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Abstract
The field of microbial ecology is on the cusp of another revolution, one that uses synergy
to address the limitations of previous studies. My dissertation is representative of the new era of
research to come, through combining the latest technological advances with established classical
methods to provide a more complete understanding of microbial ecosystems. In my first study, I
evaluate the conservation of central carbon metabolic pathways and activity along a temperature
and diversity gradient (60sequencing, and position-specific 13C-labeled metabolite probing. In my second study, I provide
the first genomic insights into the genus Thermoflexus, through a combination of metagenomeassembled genomes and comparative genomics leveraged by exometabolomic-informed
physiological studies of Thermoflexus hugenholtzii JADT, the only cultured representative of the
Chloroflexi class Thermoflexia. In my third study, I contribute to the ongoing development of a
community-applicable

13

CO2-based metabolic flux analysis technique by adding metabolic

complexity to a metabolic model and providing the first preliminary evaluation of this technique
in the controlled setting of pure-cultures of well-characterized strains of Escherichia coli.
By combining novel and established methods, data from isolates and community studies,
and importantly employing an interdisciplinary and international team, my work highlights the
idea that a holistic understanding of an ecological system requires a synergistic and holistic
approach to science.
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Chapter 1
An mpressive ourney to the urrent tate of

icrobial cology

Author: Scott C. Thomas
Robert E. Hungate stated that for a complete ecological analysis of a natural habitat three
major questions need to be addressed: 1) What types of organisms are present and how abundant
are they?; 2) What are the organisms capable of doing (e.g., food sources, metabolism, products,
growth rates)?; and 3) What are the organisms actually doing in the natural environment and how
does the cumulative action of the community influence ecosystem processes (Hungate, 1960)? He
stressed the importance of quantitative measures and acknowledged that most microbiology-based
ecological studies are deficient in one or more of these categories and are therefore not complete
ecological studies (Hungate, 1960). Sixty years later, significant progress has been made in the
development of tools to address these criteria, yet in practice many studies and bodies of work still
fail to address all three of these criteria. Here I give a brief history of the field and explain how
technological advances in the past decades, combined with established techniques, are providing

Composition and Abundance of Microorganisms in Microbial Communities
Although has long been known that culturing techniques often vastly underestimate
diversity, question one was challenging to address prior to the advancement of molecular biology
tools. Early in the 20th century, Arthur T. Henrici commented that it was longstanding knowledge
that trying to study microbial communities through pure cultures and the use of synthetic media to
cultivate microorganisms only led to a partial understanding of the ecology of a system (Dworkin,
1

2012; Henrici, 1932). This understanding stemmed from observations that what one could isolate
and grow in the lab was not representative of many of the morphotypes seen in the natural sample.
(Staley and Konopka, 1985) was coined from continued
observations of large discrepancies between viable counts and direct microscopic counts,
particularly in natural, nonwith the tools of that time, Winogradsky came close to these numbers with estimates of 5-10%
(Winogradsky, 1949)).
The genetic tools to address criteria one began to arrive in the 1960s and 70s with the work
of microbiology giants like Carl Woese and Norman Pace. Carl Woese started a revolution in
taxonomy by using conserved marker genes like the 16S rRNA to study microbial phylogeny. This
led to his groundbreaking proposal of the multi-domain tree of life (Woese, 1987; Woese et al.,
1990; Woese and Fox, 1977). Later, Norman Pace and others began to successfully isolate rRNA
from environmental samples for sequencing (Olsen et al., 1986; Stahl et al., 1984, 1985). Together
Woese and Pace laid the foundation for the cultivation-independent sequencing boom that was to
come in microbial ecology.
From the publication of the first nucleic acid sequence in 1965 that relied on ribonuclease
digestion (Heather and Chain, 2016; Holley et al., 1965), sequencing technologies advanced
significantly, facilitating the sequencing of complete genomes(Venter et al., 1996). In the early
2000s sequencing technologies began to take another leap forward as the field moved away from
Sanger sequencing, which relied on chain termination through the use of dideoxy nucleotides, and
toward the first wave of next-generation sequencing (NGS) technologies (Heather and Chain,
2016). Solexa Illumina and the 454 technologies were the first on the scene. By adding adapter
ends to fragmented DNA and subsequent hybridization of those adapters to either an oligo coated
bead or flow cell, high-throughput, massively-parallel sequencing producing millions of short
2

reads, was achieved (Heather and Chain, 2016).
With the rapid advancement of nucleic acid sequencing technologies and methodologies
for comparing conserved sequences, scientists were able to gain a more objective and quantitative
understanding of the breadth of microbial diversity. Genetic surveys using 16S rRNA gene

which there were no closely related isolates (Rappé and Giovannoni, 2003). In addition, some
isolates previously thought to be distantly related due to very different metabolic strategies and
(Balows et al.,
2007), due to a shared evolutionary history much closer than what might be interpreted from
phenotype alone (e.g., species of the phylum Chloroflexi) (Rappé and Giovannoni, 2003). By the

first criterion.

Metabolic Capabilities of a Microbial Community
From the first published complete bacterial genome in 1995 (Fleischmann et al., 1995)
facilitating the study of the complete genetic repertoire of a bacterium, to advancements in DNA
sequencing methods (Venter et al., 1996) producing multiple genomes and enabling comparative
genomics in the early 2000s (Koonin and Galperin, 2003), to the current state of 10s to 1000s of
genomes being routinely published in a single manuscript (Anantharaman et al., 2016; Campanaro
et al., 2016; Castelle et al., 2018; Parks et al., 2017; Pasolli et al., 2019; Rinke et al., 2013; Tully
et al., 2018), the field has come a very long way in a relatively short time. As high-throughput,
massively-parallel sequencing became more accessible and single-cell genomics and
metagenomics were being employed on samples from all types of environments around the world,
3

natural and engineered environments (Marcy et al., 2007; Rinke et al., 2013). Single-amplified
assembled genomes (genome construction from a single cell, SAGs) and metagenome-assembled
genomes (bioinformatically-grouped DNA sequences from metagenomes, MAGs) facilitated
genome-level comparisons of organisms that have no closely related isolates, facilitated the
massive publication of genomes mentioned above, and continue to expand the tree of life. These
tools allowed exploration of the potential functions of specific uncultivated microorganisms and
the predicted influence they may have on ecosystem processes (Anantharaman et al., 2016; Hug
et al., 2016; Parks et al., 2017; Rinke et al., 2013; Tyson et al., 2004; Zhang et al., 2013).

second criterion. For the first time, microbial ecologists were able to make hypotheses about the
metabolic capabilities of previously undescribed microbial community members by looking solely
at their DNA and without the challenges of obtaining cultures. Further, the detailed physiological
studies of isolates from these communities would provide insights into the capabilities of their
uncultured counterparts. Two immediate limitations arose from this approach. First, our sequencebased predictions of gene products were based on sequence similarity to characterized proteins,
and often there are large differences between them, potentially indicating differences in function.
Second, in many organisms, large proportions of protein-coding genes show no similarity to
characterized proteins, making even rough predictions of functions challenging.
Even when an isolate is obtained, understanding the full physiological potential has
limitations due to the difficulties in providing the proper conditions for the expression of all
possible phenotypes. For example, Thermoflexus hugenholtzii can be an abundant community

temperature in pure culture, and exhibits enhanced growth on uncharacterized, hot spring-derived
4

organic extracts (Cole et al., 2013; Costa et al., 2009; Dodsworth et al., 2014). The advancement
of technology that allows for the characterization of the molecular environment and how that
environment changes in the presence of microorganisms (exometabolomics) stands to significantly

phenotypes in a detailed molecular way (Jacoby et al., 2018; Kosina et al., 2016, 2018; Lubbe et
al., 2017; Silva and Northen, 2015). Leveraging detailed physiological studies of isolates and
comparative genomics with closely related but uncultured organisms has proven to be a valuable

second criterion, while the third criterion remains an ambitious goal for most environmental
settings.

Microbial Community Activity and Effect on Physicobiochemical Environment
The foundations for this last criterion began with the work of Winogradsky, Hungate,
Brock, and others (Bertrand et al., 2015). Winogradsky acknowledged the shortcomings of isolates
in the study of microbial ecology, even when obtainable, for an organism in isolation does not
behave the same as when in a community in nature. He pioneered the study of enrichment cultures
with this in mind (Winogradsky, 1949). Hungate acknowledged the fact that simple ecosystems
can serve as model ecosystems for the advancement of microbial ecology and pursued the rumen
as one such environment (Hungate, 1960). He described a simple ecosystem as being low in
diversity with many of the individuals being amenable to isolation, and a system that had stable
physical attributes (Hungate, 1960). His adherence to his criteria, skill in isolating anaerobic

(Bertrand et al., 2015;
5

Hungate, 1960).
Prior to genetic/genomic advancements, in the 1960s and 70s, Thomas D. Brock
extensively studied high-temperature ecosystems in Yellowstone National Park (Brock, 1978). He
also realized the potential for simple ecosystems to serve as model ecosystems for the study of
microbial ecology (Brock, 1978). He focused on geothermal springs due to the reduction of
biological diversity and the advantage of having a natural gradient for a single variable (i.e.
temperature). His group was able to isolate several novel species (e.g., Thermus aquaticus,
Sulfolobus acidocaldarius (Brock et al., 1972; Brock and Freeze, 1969)), but his work remained
focused on trying to understand how microorganisms behave in the natural world (Brock, 1978).
Isolates, while valuable, merely provided a more controlled setting to understand the potential
impact of an organism in the natural environment. His group employed multiple simple and
brilliant approaches to determine in situ generation times, biogeochemical rates mediated by
microorganisms, meteoric vs. deep-sourced water contributions to systems, and more. Now armed
with the tools of today and a more quantitative picture of the diversity of life, microbial ecologists
can begin to go back to focusing on addressing the third criterion to link individuals and
community composition to ecosystem-level processes. In my final chapter I provide an example
of a synergistic multi-omics approach to the study of microbial ecology as an example of utilizing

Large-scale nucleic acid-based surveys have been instrumental in our understanding of the
immense diversity of microbial life. These surveys, along with global development of publicly
available depositories for genetic data and analysis software have provided estimates of the total
diversity of life, the evolutionary relationships of life, and the metabolic potential this diversity
harbors. While informative and instrumental to the advancement of microbial ecology, these
studies are lacking in direct measures of microbial activity. Now, microbial ecology is on the cusp
6

of another revolution (or perhaps a revision), transitioning from sequenced-based inferences into
a holistic, quantitative, understanding of ecosystem processes by providing direct links between
microbial diversity, microbial activity, and ecosystem function. This will lead to a more
quantitative understanding of the effects of microbial community composition on ecosystem
function by linking organisms to genes to ecosystem-level processes.
Our current knowledge of the enormous diversity of microbial life and the current lack of
cultured representatives of many major phylogenetic clades strongly suggests that microbial
ecologists must proceed in the field accepting that the likelihood of obtaining axenic cultures of
everything in the near future is low. While the study of isolates is complementary to our
understanding of microorganisms in the natural environment, and efforts should be made to
maximize the use of isolates we are fortunate enough to obtain, the study of isolates cannot address
n of quantitatively describing in situ activity of individuals, the community,
and the ecosystem. Nucleic acid-based surveys have been invaluable, but the time has come to go
beyond sequence data and begin to link who is there and their potential to act, to action. This will
require utilizing existing technology in synergistic ways, interdisciplinary cooperation, novel
approaches for holistic, quantitative, observation of microbial activity, and the ongoing validation
and refinement of these approaches.

A Primer to My Dissertation
Here I present three studies that aimed to further the field of microbial ecology through: 1)
The combination of 16S rRNA gene amplicon surveys to address diversity, metagenomeassembled genome and metagenomic analyses to address potential activity on an individual- and
community-level, and the use of an emerging technique for evaluating the in situ metabolic activity
7

of microbial communities in a terrestrial geothermal spring; 2) Gaining detailed physiological
information, through cutting-edge metabolomics supported by genomics, for Thermoflexus
hugenholtzii, the only cultured representative of the class Thermoflexus, in the phylum Chloroflexi.
Then leveraging that information to expand our knowledge of the genus Thermoflexus through
comparisons to metagenome-assembled genomes from USA, China, and Japan; and 3) Continuing
to develop a community-applicable

13

CO2-based metabolic flux analysis technique by adding

metabolic complexity to a metabolic model and providing the first preliminary evaluation of this
technique in the controlled setting of pure-cultures of well-characterized strains of Escherichia
coli.

8

Chapter 2
Position- pecific

etabolic robing and

etagenomics of

ommunities eveal onserved entral arbon
ctivities at

icrobial

etabolic etwork

igh emperatures

Authors: Scott C. Thomas, Kevin O. Tamadonfar, Cale O. Seymour, Dengxun Lai, Jeremy A.
Dodsworth, Senthil K. Murugapiran, Emiley A. Eloe-Fadrosh, Paul Dijkstra, Brian P. Hedlund

Author contributions: ST analyzed the data and wrote the chapter. ST, BH, KT, PD contributed to
experimental design. ST and KT completed field work. ST, KT, JD completed laboratory work.
ST, JD, CS, SM, DL contributed to bioinformatic work. EE-F oversaw metagenomic sequencing,
assembly, and MAG generation.

Abstract
Temperature is a primary driver of microbial community composition and taxonomic diversity;
however, it is unclear to what extent temperature affects characteristics of central carbon metabolic
pathways (CCMPs). In this study, 16S rRNA gene amplicon and metagenome sequencing were
combined with

13

C-labeled metabolite probing of the CCMPs to assess community carbon

metabolism along a temperature gradient (60-95 °C) in Great Boiling Spring, NV. 16S rRNA gene
amplicon diversity was inversely proportional to temperature, and Archaea were dominant at
higher temperatures. Metagenomes spanning the temperature gradient hosted abundant CCMPs
9

genes and many individual metagenome-assembled genomes had complete pathways. In contrast,
genes encoding cellulosomes and some others involved in plant matter degradation and most for
photosynthesis and were absent at higher temperatures. In situ 13C-CO2 production from labeled
isotopomer pairs of glucose, pyruvate, and acetate suggested lower relative oxidative pentose
phosphate pathway activity and/or fermentation at 60°C, and a stable or decreased maintenance
energy demand at higher temperatures. Catabolism of 13C-labeled citrate, succinate, L-alanine, Lserine, and L-cysteine was observed at 85°C, demonstrating broad heterotrophic activity.
Together, these results suggest that temperature-driven losses in biodiversity in geothermal
systems may not alter CCMP function or maintenance energy demands at a community level.
Introduction
Temperature is a primary driver of taxonomic diversity of microbial communities (Cole et
al., 2013; Power et al., 2018; Sharp et al., 2014; Sunagawa et al., 2015), with an observed
maximum at 25 °C and decreasing diversity as temperature becomes more extreme (Sharp et al.,
2014). This temperature-driven diversity gradient provides an opportunity to assess the
consequences of decreasing taxonomic diversity on ecosystem function (Swingley et al., 2012).
On the one hand, several studies have suggested that taxonomic and functional diversity are not
closely linked. For example, the Human Microbiome Project Consortium (2012) found core
functional diversity to be shared by microbial communities in different locations on the human
body, despite vast differences in taxonomic composition. Similarly, Sunagawa et al. (2015)
showed that core functional diversity was conserved in the global ocean microbiome, despite
spatial variability in taxonomic diversity, and that greater than 73% of the ocean and human
microbiome core functional gene content was shared. The existence of an ecosystem-independent
core functional gene assemblage suggests conservation of ecosystem function across diverse
microbial communities and physiochemical conditions (Sunagawa et al., 2015). On the other hand,
10

the upper-temperature limit for photosynthesis is ~73 °C (Brock 1967; Boyd et al., 2012; Cox et
al. 2011) and the upper-temperature limit for chemolithotrophic nitrite oxidation may be ~65 °C
(Edwards et al., 2013; Lebedeva et al., 2005; Sorokin et al., 2012), suggesting temperature can be
a strong driver of not just taxonomic diversity but also functional diversity.
Contained in the global ocean and human microbiome core gene assemblages are genes
necessary for glycolysis, the pentose phosphate pathway (PPP), and the tricarboxylic acid cycle
(TCA) (Sunagawa et al., 2015). These

metabolic pathways

MPs) are

intimately linked to biological energy-generating reactions (catabolism) and to the synthesis of
biomass precursors (anabolism) in heterotrophic organisms. If there is an ecosystem-independent
core functional assemblage for microbial communities, then these pathways should be present in
microbial communities inhabiting extreme environments as well. While metagenomic studies have
demonstrated the conservation of ecosystem function at the genomic level in diverse ecosystems,
these studies failed to address the activities directly.
The activity of CCMPs in microbial communities can be assessed using position-specific
13

C-labeled substrates and modeling metabolic flux using

13

CO2 production rates (Figure 2.1)

(Dijkstra et al., 2011b, 2011a, 2011c, 2015; Hagerty et al., 2014). The use of position-specific 13Clabeled compounds (i.e., isotopomers) provides greater information than uniformly

13

C-labeled

substrates, allowing inferences to be made about the flux of carbon through CCMPs and the
dynamics of catabolic and anabolic reactions (Dijkstra et al., 2011b, 2011a; Leighty and
Antoniewicz, 2013). For studying microbial community activity, this approach is superior to the
classic 13C metabolic flux analysis based on amino acid labeling patterns (Wiechert et al., 2001),
largely due to the difficulties of obtaining an isotopic steady state for all members of the
community (Zamboni et al., 2009).

11

The principle governing using 13C-labeled isotopomers is that if a substrate is used solely
for catabolic purposes, then carbon (C) from all positions in the substrate will be oxidized to CO2
in the same ratio they are found in the substrate (i.e., 1-13C: 2,3-13C (13C1:13C2,3) pyruvate ratio
equals 0.5). However, if anabolic reactions are taking place, then this ratio deviates from the
hypothetical "catabolic only" ratio. For example, in the complete oxidation of pyruvate through
CCMPs, C1 is released as CO2 as a result of pyruvate dehydrogenase or pyruvate-ferredoxin
oxidoreductase activity, while C2 and C3 are oxidized to CO2 in the TCA cycle (Figure 2.1).
Similarly, C1 of glucose is oxidized to CO2 during the formation of ribulose-5-phosphate via 6phosphogluconolactonase in the PPP, while the other five carbons are oxidized by pyruvate
dehydrogenase and the TCA cycle. If glucose is metabolized through glycolysis, then C1 of glucose
can also be oxidized in the TCA cycle, but only after at least the third cycle, providing a greater
opportunity for C1 to be sequestered in biomass. Thus, the relative rate of 13CO2 production from
C1 of glucose (relative to uniformly 13C-labled (13CU) glucose) would be high when PPP is active
and low during conditions of reduced PPP activity, assuming metabolites are being used for
biomass production (Dijkstra et al., 2015). By comparing rates of 13CO2 production from specific
isotopomers (e.g., 13C1 vs. 13C2,3 pyruvate), information is gained on the relative activity of CCMPs
and the catabolic and anabolic use of these compounds.
In the present study, we focused on a single terrestrial geothermal system, the Great Boiling
Spring (GBS) system, located in northern Nevada, U.S.A. GBS is a circumneutral pH, NaCl-type
geothermal system that harbors well-studied microbial communities rich in novel and yet-to-becultivated microorganisms (Becraft et al., 2016, 2017, Dodsworth et al., 2012, 2013; Eloe-Fadrosh
et al., 2016; Rinke et al., 2013). Within this system, taxonomic diversity has been shown to be
inversely proportional to temperature, concomitant with a shift from Bacteria to Archaea (Cole et
al., 2013). Native communities in GBS have been shown to utilize a variety of organic electron

12

donors (Murphy et al., 2013). This system provides an opportunity to study the functional
consequences of temperature-driven losses in taxonomic diversity while minimizing other
variables, such as water chemistry, photosynthetically active radiation, and geographic distance.
To examine the relationships between temperature-driven taxonomic diversity and the
functioning of CCMPs, we combined

13

C-based metabolic probing with analysis of 16S rRNA

gene amplicons, shotgun metagenomes, and metagenome-assembled genomes (MAGs) derived
from the same samples. This system was then used to test several hypotheses about relationships
between temperature-driven losses in taxonomic diversity and ecosystem function: (1) genes
associated with photosynthesis and degradation of complex organic matter will decrease at high
temperature; (2) PPP gene abundance and ecosystem function will decrease at higher temperature,
due to a relative increase in Archaea (Brasen et al., 2014); (3), genes for other CCMPs and
catabolic carbon use will be unaffected by temperature (Brasen et al., 2014; Sabath et al., 2013;
Valentine, 2007); (4) catabolic carbon use will increase with temperature, due to an increase in
maintenance energy demand (Price and Sowers, 2004; Tijhuis and Loosdrecht, 1993); and (5)
diverse TCA cycle intermediates will be used catabolically at high temperature.

Materials and Methods
Study site

one location from a spring called GBS 19 were selected to encompass a temperature gradient from
60-95°C, consisting of 95, 85, 70, and 60°C sites. Sites were designated as GBS 95, GBS 85, GBS
70, and GBS 60 for this study. Sites within GBS roughly correspond to previous study sites in
Cole et al, 2013. GBS 19 is a separate spring, located ~30 m from GBS. GBS 19 allowed for the

13

inclusion of a 95 °C site. GBS and GBS19 share a single deep subterranean source and have similar
water chemistry (Anderson, 1978).
Field measurements and water chemistry analysis
Immediately prior to water and sediment collection, temperature, conductivity, and pH of the bulk
water directly above each sediment sample site were measured using a LaMotte pH5 Series
pH/temperature meter (LaMotte, Chestertown, MD, USA). Bulk water was collected for analysis
of major cations and anions, and trace elements in acid-washed 0.5 L high-density polyethylene
Nalgene® bottles rinsed several times with spring water then dispersed as described below. For
major cation and anion analysis, water was filtered through 0.2 µm polyethersulfone (PES) filters
(25 mm diameter; Pall Corp., USA) into 15 mL polypropylene tubes and frozen immediately on
dry ice. For trace element analysis, 60 mL of water was filtered through a 0.2 µm polyethersulfone
(PES) filter (25 mm diameter; Pall Corp., USA) into acid-washed 150 mL Nalgene® bottles spiked
with 400 µL 10% HNO3 (OmniTrace Ultra). The trace element samples were shaken and degassed
three times, then stored at room-temperature until analysis. Field blanks, consisting of sterile
Nanopure water processed in tandem with environmental samples, were collected at the time of
sampling.
High-performance liquid chromatography (HPLC), direct current plasma optical emission
spectrometry (DCP-OES), and inductively coupled plasma mass spectrometry (ICP-MS) analysis
for major anions, cations, and trace elements were performed in the Department of Geology and
Environmental Earth Science at Miami University (Oxford, OH) as described by Huang et al.
(2013). Briefly, anion concentrations were determined by HPLC (Dionex DX-500
chromatography, Dionex Co., USA). Cation concentrations were determined by DCP-OES
(Beckman, USA). Trace elements were measured on a Varian 820 quadrupole ICP-MS instrument
(Agilent Technologies Inc., USA).
14

DNA extraction and Illumina 16S rDNA sequencing
The FastDNA Spin Kit for Soil (MP Biomedicals, Solon, OH, USA), using modifications specified
previously (Dodsworth et al 2011), was used for DNA extraction from sediment samples (collected
as described below for 13C production rate experiments) for both 16S rRNA gene and metagenomic
sequencing. DNA was precipitated with 70% ethanol and resuspended in 0.5 x TE (5 mM Tris, 0.5
mM EDTA, pH 8). DNA was shipped to Micro-Seq Enterprises (Las Vegas, NV, USA), where the
amplification and sequencing of the V4 region of the 16S rRNA gene for Bacteria and Archaea
was performed. Amplification and sequencing were performed using the Illumina MiSeq platform
(San Diego, CA, USA), as described in Kozich et al. (2013), using primers designed to increase
coverage of Archaea (Hou et al., 2013). Sequences have been deposited to the NCBI Sequence
Read Archive under project SRP059341 (GBS 60, SRX1055762; GBS 70, SRX1055763; GBS 85,
SRX1055764; GBS 95, SRX1055765).
Sequence data analysis was performed using Mothur according to the standard operating
procedure provided by Kozich et al., 2013. Taxonomic assignment was according to SILVA
(v119) (Pruesse et al., 2012; Quast et al., 2013; Yilmaz et al., 2014). Manual curation was
performed on several unclassified sequences using BLASTn, Greengenes, EzBioCloud (Yoon et
al., 2017), and sequence cut-offs suggested by Yarza et al. (2014) for identification and naming of
sequences belonging to candidate phyla.
Community statistics were calculated using rarefaction tool kit (RTK) (Saary et al., 2017)
and Phyloseq (McMurdie and Holmes, 2013). Samples were rarefied based on GBS 95, which
had the lowest number of reads (17,181). OTUs used in the SILVA assignments and the alpha
diversity analyses were grouped at 97% sequence identity.
Metagenomic Illumina sequencing
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Detailed descriptions for the processing, sequencing, and assembly of the metagenomes are
publicly available from the Integrated Microbial Genomes and Microbiomes platform (IMG/M;
https://img.jgi.doe.gov/m/) (Chen et al., 2019), under Gold Analysis Project IDs Ga0197142,
Ga0197143, and Ga0197144 (GBS 60, GBS 70, and GBS 85, respectively). Briefly, isolated DNA
for metagenomic sequencing was sequenced by the Joint Genome Institute (JGI) using shotgun
Illumina HiSeq 2500-1TB, assembled using SPAdes version: 3.10.1, and annotated using the IMG
Annotation Pipeline v.4.15.1 (Huntemann et al., 2016). JGI-identified 16S sequences contained in
each metagenome were classified using Silva (v128), tabulated based on read depth, and
transformed for the evaluation of relative abundance. Metagenome sequencing from GBS 95 was
not possible due to the low yield of DNA.
Metagenome-Assembled Genomes (MAGs)
Genome binning was performed using MetaBAT (v0.32.4; Kang et al., 2015) with a 3,000 bp
minimum contig cutoff, conti

-

specificity.
Bin completeness and contamination were estimated using CheckM (Parks et al., 2015). Bins were
deemed to be of high-quality if they met the requirements laid out in Bowers et al. (2017). All
high-quality bins were analyzed using the Genome Taxonomy DataBase Toolkit (GTDB-Tk,
v0.1.1) for gene calling, protein sequence prediction, and taxonomic identification (Eddy, 2011;
Hyatt et al., 2010; Jain et al., 2017; Matsen et al., 2010; Parks et al., 2018). 16S rRNA gene
amplicons were matched with metagenome bins using BLAST+ (Camacho et al., 2009) in the webbased Galaxy platform (Cock et al., 2015). Individual databases for nucleic acid files for
metagenomic bins were created and all 16S rRNA gene amplicons were queried using Megablast
(Morgulis et al., 2008; Zhang et al., 2000) against each metagenomic bin database.
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Assessing metabolic potential and pathway completeness
Protein sequences for high-quality bins and complete metagenomes were submitted individually
to MAPLE (Metabolic and Physiological potentiaL Evaluator, v2.3.1) (Arai et al., 2018; Takami
et al., 2012b, 2016) for the evaluation of Kyoto Encyclopedia of Genes and Genomes (KEGG)
functional module completion ratios from Boolean algebra-like equations employing the presence
or absence of KOs (Takami et al., 2012b). Protein sequences for the complete metagenome were
identified using the JGI Integrated Microbial Genomes and Microbiomes (IMG/M) pipeline (Chen
et al., 2019), identification of protein sequences for high-quality MAGs is described above. Within
MAPLE, the NCBI BLAST search engine was used with the single-direction best hit annotation
method for KEGG Orthology (KO) assignment, using all organisms in the KEGG database.
Whole-community module completion ratios were recorded, and modules were considered
biologically

feasible

if

they

obtained

a

Q-value

less

than

0.5

(https://maple.jamstec.go.jp/maple/maple-2.3.1/help.html).
NOISeq differential abundance and KEGG mapping
KOs identified using the JGI IMG/M pipeline were analyzed in the NOISeq-sim (Tarazona et al.,
2011) differential abundance analysis and KEGG mapping analysis. To determine relative
abundance of KOs, protein sequences with KEGG Orthology (KO) annotations were tabulated
using the JGI-provided estimated gene copy number, normalized to unassembled metagenome size
(GBS60, 23,572,233,708 bp; GBS70, 18,720,210,806 bp; GBS85, 16,850,842,886 bp) using
counts per billion bases, and log2-transformed using the NOISeq package v2.22.0 (Tarazona et al.,
2011, 2015) in R version 3.4.3 (R Core Team, 2017). To determine KO allele richness, genes with
KO annotations were tabulated based on the JGI-provided gene count, normalized to assembled
metagenome size (GBS 60, 461,589,717 bp; GBS 70, 297,862,735 bp; GBS 85, 80,294,486 bp)
using counts per billion bases, and log2-transformed as above. Differential abundance and richness
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analysis was performed using the NOISeq-sim function with the developer-recommended
parameters for analyses of simulated replications with no pseudocount added to zero-count hits
(Tarazona et al., 2011, 2015). The log2-transformed normalized abundance and normalized
richness values were then mapped to relevant KEGG pathway diagrams (Kanehisa and Goto,
2000) and significant differences in KO abundance were noted, using a custom algorithm that
combines the outputs of the KEGG reconstruct pathway and KEGG color pathway tools (Kanehisa
2000, 2012, 2017). The NOISeq-sim recommended probability value of 0.9 was used on the
dataset as indicating a significant difference between any pairwise comparison was found
(Tarazona et al., 2011, 2015), all possible pairwise comparisons were made.
Carbohydrate-active enzyme (CAZyme) (Lombard et al., 2014) annotation was performed on JGI
IMG/M protein sequences using hmmer version 3.1b2 (Eddy, 1998) with the dbCAN database
(Yin et al., 2012) as a reference. To determine relative abundance of CAZymes, CAZyme HMM
hits for each of the metagenomes were tabulated using scaffold average coverage and normalized
to unassembled metagenome size using counts per billion bases. To determine CAZyme allele
richness, CAZyme HMM hits were tabulated without considering scaffold read-depth and were
normalized to assembled metagenome size. Differential abundance and richness of the normalized
HMM hits were analyzed as above using the NOISeq-sim function (Tarazona et al., 2011, 2015).
Raw reads and assembled metagenomic contigs, as well as functional predictions, are available on
the JGI IMG/M platform (Chen et al., 2019) and are represented by taxon object IDs 3300020153,
3300020139, and 3300020145 (GBS60, GBS70, GBS85, respectively).
13

CO2 production rate experiments

Hot spring sediment slurry microcosms were incubated in situ to monitor the production rate of
13

CO2 from position-specific 13C-labeled isotopomer pairs and uniformly 13C-labeled compounds

over an 8-hour period. The top ~1 cm of sediment was collected with a sterile metal spoon and
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placed in a sterile 2 L Nalgene® bottle. A small amount of spring water, taken directly from the
sediment location, was added and the mixture was homogenized by light shaking/swirling.
Subsamples of the sediment slurry were aseptically transferred to 2 mL centrifuge tubes and
immediately frozen on dry ice in the field. Slurry subsamples were transported to the lab on dry
ice, where they were maintained at -80 °C until DNA extraction. The same homogenized sediment
slurries were then immediately dispersed for the 13CO2 production rate experiments. They were
kept near in situ temperatures by placing the bottles in the hot spring during preparation and
incubation of samples, as described in detail below.
~20 mL of sediment slurry was aseptically dispersed into a sterile 165 mL serum bottle
using a modified 10 mL Oxford Bench

. Serum bottles were

prewarmed and kept warm by placement in a large plastic bin filled with hot spring water. After
sediment slurry addition, serum bottles were capped with butyl rubber stoppers and sealed with
aluminum crimps. Once sealed, 1 mL of 13C-labeled substrate was added to each microcosm using
a 1 mL syringe and 25G needle. Each 13C substrate incubation was performed in triplicate except
mercury- or glutaraldehyde-treated controls (described below), which were performed
in duplicate to limit sample numbers. Syringes were preloaded with 1 mL of 13C-labeled substrate
(see below for concentrations) prior to starting the experiment to minimize microcosm preparation
time and allow solutions to come up to atmospheric temperatures. Sediment collection,
homogenization, dispersion, and

13

C substrate additions took ~45 minutes. Upon completion of

13

C substrate additions, all microcosms were secured in a wire cage, covered with foil, and

completely submerged in the hot spring at the appropriate sediment collection location or location
that matched the sediment collection site temperature to maintain the in-situ temperature.
Temperature was monitored throughout the experiment using a Traceable® Ultra Waterproof
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Thermometer (VWR, Radnor, PA, USA) fixed to the wire cage. At the end of the experiment,
microcosms were kept on wet ice until sediments could be dried and weighed in the lab.
~10 mL of headspace gas was taken directly from each incubation vial using a BD 10 mL
Luer-Lok tip syringe, fitted with a polycarbonate Luer-Lok stopcock and 25G needle. Atmosphere
gas samples were taken at the time of sealing the microcosms and microcosm headspace gas
samples were taken ~2, 4, and 8 hours after 13C-labeled substrate addition. Atmosphere samples
(n=3) were collected onsite to determine a time-0

13

CO2 delta value. For headspace sampling,

microcosms were removed from the hot spring and placed in a large plastic bin filled with hot
spring water at in situ temperature and then immediately returned to the hot spring. Headspace
sampling took ~10 minutes. Samples were stored in collection syringes until analysis.
Isotopomer pairs used as metabolic tracers were sodium pyruvate (1-13C and 2,3-13C),
sodium acetate (1-13C and 2-13C), and glucose (1-13C and uniformly (U)

13

C-labeled) (99 atom

fraction %; Cambridge Isotope Laboratories, Andover, Massachusetts). All isotopomers were
suspended in Nanopure water, passed
diameter; Pall Corp., USA), and stored at 4 °C. All isotopomer solutions were normalized to 21.4
-C mL-1. This concentration was chosen based on preliminary tests in the GBS
system and similar work in soils (Dijkstra et al., 2011c, 2011b, 2011a). For the 85 °C site, in
addition to the isotopomer pairs, uniformly 13C-labeled citrate, L-serine, L-cysteine, L-alanine, and
succinate (99 atom fraction %; Cambridge Isotope Laboratories, Andover, Massachusetts) were
administered to microcosms to evaluate the diversity of organic compounds catabolized by this
community. A stock solution of 1 mg mL-1 in Nanopure water, passed
polyethersulfone (PES) filter (25 mm diameter; Pall Corp., USA), was created for each of the
above compounds in the laboratory prior to field use.
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Mercuric chloride and glutaraldehyde were used as poisons (final concentration of 1.0 mM
and 2.0% (vol/vol), respectively), individually and in combination, for monitoring abiotic
decarboxylation of the 13C-labeled substrates. Uniformly 13C-labeled substrates were used for all
kill controls. Mercury was tested at all four sites, while glutaraldehyde was tested at 60 and 95 °C
sites only. Prior to starting the experiment mercuric chloride and/or glutaraldehyde solution were
loaded into kill-control serum bottles to reduce sample preparation time and samples were
thoroughly mixed upon sediment additions.
13

CO2 analysis

Headspace samples were analyzed for

13

CO2 on a Picarro 2101-i CO2 and CH4 isotope

spectrometer (Picarro Inc, Sunnyvale, CA, USA) by first spiking samples with a high
concentration of CO2 and then diluting with CO2-free air. This step was necessary to ensure that
CO2 concentrations were within the working range of the Picarro (300-

-1

) and to

provide enough gas volume for a 10-min. sample analysis. Spikes were performed by filling a
Mason jar (473 mL) with atmosphere and injecting 10 mL of pure CO2 through a rubber stopper
inserted in the Mason jar lid. For each sample analysis, a volume of gas from the CO2-spiked
Mason jar was added at a volume matching the microcosm gas sample volume, resulting in a 1:1
ratio of sample and CO2-spiked atmosphere. A maximum of four CO2-spiked aliquots were taken
from the Mason jar before the jar was opened, vented, and refilled with CO2-spiked atmosphere.
Both CO2-spiked atmosphere and hot spring gas samples were injected into a Tedlar® bag (0.5 L)
and CO2-free gas was used to increase the mixed sample volume. Data from the Picarro was
recorded as 30-second

13

CO2 over a period of near-constant delta readings. Data were

expressed as atom percent excess (APE) per hour (relative to time zero measurements).
Results
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Field measurements and water chemistry
pH (7.17-7.52), conductance (7.47-7.68 mS), major ions, and trace elements were similar at all
four sites along the temperature gradient (Table 2.1). In situ temperatures, measured by tracing
thermometers during the
used as site identifiers (i.e., GBS 60, GBS 70, GBS 85, GBS 95) (Table 2.1).
Taxonomic diversity

16S rRNA gene amplicons

Analysis of rarefied, filtered 16S rRNA gene amplicons showed that richness ranged from 108.0430.3 species-level OTUs (3%), while Chao1 estimated richness values ranged from 283.8-737.4
(Table 2.2). Simpson, inverse Simpson, and Pielou measures of evenness ranged from 0.69-0.96,
3.27-26.11, and 0.35-0.66, respectively (Table 2.2). Shannon diversity ranged from 1.6-4.0 (Table
2.2). All diversity metrics decreased as temperature increased, although the GBS 85 site
consistently demonstrated the lowest values (Table 2.2). Analysis using Phyloseq showed similar
trends to results obtained through RTK.
16S rRNA gene amplicons showed that Archaea were more abundant at high temperatures and
that phototrophic taxa were absent from the higher temperature sites (Figure 2.2, Table 2.3). The
highest proportion of rare sequences (<1% relative abundance) was found at low-temperature sites
(Figure 2.2, Table 2.3). Many abundant phyla contained limited numbers of OTUs (Table 2.3),
and many OTUs were unique to a single temperature (Table 2.3).
16S rRNA gene amplicons showed the bacterial phyla Chloroflexi (~22%) and Cyanobacteria
(~16%) to be the most abundant groups at the GBS 60 site (Figure 2.2, Table 2.3). The two
abundant Cyanobacteria OTUs (OTU0007, OTU0017) were not identified below the phylum
level. The abundant Chloroflexi were diverse at the site, including the genera Roseiflexus
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(OTU0014), Chloroflexus (OTU0023), and Caldilinea (OTU0049), but also a multitude of
phylotypes representing novel high-level taxa.
The GBS 70 site had four phylum-level groups greater than 10% relative abundance: Chloroflexi
Thaumarchaeota (~11%) (Figure
2.2, Table 2.3). The most abundant Chloroflexi OTUs at this site included novel class-level groups
(OTU0011, OTU0027, OTU0031) and the chemoheterotroph Thermoflexus hugenholtzii
(OTU0016) (Dodsworth et al., 2014). Three
including close relatives of

Candidatus

(Beam et al.,

2016) (Group 1), Candidatus

(Group 9) (OTU0005) (Nunoura et

al., 2011), and Group 2 (OTU0009) (Hedlund et al., 2015). The two abundant Acetothermia
OTUs were 96.5% identical to

Candidatus Acetothermum autotrophicum

(OTU0004) (Takami et al., 2012a) and identical to sequence previously abundant at a spring near
GBS (EU635931) (OTU0022) (Costa et al., 2009). OTUs 0008 and 0041 belonged to the candidate
order Nitrosocaldales , with OTU008 being identical to a sequence previously found in GBS
(GBS_L2_E07) (Costa et al., 2009)

Candidatus Nitrosocaldus

yellowstonii (De La Torre et al., 2008).

Fervidibacteria

(Rinke et al., 2013).

Calditenuis aerorheumensis

Candidatus

Fervidibacteria
Candidatus Fervidibacter sacchari
Candidatus Calescibacterium nevadense (Becraft et al., 2016;

Rinke et al., 2013).
The GBS 95 site was dominated by Crenarchaeota
Crenarchaeota consisted of OTUs belonging to the class Thermoprotei, with all but one belonging
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to the order Desulfurococcales
(Hedlund et al., 2015), and was
closely related to environmental sequences collected at YNP (100% ID; KT435830.1,
KM699724.1) (Neveu et al., 2016), and hydrothermal sediments in the Guaymas Basin, Gulf of
California (99% ID; KP091266.1, KP091028.1) (McKay et al., 2016) and a MAG retrieved from
Jinze Spring in Tengchong, China (Hua et al., 2018).
Taxonomic diversity

Metagenomes

Metagenome-obtained 16S rRNA gene sequence analysis generally agreed with 16S rRNA gene
amplicon data (Figure 2.2). For both amplicon datasets and metagenomic datasets, Archaea
became more abundant as temperature increased and phototrophic taxa were lost. The cumulative
relative abundance of rare sequences (<1%) and the abundance of unclassified decreased with
temperature.
A total of 167 MAGs were obtained from the three metagenomes of which 33 were of high quality
(Bowers et al., 2017). High-quality bins were taxonomically identified with the GTDB-Tk: 13
from GBS 60, 15 from GBS 70, and 5 from GBS 85 (Figure 2.3). Most contained a 16S rRNA
gene sequence identical to a 16S rRNA gene from the amplicon analysis (Table 2.3). High-quality
MAGs spanned eight bacterial phyla, one candidate bacterial phylum, and two archaeal phyla,
according to the Genome Taxonomy Database (Parks et al., 2018): Acidobacteriota (4 bins),
Armatimonadota (1), Bacteroidota (6), Chloroflexota (6), Cyanobacteriota (1), Desulfobacterota
(3), Firmicutes (1), Nitrospirota (1), WOR-3 (2) (Baker et al., 2015), Crenarchaeota (6) (including

Metabolic potential in metagenomes
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KEGG module completion ratios (MCR) showed that the metagenomes had complete or nearcomplete CCMPs, with most modules being biologically feasible (Q-value < 0.5) (Figure 2.3). The
only modules in central carbohydrate metabolism that were not biologically feasible were the
Entner-Doudoroff pathway (KEGG module M00008) and the semi-phosphorylative EntnerDoudoroff pathway (M00633) in the GBS 60 and GBS 85 metagenomes (75% MCR, Q-value >
0.5), despite having 100% MCR (Q-value, 0) in the GBS 70 metagenome (Figure 2.3). This was
due to the absence of phosphogluconate dehydratase (K01690, EC 4.2.1.12). An alternative
module for the semi-phosphorylative Entner-Doudoroff pathway (M00308) was biologically
feasible in all metagenomes. The non-phosphorylative Entner-Doudoroff pathway (M00309) was
biologically feasible in all metagenomes.
The number of complete KEGG modules for carbon fixation pathways decreased as site
temperature increased, with GBS 60 having ten pathways with 100% MCR, GBS 70 having seven,
and GBS 85 having six, out of a total of 15 modules. GBS 60 was the only metagenome that had
100% MCR for complexes or pathways involved in photosynthesis (Figure 2.3). The reductive
citrate cycle (Arnon-Buchanan cycle) and dicarboxylate-hydroxybutyrate cycle had 100% MCR
in all metagenomes. The reductive acetyl-CoA pathway (Wood-Ljungdahl pathway) had 100%
MCR in GBS 60 and GBS 70 but was not biologically feasible in GBS 85. The hydroxypropionatehydroxybutyrate cycle was not biologically feasible in any of the metagenomes. The 3hydroxypropionate bi-cycle had 100% MCR in GBS 60, while in GBS 70 and GBS 85 it was not
biologically feasible. The reductive pentose phosphate cycle (Calvin cycle) had 100% MCR in
GBS 60, and high MCR ratios in GBS 70 (90.9%) and GBS 85 (90.9%), they were not biologically
feasible.
Dissimilatory sulfate reduction, thiosulfate oxidation by the SOX complex, denitrification, and
nitrification had 100% MCR in all three metagenomes, while no components for nitrogen fixation
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were found (0% MCR) in any of the metagenomes. Structural complexes associated with sulfate
transport (M00185) and sulfonate transport systems (M00436) had a decreasing MCR as
temperature increased (GBS 60, 100% and 100%; GBS 70, 75% and 66.7%; GBS 85, 25% and
33.3%, respectively). A urea transport system (M00323) also had a decreasing MCR as site
temperature increased (GBS 60, 100%; GBS 70, 80%; GBS 85, 40%). The potential ability to use
methanol as a substrate for methanogenesis (M00356) decreased with increasing site temperature
(GBS 60, 100%; GBS 70, 66.7%; GBS 85, 33.3%). Pectin degradation (M00081) had 100% MCR
in GBS 60 but 0% MCR in GBS 70 and GBS 85. Modules involved with the biosynthesis of
secondary metabolites were largely absent from all metagenomes.
Metabolic potential in MAGs
Bin 40 from GBS 60 (60_40), belonging to the genus Gloeomargarita, was the only bin to show
100% MCR for photosystems I and II as well as NAD(P)H:quinone oxidoreductase (M00145)
associated with Cyanobacteria (Figure 2.3). Bin 60_40 also had 100% MCR for the reductive
pentose phosphate cycle (Calvin cycle). Bin 12 from GBS 60 (Chloroflexus sp.) was the only bin
to show 100% MCR for anoxygenic photosystem II. No components were found for anoxygenic
photosystem I in any of the bins (0% MCR). All other bins had 0% MCR for all photosystems.
Glycolysis, pyruvate oxidation to acetyl-CoA, the TCA cycle, and the 1st and 2nd carbon TCA cycle
oxidations were biologically feasible in most bins (Figure 2.3). In bins where pyruvate oxidation
to acetyl-CoA was not found, gluconeogenesis was biologically feasible (Figure 2.3). The full PPP
(M00004), including both oxidative (M00006) and non-oxidative phases (M00007), were
biologically feasible in only five bins (all modules, 100% MCR) (60_12, 60_15, 60_26, 60_34,
85_2). Only six bins showed 100% MCR for the oxidative phase of the PPP (M00006), while the
non-oxidative phase (M00007) had 100% MCR in most bins (24 bins) (Figure 2.3). Bin 70_12,
belonging to the Chloroflexi genus Thermomicrobium, had 100% MCR for the oxidative and non26

oxidative phases of the PPP, despite results showing that the complete pentose phosphate pathway
was not biologically feasible due to a missing transaldolase (K00616, EC 2.2.1.2). The archaeal
PPP (M00580) was biologically feasible in six bins (60_51, 70_34, 70_36, 85_6, 85_8, 85_9),
Caldiarchaeales (Genus 4 (Hedlund et al., 2015))
resulting in only 67% MCR but Q-values below 0.5. The Entner-Doudoroff pathway (M00008)
was not biologically feasible in any of the bins (Figure 2.3). The non-phosphorylative EntnerDoudoroff pathway (M00309) was biologically feasible in only one bin (85_6), belonging to the
Crenarchaeota family Ignisphaeraceae.
KO and CAZyme abundance and richness in metagenomes

Zymes, with total estimated gene
copies of ~9,001,975 and ~776,603, respectively. GBS 70 contained 4,852 KOs and 299
CAZymes, with total estimated gene copies of ~7,677,420 and ~629,856, respectively. GBS 85
contained 2,995 KOs and 177 CAZymes, with total estimated gene copies of ~8,403,495 and
~540,463, respectively. After normalization, NOISeq-sim analyses yielded 1,294 total KOs and
62 CAZymes that were differentially abundant, and 2,835 KOs and 134 CAZymes that showed
differential richness, with a probability of 0.9 or greater of being in at least one of any possible
pairwise comparison. Of the total number of KOs that were significantly different in any pairwise
comparison, 1,047 were significant in both richness and abundance, 247 were unique to
abundance, and 1,788 were unique to richness. Of CAZymes that were significantly different in
any pairwise comparison, 48 were significant in both richness and abundance, 15 CAZymes were
unique to abundance, and 86 CAZymes were unique to richness.
Many KOs significantly more abundant in GBS 70 and GBS 85 than in GBS 60 were archaeal
KOs involved in information processing (e.g., transcription, translation, genome replication,
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recombination, DNA repair). For example, archaeal KOs associated with tRNA synthesis, DNA
repair, DNA and RNA polymerases, ribonucleases, and ribosomal proteins were more abundant at
higher temperature sites. KOs associated with archaeal CRISPR proteins were also more abundant
at higher temperature sites (e.g., K19074, K07725).
Richness for KOs involved in information processing generally followed the same pattern as
abundance, with archaeal-associated KOs showing greater richness in metagenomes from hightemperature sites. For example, K03170, reverse gyrase, was more rich at GBS 70 and GBS 85
than GBS 60. In contrast, K02470, DNA gyrase, was less rich in GBS 85 than GBS 60.
KOs associated with starch and glycogen biosynthesis and utilization (e.g., K01176, K05343,
K01208, K16147, K16149 (89.8% probability)) were significantly less abundant at GBS 85 than
GBS 60. KOs associated with archaeal flagella increased in abundance as site temperature
increased and were more abundant in GBS 85 than GBS 70 (e.g., K07332, K07333), while KOs
associated with pili were significantly less abundant at GBS 85 than GBS 60 (e.g., K02658,
K02660, K02662 (89.8% probability)). Genes associated with the biosynthesis of heat-stable lipids
were more rich at GBS 85 than GBS 60: K13787, a type-I geranylgeranyl diphosphate synthase
involved in archaeal and bacterial ether-linked lipid biosynthesis (Vandermoten et al., 2009)
(abundance

significance

60-85

88.8%);

K17105,

a

geranylgeranylglycerol-phosphate

geranylgeranyltransferase also involved in archaeal ether-linked lipid biosynthesis (abundance
significance 60-85, 89.7%); and K17104, an archaeal phosphoglycerol geranylgeranyltransferase
(abundance significance 60-85, 89.8%). KO K13789, a type-I geranylgeranyl diphosphate
synthase involved in bacterial and plant ether-linked lipid biosynthesis (Vandermoten et al., 2009),
was less rich in GBS 85 than in GBS 60 or GBS 70. KOs involved in lipopolysaccharide (LPS)
transport and biosynthesis were less abundant in GBS 85 than in GBS 60 (e.g., K09695, K09694,
K19428, K04744 (89.7% probability). Multiple ABC transporters were significantly more
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abundant at GBS 60 than GBS 85. The archaeal cytoskeletal element crenactin, KO K18641
(Ettema et al., 2011), was more rich in GBS 70 and GBS 85 than in GBS 60 (abundance 60-85,
89.8%).
KOs associated with photosynthesis were significantly more abundant in GBS 60 than in GBS 70
or GBS 85 (>40 KOs). In many cases (>40 KOs), GBS 70 and GBS 85 did not contain any copies
of the genes. Many of these KOs were associated with photosystems I and II, chlorophyll
biosynthesis, and photosynthetic reaction centers. KOs K01601 and K01602, the large and small
chains of ribulose-bisphosphate carboxylase, were more abundant in GBS 60 and GBS 70 than in
GBS 85. KO K14138, acetyl-CoA synthase, involved in the Wood-Ljungdahl pathway, was more
abundant in GBS 60 and GBS 70 than in GBS 85. In contrast, many KOs associated with the
dicarboxylate-hydroxybutyrate cycle and hydroxypropionate-hydroxybutyrate cycle were
significantly less abundant at GBS 60 than GBS 85 (e.g., K14465, K14467, K15016, K15020,
K15038). Richness for KOs associated with photosynthesis followed the same trend as the
abundance data, with richness being higher in GBS 60 than GBS 70 or GBS 85.
Few KOs involved in CCMPs were differentially abundant between metagenomes. In cases where
differences were found, functionally redundant KOs were identified. This can be visualized in the
KO abundance-populated KEGG maps, where enzyme commission (EC) numbers for CCMP
functions were similarly abundant in the KEGG maps, yet many ECs contained differentially
abundant KOs; this is due to the assignment of KOs to a single EC number. For example, KO
K01810 is a glucose-6-phosphate isomerase assigned to EC 5.3.1.9 and was significantly less
abundant in GBS 85 than in GBS 60 and GBS 70. Yet, KOs K06859, K13810, and K15916, which
are also assigned to EC. 5.3.1.9, were found across all three metagenomes with non-significant
differences. Similarly, KO K01835, a phosphoglucomutase assigned to EC 5.4.2.2, was
significantly less abundant at GBS 85 than GBS 60. Yet, K15778, also assigned to EC 5.4.2.2, was
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more abundant in GBS 85 than in GBS 60 (89.8% probability). K01622, a fructose 1,6bisphosphate aldolase/phosphatase thought to be an ancestral gluconeogenic enzyme responsible
for removing heat-labile triosephosphates is associated with Archaea and some Bacteria (Brasen
et al., 2014; Say and Fuchs, 2010), was more abundant in GBS 85 than in GBS 60, with richness
being significantly higher in GBS 85 than in GBS 60 or GBS 70.
The 62 CAZymes determined to be significantly differentially abundant in any pairwise
comparison were classified into CAZy families: carbohydrate binding modules (CBM) (9),
glycosyltransferases (GT) (6), glycoside hydrolases (GH) (38), polysaccharide lyases (PL) (8), and
dockerins (1). The majority decreased in abundance with increasing site temperature. CAZymes
associated with peptidoglycan degradation were more abundant in GBS 60 (e.g., GH 73, GH102,
GH104) than GBS 85, and PL9_4 was significantly more abundant at GBS 85 than GBS 70. Family
GT8, involved in LPS biosynthesis, was less abundant in GBS 85 than in GBS 60. Some families
involved in cellulose degradation decreased in abundance with increasing site temperature and
were less abundant in GBS 85 than GBS 60 (e.g., CBM8, CBM63, GH5_46, GH94, dockerin).
Families and sub-families involved in starch degradation and synthesis tended to be significantly
more abundant in GBS 60 than GBS 85 (e.g., CBM20, CBM21, GH13_2, GH13_3, GH13_10,
GH13_21, GH13_26, GH13_36, GH65, GH88, GH128), including sub-family GH13_7 which
-amylases from Archaea (Pyrococcus sp., Thermococcus sp.). Only six
families and subfamilies were significantly more abundant at GBS 85 than GBS 60 (CBM29,
GH52, GH96, GH122, PL14_3, PL22_2). GH122 has a single characterized protein from
Pyrococcus furiosus, described as an -glucosidase with
carbohydrates (Comfort et al., 2008).
Visualization of KEGG enzyme commission number richness and abundance
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-glucan

Normalized KO abundance and richness, generated from NOISeq-sim, were used to populate
KEGG maps to qualitatively compare differences in gene abundance between metagenomes, and
visually highlight areas with significant differences in abundance of KOs. Genes for photosystems
I and II and photosynthesis antenna proteins were found in the GBS 60 metagenome but were
largely absent in GBS 70 and GBS 85. GBS 60 contained biosynthesis genes for the carotenoids
spheroidene, spirilloxanthin, astaxanthin, and myxol, which are synthesized by oxygenic and
anoxygenic phototrophs. NAD(P)H-quinone oxidoreductase genes (ndh) associated with
cyanobacteria and chloroplasts were abundant in GBS 60 and largely absent in GBS 70 and GBS
85. An ATP citrate-lyase (EC 2.3.3.8), involved in the reductive TCA cycle was only found in
GBS 60. Citryl-CoA synthetase (EC 6.2.1.18, CCS) and cityl-CoA lyase (EC 4.1.3.3.4, CCL),
which provide an alternative route for the conversion of citrate to oxaloacetate and acetyl-CoA in
the reductive TCA cycle, were found in similar relative abundance across the three metagenomes.
A succinyl-CoA reductase (EC 1.2.1.76) involved in the dicarboxylate-hydroxybutyrate and
hydroxypropionate-hydroxybutyrate cycles was not found in GBS 60 and increased in abundance
and richness from GBS 70 to GBS 85. A succinyl-CoA:(S)-malate CoA-transferase (EC 2.8.3.22)
involved in the 3-hydroxypropionate bi-cycle was only found in GBS 60. A formatetetrahydrofolate ligase (EC 6.3.4.3) involved in the reductive acetyl-CoA pathway was abundant
in GBS 60 and GBS 70 but absent from GBS 85.
The

TCA

cycle,

PPP

(including

reverse

ribulose

monophosphate

pathway),

glycolysis/gluconeogenesis, and the glyoxylate cycle were all complete, with most ECs found in
relatively high abundance. Multiple ECs involved in CCMPs showed that particular KOs used to
populate ECs differed in abundance, yet the cumulative abundance of the EC was not appreciably
different between sites. Within the semi-phosphorylative Entner Doudoroff pathway, 2-dehydro3-deoxy-phosphogluconate/2-dehydro-3-deoxy-6-phosphogalactonate aldolase (EC 4.1.2.55)
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decreased in abundance as temperature increased, and 2-dehydro-3-deoxy-D-gluconate aldolase
(EC 4.1.2.51) was absent in all metagenomes. Notably, 6-phosphogluconate dehydratase (EC
4.2.1.12), involved in the Entner Doudoroff pathway, was absent from GBS 60 and GBS 85, while
also showing low abundance at GBS 70. Genes involved in prokaryotic oxidative phosphorylation
were conserved across all metagenomes, while genes associated with eukaryotes were largely
absent. Pathways for serine, cysteine, and alanine metabolism were complete and abundant, with
respect to conversion to pyruvate.
The GBS 85 metagenome lacked cellobiose importers (EC 2.7.1.205) and ability to hydrolyze and
phosphorylate cellobiose (EC 3.2.1.86, 2.4.1.20). Trehalose import (EC 2.7.1.20) and synthesis
(EC 3.1.3.12, 2.4.1.25) was found at all sites, while conversion to glucose (EC 3.2.1.28, 2.4.1.64)
or maltose (EC 5.4.99.16) was absent from GBS 85. Starch or glycogen degradation to
cyclodextrin (EC 2.4.1.19) or maltodextrin (EC 3.2.1.54) was absent in GBS 85 and degradation
to glucose (EC 3.2.1.3) was absent in GBS 70 and GBS 85. Dextran degradation (3.2.1.11) was
also absent in GBS 85. ABC transporters for various oligo- and monosaccharides, branched chain
amino acids and oligopeptides, and lipopolysaccharides and lipoproteins were abundant in all
metagenomes. ABC transporters for general L-amino acids, neutral amino acids/histidine,
glutathio

-glucoside, arabinooligosaccharide, and sn-glycerol

3-phosphate were largely absent from GBS 85. ABC transporters for bicarbonate were abundant
in GBS 60 but absent from GBS 70 and GBS 85. ABC transporters for nitrate, nitrite, and cyanate
were abundant at GBS 60 and absent in GBS 85. ABC transporters for sulfate decreased in
abundance as site temperature increased and were largely absent from GBS 70 and GBS 85.
13

C-based metabolic activity

Poisoned controls varied in terms of suppressing

13

CO2 production. Delta

13

CO2 values were

consistently higher in mercury-poisoned controls using uniformly labeled substrates than in
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glutaraldehyde-containing controls, with many mercury-poisoned controls producing equal or
greater delta 13C values than the non-poisoned microcosms. At the GBS 60 and GBS 95 sites, the
only sites where glutaraldehyde was evaluated, glutaraldehyde-containing controls consistently
produced lower delta

13

C values than their substrate-paired samples and poisoned controls

containing only mercury. Although a small amount of

13

CO2 production was observed in

glutaraldehyde-containing controls, they provided confidence that the majority of

13

CO2

production from experimental microcosms could be attributed to biological activity.
At all sites, added

13

C-labeled compounds resulted in a near-linear return of

13

CO2 with low

variability between replicates for the duration of the experiment (Table 2.4). Within a site, all
microcosms contained a similar quantity of sediment. All paired isotopomer ratios showed
significant differences from complete catabolic use at all sites (p<0.05; one-sample t-test) (Figure
2.4). The GBS 60 site demonstrated a significantly greater CU: C1 (Uniformly-labeled: Carbon 1labeled) glucose isotopomer ratio (~12.5) from all other sites, with a general trend of a decreasing
ratio as site temperature increased, resulting in GBS 95 being significantly lower than GBS 60 and
GBS 70 (one-way ANOVA, Figure 2.4). This indicates an increasing trend for the C1 glucose atom
to be sequestered in biomass or fermentation products. Pyruvate isotopomer ratios were
significantly larger at GBS 95 than at the other sites, indicating an increased sequestration of C 2,3
pyruvate atoms in biomass or fermentation products. Acetate isotopomer ratios remained similar
across all sites (C1:C2, 1.42-1.67), indicating consistent ratios of C mineralization of acetate
(Figure 2.4). Broad heterotrophic activity was observed at the GBS 85 site, as indicated by strong,
linear returns from all isotopomer pairs, and uniformly labeled amino acids and TCA cycle
intermediates.

13

C-labeled amino acids and TCA cycle intermediates were only administered at

GBS 85 (Table 2.4, Figure 2.5).
Discussion
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Taxonomic diversity
Both amplicon-based and metagenome-derived 16S rRNA gene surveys demonstrated a
decrease in diversity concomitant with an increase in temperature (Figure 2.2, Table 2.2), agreeing
with previous diversity studies in GBS and globally (Cole et al., 2013; Power et al., 2018; Sharp
et al., 2014; Sunagawa et al., 2015). As the temperature increased, a diverse, Bacteria-dominated
community harboring phototrophs was replaced by an Archaea-dominated community consisting
of a few thermophilic specialists (Figure 2.2), following well-known trends in geothermal systems
(Hedlund et al., 2016). All sites had similar water chemistry and light exposure, suggesting
temperature was the major driver in taxonomic shifts.
All sites hosted a high proportion of candidate microbial taxa and unclassified sequences,
conforming with previous studies at GBS (Cole et al., 2013; Hedlund et al., 2015; Rinke et al.,
2013). In many cases, single OTUs from uncultivated groups accounted for large proportions of
the community, highlighting the low diversity and phylogenetic novelty of this system.
Additionally, several OTUs were unique to a single sample, suggesting distinct temperature niches
and exemplifying the large taxonomic differences betwee
rRNA gene sequences (<1% abundance) was higher at low-temperature sites. High-temperature
sites might not support a large rare-biosphere due to the energy demands of growth, maintenance,
and survival at the physical extremes of life (Price and Sowers, 2004).
Metabolic potential
KEGG module completion ratios demonstrated the conservation of CCMPs along the
temperature gradient for communities and individual MAGs. The fact that many MAGs contained
complete CCMPs (Table 2.3), suggests that C flux through these pathways can be facilitated by
individual populations and are not reliant on metabolite swapping within the community.
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All metagenomes contained a diversity of KOs and CAZymes. KOs associated with
information processing were more abundant at higher temperatures, likely due to genome
streamlining at higher temperatures (Sabath et al., 2013). Most of these were archaeal KOs,
reflecting a shift to Archaea-dominated communities at high temperature. The large number of
KOs and CAZymes that were found to be significantly different in richness only may reflect
taxonomic differences, where the number of unique copies of a gene would be expected to decrease
as taxonomic diversity decreases. Alternatively, the relative abundance of a gene may not decrease
as taxonomic diversity decreases, if it provides for an essential function.
As expected, significant decreases in the abundance of genes associated with
photosynthesis at high-temperature sites demonstrated the loss of a major energy source for
autochthonous carbon fixation (Figure 2.3). Differences in carbon fixation pathways were also
observed with respect to temperature, with a lower number of modules for carbon fixation
pathways predicted to be biologically feasible as site temperature increased (Figure 2.3). Taken
together, the reduction of taxonomic diversity concomitant with increasing site temperatures
correlated with a loss in metabolic diversity with respect to primary production.
Genes associated with starch utilization, including an archaeal enzyme, decreased in
abundance as temperature increased, suggesting this is not due to domain-level shifts in taxonomy.
Genes associated with cellulosomes decreased in abundance with increasing temperature (e.g.,
dockerin). Cellulosomes are large extracellular protein complexes that may be too costly to
produce and maintain in high-temperature environments. In fact, large membrane-bound or
surface-associated enzyme complexes are not known to occur in hyperthermophiles (Hedlund et
al., 2016). Although GBS 60 had the highest diversity of genes coding for ABC transporters, ABC
transporters for various oligo- and monosaccharides, branched-chain amino acids and
oligopeptides, and lipopolysaccharides and lipoproteins were present at relatively high abundance
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at all sites, suggesting heterotrophic flexibility and a conservation of function. Taken together, it
appears that starch utilization is not prominent at high temperature, yet other allochthonous
biomass from plants and insects may be important substrates for microbial communities in
terrestrial geothermal springs (Schubotz et al., 2013).
Despite the temperature-driven decrease in taxonomic diversity, absence of
photosynthesis, and shifts in genes associated with polymer degradation and information
processing due to domain-level shifts in community composition, the functional potential of
CCMPs remained consistent across sites (Figure 2.3), suggesting a conservation of CCMPs. The
PPP was well represented at the metagenomic level (Figure 2.3), despite the high relative
abundance of Archaea at GBS 85, and representative MAGs (Table 2.3) showing an incomplete
PPP (Figure 2.3). Genes for the glyoxylate cycle were abundant at all sites, suggesting metabolic
flexibility to adjust to the utilization of small carbon compounds (e.g., acetate). Abundance- and
richness-populated KEGG maps for CCMPs showed that the relative abundance of many KOs
changed with temperature, yet the basic biochemistry was maintained (i.e., pathways were
complete, demonstrated by populated EC numbers). This may be due to thermophilic Archaea
having distinct enzymes for reactions in the CCMPs, with respect to Bacteria and Eukarya. This
disparity may be due to pathway optimization for reduced protein cost and minimization of C and
energy loss from thermolabile metabolites is favored over ATP yield, yet the basic biochemistry
carried out by CCMPs remains similar (Brasen et al., 2014; Flamholz et al., 2013). The
conservation and diversity of CCMPs combined with shifts in genes associated with thermophily
(e.g., DNA gyrases, lipid biosynthesis, cytoskeletal elements, flagella, reduced protein cost,
enzymes facilitating reduced thermolabile metabolite pools) suggest that physiological adaptations
are necessary to facilitate life at high temperatures, while the basic biochemistry of life is
conserved.
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Metabolic activity
In the present study, oxygen consumption rates likely would not deplete the microcosm
headspace of O2 in the timeframe of the experiments (inferred from Murphy et al., 2013), yet, there
almost certainly was an O2 gradient in the settled sediments of the microcosms, resulting in
anaerobic habitats. Conceptually, anaerobic and aerobic respiration would be interpreted similarly
with respect to substrate C atom partitioning and C flux through CCMPs. But fermentation, in
addition to anabolism, is a likely contributor to the observed isotopomer mineralization ratios in
the present study. In a community setting, fermentation products that are being produced faster
than they are being metabolized by other community members would provide an overestimation
of the contribution of anabolic reactions to experimentally determined isotopomer ratios. Despite
this, C being transformed into fermentation products would not alter interpretations of organic
carbon mineralization ratios, which could be used to infer C source/sink dynamics.
Substantial 13CO2 production in mercury-poisoned controls suggest that glutaraldehyde is
more effective at suppressing heterotrophic activity in the GBS geothermal system. GBS sediments
consist of fine-grained particles and clay (Costa et al., 2009), potentially providing the opportunity
for mercury to quickly sorb to sediment particles (Gabriel and Williamson, 2004). This may render
the poison no longer bioavailable in concentrations necessary to inhibit microbial activity. This
may have the effect of increasing relative rates of carbon oxidation due to increased maintenance
energy demand and futile cycling from exposure to sub-lethal concentrations. Using positionspecific 13C-labeled compounds, instead of uniformly 13C-labeled compounds, would allow a test
of this hypothesis. Because poisoned controls containing both mercury and glutaraldehyde showed
similar results to controls containing only glutaraldehyde, it is unlikely that mercury was reactive
with the

13

C-labeled compounds, suggesting high

13

CO2 production rates in mercury-poisoned

controls were due to biological activity. It should be noted that mercury is a better poison for
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inhibiting autotrophy in planktonic communities of the GBS system (Boyd E.S., personal
communication). We suggest that care should be taken when choosing poisons for evaluating
biological activity and that combinations of poisons may be the most effective at inhibiting the
biological activity of whole communities. Although glutaraldehyde was only used at the GBS 60
and GBS 95 sites, the 13CO2 analysis clearly indicated a drastic reduction in the decarboxylation
of

13

C-labeled compounds at both sites, suggesting

13

CO2 from non-poisoned microcosms

primarily reflected microbial activity.
Strong linear accumulation of 13CO2 was observed for all substrates at all sites (Table 2.4,
Figure 2.5), suggesting that communities were in a metabolic steady state (Zamboni et al., 2009).
Additionally, this shows that the microbial communities at each site are adapted to the given
substrates and are likely actively expressing these pathways, since carbon flux was immediate and
constant for the duration of the experiment. These assumptions are supported by previous
microrespirometry experiments conducted at GBS showing linear O2 consumption, without lag,
upon the addition of organic substrates (Murphy et al., 2013).
A small amount of organic C was used in these experiments to minimize the effects of
substrate additions on community metabolism (Dijkstra et al., 2011b). Yet, it has been shown that
the communities in GBS sediments are electron-donor limited (Murphy et al., 2013). Thus, organic
C additions may have stimulated the metabolic activity of community members and/or potentially
altered the community composition over the duration of the experiment. We acknowledge that
returns of 13C in the form of 13CO2 is likely due to the metabolism of a subset of microbes within
these communities; we have shown that these pathways are intact within many, but not all,
individuals of these communities (Figure 2.3). Attempts to use a metabolic model (Dijkstra et al.,
2011b) integrating the different metabolites utilized in this study failed (data not shown). This
suggests that pyruvate, glucose, and/or acetate are not being utilized by the same populations;
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therefore, we interpret our results in light of populations being defined by their use of a substrate
(i.e., the glucose-utilizing population, pyruvate-utilizing population, or the acetate-utilizing
population). We also acknowledge that several different metabolic strategies may be employed
within a substrate-using population, and that we are observing the sum of these metabolic
decarboxylation events. Nevertheless, the fast and steady metabolic activity and the care taken to
maintain temperatures throughout the experiment provide confidence that experimental
observations are ecologically relevant.
All paired isotopomer ratios showed significant differences from complete catabolic use at
all sites (p<0.05; one-sample t-test), indicating biomass production and/or fermentation (Figure
2.4). Previous studies using position-specific 13C-labeled compounds are few and have focused on
metabolism in aerobic soils (Dijkstra et al., 2011b, 2011a, 2011c, 2015; Hagerty et al., 2014; Van
Groenigen et al., 2013). Except for the glucose isotopomer ratio at GBS 60, isotopomer ratios
presented in this study are similar to those reported for soils. This indicates a similar retention of
microbial substrate-derived carbon, relative to carbon uptake, in terrestrial geothermal settings and
moderate-temperature soils. In the case of greater allocation of carbon toward anabolism and
consequently a lowered relative organic C mineralization rate, a higher carbon use efficiency
(CUE) (i.e., the ratio of organic C uptake allocated to biomass; mol C to biomass/ mol C uptake)
is achieved. A similar CUE, despite the increased physiological stressor of high-temperature, could
be a result of molecular adaptation to chronic energy stress associated with extreme environments
(Sabath et al., 2013; Valentine, 2007), where high maintenance energy demands (Price and
Sowers, 2004) have provided a selection pressure for efficient energy conservation. Regardless of
high CUE (e.g., biomass production) or fermentation, the retention of organic carbon in the
ecosystem may promote a more diverse community by providing a diversity of niches due to
production of a variety of fermentation products. Indeed, extreme ecosystems expected to increase
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maintenance energy demands (increasing organic carbon mineralization) and potentially lower
CUE, such as low/high pH or high salinity, exhibit low diversity (Hou et al., 2013; Oren, 2001,
2011; Power et al., 2018).
Pyruvate isotopomer ratios suggest anabolism and/or fermentation are taking place due to
ratios being significantly different from complete catabolic use. Carbons from position 2 and 3 of
pyruvate can be shunted from the TCA cycle for anabolic use or released in fermentation products
(Figure 2.1). GBS 95 had a significantly higher pyruvate ratio indicating a greater proportion of
pyruvate-derived carbon is sequestered in biomass and/or fermentation products than at lower
temperature sites. In the case of pyruvate fermentation to acetate, C2,3 from pyruvate will be
retained in acetate, while larger fermentation products generally result in the sequestration of all
three C atoms in pyruvate (e.g., lactic acid). In the case of biomass production, a higher CUE
would be expected at GBS 95 than at lower temperature sites, suggesting maintenance energy
demand (i.e., catabolic carbon use) did not increase with temperature.
Acetate results are also significantly different from complete catabolic use and provide
support for TCA cycle compounds being sequestered in biomass. This is demonstrated by an
acetate isotopomer ratio greater than 1, suggesting the C2 position is being retained in biomass. In
addition, acetate isotopomer ratios did not significantly differ across the sites. This indicates, again,
that no change in the balance of a
temperature range, suggesting a conservation of CUE and similar maintenance energy demands
across temperatures.
In addition to isotopomer pairs, uniformly labeled citrate, serine, cysteine, alanine, and
site only, showed at least partial catabolic utilization (Figure
2.5). The use of these compounds provided additional support for a functioning TCA cycle, as the
catabolism of these compounds is intimately linked to the TCA cycle and formation of pyruvate.

40

These results, together with metagenomic data, provide support not just for an ecosystemindependent core functional gene assemblage for microbial communities (Sunagawa et al., 2015)
but also for a conservation of function, particularly with respect to carbon flux through metabolic
pathways and potential maintenance energy demands in high-temperature environments.
The 60 °C site is well below the upper-temperature limit for photosynthesis (Table 2.1 and
several phototrophs are abundant at this site (Figure 2.2, green), yet incubations were carried out
in the dark. This suggests this study captured the metabolic activity of a phototrophic mat during
non-daylight conditions. GBS 60 showed a significant increase in the relative sequestration of C1
of glucose due to anabolism or fermentation, with respect to the other sites (Figure 2.4). These
results may be due to a reduced or inactive oxidative PPP (Dijkstra et al., 2011c, 2015). Without
photosynthetic activity, anabolic reactions involving NADPH and PPP-derived biomass precursors
(e.g. ribulose-5-phosphate), and the need to allocate NADPH to quenching reactive oxygen species
is decreased, which would result in a low return from C1 of glucose. A reduced PPP is indicative
of a lower demand for NADPH, which is used in many anabolic reactions directly linked to DNA
replication and for scavenging of reactive oxygen species (Cox and Nelson, 2008). In addition, in
the absence of light-driven primary production, a reduction in cellular replication would be
expected. This is consistent with lower PPP activity due to a lower demand for the PPP-derived
biomass precursor ribose-5-phosphate and NADPH for biosynthesis reactions. This interpretation
fits with previous results for phototrophic mat communities in terrestrial geothermal systems that
suggest that maximal rates of RNA, DNA, and protein production occur during morning hours
with the lowest O2 concentrations, reducing exposure to reactive oxygen species (Kim et al., 2015;
Steunou et al., 2006).
In addition to a reduction in anabolism during dark periods, it has been shown that some
members of photosynthetic mat communities inhabiting terrestrial geothermal springs switch to
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fermentative metabolisms during dark cycles (Kim et al., 2015; Steunou et al., 2006; Anderson et
al., 1987; Nold and Ward, 1996). Furthermore, decreased PPP activity is a typical response to suboxic or anaerobic conditions (Chen et al., 2011; Fredlund et al., 2004; Godon et al., 1998; Gombert
et al., 2001; Dijkstra et al, 2011; Le Goffe et al., 2002; Ralser et al., 2007; Williams et al., 2008).
Mats in Mushroom Spring (YNP, U.S.A.) showed acetate and propionate accumulation (Kim et
al., 2015), increased transcript levels for genes involved in fermentation, and decreased transcript
levels for respiratory proteins at night (Steunou et al., 2006). Our observations of the catabolic use
of acetate does not contradict the accumulation of acetate observed in Mushroom Spring (Kim et
al., 2015), due to potential acetate production rates for some community members being greater
than uptake rates of acetate-utilizing community members.
There is evidence that polyhydroxyalkanoic acid (PHA) and bacteriochlorophyll (BChl)
biosynthesis is upregulated in the dark in photosynthetic mat communities, resulting in the
majority of C from glucose being retained in biomass (Klatt et al, 2013). Under this scenario, with
reduced PPP activity, C flux through biosynthetic pathways would show a strong

13

CO2 signal

from C3 and C4 of glucose (Dijkstra et al., 2015), from the formation of acetyl-CoA from
glycolysis-derived pyruvate, providing a strong 13CO2 return from uniformly labeled glucose and
a low return from C1 of glucose. The increased anabolism linked to PHA and BChl at night (Klatt
et al., 2013) does not necessarily conflict with an overall reduction in anabolism (Kim et al., 2015).
PHAs can be used as storage molecules that can be degraded for mixotrophic use in the light. It
has been suggested that BChl biosynthesis in these communities is inhibited by O2 (Klatt et al.,
2013). Taken together, the glucose-utilizing populations in GBS 60 may be replicating during the
day (requiring total biomass replication and high PPP metabolite and NADPH demand) and
building storage molecules and photosynthetic apparatus at night with minimal PPP activity (PHA
formation and BChl-specific biomass precursor demand), resulting in greater retention of C1 of
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glucose, with respect to C1 oxidation in the PPP (Dijkstra et al., 2015). Future studies may achieve
greater resolution of C flux through metabolic pathways from the use of a greater diversity of
position-specific arrangements (Dijkstra et al., 2015; Leighty and Antoniewicz, 2013) and
evaluating carbon flux during diel cycles.
In contrast to the glucose CU: C1
decreased ratio, with GBS 95 being significantly lower than GBS 60 and GBS 70. This is assumed
to be the result of

13

CO2 being produced from the C1 position in the PPP (Figure 2.1) and/or

reduced fermentation. This may indicate the production of nucleotides and NADPH, both
indicative of anabolism directly related to cellular replication, in contrast to the potential
sequestration of C1

site. On the other

hand, an increase in glycolytic C flux through the Entner Doudoroff (ED) pathway would result
in an increase in C1 oxidation during acetate formation. This is due to glucose conversion to
pyruvate resulting in one molecule of pyruvate retaining the C1 of glucose in the C1 position of
pyruvate, and subsequent pyruvate oxidation in the synthesis of acetyl-coA (i.e., 13CO2 production
from C1 of pyruvate). In fact, Archaea are known to have incomplete PPP pathways, which is
shown in representative MAGs, while many utilize modified versions of the ED pathway (Brasen
et al., 2014). Populated KEGG maps and MCRs produced in this study contrast with respect to the
completeness of the ED pathway. While both confirm the typical ED pathway is only complete in
the GBS 70 metagenome, MCR analysis suggests that the non-phosphorylative ED pathway is
biologically feasible in all metagenomes and that the semi-phosphorylative ED pathway is not. In
contrast, populated KEGG maps suggest that the non-phosphorylative ED pathway is not possible
in GBS 85, due to the absence of EC 4.1.2.55 (K11395), which has a low relative abundance in
GBS 70, while the semi-phosphorylative ED pathway appears possible. The ED pathways requires
seven-fold less enzymatic protein than glycolysis, the use of which may be a result of
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environmental selection pressures for reduced protein load at the cost of ATP gain (1 vs. 2 ATP,
with respect to glycolysis) as a consequence of increased maintenance energy costs associated with
protein repair and turnover at high temperatures (Flamholz et al., 2013; Price and Sowers, 2004).
Future studies should strive to obtain net CO2 production rates and 13C label consumption
rates to allow extrapolations to absolute rates of C flux, community respiration rates, and
calculations of carbon mass balance. Additional studies would benefit from pairing with additional
-level stable isotope
techniques (e.g., quantitative stable isotope probing (Hungate et al., 2015; Morrissey et al., 2016)
FISH-NanoSIMS (Dekas and Orphan, 2010; Musat et al., 2012, 2016)). As more microbial
communities are probed by isotopomer ratio studies, cross-community comparisons can be made
to better inform relationships between diversity and microbially-mediated C biogeochemistry and
maintenance energy demands (CUE), and progress can be made toward a quantitative
understanding of microbial ecosystems.
In summary, this study demonstrated that, despite domain-level shifts in community
composition and a decrease in diversity with increasing temperature, CCMP genes and
biochemical efficiency were conserved across a broad temperature gradient in GBS. Evidence for
a stable or decreased maintenance energy demand with increasing habitat temperature was found:

CUE and retention of organic carbon at all temperatures. In contrast, significant deviations in C
flux through CCMPs with respect to glucose were observed in the presence of phototrophs.
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Figure 2.1. Simplified demonstration of decarboxylation events with associated positionspecific isotopomers used in this study. Locations of decarboxylation events in central carbon
pathways (A), and the associated C position in the

13

C-labeled compounds used in these

experiments (B). C1 from glucose is lost as CO2 in the pentose phosphate pathway with the
synthesis of ribulose 5-phosphate by 6-phosphogluconate dehydrogenase or after multiple rounds
in the TCA cycle. C1 from pyruvate is lost as CO2 in the formation of acetyl-CoA by pyruvate
dehydrogenase. C2 and C3 of pyruvate are lost in multiple cycles of the TCA cycle. C1 from
acetate is lost as CO2 in the 2nd cycle of the TCA cycle, while half of C2 is lost in each subsequent
cycle. All CO2 producing reactions can produce 13CO2 from uniformly labeled 13C glucose. This
example assumes a glycolytic flux through the central carbon pathways. TCA, Tricarboxylic Acid
Cycle; PPP, Pentose Phosphate Pathway.
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Figure 2.2. The relative abundance of phylum-level groups for each sample based on 16S
rDNA Illumina Tags (iTags) of the V4 region compared with metagenome-derived 16S
rDNA. Colored rows show the relative abundance of phyla present at greater than 1% and
correspond to the site label on the left. Unclassified sequences are represented as a single group.
Grey dashed bar indicates GBS 19 is a separate geothermal pool from the main pool. Metagenomic
data from GBS 19 is not available due to low DNA yield.
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Figure 2.3 Select MAPLE-derived module completion ratios for assembled metagenomes
and GTDB-Tk taxonomically defined, high-quality MAGs. Heat map indicates the degree of a
module s completion, ranging from 0-100%, for metagenomes or MAGs. Module completion
ratios have been rounded to the nearest whole number. *, indicates the associated Q-value is below
0.5 and is deemed biologically feasible. The first two-digit number in the Bin ID column indicates
the metagenome the bin is from. Letters in parentheses for taxonomic classification indicate p,
phylum; c, class; o, order; f, family; g, genus; s, species
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Figure 2.4. Demonstration of the catabolic and anabolic use of glucose (A), pyruvate (B), and
acetate (C) at all sites tested. Graphs indicate the ratio of the slopes (n=9) for Atom Percent
Excess (APE) of

13

C of CO2 from the given isotopomer microcosms. Dashed red line, ratio of

complete oxidation; error bar, propagated standard error of the mean; *, 0.001; **, 0.0001; ***,
0.00001 significantly different from complete catabolic use (p<0.05; one-sample t-test). Shared
letters within an isotopomer group indicate that they are not distinguishable (ANOVA, Tukey HSD
and Welch t-tests).
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Figure 2.5. Demonstration of

13

CO2 production (expressed in Atom Percent Excess) from

uniformly labeled 13C citrate, serine, cysteine, alanine, and succinate. Symbols represent the
average APE (n=3) for a given compound at the given time. R2 values ranged from 0.961-1.0. The
standard error is not shown for simplicity.
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Table 2.1: Physical parameters for each site
Site

Recorded

Recorded

Minimum

Maximum

pH

Conductance
(mS)

Temperature Temperature
(°C)

(°C)

95 °C

92.5

96.5

7.17

7.68

85 °C

83.2

86.6

7.23

7.58

70 °C

68.9

72.2

7.50

7.58

60 °C

57.8

62.1

7.52

7.47
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Table 2.2: Diversity statistics for each site based on 16S rRNA gene amplicons
Inverse
Richness
Shannon Simpson*
Evenness***
Site
Chao1 (SE)
Simpson**
(SE)
*
*
*
*
206.7
95 °C
395.4 (8.48)
2.70
0.878
8.16
(0.52)
0.507
108.0
85 °C
283.7 (12.04)
1.62
0.694
3.27
(0.92)
0.345
305.4
70 °C
517.9 (10.77)
3.72
0.957
23.30
(0.82)
0.651
430.3
60 °C
737.3 (14.79)
4.00
0.962
26.11
0.660
(1.58)
*, Standard error of the mean (SE)
**, SE 0.0002 for all samples.
****, SE

0.002 for all samples.

0.0006 for all samples.
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Table 2.3: OTUs for abundant phyla, MAGs with matching 16S rRNA gene sequences, and 16S
rRNA gene-based abundance
Phylum

Taxonomic
classification*

(OP1)

"Aigarchaeota"

Chloroflexi

Crenarchaeota

Cyanobacteria
"Fervidibacteria"
Thaumarchaeota

Unclassified

Candidatus
Acetothermus (g)
Candidatus
Caldiarchaeum (g)
Candidatus Calditenuis
(g)

OTU#

Bin ID#

GBS
60

% Relative Abundance
GBS
GBS
GBS
70
85
95

0022

0

4.5

0

0

0004

6.7

6.7

0

0

0005

6.5

5.8

0

0

0001

0

6.1

48.4

0

60_51, 70_36,
85_8

2.1

4

4.8

0

70_32

0
1.1
1
0
4.8
0
2.2
0
1.6
3.8
7.1

0
0
0
9.6
0
2.6
0
2.3
0
0
0

0
0
0
0
0
0
0
0
0
0
0

25.4
0
0
0
0
0
0
0
0
0
0

0

3.2

4

0

0
0
0
0
0
0
0
0
0
10.2
5.6

0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
9.8
0
0
0

3.6
2.8
2.1
9.7
14.5
6.3
2
0
1.3
0
0

0002

0

4.7

23.7

13

0008

0

9.6

1.2

0

0041

0

1.5

0

0

0032
0026
0039
0040
0042
0044

2
1.3
0
0
0
0
28.4

0
1.5
1.7
1.6
1.1
1.3
20.2

0
0
0
0
0
0
2.1

0
0
0
0
0
0
11.6

Group G2 (g)

0009

Group G4 (g)
Anaerolineaceae (f)
Caldilinea (g)
Chloroflexi (p)
Chloroflexi (p)
Chloroflexi (p)
Chloroflexi (p)
Chloroflexi (p)
Chloroflexi (p)
Chloroflexus (g)
Roseiflexus (g)
Thermoflexus
hugenholtzii (sp)
Desulfurococcaceae (f)
Desulfurococcaceae (f)
Desulfurococcaceae (f)
Desulfurococcales (o)
Ignisphaera (g)
Ignisphaera (g)
Sulfophobococcus (g)
Thermoprotei (c)
Thermoprotei (c)
Cyanobacteria (p)
Cyanobacteria (p)
Candidatus
Fervidibacter (g)
Candidatus
Nitrosocaldus (g)
Candidatus
Nitrosocaldales (o)
Thaumarchaeota (p)
Unclassified
Unclassified
Unclassified
Unclassified
Unclassified

0003
0046
0049
0011
0018
0027
0028
0031
0036
0023
0014

60_31, 70_19

0016

85_2

0025
0029
0037
0013
0006
0019
0038
0012
0051
0007
0017

85_9
60_40

70_11

Other (<1%)**

*, The lowest taxonomic level that was clearly definable is given. p, phylum; c, class; o, order; f, family; g, genus; sp, species. Taxonomy
assigned by SILVA and manually, as described in methods. **, total relative abundance for OTUs found below 1% relative abundance.
16S gene amplicon OTUs were assigned to metagenomic bins using BLAST+ as described in methods. "Aigarchaeota" genus-level groups are
according to Hedlund et al. (2015).
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Table 2.4: Linear returns of 13C of CO2 for all sites and isotopomer pairs.
R2 of APE of 13C of CO2 linear return*
Site

G1

GU

P1

P2,3

A1

A2

95 °C

0.996

0.999

0.984

0.951

0.960

0.964

85 °C

0.984

0.963

0.994

0.954

0.961

0.960

70 °C

0.971

0.921

0.944

0.862

0.886

0.863

60 °C

0.947

0.985

0.965

0.961

0.970

0.999

* APE, Atom Percent Excess. Position of 13C: G1, C1 glucose; Gu, uniformly labeled glucose; P1, C1
pyruvate; P2,3, C2,3 pyruvate; A1, C1 acetate; A2, C2 acetate.
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Abstract
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Thermoflexus hugenholtzii JADT, the only cultured representative of the Chloroflexi class
Thermoflexia, is found at high abundance in sediments of Great Boiling Spring (GBS), NV, USA,
and close relatives inhabit geothermal systems globally. However, no defined medium exists for
T. hugenholtzii JADT and no single carbon source is known to support its growth. Here, we report
an integrated analysis of the draft genome of T. hugenholtzii JADT and closely related
metagenome-assembled genomes (MAGs) from China, Japan, and the U.S.A., along with a
targeted exometabolomics analysis of T. hugenholtzii growing on peptone. The T. hugenholtzii
JADT genome consists of 3,216,964 bp on 78 scaffolds, with 67.3% GC content. Within the 2,944
protein-coding genes are genes coding for complete central carbon metabolic pathways. The
genome suggests T. hugenholtzii is incapable of de novo biosynthesis of multiple amino acids yet
is capable of the conversion of many amino acids to meet biosynthetic demand. The genome
encodes an unusually high abundance and diversity of peptidases (133 genes, 4.44% of genes),
particularly Metallo (M; 51 genes) and Serine (S; 53 genes) peptidase families, along with ABC
transporters for amino acid and peptide transport. Consistent with growth experiments, no
pathways are predicted for autotrophy or phototrophy. Analysis of high- and medium-quality
MAGs from China and Japan, representing Candidatus Thermoflexus sinensis, Candidatus
Thermoflexus tengchongensis, and Candidatus Thermoflexus japonica, suggest a conservation of
most physiological capacity within the genus. The T. hugenholtzii JADT exometabolome provided
evidence of peptide degradation through the accumulation of free amino acids. The accumulation
of alanine, glycine, homoserine/threonine, ketoleucine, ornithine, proline, and serine, observed by
the exometabolomics analysis, was supported by the lack of transporters and is surprising given
the proteolytic repertoire of T. hugenholtzii JADT. Adenine and adenosine served as substrate for
T. hugenholtzii JADT. Thus, despite the high abundance of Thermoflexus in sediments of some
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geothermal systems, they appear to be highly focused on the chemoorganotrophic degradation of
proteins and therefore may be saprophytic.
Introduction
The bacterial phylum Chloroflexi continues to be expanded, revealing a global distribution
containing broad phylogenetic and physiological diversity. Currently, isolates capable of
anoxygenic phototrophy, obligate organohalide respiration, autotrophy, carboxydotrophy, and
fermentation have been described (Islam et al., 2019; Moe et al., 2009; Ward et al., 2018). To date,
eight classes have been described, with representatives found in freshwater, marine and
hypersaline sediments and mats, contaminated groundwater, and terrestrial geothermal springs,
among other habitats (Bayer et al., 2018; Cole et al., 2013; Denef et al., 2016; Dodsworth et al.,
2014; Gomez-saez et al., 2017; Kato et al., 2018; Krzmarzick et al., 2012; Mehrshad et al., 2018;
Moe et al., 2009; Ward et al., 2018). However, our knowledge of the physiology and ecology of
Chloroflexi is in its infancy.
Many members of the Cholorflexi are difficult to isolate and grow in the laboratory, making
detailed physiological investigations challenging, even when an isolate is obtained (Dodsworth et
al., 2014; Yamada et al., 2006; Yamada et al. 2007, Bowman et al., 2013). Several members of the
Cholorflexi require, or are stimulated by, complex organic mixtures (e.g., yeast extract, peptone,
environmental extracts) (Dodsworth et al., 2014; Loffler et al., 2013; Yamada et al., 2006, 2007).
The lack of a chemically defined medium makes one of the most basic biological questi

morphology of Cholorflexi can make quantification of growth challenging, furthering difficulties
associated with describing physiological characteristics (Bowman et al., 2013; Dodsworth et al.,
2014). New approaches are needed to cultivate and characterize hard-to-grow and yet-to-be
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isolated microorganisms, including many Chloroflexi, to better address their physiology and
ecology.
Thermoflexus hugenholtzii JAD2T was isolated from high-temperature (~80 ºC) sediments
in Great Boiling Spring (GBS), Nevada, U.S.A., where it can be one of the most abundant
organisms (Cole et al., 2013; Costa et al., 2009). Similar 16S rRNA gene sequences have been
recovered from terrestrial geothermal environments around the world (Cole et al., 2013; Costa et
al., 2009; Engel et al., 2013; Hou et al., 2013; Kato et al., 2018), ranging from 69circumneutral pH, where they can be abundant. The abundance of T. hugenholtzii and close
relatives in these springs suggests they contribute significantly to biogeochemical cycling in these
systems. Yet, little is known about the metabolic capabilities of this single representative of the
class Thermoflexia. Axenic cultures of T. hugenholtzii remain difficult to study due to low growth
yields (<1 mg dry cell mass L-1), filamentous morphology (to ~500 µm long), lack of a defined
medium, and dependence on complex organics extracted from GBS water for optimal growth.
Furthermore, in culture, it may have the narrowest growth temperature range of any bacterium or
archaeon (67.5-75

(Dodsworth et al., 2014).

The genomic revolution has provided a plethora of information regarding the potential

the genome to the phenome stands to advance our understanding of microorganisms and microbial
communities by going beyond genetic surveys and linking genetic potential to microbial activity
and, ultimately, ecosystem function. To gain an understanding of the activity of microorganisms,
one needs to look at the final consequences of enzymatic action, rather than just genomic,
transcriptomic, or proteomic information, which provide merely predictions of metabolic
capabilities. The advancement of exometabolomics, the analysis of metabolites found outside of
the cell, promises to facilitate large-scale interpretations of the activity of microorganisms, that is,
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the ways by which an organism can interact with molecules in its environment (Silva and Northen,
2015; Webber et al., 2013; Allen et al., 2003, Mapelli et al., 2008).
Here, we combine analysis of the draft genome of T. hugenholtzii and closely related
metagenome-assembled genomes (MAGs) with a study of the exometabolome of T. hugenholtzii
using HPLC-MS/MS to better understand its metabolism and potential ecological role and help
inform environmental studies in systems where it and close relatives are abundant.

Materials and Methods
Genome Sequencing
Cultivation of T. hugenholtzii JAD2T for genome sequencing was described in Dodsworth
et al. (2014). The genome project for strain JAD2T was deposited in the Genomes OnLine Database
(Reddy 2014) (Go0015989) and the contigs were deposited in GenBank (FYEK00000000).
Sequencing, finishing, and annotation were performed by the Department of Energy Joint Genome
Institute (Walnut Creek, CA, USA) (Huntemann et al., 2016).
A total of six metagenome-assembled genomes (MAGs) were analyzed for comparison to
the T. hugenholtzii JAD2T genome and are summarized in Table 3.1. Sample information and
sequencing, assembly, and binning information for GBS85_2, GBS70_5, GBS60_20, and GXS_4
can be obtained from IMG (300020145, 3300020139, 3300020153, and 3300000865,
respectively), and for HR22 from Kato et al. (2018) and under Bioproject ID PRJDB6348.
For MAGs JZ2_71, QQ_20, and QQ_28, raw reads were filtered as in (Hua et al., 2015)
and high-quality reads were assembled using SPAdes (v3.9.0) (Bankevich et al., 2012). Scaffolds
were generated with BBMap (v38.85; https://sourceforge.net/projects/bbmap/). Scaffolds with a
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length > 2.5 kbp were assigned to genomic bins using MetaBAT (Kang et al., 2015). Gene calling
was performed using Prodigal (v???) (Hyatt et al., 2010). Additional site information for JZ2_71,
QQ_20, and QQ_28 can be found under GOLD Biosample IDs Gb0159120 (JZ2) and Gb0187827
(QQ).
All MAGs were checked for contamination and completeness using CheckM (v1.0.11)
lineage workflow (Parks et al., 2015). Ribosomal RNA presence was predicted using metaxa2
(v2.2) (16S and 23S) (Bengtsson-palme et al., 2015), and RNAmmer (v1.2) (5S) (Lagesen et al.,
2007). Transport RNA count was predicted using tRNAscan-SE (v2.0.2) (Lowe and Eddy, 1997).
MIMAG quality (Bowers et al., 2017) determination was made for each MAG based on these
results. All genomes were run through GTDB-Tk (v0.1.1) for taxonomic assignment and
identification of protein-coding genes (Eddy, 2011; Hyatt et al., 2010; Jain et al., 2017; Matsen et
al., 2010; Parks et al., 2018).
Bac120 marker genes from the proposed Thermoflexus species were identified and aligned
using the Genome Taxonomy Database Toolkit (GTDB-tk) (Parks et al., 2018). These sequences
were combined with a selection of other Chloroflexi with species-level assignments in GTDB
release 86 along with a single Escherichia coli K-12 MG1655 marker alignment as an outgroup.
GCF_900187885.1 was omitted from the alignment because this genome is duplicated as IMG
2140918011. IQ-Tree (v1.6.7.a) (Nguyen et al., 2014) was used to construct a phylogenomic tree
from the produced alignment. Ultrafast bootstrap (Hoang et al., 2017) and SH-like alrt (Nguyen et
al., 2014) values as implemented in IQ-Tree were used at 1000 replicates for each to assess support
for nodes of the tree.

Evaluation of metabolic potential
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The IMG/M system (Chen et al., 2019), in combination with other platforms, was utilized
in the evaluation of the T. hugenholtzii genome. Protein sequences were obtained from IMG (IMG
Taxon ID: 2140918011) or from GTDB-Tk for MAGs and were submitted to MAPLE (Metabolic
and Physiological potentiaL Evaluator, v2.3.1) (Arai et al., 2018; Takami et al., 2012, 2016) to
determine Kyoto Encyclopedia of Genes and Genomes (KEGG) functional module completion
ratios from Boolean algebra-like equations based on the presence or absence of KEGG Orthology
groups (KOs) (Takami et al., 2012). MAPLE results were obtained using the NCBI BLAST search
engine with the bi-direction best hit annotation method for KO assignment, using all organisms in
the KEGG database. Module completion ratios (whole community) were evaluated with a Q-value
< 0.5 considered biologically feasible (https://maple.jamstec.go.jp/maple/maple-2.3.1/help.html).
Genes coding for peptidases and peptidase inhibitors and peptidase genomic abundance
comparison to other organisms was done using the MEROPS database batch Blast (v10) (Rawlings
et al., 2014, 2018). MAGs and T. hugenholtzii protein sequences also were analyzed using the
MEROPS database (v12) using BLASTP (NCBI BLAST v2.5.0+) and the merops_scan.lib library
for comparison between MAGs and T. hugenholtzii. An E-value cutoff of 1E-10 was used and the
maximum target sequences matched was set to one.
T. hugenholtzii protein sequences were also submitted to BlastKOALA (v2.1) (Kanehisa
et al., 2016) to populate KEGG maps for exploring metabolic potential and the SignalP server
(v5.0) (Armenteros et al., 2019; Nielsen et al., 1997) and SecretomeP server (v2.0) (Bendtsen et
al., 2005) for the identification of predicted signal peptide sequences.
For evaluating the presence of nitrous oxide reductase system genes (nosDYLZ) and
carbon-monoxide system (coxMSLF) genes in MAGs, BLAST+ (Camacho et al., 2009) in the webbased Galaxy platform (Cock et al., 2015) was performed using the translated T. hugenholtzii
JAD2T genes (nosDYLZ, 2413742816-18 and 2143742820; coxMSLF, 2143740265-68,
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2143742206-09) as the query. Individual amino acid databases for protein-coding genes for MAGs
were created and the T. hugenholtzii JAD2T sequences were queried using Megablast (Morgulis et
al., 2008; Zhang et al., 2000) against each metagenomic bin database. The top hit in each MAG
was reported.

Cultivation of Thermoflexus hugenholtzii JADT for Exometabolomics
The cultivation medium was prepared according to Dodsworth et. al (2014), except that
peptone was increased to 1.0 g/L. Briefly, 20 mL of GBS salts medium, prepared anaerobically,
was distributed to 165 mL serum bottles and pressurized with 1 atm of overpressure of N2. After
autoclaving and relieving the excess pressure, peptone, phosphate buffer, and vitamin solutions
were added anaerobically just before inoculation. Filter-sterilized air was added to each bottle for
a final concentration of 1% O2. An exponential-phase inoculum was added at 1/100 vol/vol.
Control replicates were treated identically but received a sham inoculation of 1/100 vol/vol diluted
medium. The bottles were returned to 1 atmosphere over pressure with N2. Sterile control
replicates, representing the starting medium, were stored at 4°C in the dark for five days (n=4).
The inoculated replicates (n=5) and another set of sterile control replicates (n=5) were incubated
in the dark with no shaking at ~74 (+/-2) °C for seven days.
After seven days of incubation, all samples were placed on ice and then centrifuged at
12,000 rpm for 30 minutes at 4°C in sterile 50 mL Falcon tubes. The supernatant was decanted
and filter-sterilized using 0.2 µm PES filters (VWR) into sterile 50 mL Falcon tubes. Filters were
rinsed by the passage of 20 mL of sterile nanopure water prior to filtering the supernatant to remove
potential chemical contaminants. The supernatant for all samples was stored at -80°C and shipped
to JGI on dry ice for HPLC-MS/MS analysis. All samples were processed in tandem.
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Cell density was determined by concentrating 1.0 mL of culture from each replicate for 10
minutes at 13,200 rpm

-suspended

in 200 µL of nanopure water. A 5.0 µL of the concentrated subsample was loaded onto a PetroffHausser counter (#3900; Hausser Scientific Partnership) and photographed using an Olympus
BX51 phase-contrast microscope fitted with a V-TV1x-2 camera (Olympus). Measurements of
filament length and density were used to determine cell numbers using an average cell length of
4.0 µM (Dodsworth et al., 2014).

Preparation of Hot Spring Organic Extract
Bulk spring water was collected from GBS by tangential flow filtration and stored in sterile
plastic carboys at room temperature until processed. GBS water was flowed through Diaion HP20 (Supelco Analytical) at ~150 mL per min by a peristaltic pump. Approximately 40 L of hot
spring water was passed through the resin. The resin was then rinsed with nanopure water to
remove residual salts, and 60% acetonitrile was used to collect the organic extract. The organic
extract was dried in 2 mL Eppendorf microtubes using a Speed Vac SC100 (Savant Instruments,
Inc., Farmingdale, NY, Model: RT100A) on medium drying rate. The dried extract was solubilized
in anaerobic nanopure water in an anaerobic chamber at a concentration of 800 µg/mL. The organic
extract was filter-sterilized using a 0.2 µm filter (VWR, N.A. PN: 28145-501) and was stored
anaerobically at 4°C in the dark. Growth experiments using the organic extract were carried out as
described above for exometabolomics but with the addition of 32 µg/mL (final concentration) to
the base medium. Attempts at chemically describing the organic extract using HPLC-MS/MS
failed.
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HPLC-MS/MS
1 mL media samples with or without T. hugenholtzii growth were desalted using solid
phase extraction cartridges (Bond Elut PPL, Agilent Technologies). Each cartridge was preequilibrated with 1 mL MeOH (3x), then 1 mL H2O (5x), then all water was expelled with air.
Each sample was acidified with HCl by adding 20 µL of 6 M HCl to 1 mL media, briefly vortexing,
then flowing through the PPL cartridge. Each cartridge was then rinsed with 1 mL of 0.01M HCl
(2x) and air-dried. Eluent was then collected following 4 rinses of each cartridge with 1 mL MeOH
(2x) and 1 mL acetonitrile (2x) into a 5 mL Eppendorf. Eluents of the desalted media were then
dried in a SpeedVac and stored at -80.
In preparation for LC-MS analysis, dried extracts (eluents) were resuspended in 110 µL
MeOH with internal standards (1 µg/mL 2-Amino-3-bromo-5-methylbenzoic acid, 10 µg/ml d4lysine, 10 µg/mL d5-benzoic acid), then centrifuge-filtered through a 0.22 µm PVDF membrane
(Millipore) and placed into HPLC vials. Liquid chromatography tandem mass spectrometry (LCMS/MS) was performed on extracts using an Agilent 1290 LC stack, with MS and MS/MS data
collected using a Q Exactive Orbitrap MS (Thermo Scientific, San Jose, CA). Full MS spectra
were collected from m/z 70-1050 at 70,000 resolution, with MS/MS fragmentation data acquired
using 10, 20 and 30V collision energies at 17,500 resolution. Normal-phase chromatography was
performed using a zic-pHILIC column (Millipore SeQuant ZIC-pHILIC, 150 x 2.1 mm, 5 µm,
polymeric), at 40 ºC, at a flow rate of 0.25 mL/min with a 2 µL injection volume for each sample.
The HILIC column was equilibrated with 100% buffer B (90:10 ACN:H2O w/ 5 mM ammonium
acetate) for 1.5 minutes, diluting buffer B down to 50% with buffer A (H2O w/ 5 mM ammonium
acetate) for 23.5 minutes, down to 40% B over 3.2 minutes, to 0% B over 6.8 minutes, and followed
by isocratic elution in 100% buffer A for 3 minutes. Metabolites were identified based on exact
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mass and retention time coupled with comparing MS/MS fragmentation spectra to purchased
standards.
LC-MS data were analyzed using a custom Python code (Yao et al., 2015). A set of criteria
were used to evaluate each of the detected peaks and assign a level of confidence in the compound
identification. Compounds given a positive identification had matching retention time and m/z to
a pure standard run using the same methods as above. A compound with the highest level of
positive identification additionally had a matching MS/MS fragmentation spectrum to either an
outside database (METLIN) or collected on a Q Exactive Orbitrap MS.
LC-MS peak-height values for compounds identified in each treatment were compared to
determine biological activity or thermal activity. The treatment with T. hugenholtzii growth for
seven days was compared to the sterile incubated control treatment to determine biological
activity, while the sterile starting medium was compared with the sterile incubated control
treatment to determine thermal activity. Each metabolite was classified according to the Human
Metabolome Database (HMDB). Metabolites were deemed significant if they passed all of the
following criteria: (i) at least two of the three tre
distributed according to a Shapiro-Wilk test (p > 0.05), (ii) either of the comparisons between the
non-incubated treatment and the incubated control treatment or the incubated control and the
culture treatment sho
(iii) at least one treatment had a mean peak height intensity (au) > 10^5. If samples did not match
m/z and retention times for standards, then they were removed from analysis. If significant
compounds were found to have a peak height below 10^5 in all treatments, then they were removed
from analysis. If significant compounds were found to have a peak height at or below 10^5 in some
but not all treatments, then individual chromatograms were manually inspected. Compounds were
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excluded from analysis if satisfactory peak shape was not found upon manual inspection. Shapiro-

Results
Genome overview
The T. hugenholtzii JAD2T draft genome is 3,216,964 bp in size and consists of 78 scaffolds
(size range, 121 - 405,611 bp), with a G + C content of 67.34%. The draft genome encodes 2,997
predicted genes, of which 2,944 are predicted to be protein-coding, resulting in 89.39% of the
genome being accounted for in coding regions. Also annotated are 48 tRNA-encoding genes, a
single copy of 5S and 16S rRNA genes, and a fragmented 23S rRNA gene (positions 22,82821,261 bp and 19,773-18,829 bp). A total of 1,928 genes (64.33%) were assigned to COGs.
Additional details concerning the genome can be found in Table 3.2.
Based on evaluation of BlastKOALA and MAPLE data, most carbohydrate metabolic
pathways are predicted to biologically feasible in T. hugenholtzii JAD2T, with the exception of the
Entner-Doudoroff pathway. In addition, transporters for carbohydrates, arabinogalactan
oligomer/maltooligosaccharide, monosaccharides, multiple sugars, rhamnose, and ribose were
identified. Multiple genes coding for rhamnose transport system permease proteins were identified.
Transporters for thiamine (2143740997, 2143740999) and ascorbate (phosphotransferase system
(PTS), 2143742986-88) were also identified. Numerous ABC type II transporters were present.
No components for either photosystem were found (M00597, M00598). The only carbon
fixation pathways that were considered feasible were the light and dark reactions of the
crassulacean acid metabolism (M00168, M00169), which is common in Bacteria and Archaea
(Takami et al., 2012).
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No modules in nitrogen or sulfur metabolism were biologically feasible, although genes
coding for a nitrous oxide reductase system (2413742816-18 and 2143742820) and genes for
dissimilatory nitrite reductase to ammonium (nrfHA 2143740544, 2143740545) were identified
through IMG. Multiple components for the urea cycle were found (M00029). No components for
nitrate/nitrite transport (M00438) or sulfate transport systems (M00185) were found, although all
components

for

a

NitT/TauT

family

transport

system

(M00188),

involved

in

sulfonate/nitrate/taurine transport, were present. Genes coding for a type-I carbon-monoxide
system (coxMSLF) were identified through IMG (2143740265-68, 2143742206-09). Genes coding
for NADH:quinone oxidoreductase, succinate dehydrogenase, cytochrome c oxidase, and an Ftype ATPase lacking a prototypical delta subunit were identified (Chadwick et al., 2018).
1,141 genes were assigned to a KEGG orthologous group (KO). Interpretation of KOpopulated KEGG maps revealed complete carbohydrate metabolic pathways, a fragmented EntnerDoudoroff pathway, and the absence of enzymes and proteins associated with photosynthesis and
carbon fixation. Notably, a gene encoding for an archaeal-type fructose 1,6-bisphosphatase
aldolase/phosphatase (K01622) (Say and Fuchs 2010) involved in gluconeogenesis, was found.
The examination of the arginine biosynthesis pathway and the urea cycle suggests that these
processes are possible in T. hugenholtzii JAD2T due to the presence of a bifunctional carbamate
kinase (EC2.7.2.2), fulfilling the role of a carbamoyl-phosphate synthase (EC6.3.4.16).
T. hugenholtzii JAD2T appeared to be able to degrade and synthesize both adenine and
adenosine. In contrast, thymine degradation (M00046) or synthesis (M00053) does not appear to
be possible due to the absence of multiple enzymes (EC2.4.2.6, EC2.4.2.4, EC1.3.1.1, EC1.3.1.2,
EC1.17.99.4).

Genes

coding

for

nucleoside

hydroxymethylpyrimidine transporter were identified.
Predicted protein and amino acid metabolism
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transporters

and

a

putative

T. hugenholtzii JAD2T was predicted to be incapable of de novo synthesis of asparagine,
aspartate, cysteine, glycine, histidine, homocysteine, homoserine, isoleucine, lysine, methionine,
phenylalanine, phosphoserine, serine, threonine, and tyrosine. Histidine biosynthesis from ribose5P was missing a single gene coding for an imidazoleglycerol-phosphate dehydratase
(EC4.2.1.19) or a histidinol-phosphatase (EC3.1.3.15) but all other enzymes were present.
There were no noticeable routes for cysteine biosynthesis by de novo means or by conversion of
methionine or serine due to the absence of a serine O-acetyltransferase (EC2.3.1.30). De novo
serine and phosphoserine biosynthesis were not possible due to the absence of a single gene
(phosphoserine aminotransferase, EC2.6.1.52) yet, other genes necessary for the conversion of
glycolysis-derived glycerate-3P to serine were present (EC1.1.1.95, EC3.1.3.3). The absence of
EC2.6.1.52 and genes coding for enzymes for the biosynthesis of aspartate from oxaloacetate
suggests an inability for the de novo biosynthesis of homoserine, threonine, glycine, and
isoleucine. Tryptophan biosynthesis from D-erythrose 4-phosphate and phosphoenolpyruvate
appears possible through the shikimate pathway (M00022, M00023). Genes coding for enzymes
involved in tryptophan metabolism and lysine degradation were largely absent, suggesting these
compounds are not important substrates for T. hugenholtzii JAD2T. Alanine could be
synthesized from or broken down to pyruvate (EC1.4.1.1, EC 2.6.1.44, respectively), but no
other pathways for conversion to other amino acids were observed. Valine and leucine could be
synthesized from pyruvate.
In contrast to de novo biosynthesis, many amino acids can likely be synthesized through
conversion of other amino acids. Serine and isoleucine biosynthesis from aspartate by way of
homoserine, threonine, and glycine appeared possible (M00018, M00570), and suggests these may
be important substrates for T. hugenholtzii JAD2T. Homoserine, threonine, and glycine can be
converted into pyruvate from serine (EC4.3.1.19) and aspartate can be degraded to fumarate
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(EC6.3.4.4, 4.3.2.2; 6.3.4.5, 4.3.2.2), feeding central carbon metabolism. Using TCA cyclederived 2-oxoglutarate, or arginine, glutamate, or glutamine as a starting substrate, ornithine,
citrulline, and proline biosynthesis appears possible. These amino acids can also be broken down
to 2-oxoglutarate through glutamate, feeding the TCA cycle suggesting they may be important
substrates for T. hugenholtzii JAD2T. Ornithine biosynthesis mediated by LysW (M00763) also
appeared possible from LysW-glutamate and lysine biosynthesis by LysW (M00031) appeared
possible from 2-aminoadipate, yet both biosynthesis pathways were missing genes connecting
them to the TCA cycle. Histidine degradation to glutamate through N-formiminoglutamate was
possible (M00045). The absence of one gene coding for a homoserine acetyltransferase
(EC2.3.1.31) may prevent the synthesis of homocysteine and methionine from aspartate or
homoserine. Cysteine biosynthesis from serine (M00021) or homocysteine and serine (M00338)
was not feasible and no other routes for biosynthesis were observed, suggesting cysteine may be
an important substrate for T. hugenholtzii JAD2T.
Genes for ABC transporters for branched-chain amino acid (LivKHGFM), oligopeptides
(OppABDCF), and spermidine/putrescine (PolDGBA) were present. A particularly large gene
cluster (IMG gene IDs 2143741899-2143741889) coding for peptide/nickel, polar amino acid,
branched-chain amino acid, and hydrophobic amino acid transporters was identified. Branchedchain amino acid and hydrophobic amino acid transporters were the most well represented
transporters based on counts of associated genes. A putative glutamine transport system
(2143742870-72) was also identified. In addition, protein export appeared possible through the
Sec-dependent pathway (SecD/F, SecGYA, YidC, Ftsy, ffh) and the twin-arginine translocation
system (TatAC), and family I and II signal peptidases were identified (LepB, LspA). A gene for
an amino acid/polyamine/organocation transporter (2143740310), along with two genes for
ornithine carbamoyltransferases (2143743137, 2143741572), and one for a carbamate kinase
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(2143741573), were found. These genes are part of the arginine deiminase pathway that is
responsible for the import and catabolic use of arginine and the export of ornithine.
No genes for ABC transporters for general L-amino acids (AapJQMP), cysteine (TcyABC,
TcyJKLMN), lysine (LysX1X2Y), histidine (HisJMQP), glutamine (GlnHPQ), arginine
(ArtJIMQP),

hydroxyproline

(LhpPMNO),

(AotJMQP),

glutamate/aspartate

D-methionine

(GltIKJL),

(MetQIN)

arginine/ornithine

arginine/lysine/histidine/glutamate

(BgtBA),

arginine/lysine/histidine (ArtPQR), lysine/arginine/ornithine/histidine/octopine (PA5152-55),
-aminolevulinic acid (DppABCDF),
or dipeptide (DppEBCD) transport were found.
MEROPS results determined that T. hugenholtzii JAD2T contains a high abundance and
diversity of peptidases, with 133 genes coding for peptidases and five peptidase inhibitors (Table
3.3). 4.4% of total genes coded for members of peptidase families, placing T. hugenholtzii JAD2T
in the top 3.6% of Bacteria and Archaea for the percentage of total genes belonging to a MEROPS
protein

family

(http://merops.sanger.ac.uk/cgi-bin/compgen_index?type=p;

accessed

on

02/11/2019). A variety of endo- and exopeptidases were found, many of which are predicted to be
membrane-bound or extracellular. The most abundant families are the Metallo (M) and Serine (S)
peptidases, with 51 and 53 genes, respectively. Multiple genes belong to M families coding for
exopeptidases or peptidases that result in small peptide fragments (e.g., M01, M03B, M16, M17,
M19, M24, M28, M29, M32, M42, M79). Genes corresponding to family M01 (2143742583) and
M28F (2143740571), both aminopeptidases, were identified as having lipoprotein signal peptides.
M28F has been shown to result in free arginine, lysine, and leucine (Fundoiano-Hershcovitz et al.,
2005). A gene (2143740867) coding for a family M19 dipeptidase involved in extracellular
dipeptide degradation resulting in free glycine was identified. Eight genes belonged to family M20,
which is commonly involved in the degradation of small peptides resulting in the formation of free
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amino acids. There were nine genes belonging to the S1 family. Of these nine, seven belonged to
S1C. This family of serine endopeptidases is thought to reside in the periplasm and can also serve
as a general molecular chaperone (Krojer et al., 2002). Five of these seven genes contained
lipoprotein signal peptides (214374072, 2143741777, 2143742813), Sec signal peptides
(2143740725), or non-classical secretion sequences (2143742057). Four genes belonged to family
S8A, subtilisin endopeptidases with broad substrate specificity, three of which contained
lipoprotein signal peptides (2143741277) or non-classical secretion sequences (2143740323,
2143742883). A gene (2143742360) belonging to family S9B, prolyl endopeptidases that result in
oligopeptides with a terminal proline, contained Sec signal peptides. Family S33, which are
aminopeptidases that preferentially cleave proline from peptides, contained 18 genes, but no
secretion sequences were identified. Seven genes encoded family C26 peptidases, consisting of
gamma-glutamyl hydrolases closely linked to pyrimidine biosynthesis, arginine biosynthesis, and
the urea cycle. Genes for inhibitors belonging to families I39 (2), a broad inhibitor of
endopeptidases; I51 (1), an inhibitor of serine carboxypeptidases; and I87 (2), an inhibitor of FtsH,
were found.

Metabolic potential in MAGs
Eight Thermoflexus MAGs were identified in public databases, four high quality
(GBS85_2, QQ20, QQ28, HR22) and four medium quality (GBS70_5, GBS60_20, GXS_4,
JZ2_71). No other genomes belonging to the Thermoflexia were identified, and a phylogenetic
analysis using the bac120 gene set showed that all MAGs formed a deep-branching monophyletic
group within the phylum Chloroflexi, with T. hugenholtzii JAD2T being the only cultured
representative (Figure 3.1 A). The phylogenetic analysis and average nucleotide identity (ANI)
values showed that the genomes included four species-level groups. MAGs GBS85_2, GBS70-5,
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and GBS60_20 belonged to T. hugenholtzii (Figure 3.1 B). GXS_4, JZ2_71, and QQ28T belonged
to a species cluster sharing 98.5-98.8% ANI, herein called Candidatus Thermoflexus sinensis.
HR22T and QQ20T formed a cluster but shared only 91.7% ANI and were therefore designated
Candidatus Thermoflexus japonica and Candidatus Thermoflexus tengchongensis, respectively.
All MAGs showed similar MCRs for MAPLE results and were generally consistent with
the metabolic potential of T. hugenholtzii JAD2T. T. hugenholtzii JAD2T results were most similar
to the high-quality MAG GBS85_2, with only ~4.6% of modules having differing MCRs. With a
few exceptions, MCRs for carbohydrate metabolism modules were similar across MAGs and
mirrored T. hughenholtzii JAD2T. Ca. Thermoflexus tengchongensis QQ20T, did not have
biologically feasible glycolysis (M00001, M00002) or gluconeogenesis (M00003) modules but the
rest of central carbohydrate metabolism mirrors T. hugenholtzii JAD2T. The non-oxidative pentose
phosphate pathway (M00007) was not feasible in Ca. Thermoflexus japonica HR22T. The
glyoxylate cycle (M00012) was only feasible in the T. hugenholtzii group and Ca. Thermoflexus
tengchongensis QQ20T. All MAGs lacked the delta subunit of the F-type ATPase. Local protein
Blast+ results indicated that translated genes coding for a type-I carbon-monoxide system
(coxMSLF) are conserved across all MAGs. However, Ca. T. sinensis GXS_4 and Ca. T. japonica
HR22T had notably lower sequence similarity for coxMLF, and GBS60_20 had lower sequence
similarity for coxM, with respect to T. hugenholtzii JAD2T. The NreB-NreC (dissimilatory
nitrate/nitrite reduction) two-component regulatory system (M00483), was only feasible in T.
hugenholtzii JAD2T, GBS85_2, and GBS60_20. Genes coding for a nitrous oxide reductase system
(nosZDYL) were found in all MAGs except for Ca. T. sinensis JZ2_71, which was missing a nosL,
and GBS60_20, which was missing nosYL and had a notably lower sequence similarity for nosZD,
with respect to T. hugenholtzii JAD2T.
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With a few exceptions, nucleotide and amino acid metabolism modules were similar across
all MAGs and mirrored T. hugenholtzii JAD2T. Inosine monophosphate biosynthesis (M00048)
was not feasible in any of the Ca. T. sinensis MAGs or the medium quality GBS70_5 MAG, while
it was in all others.
With few exceptions, MAGs possessed the same transporters as T. hugenholtzii JAD2T. A
molybdate transport system (M00189) was not feasible in the T. hugenholtzii group or Ca. T.
tengchongensis QQ20T but was in all others; a ribose transport system (M00212) was not feasible
in any of the Ca. T. sinensis MAGs; an inositol-phosphate transport system (M00599) was feasible
in Ca. T. japonica HR22T and Ca. T. tengchongensis GXS_4 and QQ28T, but not in any others or
T. hugenholtzii JAD2T. A phosphotransferase system transporter for ascorbate was found in all
MAGs and T. hugenholtzii JAD2T.
Comparison of MEROPS families between MAGs and T. hugenholtzii JAD2T revealed a
total of 50 MEROPS protease families and two inhibitor families (Figure 3.1 D). Of these, 46
protease families and the two inhibitor families (I39 and I51) were represented by at least one gene
in every MAG and T. hugenholtzii JAD2T (Figure 3.1D). MAGs Ca. T. sinensis QQ28T, Ca. T.
tengchongensis QQ20T, Ca. Thermoflexus japonica HR22T, and T. hugenholtzii JAD2T shared 38
families, with only one family (M82) unique to T. hugenholtzii JAD2T, one family (M14B) unique
to Ca. T. sinensis QQ28T, and two families (A24A, S24) unique to Ca. T. japonica HR22T (Figure
3.1 C). Within the T. hugenholtzii group, 39 families were shared by all members. Within the Ca.
T. sinensis group 41 families were shared by all members. M and S families were well represented
across all MAGs and T. hugenholtzii JAD2T, with 14 and 10 unique families found in all genomes,
respectively (Figure 3.1 D). Families C26, M20A, M38, S01C, S08A, and S33 were the most
abundant families represented across all MAGs and T. hugenholtzii JAD2T (average count: 7, 5, 5,
5, 4, 9, respectively) (Figure 3.1 D).
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Exometabolomics
T. hugenholtzii JAD2T demonstrated variable growth (0.26 - 4.6 x 107 cells/mL) in cultures
for exometabolomics, resulting in an average cell yield of 1.1. x 107 cells/mL. NMDS plot showed
the exometabolic profile representing T. hugenholtzii growth had much higher variability, with
respect to the sterile medium and sterile incubated controls (Figure 3.2 A), with replicate 1
(replicate with highest cell count) showing greater separation from other samples. Cultures that
were given the organic extract from GBS had an average cell yield of 3.7 x 107 cells/mL with a
range of 1.7 - 5.1 x 107 cells/mL and were statistically different than cultures without organic
extract (p<0.05, two-

-test assuming unequal variance).

Thirteen compounds were identified with high confidence and significantly increased or
decreased in abundance due to biological or thermal activity (Figure 3.2 B). Only two compounds
were determined to be substrates for T. hugenholtzii JAD2T and were represented by the HMDB
classes Imidazopyrimidines (adenine) and Purine nucleosides (adenosine). Compounds produced
due to biological activity were largely represented by the HMDB class Carboxylic acids and
derivatives (6), with one representative of Pyridines and derivatives (nicotinic acid), and one
representative of Organoheterocyclic compounds (thymine). All compounds of the Carboxylic
acids and derivatives class belonged to the sub-class Amino acids, peptides, and analogs, with
direct parent compounds of alpha-amino acids (glycine) or L-alpha amino acids (L-alanine, Lhomoserine/L-threonine, L-proline, L-serine, L-ornithine). L-homoserine and L-threonine were
not individually distinguishable with HPLC-MS/MS.
Thermal production of monomethyl glutaric acid (5-Methoxy-5-oxopentanoic acid),
belonging to the HMDB class Fatty acyls, was observed. In addition, thermal degradation of
73

ketoleucine (4-methyl-2-oxovaleric acid) and riboflavin, belonging to the HMDB classes Organic
acids and derivatives and Pteridines and derivatives (respectively), were observed.

Discussion
T. hugenholtzii JAD2T only grows well in the laboratory on a complex medium containing
peptone as a carbon, nitrogen, and energy source, suggesting peptides and amino acids sustain T.
hugenholtzii growth. However, no growth on casamino acids or multiple single amino acids has
been observed (Dodsworth et al., 2014). The addition of an organic extract derived from Great
Boiling Spring, the source of T. hugenholtzii JAD2T, significantly enhanced growth, suggesting
that organic extracts commonly used for microbiological media are limited in some beneficial
nutrients. A thiamine transport system was found in T. hugenholtzii JAD2T, and an ascorbate
phosphotransferase system was conserved across the genus, which is consistent with our own
observations that T. hugenholtzii JAD2T is stimulated by high concentrations of vitamins (data not
shown). Complete carbohydrate metabolic pathways and a variety of transporters for oligo- and
monosaccharides suggest these compounds may be utilized by T. hugenholtzii JAD2T and other
Thermoflexus sp., yet these types of compounds are not capable of serving as sole carbon and
energy sources for growth (Dodsworth et al., 2014). These data suggest that yet-to-be-determined
key nutrient limitations may contribute to the low cell density observed in T. hugenholtzii JAD2T
cultures when grown on peptide-based complex media as a carbon and energy source.
Consumption of amino acids as a primary carbon and energy source would lead to an
excess of intracellular nitrogen pools, requiring the need to dispose of excess nitrogen. Results
indicate the presence of genes coding for necessary gamma-glutamyl hydrolases and an alternative
enzyme (EC2.7.2.2) enabling the urea cycle to function, providing a means for T. hugenholtzii
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JAD2T to dispose of excess nitrogen. Additionally, gluconeogenesis would be expected under
growth on amino acids. A gene encoding for an archaeal-type fructose 1,6-bisphosphatase
aldolase/phosphatase (Say and Fuchs 2010), implicated as an ancestral gluconeogenic enzyme,
was identified. This enzyme may help T. hugenholtzii JAD2T metabolize amino acid-derived heatlabile triosephosphates into heat-stable fructose 6-phosphate (Say and Fuchs, 2010), thus rendering
metabolite pools stable.
T. hugenholtzii JAD2T and MAGs appeared to be well suited for growth on peptides, as
evidenced by an abundance and variety of genes coding for peptidases (Table 3.3), many of which
are known to be endo- or exopeptidases and predicted to be extracellular. Serine families S08 and
S9B proteases are predicted to be extracellular, and multiple Metallo and Serine peptidases are
predicted to be membrane-bound. Thermoflexus MAGs from several geothermal springs in China
and Japan showed a similar repertoire of proteases, with Metallo and Serine peptidase being
especially well represented (Figure 3.1 D), suggesting a conserved proteolytic lifestyle for the
genus. The activity of many of these enzymes would result in the production of oligopeptides and
free amino acids. This was supported by exometabolic data revealing the accumulation of free
amino acids in the presence of T. hugenholtzii JAD2T growth (Figure 3.2).

Genomic support for amino acid accumulation
The accumulation of alanine, glycine, homoserine/threonine, ketoleucine, ornithine,
proline, and serine, observed by the exometabolomics analysis, was supported by the lack of
substrate-specific amino acid, general amino acid, and neutral amino acid transporters. The lack
of general and neutral amino acid transporters, along with more specific amino acid transporters
was surprising given the protease repertoire of T. hugenholtzii JAD2T.
75

Ornithine and ketoleucine accumulated in the growth medium. Ornithine is a by-product
of the urea cycle and ketoleucine can be formed from the incomplete decomposition of branchedchain amino acids, both of which were predicted from the genome (i.e., a complete urea cycle and
high abundance of branched-chain amino acid transporters). In addition, genes for parts of the
arginine deiminase pathway, a pathway for the catabolism of arginine, were identified; however,
an arginine deiminase (EC3.5.3.6) was not identified (Zuniga et al., 2002). This pathway results
in the import of arginine, export ornithine, and production of ATP. Ornithine accumulation during
T. hugenholtzii JAD2T growth suggests this pathway may be active despite a gene coding for an
arginine deiminase not being identified.
Homoserine/threonine and proline accumulated in the presence of T. hugenholtzii JAD2T
growth and three genes coding for threonine/homoserine efflux transporters (RhtA) were found.
This may be indicative of a mechanism for balancing intracellular metabolite pools to facilitate the
reactions of central carbon metabolic pathways when feeding on proteins (Livshits et al., 2003). It
has been shown that RhtA in E. coli can also export (Livshits et al., 2003). In support of metabolic
suppression by the accumulation of free amino acids, all the amino acids that accumulated in the
medium appear to be capable of being utilized in biosynthetic and catabolic pathways yet, they
still accumulated. Serine, which accumulated in the growth medium, has also been shown to inhibit
threonine and isoleucine biosynthesis (Hama et al., 1991), further suggesting metabolic inhibition
may be taking place. Metabolic inhibition may contribute to the low cell density observed in T.
hugenholtzii cultures when grown on peptides as a carbon and energy source.
Some gnomic predictions of the importance of specific amino acids to supporting T.
hugenholtzii growth were not supported by exometabolomic data. For example, analysis of the
genome predicted that alanine could be converted into pyruvate, supplying central carbohydrate
metabolism, yet alanine accumulated. Glycine, homoserine/threonine and serine all accumulated
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in the growth medium, yet these compounds could be converted into pyruvate, and they could all
be used to synthesize other amino acids, specifically amino acids that could not be created from
central carbohydrate metabolites. Ornithine and proline accumulated in the growth medium, yet
they could be used for the biosynthesis of multiple other amino acids and converted to fumarate,
feeding the TCA cycle. However, the lack of specific transporters does predict that T. hugenholtzii
is unable to transport these amino acids into the cell. This produces an interesting question for
future research into the seemingly specialized proteolytic life style of T. hugenholtzii and its
extreme specificity for specific amino acids.
Genomic support for potential substrates
Genes coding for ABC transporters for branched-chain amino acids (LivKHGFM),
oligopeptides (OppABDCF), spermidine/putrescine (PolDGBA), and the high abundance of
branched-chain and hydrophobic amino acid transporters suggest these types of substrates are
utilized by T. hugenholtzii JAD2T. T. hugenholtzii may be importing specific oligopeptides from
the extracellular environment for degradation by intracellular peptidases. No amino acids
significantly decreased in abundance in the presence of T. hugenholtzii growth. This would be
expected if individual amino acids were liberated from peptides at a rate similar or less than uptake
by T. hugenholtzii. This may indicate that the balance of extracellular peptidase activity is finely
tuned with amino acid uptake in T. hugenholtzii. Potentially, this helps T. hugenholtzii in the
natural environment by ensuring energy and biomass conserved in extracellular proteases is not
wasted on amino acid production beyond cellular demand. This would also reduce the free amino
acid pool in the extracellular environment and may help reduce competition for other limiting
nutrients. For example, vitamins, which can be taken up by T. hugenholtzii and enhance growth in
the lab.
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The abundance of branched-chain amino acid transporters was surprising given that
isoleucine, leucine, and valine were predicted to be metabolic dead-ends, meaning they could not
be converted to other amino acids or be degraded into central carbohydrate metabolites. In
addition, leucine and valine could be synthesized de novo from pyruvate, and isoleucine could be
synthesized from multiple other amino acids. The abundance of hydrophobic amino acid
transporters was also somewhat surprising due to either these amino acids being metabolic deadends or evidence of their accumulation in the medium. Methionine, a hydrophobic amino acid,
was predicted to be a metabolic dead-end but could not be synthesized; tryptophan could be
synthesized de novo but lacked degradation pathways; phenylalanine could not be synthesized de
novo or converted to other amino acids or central carbohydrate metabolism intermediates. Alanine,
glycine, and proline all accumulated in the medium.
The de novo biosynthesis of several amino acids did not appear possible due to the absence
of single genes (i.e., histidine or glutamine, proline, ornithine, arginine, and citrulline or serine).
Many of these absences are supported by comparative genomics with Thermoflexus MAGs, which
suggests these are true absences and not artifacts from incomplete genome assembly. This, in
combination with the high abundance of branched-chain amino acid transporters despite branchedchain amino acids be metabolic dead ends, suggests that Thermoflexus hugenholtzii. harbors
undefined genes capable of carrying out the missing reactions. In cases where a vast majority of
genes are present for a pathway, this seems an especially likely scenario (e.g., histidine
biosynthesis, tyrosine and phenylalanine biosynthesis, phosphoserine biosynthesis, LysW
pathway). A defined medium would allow further exploration of the capacity for de novo amino
acid biosynthesis by T. hugenholtzii JAD2T and the identification of novel metabolic pathways.
T. hugenholtzii JAD2T was predicted to be unable to synthesize asparagine, aspartate,
cysteine, homocysteine, methionine, phenylalanine, and tyrosine by de novo means or from amino
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acids. Aspartate can serve as the starting substrate for the synthesis of homoserine, threonine,
glycine, and isoleucine and may be of particular utility to T. hugenholtzii JAD2T for growth,
despite not identifying any specific transporters for this amino acid and suggests T. hugenholtzii
JAD2T may have as-yet-characterized transporters for amino acids.
Accumulation and degradation of other compounds
Adenine and adenosine served as substrates for T. hugenholtzii JAD2T growth. This
observation was supported by the presence of nucleoside transporters and complete pathways for
the degradation of these compounds. Biosynthesis pathways for this compound were also
complete, indicating T. hugenholtzii JAD2T may be utilizing this substrate as a carbon and energy
source in central carbohydrate metabolic pathways, beyond simple incorporation into DNA. In
addition, the presence of complete pathways we supported by all members of the Thermoflexus
closely mirroring T. hugenholtzii JAD2T.
Thymine accumulated in the presence of T. hugenholtzii JAD2T growth. This was
unexpected given that biosynthesis pathways for this compound are incomplete in T. hugenholtzii
JAD2T and all Thermoflexus MAGs. Also lacking across all genomes were degradation pathways
for this compound. Thermoflexus sp. may have a yet-identified biosynthesis pathways for thymine.
A slight increase in riboflavin in the presence of growth was observed in the
exometabolomic data despite a gene coding for an ECF-type riboflavin transporter, S component
being found. More significant is the thermal degradation of riboflavin, which is thought to be stable
at higher temperatures over short periods of time. The long incubation times necessary to grow T.
hugenholtzii JAD2T provide ample opportunity for thermal degradation and production of
products, providing deviations in the chemical makeup of the medium over time solely due to
temperature. This, along with the demonstrated production and degradation of other compounds
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due to temperature, highlights the importance of running sterile controls in parallel with cultures
during exometabolomic analyses but also illuminates potential challenges when growing
thermophiles with long doubling times, due to chemical changes in the medium strictly from
temperature.
Conclusions
From environmental observation, it was unpredicted to discover the marked ability of T.
hugenholtzii JAD2T to utilize proteinaceous substrates due to the high abundance of this organism
and close relatives in some hot spring sediments (Cole et al., 2013; Hou et al., 2013). In GBS, T.
hugenholtzii has been found to be an abundant member of the sediment community (~60% relative
abundance) around 80 °C and the planktonic community cell density is low (Cole et al., 2013),
suggesting that solely autochthonous microbially-derived proteinaceous substrates are unlikely to
be able to nutritionally support greater than half of the community. However, it is possible that
high rates of phage-mediated microbial community turnover may enable Thermoflexus to grow to
high abundance based on the use of microbial cell lysates serving as a primary source of
proteinaceous substrates and extracellular biomass precursors (Breitbart et al., 2004).
Alternatively, or in conjunction, T. hugenholtzii may rely on allochthonous protein sources as
substrates, as suggested by recent natural abundance stable isotope data (Dodsworth personal
communication). In addition, the presence of multiple carbohydrate and sugar importers and
complete CCMPs suggest that T. hugenholtzii should be able to utilize these substrates as well,
although these substrates do not support growth as sole carbon and energy sources (Dodsworth et
al., 2014). In the natural environment, T. hugenholtzii and close relatives may serve as important
players in the initial breakdown of proteins, providing a pool of free amino acids for consumption
by other community members. It is common to find plant, insect, and animal remains at the
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sediment-water interface in GBS, and these biomass sources may serve as important proteinaceous
substrates for T. hugenholtzii and close relatives.
A nitrous oxide reductase system was largely conserved across Thermoflexus sp. with the
notable exception of T. hugenholtzii GBS60_20. Denitrification is an active part of nitrogen
biogeochemical cycling in GBS (Dodsworth et al., 2011). High rates of N2O flux have been
(Hedlund et al., 2011). Due to an incomplete denitrification cycle at higher-temperature sites
resulting in a high concentration of N2O, N2O may serve as a terminal electron acceptor for T.
hugenholtzii strains inhabiting this temperature range. At lower-temperature sites, the source for
T. hugenholtzii GBS60_20 (Thomas et al., 2019), other organisms may have complete
denitrification pathways or outcompete T. hugenholtzii, resulting in the loss of the nitrous oxide
reductase system in T. hugenholtzii adapted to these temperatures.
Genes coding for a type-I carbon-monoxide system (coxMSLF) are conserved across all
MAGs. It has been suggested that this system may provide a means of for Chlorofelxi to persist in
times of low nutrient availability and situations requiring dormancy by providing an alternative
energy source (Islam et al., 2019). This system may provide a means for survival for Thermoflexus
sp. in times of low organic carbon availability, such as lack of allochthonous C sources.
By combining genomic and exometabolomic data, insight into the physiology of T.
hugenholtzii JAD2T was gained. This synergistic approach allowed us to go beyond genomic
predictions and observe the metabolic activity of this minimally culturable organism and allowed
for the repudiations of predictions based solely on genomics. By comparing the T. hugenholtzii
JAD2T genome to other Thermoflexus MAGs it was further possible to hypothesize that similar
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yet-to-be cultivated organisms in geothermal environments around the world have comparable
metabolic activity and contributions to biogeochemical cycling.
T. hugenholtzii JAD2T is the only cultured representative of the class Thermoflexia, in the
physiologically diverse and globally distributed phylum Chloroflexi. This work has provided
additional knowledge of the metabolic potential within this phylum and the genus Thermoflexus
by comparing the metabolic potential of multiple MAGs from geographically isolated geothermal
environments. This work also provides a framework for determining the metabolic needs of
microbes that are challenging to cultivate and leveraging that knowledge to make inferences of the
metabolic potential of closely related but uncultivated organisms. This study linked the genomic
potential of T. hugenholtzii JAD2T to metabolic activity by demonstrating the ability to degrade
peptides for growth, resulting in an excess of specific free amino acids. Adenine and adenosine
were readily consumed by T. hugenholtzii JAD2T and may prove to be essential ingredients in a
yetnatural environment greatly enhanced growth. It is predicted that a defined medium will consist of
a mixture of branched-chain and hydrophobic amino acids, sugars, purine nucleosides or bases,
and a high concentration of vitamins. We hope this work can be utilized to inspire future studies
on similarly challenging microbes, provide information for the establishment of a defined medium
for T. hugenholtzii JAD2T to facilitate more targeted and controlled studies of this sole cultured
representative of Thermoflexia, and help inform environmental studies where Thermoflexus sp. are
abundant community members.
Descriptions of Candidatus species
Ca
The type material is the metagenomic bin QQ_bins28 (Ga0263245).
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Ca.
Yunnan Province, China; the Thermoflexus from Tengchong. The type material is the
metagenomic bin QQ_bins20 (Ga0263245).
Ca

neut. adj. Japonicus, Japanese; the Japanese

Thermoflexus. The type material is the metagenomic bin HR22 (Ga0263245).
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Figure 3.1: Genomic similarity of T. hugenholtzii JAD2T and Thermoflexus MAGs.
Phylogenomic bac120 tree for the phylum Cholorflexi (A), average nucleotide identity matrix for
all MAGs and T. hugenholtzii JAD2T (B), Venn diagram for MEROPS families shared between T.
hugenholtzii JADT and MAGs representing type material for Ca. Thermoflexus species (C),
heatmap for the presence and abundance of MEROPS families in all MAGs and T. hugenholtzii
JAD2T (D). The alignments for all Chloroflexi GTDB genomes with classification at the species
level and E. coli K-12 MG1655 (outgroup) were used to generate the phylogenomic tree, black
circles indicate an Ultrafast bootstrap
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Figure 3.2: Exometabolomics results. NMDS plot (A) and Log2 fold-changes in peak height for
statistically significant results (B). NMDS plots were generated from positive and negative mode
peak heights of compounds. Each dot represents a single sample. Compounds were included in the
analysis if their average peak height for any treatment was greater than or equal to 10^5. Replicate
#1, with the most growth, is the left-most red datum point. Log2 fold-changes in peak height for
statistically significant results were determined by ANOVA and post-hoc Tukey Honest
Significant Differences between treatments for each compound (Shapiro-Wilk test used to
determine normality). Data were considered significant if either treatment comparison yielded a
p-value < 0.05 for the TukeyHSD. HPLC-MS/MS positive mode (circle) or negative mode
(diamond) peak height data were used for all compounds. If a compound was found significant in
both positive and negative mode, positive mode data only is presented. Color indicates the Human
Metabolome Database (HMDB) metabolite Class for specific compounds. Compound
identification, 1, glycine; 2, alanine; 3 homoserine/threonine; 4, proline; 5, serine; 6, monomethyl
glutaric acid; 7, ketoleucine; 8, riboflavin; 9, adenosine; 10, nicotinic acid; 11, ornithine; 12,
adenine; 13, thymine. *s indicate confidence in compound identification (***, HPLC-MS/MS data
matches a fragmented in-house standard; **, m/z and retention time match in-house standard but
MS/MS fragmentation is difficult to interpret; *, m/z and retention time match in-house standard
but no fragmentation data is available; if samples did not match m/z and retention times for
standards, then they were removed from analysis).
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Table 3.1: Genome information and source for Thermoflexus hugenholtzii JAD2T and MAGs
length
(mbp)
3.22

#
contig
s
87

T. hugenholtzii
GBS85_2

3.90

355

N50
contigs
13993
3
15878

%
complet
e
97.27

%
contam
.
0.91

94.26

1.82

85
GBS
sediment, U.S.A.

T. hugenholtzii
GBS70_5

2.83

256

15285

87.27

1.82

70
GBS
sediment, U.S.A.

T. hugenholtzii
GBS60_20

2.89

324

11092

86.36

3.82

60
GBS
sediment, U.S.A.

Ca. T. sinensis QQ28

3.50

558

22079

90.91

0.91

Ca. T. sinensis GXS_4

3.01

362

10284

77.27

2.42

Ca. T. sinensis JZ2_71

3.03

503

7572

85.91

2.36

Ca. T. tengchongensis
QQ20

3.96

112

80288

95.45

1.82

Ca. T. japonica HR22

2.93

175

34479

90.45

1.09

Name
T. hugenholtzii JAD2

source
isolate genome

68

QQ sediment,
China
74
GXS
sediment, China
63
JZ sediment,
China
68
QQ sediment,
China

Bioreactor,
Japan
% contam., % contamination. GBS, Great Boiling Spring; QQ, Qiaobianrequan; GXS,
Gongxiaoshe: JZ, Jinze. (See (Hedlund et al., 2012; Hou et al., 2013) for site locations and details
for Chinese MAGs)
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Table 3.2: Thermoflexus hugenholtzii JAD2T genome statistics
Attribute

Value

% of Total

Genome size (bp)

3216964

100.00

DNA coding (bp)

2875571

89.39

DNA G+C (bp)

2166171

67.34

DNA scaffolds

78

100

Total genes

2997

100

Protein coding genes

2944

98.23

RNA genes

53

1.77

Pseudo genes

0

0

Genes in internal clusters

427

14.25

Genes with function prediction

2319

77.38

Genes assigned to COGs

1928

64.33

Genes with Pfam domains

2396

79.95

Genes with signal peptides

111

3.70

Genes with transmembrane helices

798

26.63

CRISPR repeats
6
Genome statistics obtained from JGI IMG (taxon ID 2140918011)
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Table 3.3: MEROPS statistics for Thermoflexus hugenholtzii JAD2T
MEROPS members of peptidase families

133 (not including 5 inhibitors)

% of total genes coding for members of peptidase families
Most abundant families

4.44%
Metallo (51) and Serine (53) peptidases
13.7%
14.1%

.44% of total genes coding for
members of peptidase families*

3.6%
3.7%

peptidase families*
Endopeptidase count

52 (39.10% of total)

Exo-, amino-, carboxy-, di- peptidase count

56 (42.11% of total)

Data generated using MEROPS version 10 and comparison to Peptidases in Whole Genome Sequences (*),
https://www.ebi.ac.uk/merops/cgi-bin/compgen_index?type=P, accessed 02/11/2019. Six erroneous organism
entries were removed, it is likely other errors exist and were included in the current analysis.
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Chapter 4
Evaluation of 13CO2-based etabolic lux nalysis sing
Escherichia coli trains with ariable entral arbon etabolic
athway ctivity
Authors: Scott C. Thomas, Cale O. Seymour, Kevin O. Tamadonfar, Devon M. Payne,
Paul Dijkstra, Brian P. Hedlund
Author contributions: ST interpreted, compiled, analyzed all data, and wrote the chapter. ST, KT,
BH designed the experiment. ST, KT, DP performed all culture work. CS, under the direction of
ST, translated the metabolic model into C++ and R. ST and CS added additional pathways to the
metabolic model. PD and BH provided valuable input on all aspects of the study.

Abstract
13

CO2-based metabolic flux analysis (MFA) has been used to infer carbon (C) flux

through central C metabolic pathways (CCMPs) of microbial communities yet, there has not been
a detailed study evaluating its efficacy in a pure-culture setting. Here we describe the methods
and results from the first study evaluating the use of

13

CO2-based MFA in pure culture. We

designed an experimental system that provided the ability to apply position-specific 13C-labeled
glucose and monitor 13CO2 production rates while minimally disturbing cultures. In parallel, we
developed a simple, statistically-robust

13

CO2-based metabolic model, and added metabolic

complexity to this model through the additions of the Entner-Doudoroff pathway and the
glyoxylate shunt. Finally, we applied this technique to a collection of Escherichia coli wild-type
strains, a 50,000-generation evolved strain, and mutants with previously established differences
in C flux through CCMPs. The 13CO2-based MFA model provided meaningful models of C flux
through most of the E. coli strains (i.e. similar to published
fingerprint MFA data), yet it struggled to
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13

C-amino acid isotopic

accurately predict zero C flux through pathways that are genetically disrupted. It is unclear if these
problems were due to the model or if the E. coli mutants were not behaving as predicted. Direct
comparison of the

13

CO2-based MFA with the established method of

13

C-amino acid isotopic

fingerprint MFA method would facilitate a better evaluation of the accuracy of this modeling
approach. As the field continues to use novel methods to study metabolism in microbial
communities, it is important that these methods be robustly validated in simple systems to ensure
their efficacy and accuracy.

Introduction
The determination of carbon (C) flux through major metabolic pathways (Metabolic Flux
Analysis, MFA) is one way to examine the energy demands and metabolic dynamics of an
organism (Dijkstra et al., 2011, 2015; Harcombe et al., 2013; Zamboni and Sauer, 2009).
Traditionally, this has been done through the use of 13C position-specific substrates administered
in pure-culture settings and analyzing the resulting 13C-amino acid labeling patterns. Yet, multiple
problems arise when trying to scale this type of analysis up to the community level or employing
its use in environmental settings. A single, easily-applicable technique, with the ability to
determine the dynamics of catabolic and anabolic demands in community settings, stands to
significantly enhance our understanding of the biochemical affects physical factors have on the

Dijkstra et al. (Dijkstra et al., 2011, 2015) created a metabolic model, based on the atom
mapping matrix notation (Zupke and Stephanopoulos, 1994) to determine C metabolic flux based
on the rate of production of 13C as 13CO2 from a suite of position-specific 13C-labeled metabolites,
known as isotopomers. The use of

13

CO2 as an analyte greatly simplifies this method and also

makes it amenable to microbial communities and environmental settings. The advantages of using
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13

CO2 MFA over the more traditional 13C-amino acid isotopic fingerprint MFA are: (1) reduction

in analytical cost, (2) simplification of experimental and analytical workflow, (3) reduced reliance
on high quantities of 13C-labeled substrates, and (4) freedom from reliance on an isotopic steady
state, extending the use of MFA to stationary-phase growth conditions, microbial communities,
and environmental settings (Dijkstra et al., 2011, 2015). Yet, the 13CO2-based MFA technique has
not been rigorously evaluated in a pure-culture setting and is lacking in a robust data analysis
pipeline.
We began our studies by making several improvements to the Dijkstra model. First, we
translated the published 13CO2-based MFA glucose isotopomer model, which is Microsoft Excelbased, into the C++ programming language. In doing so, we created a model object that can be
iterated more efficiently than a spreadsheet. Next, we changed the optimization algorithm used to
find the solution to the model function. Rather than use local optimization as the published model
uses, we applied the global optimization algorithm gosolp through the R package Rsolnp.
Combined, these two improvements enable the implementation of Monte Carlo simulations by
decreasing the starting-value bias of model solutions and increasing the speed at which these
solutions can be found. In addition, we added matrices representing carbon rearrangements in the
Entner-Doudoroff (ED) pathway and glyoxylate shunt to the C++/R-based model to add metabolic
flexibility and accommodate isolates and microbial communities that may utilize these pathways.
The model is based on the premise that different C atoms in heterotrophic substrates have
different fates in catabolic and anabolic pathways, which can be detected through the production
of 13CO2 (Dijkstra et al., 2011, 2015). For example, C1 of glucose is decarboxylated in the PPP or
in the tricarboxylic acid (TCA) cycle, while C3 of glucose is decarboxylated in the formation of
acetyl-CoA from pyruvate at the end of glycolysis (Figure 4.1). If a cell is allocating a lot of organic
C to anabolic reactions (high Carbon use efficiency (CUE)), then the production of 13CO2 from C3
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of glucose will be much greater than the production of 13CO2 from C1. Thus, the rate of production
of

13

C in the form of

13

CO2 from the isotopomers of glucose determines the relative activity of

glycolysis, the oxidative pentose phosphate pathway (PPP), and the TCA cycle (Figure 4.1).
The metabolite isotopomers used in the modified 13CO2 MFA are glucose with a single 13C
labeled in the C1, C2, C3, C4, C5, or C6 position and uniformly-labeled in all positions (CU). The
relative rates of production of 13CO2 from the isotopomers of glucose are inputs into the model.
The model minimizes the sum of squares between the experimental production rates of 13CO2 and
modeled production rates of 13CO2 to predict C flux through major metabolic pathways responsible
for producing biological energy currency and biomass precursors in heterotrophic microorganisms
(e.g., glycolysis, TCA cycle, PPP, ED pathway, glyoxylate shunt). CUE is determined based on
the model's prediction of the flux of carbon through these pathways (Dijkstra et al., 2011, 2015).
CUE, as defined for a heterotrophic organism, is the amount of C allocated to biomass compared
to total C uptake (Dijkstra et al., 2011). For example, if a heterotrophic, non-fermenting organism
has a low CUE, then the organism will oxidize a large fraction of C substrate to CO 2 in order to
generate biological energy currency. By comparison, a non-fermenting heterotroph with a high
CUE would oxidize a smaller fraction of C substrate to CO2, allowing the use of metabolic
intermediates for anabolism.
In this study, we designed an experimental system that allowed the administration of 13Clabeled substrates and headspace gas sampling while minimally disturbing microbial cultures. We
then utilized this experimental system to evaluate

13

CO2 production rates from position-specific

13

C-labeled glucose isotopomers from well-characterized strains of E. coli (Table 4.1).

Experimental results for all strains were run through a metabolic model adapted from Dijkstra et
al. (2011, 2015) (Figure 4.2). This adapted model included the addition of the ED pathway and the
glyoxylate shunt as well as transferring the model to C++ and R for improved function and
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statistical analysis. We had hoped to compare and contrast this study with the gold standard of 13Camino acid isotopic fingerprint MFA to provide greater confidence in this emerging technique with
the potential for wide-spread use. Unfortunately, to date, we have not been able to provide the
much-needed comparison. Here we present the results of the

13

CO2-MFA technique applied to

well-characterized strains for E. coli, but we are unable to conclusively determine the efficacy of
our model.

Table 4.1: E. coli strains
Strain
Description
REL606
REL11330
MG1655
zwf
eda

pgi

edd,

Reference

B strain, founding strain for the LTEE
Evolved strain of REL606 (50K generations) with
a known increase in C flux through glycolysis
K-12 type strain
Deletion mutant for glucose 6-phosphate
dehydrogenase, phosphogluconate dehydratase,
and, 2-dehydro-3-deoxyphosphogluconate
aldolase; deficient in the ED pathway and
oxidative PPP
Lacks phosphoglucose isomerase; deficient in
upper glycolysis
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Lenski et al., 1991
Harcombe et al.,
2013
Guyer et al., 1981
Chou et al., 2015

Chou et al., 2015

Figure 4.1. Simplified example of
the initial metabolic model with the
use of 13C1 and 13C3 glucose. 13C1
comes off as 13CO2 in the PPP and
TCA cycle, while 13C3 comes off as
13
CO2 at the end of glycolysis
(represented by red stars).

Figure 4.2. Schematic of the 13CO2based metabolic model designed in
this study. Model adapted from
Dijkstra et al. 2015. There are 14
modeled reactions (r#), which may
incorporate more than one enzymatic
reaction. r1 is set to 100%,
representing glucose entering the
metabolic network. Reaction r12,
representing the ED pathway, and
reaction r14, representing the
glyoxylate shunt were not present in
previous models. There are 8 biomass
reactions (br#), which are constrained
based on known compositions of
microorganisms (Dijkstra et al.,
2011). Pathways are labeled in bold
and underlined. KDPG, 2-keto-3deoxy-6-phosphogluconate;
6PG,
gluconate-6P; G6P, glucose-6P;
RU5P, ribulose-5P; F6P, fructose-6P;
GAP,
glyceraldehyde-P;
PYR,
pyruvate; ACoA, acetyl-CoA; OAA,
-ketoglutarate.
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Methods
E. coli strains
E. coli strains with known differences in metabolic flux through central C pathways were
provided by Dr. Christopher J. Marx. The E. coli strains used were REL606, the founding E. coli
B strain for the long-term experimental evolution project (Daegelen et al., 2009; Lenski et al.,
1991); REL11330, an evolved strain of REL606 (50K generations) with a known increase in C
flux through glycolysis (Harcombe et al., 2013); MG1655, an E. coli K-12 wild-type strain
zwf
the oxidative PPP and ED pathway (Chou et al., 2015)

edd

eda (ZED) lacking

pgi, lacking the ability to

isomerize the reversible conversions of glucose-6-phosphate to fructose-6-phosphate, inactivating
the upper steps of glycolysis (Chou et al., 2015).

Growth conditions
The medium was modified from the Long-Term Evolution Experiment (LTEE) Lenski
experiments (Lenski et al., 1991), with the exception of the removal of citrate, and a 10x increase
in glucose concentration. 10x glucose (1.39 mM) was used to allow for glucose and acetate
concentration measurements with commercially available kits and/or ion chromatography. Sodium
EDTA (0.056 wt/vol%) was used as a chelating agent in place of the potential carbon source citrate.
The culture medium was C-limiting, with glucose as the sole C and energy source. 15 mL of
medium was dispensed into 165 mL serum bottles and sealed with butyl stoppers. Cultures were

(n=3) using optical density (600 nm) to determine the start of exponential-phase growth prior to
13

CO2 metabolic flux experiments.
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13

CO2 metabolic flux experiments
For each strain, frozen stocks were plated on solid media to obtain isolated colonies. A

single colony was selected to start a liquid culture, which was grown to mid-exponential phase, as
determined by OD 600 and comparison to previously generated growth curves. This culture was
then used to inoculate a second liquid culture at 1:100 dilution. Once the second culture reached
mid-exponential phase, it was used to inoculate a set of cultures (1:100 dilution) for parallel
incubations for the isotopomer experiments. Parallel incubations were conducted for each strain
using position-specific 13C isotopomers of glucose. Individual additions of glucose isotopomers
(13C1, 13C2, 13C3, 13C4, 13C5, 13C6, 13CU;

99 atom fraction %;

Cambridge Isotope Laboratories, Andover, Massachusetts) were administered in triplicate during
early exponential-phase growth to cultures growing on unlabeled glucose. A Lab-Line Imperial III
incubator was outfitted with shaking tables, a fan for air circulation, and modified to allow for
isotopomer additions and headspace sampling during experiments with minimal disturbance to
cultures (Figure 4.3). Norprene® tubing (Cole-Parmer) was fitted with stop-cocks and 21G needles
run from the cultures through a custom-cut hole in the wall of the incubator. Isotopomer additions

mL aliquots each, followed by a pre-warmed 1.0 mL aliquot of medium, then followed by a 20
mL addition of filtered air to ensure all isotopomer solution was applied to the culture and liquid
was cleared from the lines. Headspace gas was sampled (20 mL) over a time course (~2.5 hrs)
using a Norm-Ject syringe with a stopcock and run on a Picarro G1101-i CO2 cavity ring-down
13

C value of CO2. A minimum of four head-space samples

were taken for each strain and isotopomer. The rate of

13

CO2 production was determined as

13

C

atom percent excess/time, for each strain. The rate of production of 13CO2 from individual glucose
isotopomers were transformed into ratios by dividing individual glucose isotopomer 13CO2 return
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rates by uniformly-labeled 13C glucose 13CO2 return rates. These ratios were then used as inputs
into the 13CO2 metabolic model to determine relative C flux through central C pathways (Dijkstra
et al., 2011, 2015).
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Figure 4.3. Experimental design. An overview of the inoculation procedure resulting in
triplicate inoculations for each isotopomer (A). The incubator equipped with two shaking tables
(B). Tubing run through the back of the incubator and into sealed serum vials cradled in a rack
affixed to the shaking tables (C) Sampling ports fitted with stop-cocks outside the incubator
(D) for the same tubing presented in C.
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Metabolic modeling
The software used to model carbon flux was adapted from the model function described by
Dijkstra et al. (2011, 2015). Input and parameters are provided to the 13CO2-based metabolic model
through functions exported via Rcpp (Eddelbuettel and Balamuta, 2017; Eddelbuettel and
Francois, 2011; Eddelbuettel, 2013). The bulk of operations are performed in C++ using the
Armadillo library (Sanderson and Curtin, 2016, 2018), which is accessed using functions exported
to the R environment. The model estimates population distributions generated from observed
13

CO2 return ratios for each isotopomer, for each strain (within one standard deviation of a normal

distribution). Then random sampling from this pool of experimentally constrained values takes
place to produce a set of values to which the model function is optimized. Estimated population
distributions, based on observed

13

CO2 return ratios, were constrained to sum to 1.0 ±0.1. This

restraint is applied based on the conceptual logic that the sum of ratios from all six glucose (C1/CU
+ C2/CU

6/CU=1)

isotopomers should equal 1. The reasoning behind this is that 13CO2 returns

from uniformly labeled glucose should represent the sum of all individually labeled isotopomers.
For each permutation of the model, the gosolnp function from the R package Rsolnp
(Ghalanos and Theussl, 2015; Ye, 1987) is used to optimize the flux associated with classical
glycolysis, the pentose phosphate pathway, Entner-Doudoroff pathway, and glyoxylate shunt until
the difference between the permuted and model-predicted

13

CO2 return values are minimized.

After each optimization, the results are then output to a file. The results provide reaction rates as a
percentage of C entering the metabolic network (100% for glucose in, r1 (Figure 4.2)) as well as
CUE, the observed isotopomer ratios, and modeled isotopomer ratios. Averaged flux results and
associated confidence intervals are then displayed in a diagram of the metabolic model to ease
interpretation. A total of 500 model runs were completed for each strain, the results were averaged,
and 99% confidence intervals were applied. The source code for the 13CO2-based metabolic carbon
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metabolism model used for this project can be obtained from the GitHub repository
caleoseymour/13CO2MFA.

Results and Discussion
Growth curves for each strain determined when isotopomers would be administered and
provided a window for the length of time that a strain would be in exponential-phase growth
(Figure 4.4). Most strains showed low variability between replicates (n=3) and a short lag phase.
REL11330 had a faster doubling time than the founding strain REL606, and both had similar
growth rates to published literature (Harcombe et al, 2013). MG1655 and MG1655 ZED were
remarkably similar in growth patterns despite MG1655 ZED being deficient in the PPP and ED
pgi had a considerably longer generation time, longer lag phase, and greater
variability than all other strains (Figure 4

pgi a particularly

difficult strain to work with using our experiment.
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Figure 4.4. Growths curves and generation times for all strains used in this study. n=3 for all
growth curves; error bars, standard error of the mean, if not visible, error is smaller than the data
point. Note, axes are not equal.

13

CO2 production rates
Strong linear returns of 13CO2 were observed from all strains and isotopomers, indicating

the cultures were in a metabolic steady state over the observation period (Table S1). Isotopomer
ratios qualitatively reflected differences in metabolic phenotypes (Figure 3.5). For example, E. coli
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zwf

edd

eda (ZED) had a lower relative production rate of

13

CO2 from

13

C1 of

glucose than MG1655, which is indicative of reduced PPP activity. Similarly, E. coli MG1655
pgi had a marked increase in the relative production rate of 13CO2 from 13C1 of glucose compared
to MG1655, indicating an increase in PPP activity. Averaged 13CO2-based metabolic model results
and associated 95% confidence intervals can be found in table S2 and viewed in Figures 4.6 and
4.7.

Figure 4.5. Ratios of return rates for

13C

in the form of CO2 from all glucose isotopomers

and for all strains used in this study. All isotopomers were run in triplicate. Error bars,
propagated standard error of the mean.

102

Figure 4.6. Modeled results for E. coli strains REL606 and REL11330. Averaged flux values
(500 runs) and 99% confidence intervals are provided. Flux values are percentages of C flux from
glucose (starting at 100%, r1). KDPG, 2-keto-3-deoxy-6-phosphogluconate; 6PG, gluconate-6P;
G6P, glucose-6P; RU5P, ribulose-5P; F6P, fructose-6P; GAP, glyceraldehyde-P; PYR, pyruvate;
ACoA, acetyl-

-

-ketoglutarate.

103

104

E. coli REL606 vs. E. coli REL11330
E. coli REL606, the founding B strain for the LTEE was considered as the wild-type
standard for the E. coli B strains and was compared to E. coli REL11330 (Figure 3.6). REL11330,
an evolved strain of REL606 (50K generations) with a known increase in C flux through
glycolysis, demonstrated ~6% increase in C flux through glycolysis (r2) with a corresponding
decrease in the initial step of the PPP and ED pathway (r9), but no flux through the oxidative PPP
was predicted by the model (r13). The increase in glycolysis concomitant with a decrease in the
PPP was consistent with published C flux data obtained through 13C amino acid-based metabolic
flux experiments (Harcombe et al., 2013), but the complete lack of flux through the PPP was not
consistent. 13CO2-based metabolic modeling results suggested that REL606 required a relatively
low C flux from pyruvate to oxaloacetate (0.15%, r8) to replenish the TCA cycle but relied on a
relatively high flux through the glyoxylate shunt (18.39%, r14) instead, with respect to REL11330
(Figure 3.6). Despite these differences and an increased growth rate for REL 11330, CUE remained
similar for both strains (within 0.8%) (Figure 4.4, Figure 4.6).

The E. coli strain MG1655, an E. coli K-12 wild-type strain, was considered as the standard
for comparison with the mutant strains M

zwf

edd

eda

pgi.

Although MG1655 ZED, lacking key genes in the PPP and ED pathway, still had a modeledprediction of C flux through the PPP and ED pathway, it did have a 2.8 times reduction in the
initial steps of these pathways (5.15%, r9), compared to MG1655 (14.22%, r9) (Figure 4.7).
MG1655 ZED had 0.0% C flux for the oxidative phase of the PPP (r13), which is where the C 1
position of glucose is oxidized to CO2. This agrees well with the qualitative evaluation of 13CO2
return rates observed for this position (Figure 4.5) yet, strain REL11330 also showed no flux
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through this reaction. The lack of C flux through the oxidative PPP resulted in the modeled
prediction of all non-glycolysis-directed C flux going through the ED pathway, despite this strain
lacking two key genes involved in this pathway (edd, phosphogluconate dehydratase; eda, 2dehydro-3-deoxyphosphogluconate aldolase). Both strains were predicted by the model to feed
glycolytic products to the PPP (r11, r10), as indicated by negative flux values, to supply ribulose5-phosphate for biomass demands, with MG1655 ZED requiring about twice the flux as MG1655.
The ED pathway may prove difficult to model due to the lack of a clear 13CO2 signal for glucose
isotopomers, in contrast to the oxidative PPP, where oxidation of C1 of glucose occurs.
MG1655 was predicted by the model to slightly replenish the TCA cycle through pyruvate
conversion to oxaloacetate (2.56%, r8), while MG1655 ZED did not. Both strains were predicted
to utilize the glyoxylate shunt for replenishing oxaloacetate pools by the model, with MG1655
-ketoglutarate from oxaloacetate pools (-1.53%, r7). MG1655 ZED had
a noticeably lower predicted CUE than MG1655 (77.83%, 81.17%, respectively). If correct, this
may be due to MG1655 ZED having to utilize a metabolic flux that is not evolutionarily optimal
in order to overcome the absence of key enzymes, compared to the wild-type MG1655.

pgi lacked phosphoglucose isomerase and subsequently the ability to isomerize
the reversible conversion of glucose-6-phosphate to fructose-6-phosphate, inactivating the upper
steps of glycolysis. This strain had about five times the C flux through the PPP and ED (72.37%,
r9) than the wild-type strain MG1655 (14.22%, r9), with the majority of C predicted to go through
the ED pathway by the model (46.31%, r12). The oxidative

pgi (26.06%,

r13) was approximately 3.5 times higher than in MG1655. This agrees well with the qualitative
evaluation of high 13CO2 return rates observed from the C1 position of glucose for strain MG1655
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pgi (figure 5). Due to the

pgi did not need to convert

products of glycolysis to the ribulose-5-phosphate pool (r10, r11), as seen in MG1655.
pgi should be incapable of carrying out the conversion of glucose-6phosphate to fructose-6-phosphate, the model predicted a C flux of 24.94% (Figure 3.7, r2).
Despite this, the predicted flux was still considerably lower than the wild-type MG1655 (82.59%,
r2). The modeled-prediction flux of C from acetyl-CoA into the TCA cycle for MG1655

pgi

(70.31%, r15) was approximately double that of MG1655. Oxaloacetate pools were predicted to
be replenished by the glyoxylate shunt by the model (33.24%, r14), with minimal C flux from
pyruvate (0.25%, r8), which agrees with published literature (Krömer et al., 2014)

pgi

had the lowest predicted CUE of all strains tested at 68.49%. Again, this may be due to the mutant
strain having to utilize a metabolic flux that is not evolutionarily optimal to overcome the absence
of a key enzyme in CCMPs, compared to the wild-type MG1655. The extremely delayed onset of
exponential-phase growth and the long generation times of this strain certainly suggest anabolic
and catabolic abilities are severely compromised.
The E. coli strain MG1655 pgi showed the most variability in growth, resulting in higher
variability in 13CO2 return rates between isotopomer replicates (Figure 3.4, Figure 3.5). This led
to a reduced ability to apply the constraints of the 13CO2-based model, specifically the requirement
for all isotopomer ratios to sum to 1.0±0.1. For this reason, the results reported consist of only 30
model runs, in contrast to the 500 runs completed for other strains. This strain demonstrated a
marked difference in growth rate from other strains and it was difficult to obtain consistent cell
densities across all isotopomer-applied cultures, contributing to the difficulties of obtaining low
variability in

13

CO2 return rates and thus applying reasonable constraints on the

metabolic model.
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13

CO2-based

Summary
The use of 13C-isotopomers for metabolic modeling is not novel and has been employed in
pure-cultures settings for some time. Yet, the standard approaches to metabolic modeling typically
limit this powerful tool to pure or nearly pure-culture settings due to the necessity to recover
uniformly labeled, protein amino acids, vastly limiting its applicability to microbial ecology. The
use of 13CO2 MFA, which relies on the easily measurable, catabolic product of metabolism as an
analyte, offers a possibility to overcome this shortcoming. Prior to this study, this technique had
not been tested in a pure-culture setting and was lacking in a robust data analysis pipeline. In this
study, we sought to: 1) improve the robustness and metabolic flexibility of the previously
published 13CO2-based metabolic model; 2) design and build an experimental system to test the
improved 13CO2-based metabolic model; and lastly 3) compare the results to the well-established
13

C-amino acid MFA technique under the exact conditions tested here. While we were successful

in several aims, without a comparison to the established 13C-amino acid MFA technique under the
exact conditions tested here, it is difficult to conclusively establish where our model is performing
adequately and where it is failing. In spite of these shortcomings, some general conclusions can
still be made.
On the one hand, the 13CO2-based metabolic model presented in this study did successfully
predict an increase in C flux through glycolysis for the evolved LTEE strain (REL11330), based
on published results (Harcombe et al., 2013), providing confidence that model can discern small
changes in C flux through metabolic pathways. On the other hand, the model appears to have
difficulty resolving flux through the PPP and the ED pathway. This was indicated by two lines of
evidence. MG1655 ZED lacks the genes for these pathways to be active (Chou et al., 2015), yet
flux was still predicted by the model; and REL11330, which has an active PPP (Harcombe et al.,
2013), was predicted by the model to have no C flux through the PPP. The model also struggled
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pgi strain, where there should have been 0.00%
C flux through upper glycolysis. Another issue is the high flux rates predicted for the glyoxylate
shunt in many strains, which was not anticipated to be very active when E. coli is grown on glucose
(LaPorte et al., 1984; Walsh and Koshland, 1984).
In addition to a paired comparison to 13C-amino acid MFA, future studies should strive to
obtain measurements of glucose consumption rates to transform the relative flux rates presented
here into absolute C flux rates, allowing for a more quantitative approach. In the absence of a
paired 13C-amino acid MFA study, measurements of glucose consumption, metabolite production,
and specific biomass component production could also be used to help evaluate and refine the
13

CO2-based MFA method. Nevertheless, we hope this work can be used to advance this technique

for use in pure-culture and environmental settings by enabling a greater understanding of its
limitations and strengths.

109

Chapter 5
Utilizing

icrobial cology in the oming ecades

Author: Scott C. Thomas
Microbial ecology has come a long way since the 1960s when Hungate defined the three
criteria for achieving a complete ecological analysis of a natural habitat. The field of microbial
ecology is on the cusp of another revolution, one that uses synergy to address the limitations of
previous studies. My dissertation is representative of the new era of research to come, through
combining the latest technological advances with established classical methods to provide a more
complete understanding of microbial ecosystems.
In my first study, I evaluated the conservation of central carbon metabolic pathways and
activity along a temperature and diversity gradient (60amplicon data, metagenome sequencing, and position-specific 13C-labeled metabolite probing. In
my second study, I provided the first genomic insights into the genus Thermoflexus, through a
combination of metagenome-assembled genomes and comparative genomics leveraged by
exometabolomic-informed physiological studies of Thermoflexus hugenholtzii JADT, the only
cultured representative of the Chloroflexi class Thermoflexia. In my third and last study, I
expanded upon a 13CO2-based metabolic model, designed an experimental system to facilitate gas
sampling and substrate additions while minimally disturbing cultures, and evaluated the use of
13

CO2-based MFA in pure culture. An effort was made to robustly test this approach, which will

be of great benefit in assessing microbial activity in community and pure-culture settings. By
combining novel and established methods, data from isolates and microbial communities, and an
interdisciplinary and international team, my work highlights the notion that a holistic
understanding of an ecological system requires a synergistic and holistic approach to science.
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By combining some of these new and emerging techniques in a synergistic way, large
progress can be made in the fields of microbial ecology and biotechnology. Importantly,
interdisciplinary and collaborative teams of researchers with the ability to effectively communicate
with one another in a timely and effective manner will be essential in these new endeavors. Much
of my own work was enhanced by collaborating with diverse scientists and research teams across
the globe. To gain perspective on this staggering feat, I have to wonder how Hungate would feel
receiving environmentally-obtained genomes (MAGs) sent to him from China in a matter of
seconds (Chapter 3). I think he would feel as excited and optimistic as I am about the prospect that
future research endeavors will routinely meet his three criteria.
To emphasize the vision for the next era in microbial ecology I will briefly describe one
scenario where combining multiple new and emerging techniques in synergistic ways would stand
to inform a quantitative understanding of biogeochemical cycling in terrestrial geothermal
systems. This proposal, though ambitious, represents the potential of the field.

A synergistic quantitative omics approach to allochthonous biomass contributions to
microbial productivity and carbon biogeochemical cycling in a terrestrial geothermal
spring

The understanding of complex plant biomass degradation is important for the
understanding of carbon biogeochemical cycling and production of industrially relevant
compounds from a renewable feed stock. Microorganisms are the start of decomposition, having
co-evolved with and given rise to plants, and they have a myriad of tools at their disposal to utilize
these organic nutrient sources for energy conservation and biomass production. The contributions
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of allochthonous biomass to terrestrial geothermal systems in not well understood. Specifically,
the impacts of allochthonous biomass on microbial activity, abundance, and community
composition are not known (Dodsworth et al., 2011; Hedlund et al., 2013; Wolfe et al., 2014). In
addition, identifying pathways for the conversion of plant biomass to compounds of specific
interest to industrial processes is of economic value and environmental value. Great Boiling Spring
would provide an ideal environment for expanding our knowledge of allochthonous biomass
contributions to carbon biogeochemical cycling in terrestrial geothermal environments and has the
potential to discover organisms, enzymes, and metabolic pathways that are of economic value. The
choice of a hot spring environment for this kind of study is two-fold, (1) the contributions of
allochthonous biomass to microbial productivity is not well understood in these systems, and (2)
as Brock identified many years ago, hot springs can provide simple ecosystems that can serve as
models for microbial ecology studies of more complex environments. While environmental
isolates would be helpful for this approach, they are not necessary. This proposal is designed to be
forward-thinking and optimistic, likely requiring extensive protocol and methods development,
some advancement in current technologies, reduction in associated costs (or increased funding!),
and interdisciplinary collaboration. Figure 5.1 provides a brief outline of what is described below.
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Figure 5.1. Proposed study overview with methods and associated outcomes. qSIP,
isotopically labeled DNA is separated, sequenced, and isotope incorporation rates are determined.
Metagenomics, bulk DNA is sequenced and bioinformatically assembled into genomes.
Metaproteomics, bulk proteins are quantitatively analyzed with LC-MS/MS and amino acid
sequences are determined. Extracellular molecules are quantified and identified with LC-MS/MS.
Independent methods are combined providing progress toward a holistic and complete
understanding of carbon biogeochemical cycling in terrestrial geothermal ecosystems.
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Through the application of

13

C-labeled whole-plant biomass to hot spring sediment

microcosms and employing time-course sampling for cutting-edge stable isotope techniques,
metagenomics, metaproteomics, and metaexometabolomics, a more quantitative understanding of
plant degradation in terrestrial geothermal environments will be made. This knowledge can be
used to inform biogeochemical cycling in these systems and for the identification of industrially
relevant metabolic pathways and bioproducts from a renewable resource.
Quantitative stable isotope probing
Quantitative stable isotope probing (qSIP) has the powerful ability to discern which
microbes are active in a community and the rate at which they are incorporating a stable isotopelabeled substrate into DNA (Hungate et al., 2015; Koch et al., 2018; Morrissey et al., 2016). This
information can be used to infer rates of growth, mortality, microbial turnover, and substrate use
in the natural environment for each taxon in the environment (Hungate et al., 2015; Koch et al.,
2018). qSIP relies on isotope incorporation into DNA, density-gradient fractionation of DNA by
ultra-centrifugation based on isotopic enrichment and GC content, and DNA sequencing of the
16S rRNA gene from individual fractions paired with unlabeled controls for comparison (Hungate
et al., 2015). The degree of isotopic enrichment of DNA is elucidated by comparing shifts in the
isotopic enrichment of DNA belonging to specific taxa from labeled and unlabeled controls,
(Hungate et al., 2015). This degree of enrichment is then applied to a model used to quantify the
rate of incorporation of a substrate into DNA for a specific taxon and thus quantify the rate of
incorporation of a substrate into biomass (Hungate et al., 2015). The use of 18O-labeled water in
this method allows for the determination of taxa that are actively replicating (incorporating 18O in
DNA) in a treatment whether or not that taxon is utilizing the applied substrate; unlabeled DNA
derives from the inactive community, providing a holistic view of the community (Blazewicz and
Schwartz, 2011; Hungate et al., 2015; Schwartz, 2007; Schwartz et al., 2014, 2016). In addition,
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monitoring 18O incorporation into DNA over time allows for estimated growth rates for specific
taxa (Koch et al., 2018). This technique enables observation and measurements of actualized
activity of microorganisms in the natural environment (Hungate et al., 2015; Koch et al., 2018;
Morrissey et al., 2016; Schwartz et al., 2016). By applying 13C-labeled whole-plant biomass and
18

O-water to hot spring microbial communities and analyzing DNA using qSIP, the rate at which

specific organisms incorporate plant biomass-derived organic carbon into microbial biomass will
be identified, the organisms that are actively replicating yet not utilizing the allochthonous nutrient
source will be identified, and the inactive community will be identified. However, this approach
will not identify the molecular details of how the microorganisms are utilizing a substrate. That is,
the researcher only knows that a labeled substrate was applied to a community and that label
somehow ended up in biomass at a quantifiable rate.

It is worth a note that Robert Hungate identified soils as a particularly challenging ecosystem to
quantitatively study due to the heterogeneity of physical and biological factors (Hungate, 1960).
Now, Bruce Hungate, the grandson of Robert Hungate, has taken up this challenge aided by the
development of new quantitate techniques, collaborations, and a large, interdisciplinary, and
diverse working group (http://ecoss.nau.edu/).

Metagenomics
By comparing metagenomes and metagenome-assembled genomes (MAGs) from paired
qSIP samples that quantitatively addressed the activity of specific taxa, hypotheses can be made
about the rate at which enzymatic routes specific microorganisms are utilizing to degrade a
substrate. This could easily be accomplished by matching 16S rRNA gene sequences from qSIP
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data to metagenomic bins to gain an understanding of genomic content for uncultured organisms
and searching for genetically complete pathways involved in biomass degradation (see Chapters 2
and 3). One could even imagine that in the near future qSIP could be applied to metagenomics.
Metagenomic qSIP may improve the binning process in MAG creation by giving another

binning based on nucleotide word frequency, read depth, and Blast approaches. Metagenomic
qSIP, without applying binning, would also have the potential to illuminate metabolic pathways
that become enriched when a specific substrate is applied. This would indicate a relationship
between metabolic pathways and biomass degradation. Cross-feeding, where organisms are not
actually utilizing the plant biomass but are incorporating by-products produced from primary
degraders, would need to be considered for the interpretation of any qSIP analysis. This could be
partially addressed by taking samples over a time course, to assess how the composition of
isotopically enriched DNA changes with incubation time. The analysis of metagenomic qSIP data
to identify pathways that are overrepresented in heavy fractions would can utilize many of the
tools developed from the advancements in comparative genomics (see chapter 2). Pairing qSIP
with metagenomics and MAGs would identify potential enzymatic routes specific microorganisms
are utilizing to degrade a substrate and, leveraging qSIP data, apply rates of growth for organisms
utilizing these routes. However, this approach would still only provide predictions of potential
enzymatic routes being employed for biomass degradation.
Metaproteomics
Paired with the above, samples for metaproteomics would also be taken, with the aim of
describing and quantifying proteins that are synthesized when plant biomass is provided. Due to
the difficulties of identifying peptides with variable isotopic content, parallel incubations without
labeled substrates would be needed for this approach. Proteomics, utilizing high-pressure liquid
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chromatography tandem mass-spectrometry-based (HPLC-MS/MS) platforms, enables the
determination of individual peptide amino acid sequences directly from a collection of proteins.
Briefly, this is accomplished by isolating proteins from a sample, partially digesting them, then
subjecting them to HPLC-MS/MS, where initial peptide retention times, mass, and fragmentation
product masses are used to reconstruct amino acid sequences (Thermo Fisher Scientific, 2017).
The resulting oligopeptide sequences can then be bioinformatically mapped back to genetic
sequences. Proteomics has advanced considerably and while continued development is paramount
to applying this technique to environmental samples, it is possible to sequence and quantity
proteins from environmental samples (metaproteomics) (Aylward et al., 2013; Hiras et al., 2016;
Seifert and Muth, 2019; Thermo Fisher Scientific, 2017; Tschitschko et al., 2016). Comparing the
protein sequences identified in treatments with no biomass additions to those with biomass
additions would identify proteins that are actively synthesized and/or enriched in the presence of
plant biomass. Comparing these data to paired metagenomics and qSIP data, the rates of activity
of specific microorganisms can be linked to protein abundance in the environment with and
without biomass additions (i.e., rates of biomass production can be linked to the presence of a
substrate and the abundance of specific proteins). With the use of quantitative PCR for qSIPidentified active community members, these data can be further quantified and provide estimates
of proteins produced per cell. qPCR would be performed on subsamples of the same treatment
qSIP data is derived from. MAGs could be searched for 16S rRNA gene copies per cell for
normalization. This would provide a valuable quantitative measure for the application to
biogeochemical models.
In addition, utilizing identified genes from metaproteomics mapped to metagenomic data,
gene clusters could be evaluated to aid in pathway discovery and validation. Further, utilizing
MAGs representative of active community members (i.e., identified through qSIP), comparative
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genomics could be used to identify conserved gene clusters in active community members to
provide further evidence of important pathways for biomass degradation. Linking specific active
microorganisms to proteins that are present in the environment would go beyond examining the

allochthonous nutrient source and industrially relevant feed-stock, with cell-specific rates of
utilization for growth. However, the cumulative knowledge gained through the employment of the
above methods would still not address production rates of compounds not incorporated into DNA.
Metaexometabolomics
Paired with the above, samples would be taken for metaexometabolomics to characterize
the molecular environment outside of the cell in a community setting (exo-metabolomics)(Allen
et al., 2003; Silva and Northen, 2015) to identify molecules produced or consumed in the presence
of plant biomass. Like the metaproteomics approach, metaexometabolomics can utilize HPLCMS/MS techniques to identify and quantify molecules present in a sample (Erbilgin et al., 2017;
Jenkins et al., 2017; Kosina et al., 2016, 2018; Silva and Northen, 2015). Utilizing targeted
exometabolomics, with sample compounds being compared to only known compounds with strict
restrictions on data quality (see chapter 3)(Silva and Northen, 2015; Zha and Punt, 2013),
concentrations of sample-derived compounds can be determined (Erbilgin et al., 2017; Jenkins et
al., 2017). Known intermediate biomass degradation products and industrially relevant molecules
could easily be included as standards in this quantitative analysis (Zha and Punt, 2013). By
comparing quantitative exometabolomic data from samples obtained over a time course, the rate
of production or consumption of specific molecules can be obtained within a given treatment.
Samples would be paired, so that one treatment would receive unlabeled biomass, another
labeled biomass, and another for an abiotic control treatment. Abiotic controls could be
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accomplished by placing plant biomass into a sterile container containing filtered spring water. By
comparing labeled biological treatments and abiotic controls, the rate of production and
consumption of chemical products from plant biomass due to microbial activity and abiotic activity
could be identified. By comparing unlabeled and labeled biological treatments, shifts in MS/MS
spectra resulting from

13

C incorporation in a molecule could be used to aid in the positive

identification of molecules derived from labeled plant biomass (Schwaiger-Haber et al., 2019; Wei
et al., 2017).
Similar to the metaproteomic analysis, isotopically enriched metagenomes and MAGs
could be searched for enzymes that produce or consume positively identified molecules and the
genomic architecture could be compared to identify similar gene arrangements in different MAGs
(Jacoby et al., 2018; Jacoby and Kopriva, 2019; Kosina et al., 2018). This could then be combined
with the metaproteomics analysis to examine if pathways of interest contained proteins that were
present. In line with exometabolomics, quantitative measures of
obtained to determine oxidation rates of

13

13

CO2 production could be

C-labled plant biomass (see chapter 2 and 3;

https://www.picarro.com/products/small_sample_introduction_module_2)

and

bulk

13

C

measurements could be made at the beginning and end of experiments to determine total plant C
retained in the system, organic carbon mineralization rates from plant-derived biomass, and help
inform biogeochemical modeling (Dijkstra et al., 2015; Hagerty et al., 2014).
The field of metabolomics is expanding rapidly, and targeted analyses are becoming more
inclusive of the types and variety of molecules

-

approach. However, targeted metabolomics relies on sets of standards of known molecules and
cannot address the large chemical diversity found in nature (Alonso et al., 2015; Kido Soule et al.,
2015; Swenson et al., 2015). Therefore, exometabolomics could be applied in an untargeted
manner, utilizing algorithms for the best prediction of the chemical structures of molecule from
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MS/MS data (Alonso et al., 2015; Kido Soule et al., 2015). Although, this typically comes at the
cost of quantification. Potentially, both these approaches could be applied to the same sample, as
these analyses do not require large volumes of sample, and LC-MS/MS data could be filtered
differently to accommodate both approaches.
Conclusion
Taken together, this type of study has the potential to (1) identify novel metabolic
pathways, (2) identify pathways of specific interest to industrial processes for the conversion of
plant biomass into products of interest, (3) quantitatively address which microbes are present and
their growth rates (qSIP), identify the individual and community potential to act (metagenomics),
quantitively address how they are acting (metaproteomics), and quantitatively address the
consequences of their action (targeted exometabolomics) in the presence of an allochthonous
nutrient source. This stands to connect microbial community composition to ecosystem-level
carbon cycling in a quantitative manner by providing carbon cycling rates mediated by microbial
activity attributed to specific taxa, providing progress toward a holistic and complete
understanding of carbon biogeochemical cycling in terrestrial geothermal ecosystems. From this
same body of fundamental basic research, significant discoveries could be made with economical
applications to industrial processes utilizing plant biomass feedstocks
Significant challenges would need to be overcome for harmonious synergy of the above
methods. qSIP is still a relatively new technique without detailed validation in a pure-culture
setting. In addition, if organisms are utilizing a substrate yet not replicating, and thus not
incorporating substrate-derived 13C or heavy water-derived 18O into DNA, they will be considered
inactive using this approach. Quantitative environmental proteomics and exometabolomics
methods are promising techniques yet high-throughput methods and analysis pipelines need to be
further developed and validated to facilitate wide-spread use. Despite the current limitations, I am
120

confident that the proposal presented here will become a possibility in the next decade and hope
my dissertation work helped clear the way for such a study.
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