plant genotypes
with high and low expression levels for these secondary metabolites, as well as rhizosphere and
bulk soils, were collected in Oregon in the fall of 2020. Metagenomic analyses of soil and root
microbiomes, plant transcriptomics, and metabolomics datasets are being generated in
collaboration with the Joint Genome Institute (JGI) to be integrated together with soil
environmental metadata and used to identify the effects of these host-microbiome-environment
relationships. The resulting data and metadata in our study will be produced in collaboration with
the National Microbiome Data Collaborative (NMDC) to generate a highly

integrated microbiome data set with rich and validated metadata. This high-dimensional

dataset will formalize how to collect and curate field microbiome data related to nutrient cycling;
provide a data set from which to build predictive models of gene function within a plant
microbiome; and illustrate the Bio-Scal es concept of determining how gene functions scales
across biological systems and influences broader ecosystem properties and processes.
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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 number of plant-associated proteobacteria, including members of the Populus microbiome, have
LuxR-family transcription factors that we refer to as PipR subfamily members. PipR proteins play
roles in interactions between bacteria and their plant hosts, and some are important for bacterial
virulence of plants. We identified an ethanolamine derivative, N-(2-hydroxyethyl)-2-(2-
hydroxyethylamino) acetamide (HEHEAA), as a potent effector of PipR-mediated gene regulation
in the plant endophyte Pseudomonas GM79. HEHEA A-dependent PipR activity requires an ATP-
binding cassette-type active transport system, and the periplasmic substrate-binding protein (SBP)
of that system binds HEHEAA. To begin to understand the molecular basis of PipR system
responses to plant factors, we crystallized a HEHEAA-responsive SBP in the free- and HEHEAA -
bound forms. The SBP, which is similar to peptide-binding SBPs, was in a closed conformation.
A narrow cavity at the interface of its two lobes is wide enough to bind HEHEAA, but cannot
accommodate peptides with side chains. The polar atoms of HEHEAA are recognized by
hydrogen-bonding interactions, and additional SBP residues contribute to the binding site. This
binding mode was confirmed by a structure-based mutational analysis. We also show that a closely
related SBP from the plant pathogen Pseudomonas syringae pv tomato DC3000 does not recognize



HEHEAA. However, a single amino acid substitution in the presumed effector-binding pocket of
the P. syringae SBP converted it to an HEHEA A-binding protein. The P. syringae PipR depends
on a plant effector for activity and our findings imply that different PipR-associated SBPs bind
different effectors.
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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.

Bacterial members within microbial communities that associate with the Populus rhizosphere
adapt to their environmental conditions not only by modulating the abundance of the proteins they
produce, but also by regulating the functions of these molecules. Post-translational modifications
(PTMs) of proteins are one of the most important, yet understudied mechanisms that microbes use
to rapidly activate, alter or suppress protein functions. Optimized bioinformatic pipelines for
metaproteomics exploiting de novo peptide sequencing now allow researchers to broadly
characterize PTMs in proteins extracted from bacterial isolates and communities. Here, we used
this metaproteomics capability to interrogate the PTM landscape from a simplified artificial
community consisting of ten predominant bacterial members in Populus deltoides rhizosphere co-
cultured in complex and minimal glucose media.! The advantage of this synthetic community is
its low complexity, high controllability, and reproducibility in a laboratory setting from which
molecular insights that are closely representative of how bacteria behave in their natural
environments can be obtained.

Briefly, equal volumes of Bacillus sp. Bcl5, Caulobacter sp. AP07, Duganella sp. CF402,
Pantoea sp. YR343, Paraburkholderia sp. BT03, Pseudomonas sp. GM17, Rhizobium sp. CF142,
Sphingobium sp. AP49, Streptomyces sp. YR139, and Variovorax sp. CF313 with the same
normalized cell densities were mixed in either a complex medium or minimal medium
supplemented with 0.2% glucose, harvested after 48-hrs, then transferred into fresh media by



diluting 1:10 for a total of 15 passages in biological triplicates. From these 15 passages, a
metaproteomics workflow was applied to study PTMs.

Our results showed that approximately 18% of proteins identified for all organisms at both rich
and minimal media conditions had PTMs with biological significance. The most frequently
occurring types of PTMs were methylations, dehydrations, and oxidations/hydroxylations. Such
modifications were part of proteins impacting prominent cellular processes, including translation,
ribosomal structure and biogenesis, energy production and conversion, protein turnover and
chaperon functions, as well as amino acid metabolism and transport. Protein-centric analyses
highlighted two types of PTM regulation: static modifications that are essential for proper protein
function; and dynamic, reversible modifications that alter the functional or structural state of
proteins. Two representative examples of these types of PTM-based regulations were a static 3-
methylthiolation modification localized on a universally conserved aspartic acid residue in
bacterial ribosomal proteins S12; and a dynamic lysine methylation only present in the sequences
of elongation factor thermo unstable proteins for some bacterial members being impacted by
nutrient depravation.

Overall, this study demonstrates that high-resolution mass spectrometry not only affords the ability
to broadly characterize PTMs in a biological system, but that it also provides a level of sensitivity
capable of revealing regulatory mechanisms influencing the activity of single 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.

Microbial communities colonize throughout plant tissues and contribute to host function. How
these communities form and how individual members contribute to shaping the community
structure are not well understood. Synthetic microbial communities composed of well-studied
individual isolates can be valuable model systems for elucidating the organizational principles of
communities. Using genome-defined strains, systematic analysis by computational modeling can
lead to mechanistic insights and metabolic interactions among species. In this study, 10 bacterial
strains isolated from the Populus deltoides rhizosphere were co-cultured and passaged in two
different media environments to form stable microbial communities. The membership and relative
abundances of the individual strains in the resultant community stabilized after around 5 passages
and resulted in only a few dominant strains that depended on the medium. To unravel the
underlying metabolic interactions within the community, flux balance analysis was used to model
microbial growth and predict metabolic interaction involved in organizing the microbial
communities. These analyses were complemented by measuring growth curves of the individual
strains, performing metaproteomics of the community and carrying out pairwise interaction
screens between species. A fast growth rate can be advantageous for maintaining survival in the
microbial community, and the final presence of a member also depends on selective antagonistic
relationships and metabolic exchanges within the community. Revealing the mechanisms of
interaction among plant-associated microorganisms provides insights into strategies for
engineering microbial communities that can potentially increase plant growth and disease



resistance. Deciphering the membership and metabolic potentials of microbial communities will
also enable the design of synthetic consortia with desired biological functions.
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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.

Understanding the interactions among plants and bacteria within the rhizosphere and the role of
the chemical environment in shaping these interactions is a central component of the PMI SFA.
The ability to visualize and manipulate these interactions in real-time is an invaluable tool in
developing our understanding of the mechanisms that regulate these interactions. While prior work
has focused on endpoint analysis or imaging individual plants in real time at high resolution using
confocal microscopy, we need to develop tools for high throughput, non-destructive imaging of
plant-microbe interactions in real time. Here, we describe current efforts to develop such strategies
using plants grown in Petri dishes with agar and imaging using a Cytation 5 high content imaging
system. With this system, we are optimizing protocols that allow us to assess root colonization by
microbes starting with a well-studied isolate, Panfoea YR343 labeled with GFP. We are
developing these tools as a means of studying the chemical environment of the rhizosphere in the
context of a microbial community. These microbial communities are made up of diverse bacterial
species that exhibit a variety of sensory capabilities that allow them to respond in different ways
to the chemical environment of the rhizosphere. In order to better understand how bacteria respond
to the chemical environment of the rhizosphere, we utilized a proteomics approach that resulted in
the identification of many different proteins that are upregulated in Pantoea YR343 in the presence
of a plant. Currently, we are applying high-throughput imaging approaches, combined with genetic
tools to develop a robust platform for analyzing the role of select proteins in plant-microbe
interactions in the context of the rhizosphere and its local chemical environment.
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Project goals: The overarching goal of this project is to identify fungal inhibitors from drought-
stressed switchgrass using extraction techniques and use this information to develop strategies
to overcome biomass variability and ensure consistent biofuel generation.

Development of economically viable and greener pathways to synthesize renewable energy has
been an important research theme in recent years. Lignocellulosic biomass is a major resource
that can be used for biofuel production. Recent research has showed that biomass characteristics
are altered by environmental growth conditions, and directly influence the extent of biomass
conversion to fuels. Previously it was reported that drought experienced during the growth of
switchgrass led to complete inhibition of yeast growth during fermentation 11, In this project, we
characterized specific compounds that led to this inhibition. Switchgrass harvested in drought
and non-drought years were pretreated using Ammonia Fiber expansion (AFEX). Untreated and
AFEX processed samples were extracted using solvents (i.e. water, ethanol, and ethyl acetate) to
selectively remove potential inhibitory compounds and determine whether pretreatment affects
the inhibition. A key goal of the project was to determine whether the microbial-inhibitors are
plant-generated compounds, by-products of the pretreatment process, or a combination of both.
High solids loading enzymatic hydrolysis was performed on all samples followed by fermentation
using genetically modified, xylose consuming yeast strain Saccharomyces cerevisiae Y330. Cell
growth (ODsoo), sugar consumption, and ethanol production were used to evaluate fermentation
performance. Extracts were analyzed using liquid chromatography-mass spectrometry (LC-MS)
to identify potential inhibitory compounds.

This material is based upon work supported by the Great Lakes Bioenergy Research Center, U.S.
Department of Energy, Office of Science, Office of Biological and Environmental Research under Award
Number DE-SC0018409
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Project Goals: Enable rational engineering of the promising biofuel producer Zymomonas
mobilis by establishing CRISPR interference (CRISPRi) for gene function discovery in this
non-model organism.

The Alphaproteobacterium Zymomonas mobilis is a promising biofuel producer due to its
streamlined glycolytic conversion of sugar to ethanol. However, rational engineering of Z. mobilis
for production of advanced biofuels, such as isobutanol, is hindered by an incomplete
understanding of Z. mobilis gene functions, particularly those involved in metabolism and alcohol
stress. Furthermore, essential genes are linked to many of the industrially desirable attributes of Z.
mobilis, requiring the use of advanced genetic techniques to preserve cell viability upon
manipulation of such genes. CRISPR interference (CRISPRi) is a method which allows for
assessment of all genes, including essential genes. In CRISPRi, precise gene knockdown is
achieved by a programmable guide RNA complexed with a catalytically inactive Cas9 protein to
block transcription of a complementary DNA target. CRISPRIi is both inducible and titratable,
enabling assessment of essential genes via temporal regulation and precise control over
knockdown strength to reveal phenotypes while maintaining viability. Here, we report a high-
efficacy Z. mobilis CRISPR1 system and demonstrate its utility through knockdown of genes that
are essential for growth, required for the uniquely efficient ethanologenic metabolism of Z.
mobilis, or involved in isobutanol tolerance. Our Z. mobilis CRISPRi system paves a
straightforward path to gene function discovery which can be used to improve rational engineering
efforts for increased biofuel production by this non-model organism.
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Project goals: Engineering bioenergy crops with increased accumulation of an easily

fermentable cell wall polysaccharide MLG, without affecting plant growth.

Biomass represents a significant energy resource and as such, it is important to improve the
efficiency of its conversion to fuel by altering its chemical makeup. Mixed-linkage glucan
(MLG), which is widely distributed in grasses, is an easily fermentable cell wall polysaccharide
and ideal compound for the production of biofuels. Previous studies have shown that transgenic
plants overexpressing MLG synthases accumulate more MLG but with detrimental growth
defects and reduced biomass yields. In this study, we identify a gene encoding a lichenase we
have named Brachypodium distachyon LICHENASE 1 (BALCH1), which is highly expressed in
the endosperm of germinating seeds and elongating internodes. RNA in situ hybridization
showed that it is also expressed in chlorenchyma cells of mature leaves and stems. /chl mutants
generated using CRISPR-Cas 9 technology accumulated more MLG in the vegetative tissues
examined and did not show significant growth defects. Compared with wild-type plants,
disruption of BALCH 1 resulted in an 8-fold increase in MLG content in senesced leaves.
Immunolabeling with MLG monoclonal antibody showed that MLG in parenchyma cells of
mature leaves and stems was not removed as was the case in wild-type plants. MLG stability
during development was improved in /chl mutants.

Transcription of BALCHI was induced by darkness in both wild-type and /ch/ mutants. While
MLG content in wild-type plants decreased significantly after dark-incubation, Ichl plants
contained a similar amount of MLG as those grown under a regular light/dark cycle. Dark-
incubated 8-week-old /chl plants also had a faster rate of starch breakdown than that in wild-
type plants. Disruption of BALCHI not only changed MLG accumulation but also altered starch
degradation in darkness. These results indicate that engineering bioenergy crops by modifying

the expression of lichenases is a promising strategy for biofuel production.

This material is based upon work supported by the Great Lakes Bioenergy Research Center, U.S.
Department of Energy, Office of Science, Office of Biological and Environmental Research
under Award Number DE-SC0018409.
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Project Goals: We aim to establish which subcellular compartment in S. cerevisiae the
isobutanol pathway should be localized to in order to produce isobutanol at high yields.

Isobutanol, a branched-chain higher alcohol, is considered a promising alternative biofuel to
ethanol. As the dominant bioethanol producer, Saccharomyces cerevisiae has a demonstrated
high alcohol tolerance and thus is considered a suitable host for isobutanol production. Our
overarching goal is to redirect S. cerevisiae’s native metabolism from ethanol to isobutanol
production. Efforts in eliminating ethanol production have proven challenging because ethanol
synthesis plays an essential role in recycling reducing equivalents necessary for glycolysis and
cell growth!. In order for us to establish isobutanol as the predominant NADH-oxidizing
pathway in yeast, we need to substantially increase S. cerevisiae’s ability to turnover this
essential cofactor via isobutanol fermentation. A number of different metabolic engineering
techniques have been implemented to balance this requirement and thus increase isobutanol flux.
One strategy entails localizing the five enzymatic steps involved in isobutanol biosynthesis into a
single compartment: either the mitochondria or the cytosol. However, there is debate as to what
subcellular compartment is optimal for maintaining flux through the pathway. In previous
reports, the mitochondrial localized isobutanol pathway outperformes the cytosolic version, but
the cytosolic version is likely to be more robust under industrially relevant anaerobic conditions
where the mitochondria enter a minimal energy-requirement mode. Thus, we seek to understand
what barriers in the cytosolic strain can be addressed in order for us to develop a platfrom
isobutanol producing S. cerevisiae strain.

In our work, we have equipped yeast with either the cytosolic or mitochondrial localized
isobutanol pathway and performed a multiomics analysis to elucidate why the mitochondrial
compartmentalization strategy favors isobutanol production. During the course of the
fermentation, we collected samples for metabolomics, proteomics, and transcriptomics analyses
at early-exponential, mid-exponential, and early-stationary phase. In agreement with previous
reports, the metabolite data showed that the strain harboring the mitochondrial-localized
isobutanol pathway outperformed the cytosolic version by 5.5-fold and produced 2.32 mM
isobutanol after the 48-hr fermentation. An increase in the upstream isobutanol metabolite levels
in the strain with the cytosolic localized pathway suggests that the difference in titer is due to a
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bottleneck at the third enzyme in the pathway, dihydroxy-acid dehydratase (DHAD). DHAD
requires a [4Fe-4S] cluster which is synthesized by both mitochondrial ISC (iron-sulfur cluster)
and cytosolic CIA (cytosolic iron-sulfur cluster assembly) proteins. Thus, we hypothesized that
the DHAD activity was impaired when expressed in the cytosol due to this complex, cross-
compartmental assembly. Furthermore, the protein and transcript data of the strain showed
increased ISC/CIA activity and altered sulfur metabolism; functional enrichment analysis
showed proteins involved with cysteine biosynthesis/homocysteine degradation, siroheme
biosynthesis, and sulfate assimilation were positively enriched compared to the strain with the
mitochondrial localized isobutanol pathway. Taken together, we hypothesize that in the strain
with the cytosolically localized isobutanol pathway, DHAD activity is impaired because the CIA
machinery insufficiently makes, targets, and/or loads the Fe-S cluster into the cytosolically
localized DHAD resulting in non-functional protein. Since the cytosolic strain is likely to be
more robust in industrial conditions, our current objective is to address this observed DHAD
bottleneck. The knowledge gained from this multiomics study will inform the design of the next
isobutanol producing strain.
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Project Goals: This project aims to use modeling and optimization methods to evaluate the
effect of pretreatment method and feedstock selection on the performance of an ethanol
biorefinery with carbon capture. Performance is evaluated using economic, environmental,
and energetic metrics.

Bioenergy with carbon capture and sequestration (BECCS) is a widely studied technology for
global warming mitigation. While industrial power plants that use coal or natural gas emit CO2
only in flue gas, ethanol biorefineries have multiple point sources of CO2 emissions: nearly pure
CO; from fermentation, biogas from anaerobic digestion, and flue gas from solid residue
combustion. The relative amounts of CO; emitted from each of these point sources depend on
what feedstocks and pretreatment methods are used. The solid residues and biogas are typically
burnt in biorefineries to meet their energy demand, and excess electricity is sold to the grid.
However, at high rates of carbon capture, electricity would have to be purchased, and thus the
biorefineries would no longer be energetically self-sufficient.

Industrial power plants have the advantage of economies of scale, but large biorefineries would
require transport of feedstocks from farther away, which increases both feedstock cost and
emissions. At these large distances, biomass can be transported a short distance to a processing
depot where it is densified into pellets prior to transportation to the biorefinery by either truck or
rail. This densification at depots decreases the transportation cost increase associated with
greater distances. Even with depots, there is significant variation in reported cost-optimal
biorefinery capacities, and even more variation for biorefineries with carbon capture. The supply
chain is also important for economic and energetic considerations, as emissions from growth,
harvesting, and transportation affect the greenhouse gas balance and energy consumption of the
entire system.

A superstructure-based optimization model is used that embeds all possible selections of
technologies, and solved for the lowest-cost solution. Sensitivity analyses are performed on
carbon sequestration credits, carbon capture rates, and biorefinery capacity to evaluate the
economic, energetic, and environmental performance of biorefineries using different
combinations of feedstocks and pretreatments.

Pretreatment methods and feedstocks that lead to high carbon emissions from fermentation and
anaerobic digestion have lower average carbon capture costs. Biorefineries with high biomass to
ethanol yields can capture high percentages of the carbon in the feedstock if energy is purchased,
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but less excess energy available from residue combustion limits carbon capture when energetic
self-sufficiency is required. Biorefineries with low energy requirements and that use feedstocks
with high energy content can capture the highest rates of carbon. At high capacities that use
processing depots and rail transportation, increasing capacity has minimal impact on the
greenhouse gas balance and energy consumption of the system. Depending on the specific
configuration of the biorefinery, capture from fermentation only or capture from fermentation
and biogas is required to achieve net-negative carbon emissions. In all cases studied, the energy
consumption of the supply chain and biorefinery does exceed the energy in the ethanol produced.

Funding statement: This research was supported by the Great Lakes Bioenergy Research
Center, U.S. Department of Energy, Office of Science, Office of Biological and Environmental
Research (BER), grant no. DE-SC0018409.
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Project Goals: Our goals are to elucidate how cellulosic material is degraded by gamma-
valerolacton assisted mild acidolysis and enzymatic hydrolysis with the engineered cellulase,
CelR. Overall, we aim to understand how to increase yields of usable sugars from the
degredation of different biomass sources.

Abstract text:

Biomass recalcitrance during deconstruction remains a key inhibitor to successful
implementation of affordable biomass processing technologies. A clear connection between the
cell wall structure and biomass deconstruction is necessary to understand how lignocellulosic
material is broken down, and to identify defining features of residual cellulose. In this work, we
have employed solid-state '3C cross-polarization magic angle spinning (CP/MAS) nuclear
magnetic resonance (NMR) spectroscopy to track domain changes in cellulose microfibrils
throughout various chemical and enzymatic hydrolysis treatments. This work builds on
previously demonstrated capabilities using NMR to predict enzymatic hydrolysis sugar yields of
pretreated cellulose,! and moves toward a molecular understanding of how cellulose is degraded
by GVL mild acidolysis. Raw biomass was pretreated in GVL-water co-solvents with mild
sulfuric acid concentrations at increasing temperatures and subsequently hydrolyzed with an
engineered cellulase. Residual solids from each step were characterized using 3C CP/MAS
NMR and spectra were fit with subpeaks corresponding to different cellulose microenvironments
at the C-4 carbon center. The changes of the C-4 carbon subpeaks were tracked throughout each
treatment to understand the physical changes occurring within different cellulose microfibril
domains. We show that the xylan-cellulose and inaccessible fibril surface resonances decrease
significantly upon hydrolysis with mild acidic GVL-water co-solvent pretreatment. Wide-angle
X-ray scattering (WAXS) results support increasing Segal Crystallinity and tighetening of the

lattice structure of residual cellulose samples with increasing GVL pretreatment. Enzymatic



hydrolysis leads to further depletion of inaccessible and paracrystalline peaks in NMR, but does
not degrade I crystalline regions. This behavior can be interpreted as an opening of bound
microfibril surfaces previously inaccessible to the solvent through GVL acidolysis and end-on
degradation of the residual cellulose by enzymatic hydrolysis. The cleaving of xylan-cellulose
linkages and opening of inaccessible fibril surfaces by acid co-solvent pretreatment primes the
cellulose for enzymatic attack. This technique can monitor the evolution of structural changes to
the cellulosic material and allows for comparison between different cellulose deconstruction
methods. It guides larger questions of recalcitrance - mainly the need to hydrolyse unreacted I
crystalline cellulose - and gives insight to needed improvement of subsequent deconstruction

methods based on residual solids structures.
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Project Goals: Using machine learning trained on data from a high-throughput growth
selection to design and characterize new DXS enzymes with enhanced activity for
improving the overall flux into the MEP pathway.

The MEP pathway synthesizes isoprenoids, which are valuable next generation biofuels and
bioproducts. The rate-limiting step of the pathway is the condensation of pyruvate and
glyceraldehyde 3-phosphate by 1-deoxy-D-xylulose-5-phosphate synthase (DXS). In this work we
engineered new DXS variants to increase flux into the MEP pathway. We designed, constructed,
and screened a large library of chimeric DXS enzymes. We used nanopore sequencing to map how
DXS sequence affects activity, and trained machine learning models to predict highly active DXS
variants. We designed, synthesized, and tested four new DXS variants and confirmed their ability
to complement Adxs E. coli strains. We also measured the designed enzymes activities in vitro and
found the best DXS design was comparable to that of the best parental DXS. We will utilize
insights from these experiments, combined with directed evolution, to further optimize the DXS
variants. Future work will include biochemical and kinetic characterization of the designed
enzymes, metabolomics to profile how they alter metabolite pools, and transferring the designed
enzymes to other bioenergy organisms such as Zymomonas mobilis.
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Project Goals: The goal of this research is to apply a data-driven approach to guide the
design of microbial communities that maximize production of target metabolites.

Microbes exist in complex communities in every environment on earth, leveraging their flexible
metabolic capabilities to perform a wide variety of chemical transformations. Anaerobic
fermentative communities perform many functions of interest with collective metabolism, but
complex natural communities have proven very difficult to explore due to increasing
dimensionality. Understanding the ecological dynamics of these communities has proven
challenging; even with the advent of advanced sequencing techniques that allow unprecedented
characterization of community composition, frameworks for understanding competition and
cooperation as they relate to metabolic flux are still relatively undeveloped.

To this end, the integration of machine learning into biological systems to help inform complex
and high-dimensional problems is an emerging technique with particularly useful applications in
microbiome and microbial community ecology research. Exploration of complex communities
using machine learning to build computational models that can handle high-dimensional
problems and predict target metabolic functions holds much promise for engineering productive
microbiomes in a wide variety of environments, and for a wide variety of production targets.
Medium chain fatty acids (MCFA's, fatty acid chains of length C6-C10) are high value
compounds used in industrial processes, including as fuels and specialty pharmaceutical
precursors. Currently, these compounds are produced or harvested from non-renewable or
unsustainable sources, such as petroleum products or palm oil, and therefore represent a
desirable target for sustainable production. Leveraging microbial community metabolism to
convert plant-based carbon to these valuable products has proven promising but remains a
complex problem as community size and dimensionality increases.

We seek a reduced-complexity synthetic consortium of anaerobic bacteria that optimizes the
conversion of carbon from lignocellulosic stillage waste into high-value MCFA products. We
propose a design-test-learn approach that leverages principles from reinforcement learning to
seek optimal experiments that systematically explore and exploit microbial community
functions. This iterative approach involves collecting data, building computational models from
the data that predict target production, generating rational hypotheses to narrow future
experimental spaces, and testing these hypotheses by collecting more data. The modelling
approaches employed here include the generalized Lotka-Volterra model, which predicts
community dynamics based on monospecies growth parameters and pairwise interactions, and an
ensemble of machine learning methods including linear regression, Gaussian processes, random
forest regression, and feed-forward neural networks. These models provide an ensemble of
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predictions that serve as features for a final Bayesian linear regression model that provides
probabilistic estimates of MCFA production. Previously untested microbial communities that are
predicted to maximize MCFA production become candidates for future experiments.

This material is based upon work supported by the Great Lakes Bioenergy Research Center, U.S.
Department of Energy, Office of Science, Olffice of Biological and Environmental Research
under Award Number DE-SC0018409.
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Project Goals: Evaluation of the environmental performance in bioenergy cropping
systems is an important part for sustainable bioenergy production. The goal of this project
is to examine the contribution of decomposing switchgrass roots to nitroux oxide (N20)
emission. We aimed to track the fate of switchgrass-driven nitrogen (N) in the microbial
biomass, soil (organic and inorganic N), and atmosphere (N20) under different soil
physical conditions. We also aimed to elucidate the temporal and spatial dynamics of
microbial activity and N20 emission and find the key controls of them.

Abstract text: Switchgrass (Panicum Virgatum L.) is a promising bioenergy crop that can
preserve land from environmental disturbances and play a role in carbon (C) sequestration. For a
comprehensive assessment of the ecological and environmental functions of the switchgrass
production system, NoO emissions, especially at the decomposition stage of switchgrass roots
(that often occurs after harvest), has to be thoroughly investigated.

We conducted a greenhouse study of switchgrass root decomposition, under various controlled
soil conditions. We treated the soils of the same origin (thus expected to have the same microbial
community) to have different moisture contents (40% and 70% water-filled pore space) and pore
size distributions (dominant pores of >30um @ and < 10um O, referred to as large and small
pores). For a more realistic assessment, we used in-situ grown switchgrass roots instead of
incorporating root fragments. It enabled us to include an indirect effect of the microenvironments
and microbial community structures formed during the plant growth (rhizosphere). The
switchgrass roots were subjected to dual-isotope labeling (!°N and '*C) to track the fate of N and
C. Isotopic levels were measured during the decomposition to estimate the size of the pools of
microbial biomass, soil, and atmosphere. Microbial activity was measured using the zymography
approach, which is a 2-dimensional mapping technique of extracellular enzymes. We mapped the
distribution of N-acetyl-glucosaminide (chitinase) and separated the chitinase activity on the
roots and soils to assess spatial dynamic.

In our results, up to 0.4 % of the switchgrass root-driven N was emitted as N>O gas, only within
21 days of the decomposition, suggesting the necessity of management practice to mitigate the
formation of strong N>O hotspots after harvest in the bioenergy system. Approximately 21 ~35%
of root N was transformed to dissolved organic N, while less than 1 % of the root N remained as
ammonium (NH4") and nitrate (NO3") during the incubation. Decreasing NH4" and increasing
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NOs™ suggested nitrification. Surprisingly, inorganic and organic N, enzyme activity, and N>O
emission were greater in the soil with the prevalence of large pores. However, there was no
difference in microbial biomass between the soil pore size treatments. Higher chitinase activity
in the soils with the prevalence of large pores suggests that the fungal activity was higher in
those soils compared to the soils dominated with small pores. Root chitinase activity was
positively correlated with the root driven N>O emission rate (p< 0.01, R*=0.22), supporting that
the microbial hotspot formed near the root is the hotspots of NoO emission. The ample supply of
labile substrates degraded by extracellular enzymes might be a key control to the magnitude of
the N>O hotspots in detritusphere.

Tracking the fate of N during the plant root decomposition provides a new perspective on the
strategies to minimize N2O emissions in switchgrass bioenergy cropping systems. Our study also
indicates that the intensity of root-driven N2O hotspots can highly depend on the soil’s physical
characteristics, being mediated by decomposed substances and enzyme activity.

Funding statement: This material is based upon work supported by the Great Lakes Bioenergy
Research Center, U.S. Department of Energy, Office of Science, Office of Biological and
Environmental Research under Award Number DE-SC0018409.
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Project Goals: The goal of this project is to expand the understanding of enzymatic
deconstruction of cellulosic plant biomass by carbohydrate active enzymes on both the atomic
and macromolecular level. This project is using solid-state nuclear magnetic resonance (ssNMR),
crystallography, and enzyme catalysis to contextualize enzyme hydrolysis and synergistic
deconstruction experiments at the molecular level.

Abstract text:

Enzymatic deconstruction of plant biomass has been the focus of much research,
especially with increasing interest in using plant biomass as a renewable resource to build
various value-added products such as biofuels, bioplastics, and other platform chemicals.
Research in this area has not yet produced a model that incorporates detailed, atomic level
resolution and understanding across the scope of possible options. For example, the molecular
basis for synergy between glycoside hydrolases that target different polysaccharides (e.g., an
endo-xylanase and an exo-cellulase) is still not fully understood across the breadth of potential
substrates and enzymes. This represents a significant knowledge gap, which this project is
working to fill.

We established an analytical index of the interactions between biomass and a model
cellulase (CelR) through the strong correlation between the ratio of the two peaks in the split C4
resonance observed by ssNMR (called Xnmr) and the final yield of enzymatic hydrolysis [1].
The correlation between Xnwmr and enzymatic hydrolysis is diagnostic across biomass from
different plant species and also with different co-solvents used in biomass pretreatment.

Our current work is focused on understanding the reactivity of CelR on pure cellulose
and pretreated biomass treated with y-valerolactone (GVL). With both crystalline and amorphous
cellulose, CelR shows similar kca: while Kv changes; however, with biomass, CelR exhibits
bimodal kinetic behavior (rapid initial velocity followed by slower phase of hydrolysis over an
extended time period). This potentially indicates that CelR is operating on two distinct
populations of cellulose in the GVL-treated material. Amplitudes of the two kinetic phases and
XNMr are being analyzed with a panel of biomasses and pretreatments to identify how different
populations of cellulose might respond to hydrolysis.

To better understand the interaction of CelR with cellulose, we solved its crystal
structure. Similar to an earlier structure of a related enzyme from Thermomonospora fusca [2],



CelR has an open binding cleft and active site that would allow access of amorphous cellulose
strands, but this single domain of the enzyme shows only weak reactivity with polysaccharides.
When the natural carbohydrate binding module (CBM) is present, the crystal structure shows a
tightly packed, extensive surface lined with aromatic residues that has a roughly linear
orientation toward the active site. This form of the enzyme is ~10x more reactive than the
catalytic domain alone and appears to behave as a processive endocellulase. When the enzyme is
engineered to contain a second non-native CBM attached by flexible linker, the reactivity is
doubled again. A combination of structural and catalytic contributions to this progressive
improvement in reactivity will be reported.

References/Publications
1. Walker T.W., Kuch N., Vander Meulen K.A., Clewett C.F.M., Huber G.W., Fox B.G.,
Dumesic J.A. 2020. Solid-State NMR Studies of Solvent-Mediated, Acid-Catalyzed Woody
Biomass Pretreatment for Enzymatic Conversion of Residual Cellulose. ACS Sustainable
Chemistry & Engineering 2020 8 (16), 6551-6563.
2. Sakon J., Irwin D., Wilson D.B., Andrew Karplus P. 1997. Structure and mechanism of
endo/exocellulase E4 from Thermomonospora fusca. Nature Structural Biology 1997 4(10),
810-818.

Funding statement: This material is based upon work supported by the Great Lakes Bioenergy
Research Center, U.S. Department of Energy, Office of Science, Office of Biological and
Environmental Research under Award Number DE-SC0018409. Nathaniel J. Kuch was
supported by the UW-Madison Biotechnology Training Program, grant number NIH 5 T32
GM135066.



Engineering naringenin into the lignins of transgenic poplar
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Project Goals: Modifying the content and composition of lignin in poplar by diverting
carbon away from the phenylpropanoid pathway and towards the production of
naringenin, a valuable flavonoid, in lignifying tissues.

Lignin, a major chemical constituent of lignocellulosic biomass, is an important strategic target
for genetic modification as this polyphenolic polymer poses a significant barrier to efficient
industrial processing. Gain of function approaches that improve processing efficiency as well as
add value to biomass can play a key role in development of cost-effective biomass processing
methods. Lignin is typically composed of three canonical monolignols that undergo oxidative
radical coupling to form lignin in the cell walls of developing xylem tissue. Efforts to genetically
engineer the monolignol biosynthetic pathway have led to significant changes in both content
and composition of lignin, highlighting the remarkable metabolic plasticity of lignin
biosynthesis. Moreover, compounds found beyond the monolignol pathway, such as flavonoids
and stilbenes, have been found naturally incorporated into lignins of various plant species. !
Chalcone synthase (CHS) catalyzes the first committed reaction in the production of flavonoid
compounds by combining p-coumaroyl-CoA, a precursor in the monolignol biosynthetic
pathway, with three malonyl-CoA units to produce naringenin chalcone which is then cyclized to
naringenin. Using a xylem-specific promoter, we have genetically engineered hybrid poplar
(Populus alba * grandidentata) to express a previously characterized chalcone synthase (CHS)
gene (MdCHS3) derived from apple (Malus x domestica).> MdCHS3-poplar displayed an
accumulation of naringenin in xylem methanolic extracts, not inherently observed in wild-type
trees. NMR analysis revealed the presence of naringenin in the extractive-free enzyme lignin
(EL), residue of cellulase-treated xylem tissue, of MdCHS3-poplar, indicating the novel
incorporation of this flavonoid into poplar secondary cell wall lignins. The transgenic trees also
displayed lower total lignin content, increased cell wall carbohydrate content, and performed
significantly better in saccharification assays than their wild-type counterparts. Moving forward,
MdCHS3-poplars represent a useful genetic background into which new flavonoid biosynthetic
enzymes may be introduced in order to produce other valuable lignin-compatible flavonoids.
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Project Goals: Characterize native metabolic regulation of biofuel producing pathways
(such as ethanol production and isoprenoid synthesis) in order to inform genetic
engineering of Z. mobilis for improved biofuel production.

Abstract text: Zymommnas mobilis is a promising biofuel producer capable of rapid glucose
consumption and ethanol production. Recently, it was demonstrated that Z. mobilis can fix N> as
a sole nitrogen source (1). Under N> fixing conditions, Z. mobilis exhibited a higher specific rate
of ethanol production than when NH4" was supplied in the media (1, 2). In order to better
understand the metabolic remodeling that occurs during N fixation, we performed
metabolomics, proteomics, and thermodynamic analysis of Z. mobilis under conditions of N>
fixation compared to replete NHs" availability. We also performed metabolomic and proteomic
analysis during the dynamic shift to N> fixing conditions (NH4" downshift) and during the shift
to NH4" replete conditions (NH4" upshift). We found that intracellular concentrations of
intermediates of the Entner-Doudoroff (ED) glycolytic pathway were depleted during N»
fixation. Protein levels of zinc-dependent alcohol dehydrogenase (encoded by adhA, ZMO1236)
increased by 10-fold during the shift to N> fixation, helping to explain the previously observed
increase in specific ethanol production. Positional stable isotope labeling revealed that labeled
forms indicative of reverse flux were more abundant under NH4" replete conditions for all five
labeled schemes tested, implying increased thermodynamic favorability of the ED pathway
during N> fixation. We also observed severe depletion of intermediates of the methylerythritol 4-
phosphate (MEP) pathway during N> fixation, which was accompanied by decreased protein
abundance of deoxyxylulose 5-phosphate synthase (DXS), the first enzyme of the MEP pathway.
Unexpectedly, we found that intracellular arginine levels were over 3-fold higher during N»
fixation and decreased by over 3-fold within 10 minutes of NH4" addition. Based on an overall
depletion in intermediates of arginine biosynthesis during N> fixation and dynamic changes in
protein abundance of a group IV pyridoxal-dependent decarboxylase, encoded in an operon with
a deoxyhypusine synthase-like gene, we hypothesize that polyamine synthesis from arginine
plays an important role in Z. mobilis physiology during changes in NH4" availability. This study
has expanded our fundamental understanding of nitrogen metabolism in Z. mobilis, identified
DXS protein abundance as a native control-point for MEP pathway activity, and demonstrated
that metabolic remodeling during N> fixation results in increased thermodynamic favorability of



the ED pathway in vivo. These results will help to inform future efforts for metabolic engineering
in Z. mobilis to increase biofuel production.
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Project Goals:

The research goal of this project is to determine the taxonomic, phylogenetic, and functional diversity of
the microbiome of the sorghum aerial root mucilage and epicuticular wax, and how it changes under plant
stress. Our overarching objective is to understand how sorghum interacts with the mucilage and wax
microbiome and to determine plant-interactions that can be leveraged to support sorghum resilience and
productivity.

Abstract:

Sorghum (Sorghum bicolor) produces several exudates on its external aerial surfaces (epiphytic
phyllosphere). In particular, sorghum accumulates high levels of epicuticular wax on stems over its
development, and it also grows aerial roots that produce protective sugar-rich mucilage. The epicuticular
wax supports tolerance to sorghum water limitation. However, the functional role of the sorghum aerial
root mucilage is still unclear, though it has been shown that diazotrophs colonize the mucilage of maize
aerial roots and can provide substantial fixed nitrogen for the host. Here, we hypothesize that the wax and
mucilage are suitable environments for specialized microbiomes that support sorghum resilience to stress
from water limitation and nitrogen limitation, respectively. We applied 16S rRNA gene amplicon
sequencing to study the bacterial communities associated with the aerial root mucilage from N-fertilized
and non-fertilized sorghum plants at two-time points, and the epicuticular wax from plants under non-
limiting and limiting water conditions. Our initial results showed that Proteobacteria, Bacteroidetes and
Firmicutes are the dominant phyla in the mucilage compartment regardless of the fertilization treatment.
However, differential abundance analysis revealed specific bacterial taxa significantly more abundant on
the mucilage of N-fertilized plants compared with non-fertilized treatment and vice versa. Similarly, we
found that Proteobacteria, and Firmicutes are the dominant bacterial group in the epicuticular wax
compartment. In parallel, we are building a large bacterial collection by targeting a wide range of traits,
including nitrogen-fixation, phosphate-solubilization, methanol-utilization, and others to evaluate the
functional diversity of the bacterial communities in sorghum aerial root mucilage and epicuticular wax. The
outcome of this work will inform understanding of the interplay between the phyllosphere microbiome and
plant exudates for sorghum resilience and productivity, and supports our long-term goal of translating our
findings into sorghum cultivation for biofuel production and crop adaptation to drought.

Funding statement: This work is supported by the Great Lakes Bioenergy Research Center, U.S.
Department of Energy, Office of Science, Office of Biological and Environmental Research under Award
Number DE-SC0018409. Support for field research was provided by the Great Lakes Bioenergy Research
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(Awards DE-SC0018409 and DE-FC02-07ER64494), by the National Science Foundation Long-term
Ecological Research Program (DEB 1637653) at the Kellogg Biological Station, and by Michigan State
University AgBioResearch.
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Project Goals: The goals of this project are to understand the process by which bacterial cells
produce extracellular membranes in order to engineer strains that overproduce these membranes.
Bacterial membranes are a good source of lipids which serve as an important source of primary
material for a number of pharmaceutical, industrial, and biofuel applications. In this work, we
use the photoheterotrophic bacterium Rhodobacter sphaeroides to study membrane synthesis and
use cryo-electron microscopy (cryo-EM) to examine how extracellular membranes and other
cellular structures are produced. Addressing these goals will provide a significant benefit to the
study of renewable biofuels and bioproducts.

Rhodobacter sphaeroides is a facultative photoheterotrophic bacterium that serves as an
important host for research into the production of primary materials for industrial purposes and
biofuels. Previously, a Tn5 transposon insertion screen, paired with a Nile red assay for lipid
production, was used to isolate R. sphaeroides strains that overproduce extracellular lipids. By
identifying and characterizing the processes that lead to increased lipid secretion in these
isolates, this work aimed to broadly achieve production of renewable chemicals and fuels from a
biological source. One of the strains, which produces the most extracellular lipids, was disrupted
at the ntrYX gene locus. NtrY and NtrX comprise elements of a two-component regulatory
system known to control exopolysaccharide production, as well as processes induced by
respiration and anaerobic growth conditions of other organisms. Deletion of nfrYX in R.
sphaeroides compromises envelope stability and cell division. Cryo-electron tomography (cryo-
ET) data supporting those observations will be presented. In addition to the phenotypes caused
by ntrYX deletion, a diverse array of extracellular membrane structures and chains of vesicles
were observed by cryo-EM and cryo-ET, which indicated that there was an increase in the
production of extracellular lipids. Our observations demonstrate that these extracellular
membraneous structures are closely associated with cells and that their production occurs at the
cell surface, consistent with observations that the ntrYX disruption causes instability to the
bacterial envelope. Tomogram segmentation using EMAN2 neural network training on these
membraneous structures will be presented to dissect the physical properties of the extracellular
vesicles. Data will also be presented on the observation that cold shock appears to have a
synergistic effect on the production of these extracellular vesicles and more complex membrane-
derived structures. Future work will determine the molecular mechanisms resulting in cell
division defects and instability of the envelope in this and other lipid secreting mutants. By



further understanding the mechanisms by which these R. shaeroides strains overproduce lipids,
great strides can be made toward creating better chemicals for industrial purposes and biofuels.

Funding statement: This material is based upon work supported in part by the Great Lakes
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Project Goals: The overall project aims to valorize the lignin fraction of plant biomass via
chemical fractionation and depolymerization followed by conversion of the resulting
mixtures of aromatic compounds into single valuable chemicals by genetically engineered
bacteria. The goal of this study was to identify the key O-demethylases and ring-opening
dioxygenases involved in the degradation of plant-derived aromatic compounds in
Novosphingobium aromaticivorans

One of the major components of plant biomass is lignin, an heterogenous and recalcitrant
aromatic heteropolymer. One strategy to make value from lignin is to use chemical techniques to
deconstruct it into mixtures of phenolic compounds and to funnel these mixtures into a single
product using engineered bacteria. Novosphingobium aromaticivorans DSM12444 can naturally
degrade multiple lignin-derived phenolic compounds and it has been previously engineered to
produce 2-pyrone-4,6-dicarboxylic acid (PDC) from a variety of compounds that are naturally
catabolized via 3-methoxygallic (3-MGA) acid or protocatechuic acid (PCA). Two critical
reactions involved in aromatic compounds catabolism by N. aromaticivorans that can affect their
conversion into PDC are O-demethylation and oxidative aromatic ring opening.

In this work, we investigated enzymes predicted to be responsible for O-demethylation of
syringic acid, vanillic acid, and 3-MGA, and enzymes predicted to be responsible for the ring
opening of 3-MGA, gallic acid, and PCA. Our results show that DesA is involved in syringic
acid and vanillic acid O-demethylation, whereas LigM is involved in vanillic acid and 3-MGA
O-demethylation. We also found evidence of a potential new O-demethylase involved in the O-
demethylation of 3-MGA into gallic acid. In addition, our results support that LigAB is the main
enzyme responsible for the aromatic ring opening of 3-MGA, gallic acid, and PCA. However, we
also found a previously uncharacterized aromatic ring opening dioxygenase, LigAB2, that has
high activity with gallic acid and plays a minor role in the degradation of 3-MGA and PCA.
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The data obtained in this study revealed a previously uncharacterized route for aromatic
compound degradation in N. aromaticivorans that involves O-demethylation of 3-MGA into
gallic acid followed by aromatic ring opening. We predict that in wild-type N. aromaticivorans
the carbon flux from syringic acid is channeled ~85% via aromatic ring opening of 3-MGA and
~15% via its O-demethylation to gallic acid. Finally, by inactivating O-demethylation of 3-MGA
in the originally constructed PDC-producing strain of N. aromaticivorans, the resulting strain
(PDC2) increases the PDC yield from syringic acid to nearly stoichiometric.

This material is based upon work supported by the Great Lakes Bioenergy Research Center, U.S.
Department of Energy, Office of Science, Office of Biological and Environmental Research
under Award Number DE-SC0018409.
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Our previous work suggests that feedstock composition can change in response to
drought stress, resulting in the production of inhibitory compounds that impede conversion to
biofuels by yeast. We established the Field-to-Fuel Optimization research group to better
understand the impacts of drought and other environmental stresses on feedstock yield and
composition to their downstream effects on microbial biofuel production.

Abstract

In order to establish an economically productive and sustainable bioenergy industry,
biorefineries will need to produce biofuels and bioproducts from renewable plant feedstocks
consistently from year to year. However, the quality and quantity of biomass used in such
pipeline can be profoundly impacted by numerous environmental factors. Previously, we
determined that yeast fermentation of lignocellulosic hydrolysates from switchgrass grown
during a drought year (2012) in Wisconsin was severely impaired compared to switchgrass from
a non-drought year (2010) (Ong et al., 2016). Based on this, we hypothesized that drought and
other environmental stresses could alter feedstock composition, which may subsequently impact
downstream biomass deconstruction and conversion into biofuels. To directly test this
hypothesis, we formed a multi-disciplinary, integrative research pipeline whose goal is to
provide crucial knowledge that can enable lignocellulosic biofuel industries to identify biomass
growth conditions that negatively impact microbial conversion into biofuels, and determine
agronomic practices and microbial engineering strategies that mitigate this inhibition. Together,
we designed and planted experimental field sites at five different locations in Michigan and
Wisconsin with a variety of bioenergy feedstocks under different treatment conditions (drought,
nitrogen depletion, fungicide treatment, etc.) for three growing seasons (2018-2020). These sites
included subplots of switchgrass fitted with rainout shelters that siphon off natural rainwater,
allowing us to mimic drought conditions and directly compare with control switchgrass samples.



As a first test of our research pipeline, we processed and analyzed 2018 switchgrass
samples that were either grown under a rainout shelter (“rainout” treatment) or outside the shelter
(“ambient” treatment). We developed and utilized customized pretreatment and enzymatic
hydrolysis methods to process small amounts of harvested rainout and ambient switchgrass from
a total of 19 separate plots across locations. Next, we performed small-scale anaerobic
fermentation experiments and found that yeast fermentation and biofuel production was impaired
in rainout switchgrass hydrolysates compared to paired ambient hydrolysates from multiple sites
in WI and MI. However, inhibition of biofuel production was not consistently found across all
plots at some sites. Additional investigation determined that the dry biomass yields of rainout
switchgrass were not consistently lower than their paired ambient controls, suggesting variable
effectiveness of individual rainout shelters. By modifying the rainout shelters, we were able to
achieve significantly reduced biomass yields for rainout switchgrass across all locations in 2020,
indicating significant drought-stress. Future studies are planned to evaluate the rainout and
ambient samples from 2020 and compare to the results obtained from 2018. Finally, as part of
this project, we developed web applications to track the large number of biomass samples and
share their associated data from planting through harvest, deconstruction, and fermentation
between groups. In the future, we will apply this Field-to-Fuel Optimization research pipeline to
determine whether other environmental conditions that impact biomass and biofuel yields,
biochemically identify inhibitory plant molecules induced by the conditions, and uncover genetic
engineering strategies that enable biofuel-producing microbes to overcome the inhibition.

References

Ong, R.G., et al. (2016). Inhibition of microbial biofuel production in drought-stressed
switchgrass hydrolysate. Biotechnol Biofuels. 2016 Nov 8;9:237. doi: 10.1186/s13068-016-0657-
0

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



Lignin Valorization by Integrating Chemical Depolymerization and Microbial
Funneling

Canan Sener (csener@wisc.edu),'?* Jose M. Perez,'?> German E. Umana,!?> Shamik Misra,'*
Jason Coplien,!? Dennis Haak,' Steven D. Karlen,!? Christos Maravelias,'?? John Ralph,!-?
Daniel R. Noguera,'* Timothy J. Donohue!-?

' DOE Great Lakes Bioenergy Research Center, Madison, WI; 2 University of Wisconsin-
Madison, Madison, WI; 3 Princeton University, Princeton, NJ

Project Goals: To develop a lignin-to-bioproduct process chain for the production of 2-
pyrone-4,6-dicarboxylic acid (PDC) through microbial funneling of the phenolic monomers
from catalytic depolymerization of lignin.

Abstract: Lignocellulosic biomass is a bountiful source of renewable carbon for the
sustainable production of fuels and chemicals.

Lignocellulosic biomass is composed of 70-85 wt% polysaccharides (cellulose and
hemicellulose) and 15-30 wt% lignin, a heteropolymer of aromatic units. Lignin is the largest
source of renewable aromatics on the planet; however, it is quite recalcitrant to removal from
the polysaccharides and to its own chemical and/or biological upgrading. Maximizing the
value obtained from lignocellulosic biomass feedstocks requires production of liquid fuels
and commodity chemicals from both the polysaccharide and lignin fractions.

In this work, we have used chemical and biological upgrading in tandem to extract greater
value from the lignin fraction by converting it into 2-pyrone-4,6-dicarboxylic acid (PDC).
We will show that high-quality lignin can be isolated from lignocellulosic biomass under
mild reaction conditions using y-valerolactone (GVL) and water as the solvent system and
dilute sulfuric acid as a catalyst for polysaccharide depolymerization. We demonstrate that
the resulting GVL-lignin can be successfully depolymerized by hydrogenolysis over a Pd/C
catalyst into a mixture of monomeric and oligomeric phenolic compounds. The product
mixture contains compounds with similar chemical structures that are difficult to separate.
Indeed, this has been a major bottleneck in obtaining value-added products from lignin. A
compelling solution to this problem is the biological funneling of the mixture of aromatic
compounds to a single compound. For biological funneling, we use an engineered strain of
Novosphingobium aromaticivorans DSM12444 to transform the mixture of aromatic
compounds containing syringyl, guaiacyl, and p-hydroxyphenyl substructures to a single
product, PDC. Thus, we show that a complex mixture of lignin hydrogenolysis products can
be reduced to a single product that can be extracted from the culture broth with a simple
separation and purification step (e.g., precipitation with sodium chloride). Additionally, we
show that this strategy is agnostic to the biomass type by successfully applying this strategy
to GVL-lignin extracted from hardwoods (poplar and maple) and grasses (switchgrass and
sorghum).

This material is based upon work supported by the Great Lakes Bioenergy Research Center,
U.S. Department of Energy, Olffice of Science, Olffice of Biological and Environmental
Research under Award Number DE-SC0018409.
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Project Goals
Characterize physiological switchgrass response to drought and identify how
that response impacts fermentation and ethanol production.

Abstract

Switchgrass (Panicum virgatum L.) is a perennial C4 grass, widely considered
as a bioenergy crop given its low-input requirements, cold tolerance, and high
yields even in marginal lands. Marginal lands are prone to frequent drought
events which could impact switchgrass biomass yield and quality. Changes in
plant chemical composition under drought stress have been shown to inhibit
downstream fermentation processes and ethanol production, however, the
physiological base of these changes remains elusive. During the 2020 growing
season we installed ~20m? rainout shelters to impose drought treatments and
study how switchgrass diel carbon assimilation and allocation changed during
growing season. Shelters successfully excluded rainfall and limited soil water
content to only 10% of rainfed treatments. In addition, they caused a 33%
biomass yield reduction (P = 0.084). Surprisingly, the drought treatment had
smaller effects on switchgrass leaf water potential (LWP), diurnal course of
CO; assimilation and stomatal conductance. Over the five sampling dates
throughout the season, switchgrass CO> assimilation was ~15% higher (p <
0.05) in rainfed treatments only in mid and late summer. This discrepancy
between whole-plant (biomass yield) and leaf-level (CO; assimilation)
changes could suggest that 1) switchgrass plants adjust other aspect of their
physiology under drought (e.g., tillering, leaf area) or i1) the small changes at
the leaf-level have larger impacts when accumulated over the growing season.
At the end of the growing season, we conducted a leaf-level 3C-CO, labeling
event to compare carbon allocation to different metabolic pathways in drought
treatment and rainfed plants. We found no differences in the labeled molecule
profile between treatments (P < 0.1) and recently assimilated carbohydrates
were mainly directed to central metabolism. Altogether, these results help
characterize switchgrass response to drought at multiple levels, and identify
pathways that are upregulated under drought conditions, with implication on
ethanol fermentation.
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Project Goals: We used chemical genomic profiling of yeast gene deletion strains to
better understand the mechanisms of toxicity of hydrolysates and their inhibitors,
as well as to identify engineering targets to generate hydrolysate tolerant strains
more efficient in production of biofuels.

Abstract text: Budding yeast Saccharomyces cerevisiae has been extensively used in
fermentative industrial processes, including biofuel production from sustainable plant-
based hydrolysates. A myriad of toxic compounds and stressors are generated during
biomass deconstruction, inhibiting biofuel and biochemical production by microbes.
Here, we studied how these compounds affect yeast cells, both to understand the
mechanisms of toxicity of hydrolysate inhibitors and to improve efficiency in
conversion by engineering more tolerant yeast cells. To do so, we used chemical
genomics by exposing a gene deletion library to each of 34 inhibitory chemicals,
including solvents used in pre-treatment, toxins generated during hydrolysis of plant
material, and biofuel products that induce stress at high levels. The results identified
classes of toxins based on similarities and differences in their chemical genomic profiles
and revealed surprising insights into the mechanisms of cellular defense. Our

results also revealed widespread antagonistic effects of gene deletion strains across
specific classes of inhibitors, pointing to conflicting strategies of cellular defense that
may pose difficulties for engineering universally tolerant yeast strains. We further
propose strategies designed to overcome these engineering challenges.

Funding statement: This material is based upon work supported by the Great Lakes
Bioenergy Research Center, U.S. Department of Energy, Office of Science, Olffice of
Biological and Environmental Research under Award Number DE-SC0018409.
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Project Goals: Assess factors influencing genomic prediction accuracy in switchgrass; optimize
predictions of 20 traits; probe the genetic basis underlying multiple target traits.

Abstract text: Genomic prediction where genotype information is used to predict phenotypes
has accelerated breeding processes'™ and can provide mechanistic insights into phenotypes of
interest. Switchgrass (Panicum virgatum L.) is a perennial biofuel feedstock with multiple traits
targeted for accelerated breeding using genomic prediction approaches. To optimize switchgrass
genomic prediction, we assessed the impact of genome assembly versions, marker sequencing
strategies, marker types, marker allelic complexities, and polyploidy levels to predict 20 traits in a
switchgrass association panel with 510 individuals*®. We found that genomic prediction models
performed similarly regardless of the genome assembly: v.1 or the recently available v.5
assembly. This occurred because the majority of variants—e.g., 70.7% of the single nucleotide
polymorphism (SNP) markers from Genotyping-By-Sequencing (GBS)—are shared between
these assemblies. Models using markers generated with exome capture outperformed those based
on GBS markers for five traits. But in four traits, GBS marker-based models had higher
prediction accuracy because the variants underlying the polymorphisms of these four traits tend to
be located in intergenic regions. We also found that SNP-based models performed better than
Insertion/Deletion (indel) based models for 12 traits, and biallelic marker-based models
outperformed models using multiallelic markers for 17 traits. This was due to more SNPs and
biallelic markers than indels and multiallelic markers, respectively, as models built with the same
numbers of markers had similar accuracy. The most significant model improvement was observed
when tetraploids were separated from octoploids, which can be partially explained by the higher
trait variances in tetraploid populations. By considering the population structures and factors
mentioned above, we present improved genomic prediction models for each of the 20 traits.
Finally, we identify candidate genes that are the genetic basis underlying multiple target traits by
studying the markers that have the greatest impact on model performance. Our study provides
insights into the best practices for performing genomic prediction, which can be used for
improving switchgrass agronomic traits through selective breeding.

References/Publications

1 VanRaden, P. M. et al. (2009) Reliability of genomic predictions for North American
Holstein bulls. J. Dairy Sci. 92(1), 16-24.



2 Lorenzana, R. E. & Bernardo, R. (2009) Accuracy of genotypic value predictions for
marker-based selection in biparental plant populations. Theor. Appl. Genet. 120(1), 151-
161.

3 Crossa, J. et al. (2017) Genomic selection in plant breeding: methods, models, and
perspectives. Trends Plant Sci. 22(11), 961-975.

4 Lu, F. etal. (2013) Switchgrass genomic diversity, ploidy, and evolution: novel insights
from a network-based SNP discovery protocol. PLoS Genet. 9(1), e1003215.

5 Lipka, A. E. et al. (2014) Accelerating the Switchgrass (Panicum virgatum L.) breeding cycle
using genomic selection approaches. PLoS One 9(11), e112227.

6 Evans, ). et al. (2015) Diversity and population structure of northern switchgrass as
revealed through exome capture sequencing. Plant J. 84(4), 800-815.

Funding statement: This research was supported by the DOE Office of Science, Office of
Biological and Environmental Research (BER), grant no. DE-SC0018409.



Perenniality Drives Soil Microarthropod Community Differences Across Three Potential
Bioenergy Cropping Systems

Authors: Allison Zahorec'** (zahoreca@msu.edu), Lisa Tiemann?®, and Douglas Landis'~

Institutions: 'Dept. of Entomology and 2DOE Great Lakes Bioenergy Research Center,
Michigan State University, East Lansing, MI; *Dept. of Plant, Soil and Microbial Sciences,
Michigan State University, East Lansing, MI

Project Goals: The goal of this project is to understand how bioenergy crop identity and
management influence microarthropod community structure. This work is part of a larger project
investigating microarthropod-microbe interactions and their effects on soil carbon accrual.

Abstract text: As Bioenergy with Carbon Capture and Storage (BECCS) continues to show
promise as an effective carbon mitigation strategy, bioenergy cropping systems are predicted to
become increasingly prevalent in coming decades (Rogelj et al., 2018). Despite its potential as a
sustainable alternative to fossil fuels, the widespread implementation of BECCS remains
hindered by uncertainties about the ability of bioenergy cropping systems to accrue soil organic
carbon (SOC). Specifically, there are serious concerns that the conversion of marginal, non-
agricultural lands to managed agroecosystems for bioenergy crop production may result in
substantial SOC loss. Before BECCS can be utilized to help offset global emissions and prevent
further climate warming, there must be greater understanding of the processes driving SOC
accrual and long-term storage in selected bioenergy cropping systems.

While SOC dynamics were traditionally thought to depend primarily upon plant chemistry, it is
increasingly understood that soil biota, especially microbes, play a critical role in SOC formation
and stabilization (Kallenbach et al., 2016). However, the potentially significant effects of soil
fauna on SOC accrual remains unclear. Microarthropods (mites and collembola) are the most
abundant and diverse arthropods in soils across ecosystems. Primarily detritivorous and/or
microbivorous, microarthropods affect SOC by physically and chemically altering plant litter as
well as influencing microbial activity, abundance, and community composition, with potentially
important consequences for SOC accrual. When microarthropods, especially mites, were
experimentally suppressed, slowed early-stage litter decomposition resulted in 11% less SOC
accrual in tallgrass prairie soils based on DayCent modeling (Soong et al., 2016). However,
understanding the role of these interactions in the context of bioenergy cropping systems is
complicated by the strong impacts of land use and management on microarthropod communities.
Therefore, it will be necessary to first understand how crop type and management affect
microarthropod communities before attempting to investigate their potential role in SOC accrual
in bioenergy cropping systems.

We conducted microarthropod surveys from three bioenergy cropping systems differing in crop
life cycle, diversity, and management: an annual monoculture (energy sorghum), reduced-input



perennial monoculture (switchgrass), and no-input perennial polyculture (restored prairie).
Microarthropods were collected from soil cores (2018 and 2019) and litter quadrat samples
(2019) at three sampling stations within each of five replicate plots (n=15 per treatment) and
extracted using Tullgren funnels. Major microarthropod group abundances were counted, with
oribatid mites and collembola further categorized to morphospecies to evaluate differences in
community composition across cropping systems. We find strong evidence that perennial
bioenergy cropping systems support the highest microarthropod abundances. Mites were
consistently more abundant in both perennial systems while collembola were as or most
abundant in the annual monoculture. Ordination of microarthropod community structure showed
that communities in the perennial systems were more similar to each other than the annual
monoculture, which was distinct. By supporting greater microarthropod abundances, particularly
of mites, this study adds to the growing body of evidence indicating the increased sustainability
of perennial bioenergy cropping systems relative to annual systems and is the foundation of
ongoing studies evaluating the impact of microarthropods on microbial function and physiology
likely to strongly influence SOC dynamics.
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