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ABSTRACT
Hydrogen (H2) connects the geosphere and biosphere in rock-hosted ecosystems
and has likely done so since early in Earth's history. High temperature hydrothermal
environments, such as hot springs, can be enriched in H2 and were likely widespread on
early Earth. As such, linking the geological processes that supply H2 to contemporary hot
springs and the distribution of extant thermophilic organisms that can utilize H2 as a
component of their energy metabolism can provide insights into the environment types
that supported early H2 dependent life. Using a series of geochemical proxies, I
developed a model to describe variable H2 concentrations in Yellowstone National Park
(YNP) hot springs. The model invokes interaction between water and crustal minerals
that generates H2 that can partition into the vapor phase during decompressional boiling
of ascending hydrothermal waters. Fractures and faults in bedrock, combined with
topographic features such as high elevation, allow for vapor to migrate and concentrate in
certain areas of YNP leading to elevated concentrations of H2. Metagenomes from
chemosynthetic communities in YNP springs sourced with vapor-phase gas are enriched
in genes coding for enzymes predicted to be involved in H2-oxidation. A spring in an area
of YNP (Smokejumper, SJ3) sourced with vapor-phase gas, that has the highest
concentration of H2 measured in YNP, and that is enriched in hydrogenase encoding
genes was chosen to further examine the biological fate of H2. SJ3 harbors a hyperdiverse
community that is supported by mixing of oxidized meteoric fluids and volcanic gases.
Transcripts coding for genes involved in H2 uptake and CO2 fixation were detected. The
processes that control the availability of oxidants and their effect on the activity and
abundance of H2 dependent organisms was also investigated in two paired hot springs.
H2-oxidizing chemoautotrophs utilized different oxidants in the two springs and this
underpinned differences in H2 oxidation activity and their identity. Together, these
observations indicate that the subsurface geological processes of decompressional boiling
and phase separation influence the distribution, identity, and activity of hydrogenotrophs
through their combined effects on the availability of H2 and oxidants.
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CHAPTER ONE
GENERAL INTRODUCTION
Hydrogen (H2) links the biosphere and the geosphere and likely has done so since
life first emerged on Earth. The rate of H2 release from the subsurface of early Earth is
predicted to have exceeded the rate of H2 escape from the atmosphere, resulting in a
predicted mixing ratio of ~30% H2 (the balance between slow hydrogen escape and
volcanic outgassing) in the primitive atmosphere of early Earth (Tian et al 2005). H2 is
likely to have been available on early Earth and could have contributed to energyyielding reactions that supported early life (Wächtershäuser 1990). Indeed, H2 has been
hypothesized to be one of the oldest and most widely utilized reductants in microbial
metabolism, and early anaerobic organisms could have reduced volcanic carbon dioxide
(CO2) with electrons from H2 similar to reactions that methanogens and acetogens use in
contemporary environments (Martin 2012).
The enzymes that catalyze the reversible oxidation of H2 are termed
hydrogenases, and hydrogenases are encoded in the genomes of taxa representing all
three domains of life (Martin and Müller 1998, Peters et al 2015). This includes many
deeply rooted lineages in the archaeal and bacterial domains (Peters et al 2015, Vignais et
al 2001). Enzymes from one class of hydrogenase, ([NiFe]-hydrogenase), are present in
both Bacteria and Archaea, suggesting that [NiFe]-hydrogenase likely emerged prior to
the divergence of these domains (Boyd et al 2014, Weiss et al 2016). Further, this
suggests that H2, through the activity of [NiFe]-hydrogenase, could have supported the
metabolism of the Last Universal Common Ancestor (LUCA).
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Another suggested property of the LUCA is thermophily and this is based
primarily on taxa from hydrothermal environments forming deeply (basal) branches on
phylogenetic reconstructions of life that are short, indicating that contemporary
thermophiles are less derived from their ancestors when compared to mesophilic lineages
(Pace 1991, Weiss et al 2016). Consistent with the possibility that life originated as a
thermophile, geological evidence indicates that hydrothermal environments were present
if not widespread on early Earth (Djokic et al 2016). Given the prevalence of lithogenic
H2 in hydrothermal systems today (Adam and Perner 2018, Spear et al 2005), evidence
for the presence of hydrothermal systems on early Earth (Djokic et al 2016), and the
hypothesized H2 dependence and thermophilic character of LUCA (Weiss et al 2016), it
is perhaps reasonable to suspect H2 could have supported early evolving organisms
inhabiting hydrothermal environments through the activity of ancestral [NiFe]hydrogenases (Elderfield and Schultz 1996, Neal and Stanger 1983). Thus, contemporary
hydrothermal systems are likely to be useful analogs to study the processes that support
modern day descendants of early evolving microbial life.
Over time, the escape of H2 from the atmosphere (Hunten 1973, Tian et al 2005)
and the rise of oxygenic photosynthesis (Anbar 2008, Lyons et al 2014) led to the
oxidation of Earth's surface environment (Catling et al 2001). Nonetheless, on modern
Earth, H2 is still abundant locally including in hydrothermal environments such as the hot
springs in Yellowstone National Park (YNP), Wyoming, U.S.A. (Bergfeld et al 2014,
Lowenstern et al 2015, Spear et al 2005, Windman et al 2007). As such, reactions
involving H2 have been hypothesized to be an important source of energy supporting
primary production in YNP hot spring communities, although others are present as well
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(Shock et al 2010, Spear et al 2005). Additionally, analyses of chemosynthetic microbial
communities have indicated that several taxa hypothesized to be involved in biological
H2 cycling are abundantly distributed across YNP hot springs (Spear et al 2005).
However, other studies challenge the importance of H2 in supporting thermophilic hot
spring communities (D'Imperio et al 2008, Inskeep et al 2005). Together, these
observations warrant further study to better understand the processes that supply H2 to
hydrothermal environments and how these processes present and influence the
distribution of H2-dependent organisms.
Hydrogen in Microbial Metabolism
The oxidation of a molecule of H2 yields two protons and two electrons (Reaction
1), both of which could have been involved in primitive energy conservation mechanisms
employed by early life (Hoehler 2005).
H2

2 H+ + 2 e-

Reaction 1

Indeed, H2 metabolism has been suggested to be among the oldest reactions (such as used
in microbial metabolism (Martin 2012). The directionality of the reversible oxidation of
H2 reaction is dependent on concentrations and redox potentials of substrates, products,
and electron carriers (e.g., ferredoxin (Fd) or NAD(P)H) and catalytic biases associated
with the various types of enzymes that catalyze this redox transformation (Vignais and
Colbeau 2004). Importantly, the intracellular and extracellular concentrations of H2 also
impact the thermodynamic favorability of any H2 associated metabolic strategy (Hoehler
et al 2002), as cells rely on intracellular H2 partial pressures which in turn are strongly
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affected by extracellular H2 levels due to the permeability of lipid membranes to this
nonpolar gas (Atkins 1990, Marrink and Berendsen 1996).
The enzymes that catalyze the reversible oxidation of H2, called hydrogenases, are
present in all three domains of life and are associated with a wide variety of metabolic
strategies (Vignais et al 2001, Vignais and Colbeau 2004). They are encoded in the
genomes of many taxa that are deeply rooted in phylogenetic reconstructions, particularly
among Bacteria and Archaea (including methanogens and other taxa such as Aquificae
and Thermotogae) (Peters et al 2015, Vignais et al 2001). This observation is often used
to suggest the microbial use of H2 could have been an early biological innovation, and
potentially a property of the LUCA (Weiss et al 2016).
Overall, H2 and hydrogenases are associated with a wide variety of microbial
metabolisms, including those of anaerobes and aerobes, autotrophs and heterotrophs, and
anoxygenic and oxygenic phototrophs (Hoehler et al 2002, Hoehler 2005). There are
three main types of hydrogenases that are termed [FeFe]-hydrogenases, [NiFe]hydrogenases, and [Fe]-only (Hmd) hydrogenases which are differentiated
phylogenetically and by the metallic contents of their active site metal clusters (Greening
et al 2016, Peters et al 2015, Thauer 1998, Vignais et al 2001). The Hmd hydrogenases
are widespread in methanogens and contain an iron-containing cofactor but they lack
iron-sulfur (Fe-S) clusters that participate in electron transfer, and do not formally
catalyze the reversible oxidation of H2 (Vignais and Colbeau 2004). In contrast, both
[FeFe]- and [NiFe]- hydrogenases contain a dinuclear metal center (either [FeFe] or
[NiFe]) that is the site of the H2 reaction, as well as accessory Fe-S clusters (Nicolet et al
1999, Peters et al 1998, Peters et al 2015, Shafaat et al 2013).
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[FeFe]-hydrogenases have been identified among numerous fermentative and
anaerobic Bacteria, as well as several unicellular eukaryotes (Meyer 2007, Peters et al
2015). [FeFe]-hydrogenase likely evolved to couple the production of H2 with oxidation
of electron carriers (e.g., Fdred and NAD(P)H) that accumulate during anaerobic
metabolism, although they have also been shown to oxidize H2 (Adams et al 1989,
Therien et al 2017). In contrast, [NiFe]-hydrogenases are widely distributed in both
archaeal and bacterial taxa, but have yet to be identified among eukaryotes (Boyd et al
2014, Peters et al 2015). Additionally, many subtypes (groups) of [NiFe]-hydrogenase
catalyze H2 oxidation for energy metabolism, although they can also be bidirectional
(reversible) or involved in the production of H2 (Greening et al 2016, Peters et al 2015,
Vignais et al 2001). [NiFe]-hydrogenases involved in the oxidation of H2 are often
coupled metabolically via electron carriers such as Fd and NAD(P)H, to the reduction of
oxidants such as sulfate, metals, nitrate, and fumarate [for a recent review, see (Greening
et al 2016)]. They can also be involved in H2 oxidation coupled with the reduction of O2,
as well as reactive oxygen species (Boga and Brune 2003, Trembley and Lovley 2012).
[NiFe]- and [FeFe]-hydrogenases share many common biochemical and
mechanistic features, including the active site ligands carbon monoxide and cyanide
(Peters et al 2015). Remarkably, despite these similarities, [FeFe]- and [NiFe]hydrogenases are not evolutionarily related and do not share sequence homology
(Vignais et al 2001). Thus, [NiFe]- and [FeFe]-hydrogenases convergently evolved to
catalyze the same chemistry: the reversible oxidation of H2 (Reaction 1). However, unlike
[NiFe]-hydrogenases that are widespread among both archaeal and bacterial genomes and
were likely a property of the LUCA (Boyd et al 2014), [FeFe]-hydrogenases are not
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present in Archaea and it is thus likely that it is likely that [FeFe]-hydrogenase evolved
after the divergence of Archaea and Bacteria (Mulder et al 2010).
Diversification of Hydrogenases
Methanogens encode numerous [NiFe]-hydrogenase homologs (Thauer et al
2010). Phylogenetic reconstructions of representatives of each of these enzyme groups
reveals a basal branch position relative to homologs from other taxa, indicating that these
evolved early in the history of hydrogenases. This observation, combined with the
presence of multiple [NiFe]-hydrogenase enzymes in methanogens, suggests that certain
different isoforms (phylogenetically related and H2-oxidizing group 3a/3c and group 4
[NiFe]-hydrogenases) could have arisen through a series of gene duplication events from
an ancestoral enzyme complex (Boyd et al 2014). As described below, [NiFe]hydrogenase in methanogens are either physiologically biased towards H2 oxidation
(Group 3a and 3c) or are bidirectional (Group 4 Eha/Ehb). Collectively, these
observations led to the suggestion that the earliest organisms to oxidize H2 were
methanogens and that these could have likely functioned to reduce Fd (ferredoxin; an
electron acceptor) in early cells (Boyd et al 2014).
Several types of [NiFe]-hydrogenases are encoded by modern hydrogenotrophic
methanogens, including group 3a and group 3c enzymes (Thauer et al 2010). The group
3a [NiFe]-hydrogenases [8-hydroxy-5-deazaflavin (F420) reducing] couple the oxidation
of H2 with the reduction of F420 that then serves as an electron carrier during
methanogenesis (de Poorter et al 2005, Vignais and Billoud 2007). The group 3c [NiFe]hydrogenases (Mvh) couple the oxidation of H2 to the concurrent exergonic reduction of
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heterodisulfide and Fd (Kaster et al 2011, Thauer et al 2010) in what has been termed
electron bifurcation (Buckel and Thauer 2013, Peters et al 2015). Finally, some
methanogen species also encode representatives of the group 4 membrane bound [NiFe]hydrogenases, termed Eha/Ehb. These reversible enzymes couple ion translocation to the
oxidation of H2 thereby allowing cells to overcome the unfavorable thermodynamics
associated with reduction of Fd (Lie et al 2012, Porat et al 2006).
Following an early emergence in the earliest forms of life on Earth, [NiFe]hydrogenases then diversified, likely due to selective pressure to improve energy yields
associated with H2 oxidation through metabolic coupling to oxidants with increasingly
more positive electrochemical potentials (Boyd et al 2014, Schut et al 2016). One
example of the diversification of [NiFe]-hydrogenases is seen in response to the increase
in O2 following the emergence of oxygenic photosynthesis (3.2 to 2.8 bya), which led to a
gradual rise in O2 concentrations after ~2.4 bya (Anbar 2008, Moore et al 2017).
Production of O2 allowed for an influx of sulfate (SO42-) to oceans via enhanced O2dependent weathering of continental sulfide minerals (Canfield and Farquhar 2009) and
allowed for the O2-dependent oxidation of ammonia to generate nitrate (NO3-) (Garvin et
al 2009, Godfrey and Falkowski 2009). Thus, it has been hypothesized that the
emergence of hydrogenases that can metabolically couple H2 oxidation with the reduction
of O2, NO3-, or SO42- (group 1 [NiFe]-hydrogenase enzymes) could have diversified to
more efficiently harvest the energy from reactions involving these oxidants (Boyd et al
2014). These observations suggest that group 1 [NiFe]-hydrogenase enzymes emerged
after the emergence of oxygenic photosynthesis (Boyd et al 2014).
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[NiFe]-hydrogenases that form phylogenetic group 2 [reviewed recently in
(Greening et al 2016)] are involved in other metabolic processes, including H2 sensing
(Lenz and Friedrich 1998) and harvesting H2 produced as a byproduct of nitrogen
fixation (Bothe et al 1977, Masukawa et al 2002). However, since nitrogen fixation via
the nitrogenase enzyme is not thought to be a property of the LUCA (Boyd et al 2011,
Boyd and Peters 2013), the particular [NiFe]-hydrogenase enzymes which are closely
linked with nitrogenases are not considered to be ancestral. Moreover, it is perhaps not
logical to imagine that enzymes that function to sense H2 would evolve prior to enzymes
that can actually oxidize/produce H2. Thus, group 2 enzymes are considered to be
relatively more recently evolved (Boyd et al 2014).
[NiFe]-hydrogenases have also been suggested to represent the progenitors of
modern respiratory complexes, and likely proceeded through a series of intermediate
respiratory complexes that are still relic in anaerobic metabolism (Boyd et al 2014,
Hedderich 2004, Schut et al 2013, Schut et al 2016). Numerous subunits that form the
NADH quinone oxidoreductase complex (Nuo, or Complex I), which is an integral
component of modern day respiratory chains including those involved in O2 reduction,
are evolutionarily related to those that comprise ion-translocating group 4 [NiFe]hydrogenases (Hedderich 2004, Schut et al 2016). The earliest evolving member of this
oxidoreductase family is a proton reducing (note these enzymes are reversible)
membrane-bound hydrogenase (Mbh)-like ancestor and this likely diversified through a
series of intermediates including a sulfur reducing respiratory complex (membrane-bound
oxidoreductase; MBX) and a cofactor F420 reducing complex (F420H2:phenazine
oxidoreductase; FPO), and ultimately Complex I (Schut et al 2016). Thus, similar to the
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diversification of the group 1 [NiFe]-hydrogenases, the diversification of group 4 [NiFe]hydrogenase and related respiratory complexes could have been driven by the
evolutionary drive to maximize metabolic energy yield (Schut et al 2016).
Hydrogen Metabolism in Hydrothermal Environments
The maximum growth temperature of archaeal and bacterial taxa representing
lineages that branch basal on phylogenetic reconstructions indicates that early evolving
taxa and the ancestor of these taxa (LUCA) may have been a thermophile (Lineweaver
and Schwartzman 2004, Pace 1991). Geological data suggests that hydrothermal systems
may have been widespread on early Earth, with reports of laminated structures
(resembling stromatolites) in a hydrothermal setting dated to 3.48 bya (Djokic et al
2016). This suggests that life could have inhabited hydrothermal environments early in
Earth history and life itself may have even originated in such environments. Indeed,
many of the abiotic synthesis reactions that form the basic building blocks of life,
including amino acids, are thermodynamically favorable (energy yielding) under
hydrothermal conditions (Canovas III 2016, Shock and Canovas 2010).
Prior to the advent of oxygenic photosynthesis ~ 3.2 to 2.8 Ga, life was likely
dependent on chemical forms of energy (Anbar 2008, Moore et al 2017, Thauer et al
1977). Potential sources of energy for early life would have included reactions involving
H2, CO2 and other inorganic substrates (including S0, H2S, and Fe2+ among others)
available on early Earth (Kral et al 1998, Wächtershäuser 1990). These substrates are also
typically available in modern hydrothermal environments (Ball et al 2006, Ball et al
2010, McCollom and Shock 1997, Nordstrom et al 2009, Shock et al 2010).
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Hydrothermal environments on Earth today could host microbial life analogous to life on
early Earth, as many contemporary hydrothermal environments provide many of the
geochemical substrates which could support ancient metabolisms (i.e. H2, CO2) (Shock et
al 2010).
Hydrothermal systems in YNP are among the most widely studied on Earth. This
includes an extensive and published history of coupled geological, geochemical, and
microbiological investigations (e.g. recent studies such as Amenabar et al 2018, Boyd et
al 2007, Boyd et al 2010, Boyd et al 2012, Colman et al 2018, Hamilton et al 2012,
Inskeep et al 2005, Inskeep et al 2013, Kozubal et al 2008, Kozubal et al 2012,
Lowenstern et al 2015, Shock et al 2010, Spear et al 2005, among many others)
conducted on hot springs that span a wide range of pH (1.5 - 10), temperature (up to
93˚C), and geochemical and mineralogical compositions (Allen and Day 1935). The
>14,000 hydrothermal features in YNP are incredibly diverse in terms of temperature,
pH, and geochemical composition (Nordstrom et al 2009), including wide variation in the
availability of reductants and oxidants capable of supporting chemosynthetic
metabolisms (Shock et al 2010).
One of the sources of reductant in hydrothermal systems (including those found in
YNP) is H2, although others are present (such as H2S) (Shock et al 2010, Spear et al
2005, D'Imperio et al 2008) which can be generated by a variety of processes. This
includes interaction between water and ferrous iron minerals (Kelley et al 2005, Stevens
and McKinley 2000), the radiolysis of water (Lin et al 2005), reactions between mineral
surface silicate radicals and water (Kita et al 1982, Telling et al 2015), and the activity of
several biological enzymes (Boyd et al 2010, Peters et al 2015). Of particular importance
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to hydrothermal systems, such as those found in YNP, are interactions between water and
iron-bearing minerals present in igneous rocks (Reaction 2).
2H2O + (FeO)2(SiO2) = 2H2 + 2(FeO3/2) + SiO2

Reaction 2

Given that YNP hosts abundant iron-bearing rhyolites and also basalts (to a lesser extent)
(Christiansen 2001), it has been postulated that H2 could be produced in YNP through
reaction 2 when hot water interacts with subsurface bedrock, similar to other basalts
(Stevens and McKinley 2000). Indeed, previous studies have detected H2 at elevated
concentrations compared with atmospheric H2 (Bergfeld et al 2014, Spear et al 2005,
Windman et al 2007). Due to the prevalence of H2 in hot springs, it was hypothesized that
the energy derived from the oxidation of H2 could support primary production in YNP
springs (Spear et al 2005). However, evidence indicating that H2 is oxidized and used to
support primary production was not firmly established in this study (Spear et al 2005).
Moreover, subsequent studies suggested that other reductants, such as hydrogen sulfide,
might be more important in supporting microbial primary producers and preferentially
utilized over H2 in hot spring environments (D'Imperio et al 2008). Thus, the extent that
H2 supports primary production in YNP hot springs, and hot springs in general, is not
well understood. Moreover, the link between geological processes that drive variation in
the geochemical composition of springs, including the availability of H2 and electron
acceptors capable of being used to oxidize H2, and the distribution of organisms capable
of utilizing H2 to fuel their energy metabolism is not known.
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Overarching Goals
This works seeks to develop new understanding between the geological processes
that supply H2 to contemporary hot springs and the distribution of organisms that can
utilize H2 as a component of their energy metabolism. High temperature hot spring
environments exclude photosynthesis and thus allow for the study of microbial life that is
supported by chemical sources of energy (Boyd et al 2012, Brock 1967), similar to
conditions that have been hypothesized for life on early Earth (Kral et al 1998, Martin
2012, Weiss et al 2016). Thus, in this work I focus on high temperature springs that host
communities dependent on chemical energy. Throughout this work, I use a framework
put forth by (Boyd et al 2012) which defined the habitat range of phototrophs as limited
primarily by temperature, pH, and sulfide concentrations to drive the selection of hot
spring locations and communities for further study. Within hot spring chemosynthetic
communities, I pursued several integrated research questions to address the overarching
hypothesis that subsurface geological processes influence the distribution of H2dependent organisms and the metabolic strategies that they use to support primary
production.
Firstly, I aimed to elucidate where and how H2 is produced in hot springs to
determine why H2 varies across hot spring environments and how this in turn influences
the distribution and abundance of hydrogenotrophic organisms. In Chapter 2, titled
"Geological Source and Biological Fate of Hydrogen in Yellowstone Hot Springs", I
leverage the variability of H2 across YNP thermal features to develop a model to describe
processes that source H2 to hot springs and that drive differences in H2 availability. Using
a series of geochemical proxies, I provide evidence that interaction between hot water
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and bedrock minerals drives production of H2 that is partitioned into a vapor phase during
decompressional boiling of ascending hydrothermal waters. Differential input of vapor to
hot springs, which is controlled by geological features such as faulting and fracturing
along the caldera boundary in YNP as well as high elevation that promotes more
complete phase separation, leads to variable input of H2 to springs. To examine how this
influences the distribution of organisms capable of integrating H2 into their energy
metabolism, I subjected 50 metagenomes from chemosynthetic communities inhabiting
springs across YNP to comparative analyses to determine the relative abundance of genes
coding for hydrogenases as a function of geochemical proxies (i.e. pH) for the extent of
vapor phase input. I focused on a spring in the high elevation area of the Mirror Plateau
that is located on the edge of the caldera: Smokejumper spring number 3 (SJ3) to more
comprehensively examine the fate of H2 in hot springs. This spring hosts the highest
concentration of H2 measured in YNP and is enriched in hydrogenase encoding genes. An
integrated suite of geochemical, microbiological, and molecular assays were used to
determine the extent that H2 supports primary production in this spring.
Given that energy yields associated with H2 oxidation are highly dependent on the
oxidant that it is metabolically coupled with (Shock et al 2010), I next focused on
determining how variation in the distribution of oxidants selects for different
hydrogenotrophic and autotrophic populations and influences rates of their activities
(Chapter 3). In a study titled "Subsurface Processes Influence Oxidant Availability and
Chemoautotrophic Hydrogen Metabolism in Yellowstone Hot Springs", I examine
microbially mediated H2 cycling and characterize the composition of active microbial
communities of two ecosystems subjected to steep gradients in available energy and
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oxidants. Through these studies I aimed to determine how subsurface or surface
processes influence the availability of oxidants in phase separated hot springs and
whether such variation in oxidant availability impacts biological H2 cycling in these
ecosystems. In this work, I determined rates of H2 cycling, rates of CO2 fixation,
abundances of hydrogenotrophic cells capable of metabolically coupling H2 oxidation
with variation oxidants and determined the active microbial community composition and
their abundances. I conducted this work in the source pools of the two paired hot springs,
Roadside East and Roadside West that are separated by ~20 meters, and also extended
this analysis to the outflow channels to examine the effects of surface processes (i.e.
infusion of O2) on microbial communities and H2 cycling.
Chapter 4 summarizes the findings discussed in Chapters 2 and 3. In this section,
the major conclusions from each study are examined within the context of H2 as a source
of reductant supporting diverse microbial primary producers in hydrothermal systems as
analogs for those that might have existed on early Earth. Furthermore, I discuss future
research directions that could further our understanding of the role of H2 in supporting
primary production in these environments. This future work is specifically aimed at
providing a direct link between H2 oxidation activity, CO2 fixation activity, and the
identity and metabolism of primary producers in YNP hot springs.
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GEOLOGICAL SOURCE AND BIOLOGICAL FATE OF HYDROGEN
IN YELLOWSTONE HOT SPRINGS
Abstract
Hydrogen (H2) is enriched in hot springs (relative to atmospheric H2) and can
support microbial primary production. Using a series of geochemical proxies, a model to
describe variable H2 concentrations in Yellowstone National Park (YNP) hot springs is
presented. Interaction between water and crustal iron minerals yields H2 that partitions
into the vapor phase during decompressional boiling of ascending hydrothermal fluids.
Variable input of vapor leads to differences in H2 concentration among springs. Analysis
of 50 metagenomes from YNP springs reveals that genes encoding H2 oxidation
capability are enriched in communities inhabiting springs sourced with vapor-phase gas.
Three springs in an area of YNP that are sourced with vapor-phase gas, termed
Smokejumper (SJ), and with the highest [H2] in YNP were examined to determine the
fate of H2. The highest concentration of H2, the most biomass, and the highest abundance
of culturable hydrogenotrophic cells were detected in SJ3 spring. Metagenomics and
transcriptomics of SJ3 reveal a diverse sediment community comprised of abundant
populations expressing genes involved in H2 oxidation and carbon dioxide fixation. These
observations suggest a link between the geologic processes that generate and source H2 to
hot spring environments and the distribution of organisms that utilize H2 to support their
energy metabolisms.
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Introduction
Hydrogen (H2) connects the geosphere and biosphere and has likely done so since
early in the history of Earth (Boyd et al 2014, Hoehler 2005). Hot springs are often
considered as analogs of early Earth environments (Djokic et al 2016) and can host
waters with elevated H2 concentrations (Bergfeld et al 2014, Lowenstern et al 2015,
Spear et al 2005, Windman et al 2007). H2 oxidation generally releases the most energy
per mol of electrons transferred among inorganic compounds in hot spring ecosystems
regardless of electron acceptor (i.e., oxidant) (Shock et al 2010). Therefore, variation in
H2 availability within hydrothermal hot spring systems could affect the distribution and
activity of hydrogenotrophs, which are important primary producers in these
environments (Lindsay et al 2018, Spear et al 2005).

A range of processes can generate H2 including interaction between water and
ferrous iron minerals (Kelley et al 2005, Stevens and McKinley 2000), the radiolysis of
water (Lin et al 2005), reactions between mineral surface silicate radicals and water (Kita
et al 1982, Telling et al 2015), or the activity of several biological enzymes (Boyd et al
2010, Peters et al 2015). The most likely sources of H2 in high temperature Yellowstone
National Park (YNP) hot springs are reactions between water and ferrous iron in rhyolitic
or basaltic bedrock, although biological activity could contribute some H2 to these
springs (Boyd et al 2010). Additionally, during periods of extensive seismic activity that
are commonplace in YNP (Christiansen 2001), silicate minerals can be sheared thereby
exposing surface silica radicals or fresh unweathered ferrous iron-bearing minerals to
water that could further contribute H2 through the mechanisms described above.
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H2 is variable across YNP hot springs, ranging from 0 to ~7 mol % of total gases
(Bergfeld et al 2014, Spear et al 2005, Windman et al 2007). This indicates spatial
variability in the mechanisms that lead to H2 generation in geographically distinct regions
of YNP that may also correspond with various subsurface processes leading to spring
formation. The current model for YNP hot spring formation begins with injection of
magmatic gases [e.g., carbon dioxide (CO2), sulfur dioxide (SO2)] into a deeply seated
hydrothermal aquifer(s) (Fournier et al 1976, Hurwitz and Lowenstern 2014, Rye and
Truesdell 1993, Truesdell and Fournier 1976, Truesdell et al 1977, White et al 1971).
When SO2 condenses with hydrothermal water (at temperatures between ~200-400˚C), it
is thought to disproportionate to yield sulfate (SO42-) and sulfide (H2S) (Nordstrom et al
2009). As the hydrothermal water ascends and infiltrates the crust, it can be further
altered by processes such as water-rock interaction, decompressional boiling, and mixing
with near-surface groundwater (Lowenstern et al 2012, Nordstrom et al 2009). Of
particular importance is decompressional boiling that is thought to separate subsurface
hydrothermal water into a liquid phase enriched in non-volatile constituents [e.g.,
chloride (Cl-)] and a vapor phase enriched in volatile constituents [e.g., H2S] (Fournier
1989, Nordstrom et al 2009). The vapor is then able to migrate toward the surface where
it can condense and interact with oxygen (O2)-rich meteoric fluids. Near-surface
oxidation of H2S with O2 to SO42- and protons can result in the acidification of waters
(Fournier 1989, Nordstrom et al 2004, Nordstrom et al 2005), a process suggested to be
mediated primarily by microbial activity (Colman et al 2018) as rates of biotic H2S
oxidation are estimated to be three or more orders of magnitude faster than rates of
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abiotic H2S oxidation (Luther et al 2011). Thus, in this model of hot spring formation,
springs with vapor-phase-influenced source waters tend to be enriched in SO42- and are
often acidic to moderately acidic pH, while hot springs with liquid-phase-influenced
source waters tend to have a lower concentration of SO42-, are enriched in Cl-, and are
circumneutral to alkaline in pH.

In this study, we aimed to define the subsurface processes that lead to variable H2
concentrations in YNP hot springs. Further, we sought to determine how these processes
affect the distribution and abundance of hydrogenotrophic, chemoautotrophic populations
in hot springs. The results are integrated to define links between processes that source
and enrich springs in H2 and the distribution and abundance of microorganisms that can
metabolize H2.
Materials and Methods
Determination of hydrogenase protein encoding gene homolog
abundance in chemosynthetic community metagenomes.
Metagenomes deposited within the Integrated Microbial Genomes (IMG)
database (Markowitz et al 2012) that were ascribed to chemosynthetic communities in
YNP (as of 09/17/2018) were compiled. Geochemical data (e.g., pH and temperature)
reported in the IMG database or otherwise in published reports associated with the
metagenomes were also compiled. A total of 50 metagenomes [including Smokejumper 3
(SJ3), as described below; Dataset S1] were recovered.
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The Kyoto Encyclopedia of Genes and Genomes (KEGG) KEGG Orthology (KO)
annotations for each assembled metagenome were compiled from IMG source data files.
From the annotations, total hydrogenase KO abundances were determined for large
subunit (catalytic subunit) homologs of [NiFe]-hydrogenase isoforms inferred to be
physiologically biased towards H2 oxidation (K06281, K05922, K00437, and K14068 for
group 1 homologs; K00440, K17993, K00436, and K14126 for group 3a and 3c
homologs) (Peters et al 2015). KOs for group 2 [NiFe]-hydrogenase isoforms are not
available in KEGG and thus were not included in this analysis. KO abundances were also
compiled for catalytic subunits of [NiFe] isoforms inferred to exhibit minimal directional
bias (bidirectional) (K17993 for group 3b; K00436 for group 3d) (Peters et al 2015).
While many group 4 [NiFe]-hydrogenases exhibit minimal bias or are biased toward H2
oxidation (Peters et al 2015), others are biased towards H2 production. Given the
difficulty of predicting directionality of these homologs via sequence motifs or
homology, we did not further classify group 4 [NiFe]-hydrogenase homologs with respect
to directionality. Similarly, we also did not further classify [FeFe]-hydrogenase homologs
with respect to directionality in this calculation. KO abundances for all hydrogenase
homologs were also compiled, including group 4 [NiFe]-hydrogenase and [FeFe]hydrogenases (K12142, K14090, K14106, K14123, K15830, and K18016 for group 4
[NiFe]-hydrogenase homologs; K18332, K00533, and K17997 for [FeFe]-hydrogenase
homologs). Homologs corresponding to [NiFe]-hydrogenase groups were further
classified as previously described (Greening et al 2015, Søndergaard et al 2016). The
summed totals of the KO annotations were then normalized by the total number of KO
annotations for each metagenome.
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Physical and Chemical Measurements.
Three springs within the Smokejumper hydrothermal area, an area previously
shown to be enriched in H2 (Bergfeld et al 2014) (Fig. 2.1), were selected for detailed
chemical and biological characterization. These are referred to as SJ1 (N44°24'57.60";
W-110°57'20.46"), SJ2 (N44°24'58.68"; W-110°57'19.50"), and SJ3 (N44°24'57.42"; W110°57'20.76") (Fig. 2.1B). Samples were collected on July 22, 2014. Temperature, pH,
and conductivity of spring waters were measured on-site as described previously
(Lindsay et al 2018). Ferrous iron (Fe2+), total sulfide (S2-), and dissolved silica (SiO2)
were quantified with Hach reagents and a field spectrophotometer. Samples for other
cations and anions were filtered through a 0.22 µM membrane filter, acidified in Nalgene
bottles, and stored at -20°C. Anion concentrations were determined on a Dionex DX-600
ion chromatography system according to previously published protocols (Lindsay et al
2018), except that columns were equilibrated for 10 min. prior to each injection. Samples
for determining stable isotope ratios of water (δ2H and δ18O) were collected in 30 mL
Qorpak glass bottles and were subjected to cavity ring-down spectroscopy with a Los
Gatos Research DLT-100 isotope analyzer. Data processing was completed as previously
described (van Geldern and Barth 2012). Isotope ratios are reported relative to Vienna
Standard Mean Ocean Water.

Triplicate samples for determining concentrations of dissolved gases [H2, CH4,
and carbon monoxide (CO)] were collected using a modified bubble-strip method, as
described previously (Chapelle et al 1997, Spear et al 2005). Briefly, a syringe was filled
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with 55 mL of spring water. Five mL of ultra-high purity N2 gas was then introduced into
the syringe followed by shaking for 1 min. allowing for gas equilibration. The gas
bubbles were then transferred to glass vials containing a saturated sodium chloride
solution for storage until analysis by gas chromatography, as previously described
(Lindsay et al 2018).

DNA Extraction.
Triplicate sediment subsamples were collected from the source of each spring
(SJ1, SJ2, and SJ3) using a sterilized spatula. These sediments were collected from the
sediment-spring water interface and were placed in 2 mL cryotubes containing 500 µL of
RNALater. Tubes and their contents were immediately frozen on dry ice for transport to
the lab where they were then stored at -80°C until used for molecular analyses. DNA was
extracted and quantified according to our previously published protocols, using the
FastDNA SPIN Kit for Soil (MP Biomedicals, Irvine, CA) with bead-beating (Hamilton
et al 2013).

PCR, Quantitative PCR, and Sequencing.
DNA was subjected to amplification of small subunit rRNA genes using the PCR
primers 515F-806R. Thirty-five cycles of PCR were conducted as described previously
(Colman et al 2016). Quantitative PCR (qPCR) of 16S rRNA genes was performed on
DNA extracts using the 515F-806R primers and the SsoAdvanced Universal SYBR
Green Supermix in a reaction volume of 20 µL, using our described methods (Lindsay et
al 2018). Plasmid standards for use in relating template copy number to threshold
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amplification signals were prepared as described previously (Boyd et al 2011). Negative
control reactions were performed in the absence of added DNA.

PCR amplicons were sequenced via multiplexed, paired-end Illumina MiSeq tag
sequencing according to previously published protocols (Bradley et al 2017). Sequence
was processed with Mothur (v.1.36.1) following previously described protocols (Lindsay
et al 2018, Schloss et al 2009). Sequences were trimmed to a length of 225 bases and
operational taxonomic units (OTUs) were assigned at a sequence identity of >97% using
the nearest-neighbor method. Collectively, all steps resulted in a normalized size of 1,692
16S rRNA gene sequences for each library. Sequences specific for each OTU were
classified using the Bayesian classifier and the Ribosomal Database Project (Wang et al
2007), with manual verification using the nucleotide basic local alignment search tool
(BLASTn). Raw reads, quality scores, and mapping files for the 16S rRNA gene libraries
have been deposited in the National Center for Biotechnology Information (NCBI)
sequence reads archive under BioProject number PRJNA48349.

Dilution-to-Extinction Cultivation Assays.
Single tube dilution-to-extinction cultivation assays were used to estimate the
number of viable autotrophic cells associated with hot spring sediments capable of
coupling H2 oxidation to the reduction of one of several electron acceptors. Base salts
medium was prepared as described previously (Boyd et al 2007) but modified to exclude
peptone and elemental sulfur (S°). For each experiment, the pH of the cultivation medium
was adjusted to that measured at each of the springs. Tubes containing base salts medium,
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Wolfes vitamins (1 mL L-1), and SL10 trace elements (1 mL L-1) were amended with
electron acceptors (MgSO4•7H2O, NaNO3, and FeCl3•6H2O) to final concentrations of
10 mM; S° was added to a final concentration of 5 g L-1. Tubes and contents were purged
with sterile N2 and the headspace of all vials was then replaced with a 20%/80% CO2/H2
sterile gas mixture. In the case of aerobic assays, air (and therefore O2) was added to the
headspace to achieve final concentrations of 4% v/v O2 with a balance of 12% N2 v/v,
64% H2 v/v, and 16% CO2 v/v. A slight overpressure (5 p.s.i.) was introduced to each
vial using 100% H2.

Dilution-to-extinction assays were inoculated with 1 mL of a slurry of sediment
and spring water collected from the source of each spring, followed by 10-fold serial
dilution series that spanned a range from 10-1 to 10-8. Following 8 weeks of incubation,
the production of total S2- or Fe2+ and/or cells was determined for each condition for each
spring sample according to previously published protocols (Boyd et al 2007, Lindsay et al
2018). Dilutions that contained more than 1x105 cells mL-1 after incubation (three orders
of magnitude higher than background) were considered to have been inoculated with at
least one viable H2 oxidizing, autotrophic cell. Estimates of H2 oxidizing autotrophic cells
in the initial sediment and water slurries were calculated based on this assumption and
were normalized to grams dry mass (gdm) in the original inoculum.

Metagenomic Sequencing and Analysis.
Total genomic DNA (~5 ng) from SJ3 was subjected to shotgun metagenomic
sequencing using the paired-end [2x250 base pairs (bp)] Illumina HiSeq 2500 Rapid
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Platform with Illumina Nextera DNA library preparation. Reads were quality trimmed
and Illumina adapters removed using Trimmomatic v.0.35 (Bolger et al 2014).
MEGAHIT v.1.1.1 was used to assemble contigs and remove short and low-depth contigs
<75 bp long (Li et al 2015). Paired-end reads were aligned to contigs and locally
assembled to generate missing k-mers in low depth regions using Bowtie2 (Langmead
and Salzberg 2012). MetaQUAST v3.2 (Mikheenko et al 2015) was used to assess the
assemblies. Contigs (>2.5 kbp) from the highest quality assembly (k-mer size=141) were
binned by tetranucleotide word frequency distribution patterns and a window size of 4
kbp with MetaBAT v.0.26.3 using the "very sensitive parameters" defined by (Kang et al
2015). Binned contigs were then assessed for quality, contamination, and completeness
using CheckM v1.0.5 (Parks et al 2015). Outlier contigs, defined as being outside the
distribution of 95% of the contig tetranucleotide distance of each bin, were removed.
Assembled contigs have been uploaded to the IMG database under the genome ID
3300029625.

Curated bins were then reassessed using the same CheckM quality control
methods outlined above. Bins not meeting quality metrics were subjected to re-binning
with even higher stringency until contamination in each bin was <5%. In some cases,
genome bins that were estimated to be abundant (>1.0% relative abundance) exhibited
low completeness. Improvement in bin quality was conducted by recruiting contigs to
publicly available genomes, as described in (Colman et al. 2018) and extracted reads
were then reassembled using the Spades v.3.10.0 assembler (Nurk et al 2013). All bins
were confirmed by visualization with emergent self-organizing map binning (ESOM),
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using methods to bin contigs with k-mer frequencies as previously described (Dick et al
2009). Gene predictions and annotations were performed using Prokka v1.11 (Seemann
2014). Annotations of genes encoding proteins that were of specific interest to this study
(defined below) were further scrutinized using homology searches against the nonredundant database at the NCBI.

The abundance of genomic bins was determined by mapping individual reads to
the assembled contigs, determining coverage, and normalizing by genome size, as
described previously (Schut et al 2016). Paired reads were mapped to assembled contigs
using Bowtie2 allowing for 1 mismatched bp (Langmead and Salzberg 2012). The total
number of mapped reads was divided by the total contig length for each bin to assess
coverage, and the coverage was multiplied by the estimated genome size to calculate
normalized number of reads. Genome size was estimated based on genome completeness
and total length of the binned genomes. The normalized number of reads was divided by
the total number of reads for all populations to estimate relative abundances.

Identification and classification of [NiFe]- and
[FeFe]-hydrogenase homologs in the SJ3 metagenome.
Hydrogenase protein homologs were extracted from the SJ3 metagenome using
protein BLAST (BLASTp) searches for group 1, group 2, group 3, and group 4 [NiFe]hydrogenases using the large subunit protein from Aquifex aeolicus (WP_010880393) for
group 1, Sulfurihydrogenibium azorense (WP_01273603) for group 2,
Methanothermobacter marburgensis (WP_013296467) for group 3, and Pyrococcus
abyssi (WP_010867842) for group 4 as queries. E-value cutoffs for defining homologs
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were empirically defined as E < 7e-4 for group 1 [NiFe]-hydrogenase, E < 7e-4 for group 2
[NiFe]-hydrogenase, E < 5e-4 for group 3 [NiFe]-hydrogenases, and E < 9e-52 for group 4
[NiFe]-hydrogenases. A BLASTp search for the large subunit of [FeFe]-hydrogenase
(HydA) was conducted using a homolog from Chlamydomonas reinhardtii
(XP_001693376) as the query specifying an E-value cutoff of E < 1e-4. Reference
homologs from each [NiFe]-hydrogenase homolog subgroup (Greening et al 2015) were
also compiled. Screened [NiFe]-hydrogenase homologs were aligned using Clustal
Omega (Sievers et al 2011), and then subjected to a phylogenetic reconstruction using
RAxML v.8.2.9 and the PROTGAMMALG substitution model (Stamatakis 2014). HydA
homologs identified in the SJ3 metagenome were aligned with a CpI-like HydA (i.e.
biased towards the production of H2) and a CpII-like HydA (i.e. biased towards the
oxidation of H2) as identified previously (Adams et al 1989), using Clustal Omega
(Sievers et al 2011). HydA sequence alignments were visualized with SeaView (version
4.7) (Gouy et al 2010) and analyzed for conservation in key residues in the H-cluster
(active site) and accessory iron-sulfur (Fe-S) cluster secondary coordination spheres that
have previously been suggested to confer catalytic bias (Therien et al 2017).

RNA Extraction, cDNA Synthesis, and Quantification of Gene Expression.
The FastRNA Pro Soil-Direct kit, modified as previously described (Lindsay et al
2018), was used to extract RNA from SJ3 sediments. RNA extracts were treated with
DNAse, checked for residual DNA, and cDNA was synthesized from 1 ng of RNA using
the iScript cDNA Synthesis Kit as described previously (Lindsay et al 2018).
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Genome bins (Dataset S2) were screened for homologs of genes encoding the
large subunits of the two primary enzymes capable of activating H2: [NiFe]- and [FeFe]hydrogenase, as defined above (Peters et al 2015). Individual primer sets were designed
to amplify fragments of homologs of the large subunit of hydrogenase genes found in the
10 most abundant genome bins using Primer-BLAST (Ye et al 2012), and these are
reported in Table 2.1/S1 (Supplemental Table 1). Gene-specific PCRs were performed as
described above at empirically optimized annealing temperatures as determined using
gradient PCRs (from 48 to 65°C) (Table 2.1/S1). PCR amplicons were purified, ligated
into pGEM plasmids, and cloned as described previously (Boyd et al 2011). Primer
specificity was verified with PCRs using plasmids containing inserts corresponding to
closely related gene homologs as negative controls.

Translated proteins from the 10 most abundant population-level genome bins in
SJ3 were also subjected to a GHOSTX homology search against the KEGG database
(Suzuki et al 2014). Bins were screened for genes encoding key proteins that demarcate
known CO2-fixation pathways (Berg et al 2010). These include genes encoding the β
subunit of ATP-citrate lyase (aclB; reductive citric acid cycle), formate-tetrahydrofolate
ligase (fhs; reductive acetyl-CoA pathway), the δ subunit of 4-hydroxybutyryl-CoA
dehydratase (abfD; 3-hydroxypropionate-4-hydroxybutyrate cycle and the dicarboxylate4-hydroxybutyrate cycle), the large subunit of ribulose-1,5-bisphosphate
carboxylase/oxygenase (cbbL; reductive pentose phosphate cycle) and malonyl-CoA
reductase (mcr; 3-hydroxypropionate bicycle). Individual primer sets were designed to
amplify fragments of aclB, fhs, abfD, cbbL, and mcr genes from each genome bin using
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Primer-BLAST (Ye et al 2012), and these are reported in Table 2.1/S1. Gene specific
PCRs were performed at the optimized PCR annealing temperatures as determined
experimentally with gradient PCRs (from 48 to 65°C). Amplicons were purified, ligated
into pGEM plasmids, and cloned as described previously (Boyd et al 2011).
Quantification with qPCR of gene transcript abundances of proteins involved in H2
metabolism and CO2-fixation was conducted as described above, using cDNA and the
primers described in Table 2.1/S1, and plasmid standards.
RESULTS AND DISCUSSION
Geological source of H2 in Yellowstone hot springs.
Previously compiled gaseous and aqueous chemical and isotopic data, together
with geospatial data, from 128 geothermal features spanning YNP (Bergfeld et al 2014)
were used to assess potential geological sources of H2. H2 concentrations ranged from
<0.00003 to 6.969 mol% of total gases in geothermal features sampled from across YNP
(Fig. 2.1). Spatial mapping of H2 concentrations reveal distinct areas with geothermal
features that have elevated H2. These include the Smokejumper (SJ), Washburn Hot
Springs (Washburn), and Hot Spring Basin (HSB) areas (Fig. 2.1), each of which are
located within 10 km of the caldera rim formed from the most recent major volcanic
eruption. These geothermal areas are also located near the edge of the ring-fracture zone
(Fig. 2.1A), where bedrock is extensively fractured and fissured due to increased seismic
activity in this area (Christiansen 2001). These features allow for gases to rise to the
surface more easily (Lowenstern et al 2015). The high elevation of these spring areas
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(Fig. 2.7/S1) likely enhances separation of vapor and liquid following decompressional
boiling, further allowing gases to concentrate in springs in these areas.

Geological processes that may be involved in production of H2 in YNP hot
springs were investigated using a series of proxies for deep versus shallow fluid-rock
interactions. CH4 is commonly used as a proxy for crustal input of abiogenic gases
(Bergfeld et al 2014, Giggenbach and Poreda 1993, Lowenstern et al 2015). In contrast,
3

He is sourced from the mantle while 4He is produced in the crust through radioactive

decay (Bergfeld et al 2014, Giggenbach and Poreda 1993, Lowenstern et al 2015). Thus,
the ratio of 3He to 4He [given as the ratio (R) of 3He to 4He to the present atmospheric
ratio (Ra)] is used as a proxy to evaluate input of mantle-derived abiogenic gases. YNP
gases with significant mantle input exhibit R/Ra ratios above 5 (Lowenstern et al 2014)
(Fig. 2.8A/S2A). A plot of CH4 mol% as a function of R/Ra reveals increased CH4 when
R/Ra values decrease below 5 (Fig. 2.8B/S2B), consistent with increasing crustal inputs
of both CH4 and 4He (Giggenbach et al 1993, Lowenstern and Janik 2003). As such, the
fraction of total gas as CH4 is positively correlated with the fraction of total gas as He,
and both CH4 and He increase in fractional abundance in gases that also have low R/Ra
values (<5) (Fig. 2.8A and B/Fig. S2A and B).

Hot spring waters with elevated concentrations of total He and CH4 also have
elevated concentrations of H2 (Fig. 2.8C/S2C) and the highest H2 is observed in springs
with R/Ra values between 5 and 9 (Fig. 2.8D/S2D) Together, these observations suggest
that springs with elevated H2 are sourced by mantle-influenced fluids (indicated by R/Ra
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values) that have undergone extended reactions with crustal minerals (as indicated by
high total He and CH4). This includes minerals that contain ferrous iron, the putative
source of reductant for reducing water to H2.

To further investigate geological processes that may lead to H2 enrichment in
YNP thermal features, H2 mol% was compared to the Cl-/SO42- ratio in corresponding
waters. Cl-/SO42- ratios are used to infer the source of fluids to hot springs (Nordstrom et
al 2009). Springs sourced with vapor phase gases are enriched with H2S that, when
oxidized, contributes SO42- and acidity (Nordstrom et al 2009). Springs that are sourced
with meteoric water infiltrated with vapor phase gases therefore have low Cl-/SO42- ratios
and moderately acidic pH (~4 to 6.5). This spring type is also often enriched in H2, He,
and CH4 (Fig. 2.8E and F/Fig. S2E and F). Based on these observations, it is proposed
that H2 (along with He, CH4) produced by interaction of hydrothermal fluids and crustal
minerals are concentrated in springs with moderately acidic pH that are sourced by
meteoric water infiltrated with vapor phase gas (Fig. 2.2). While biological production of
H2 could also contribute to variation in H2 concentrations in hot springs (Peters et al
2015), the broad pattern of H2 enrichment in springs that have a combination of low Cl/SO42-, high He, and high CH4 concentrations suggest that variable input of vapor phase
gas is the primary control on H2 in this spring type (Fig. 2.2).

Biological fate of H2 in Yellowstone hot springs.
To begin to investigate the biological fate of H2 in hot springs across YNP, the
abundance of hydrogenase homologs in metagenomes from 50 chemosynthetic hot spring
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communities was determined. Specifically, the relative abundance of homologs of
hydrogenase catalytic subunits predicted to be biased towards the oxidation of H2 or that
exhibit minimal bias (i.e., groups 1 and 3 of [NiFe]-hydrogenases) was determined. In
addition, the relative abundance of group 4 [NiFe]-hydrogenases and [FeFe]hydrogenases were determined. Results indicate that hydrogenase protein homologs
predicted to be biased towards H2 oxidation or that are bidirectional are enriched in
metagenomes from springs that have moderately acidic pH and that are likely sourced
with meteoric water infused with vapor phase gases (Fig. 2.3). This includes SJ3 and
springs in Washburn and HSB, where the highest concentrations of H2 in YNP have been
reported. Importantly, although some proteins that are phylogenetically classified as
group 4 have been shown to exhibit minimal catalytic bias (bidirectional), most exhibit
bias towards H2 production (Peters et al 2015). It is not possible to confidently predict the
directionality of these enzymes based on homology alone. The same is true for [FeFe]hydrogenases, and only in rare cases can enzyme directionality be inferred based on
homology at the primary sequence level [described below, (Therien et al 2017)].
Nonetheless, inclusion of group 4 [NiFe]-hydrogenase and [FeFe]-hydrogenase homologs
in this calculation does not change the overall pattern of enrichment of hydrogenase
protein homologs in this spring type (Fig. 2.3). Collectively, these observations suggest a
link between the geological processes that generate H2 and lead to its enrichment in
certain springs and the distribution of microorganisms that are adapted to take advantage
of H2 as an electron donor to fuel metabolism in these springs.
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To further investigate the link between H2 and microbial function, three
chemosynthetic hot springs in the SJ hydrothermal area (i.e., SJ1, SJ2, and SJ3; Fig.
2.1B) were sampled since springs in this area have the highest average mol% H2
abundances measured in YNP (Bergfeld et al 2014). Waters from SJ1, SJ2, and SJ3
spanned a range of temperatures (81.7°C, 81.5°C, and 61.9°C, respectively) and pH (6.5,
7.6, and 5.4, respectively). Ratios of Cl- to SO42- were low in the three SJ hot springs
(Fig. 2.9A/S3A), suggesting that they comprise meteoric water that has been infused with
vapor phase gas (Nordstrom et al 2009) (Table 2.2/S2). Consistent with this
interpretation, the δD (δ2H-H2O) and δ18O values for the three SJ hot spring waters (Fig.
2.9B/S3B) indicate that they are more negative than most YNP springs (Nordstrom et al
2009) and plot closer to hydrothermal vapor condensates (Bergfeld et al 2014). The
concentration of dissolved H2 in waters from all three SJ springs are among the highest
reported for YNP, ranging from 0.47 to 1.87 μM (Fig. 2.4A). For perspective, cultivars of
several organisms that metabolize H2 as an electron donor tend to require a minimum of
5-10 nM H2 (Lovley 1985). The highest concentration of H2 (1.87 µM) was detected in
SJ3, which also had the lowest concentration of Cl- and the highest concentration of SO42among the three SJ springs sampled (Fig. 2.9A/S3A). Thus, H2 in SJ springs is
interpreted to reflect an extreme example of near surface mixing of meteoric water with
abundant vapor phase gas, the latter of which is enriched in H2.

The total abundance of archaeal and bacterial 16S rRNA gene templates
associated with sediments from SJ hot springs was determined as a proxy for microbial
biomass in each spring. Gene template abundance was highest in sediments from SJ3
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(1.32x109 copies gdm-1) when compared to sediments from SJ1 and SJ2 (1.28x107 and
4.57x106 copies gdm-1, respectively) (Fig. 2.4B, Table 2.2/S2). The abundance of 16S
rRNA gene templates in SJ3 is an order of magnitude greater than the median abundance
of 1.08x108 gene copies gdm-1 in 16 chemosynthetic springs in YNP measured previously
(Colman et al 2016), suggesting this to be a productive hot spring community. The
concentration of H2, a low-potential reductant capable of fueling microbial productivity
(Boyd et al 2014, Greening et al 2015), in SJ3 was 2- and 4-fold higher than SJ1 and SJ2,
respectively. Moreover, the SJ springs exhibit dissolved H2 concentrations that are 1.5 to
5.8-fold greater than the 12 YNP hot springs measured previously where H2 was initially
hypothesized to have a key role in supporting chemosynthetic hot spring productivity
(Spear et al 2005).

To assess the role of H2 in supporting autotrophic metabolism in SJ springs, the
approximate minimum number of viable autotrophic hydrogenotrophic cells capable of
reducing a variety of supplied oxidants common in hot spring environments (O2, Fe3+,
NO3-, S2O32-, SO42-, S°) (Shock et al 2010) was determined using serial dilution-toextinction cultivation assays. Importantly, these assays are likely to underestimate the
number of hydrogenotrophs in a given sample, since the specified growth conditions may
not support all H2 oxidizing autotrophic cell types. The abundance of hydrogenotrophic
autotrophic cells, as indicated by growth in the most dilute assay supplied with any of the
specified oxidants, was nearly two orders of magnitude higher at SJ3 (1.0x106 cells gdws1

) than SJ1 and SJ2 (3.9x104 and 4.3x104 cells gdws-1, respectively) (Fig. 2.4C, Table

2.3/S3). The use of oxidants that supported H2 dependent autotrophic growth in the SJ

44
communities also varied between communities. Populations comprising the SJ3
community were capable of coupling H2 oxidation to reduction of all oxidants tested
whereas the communities at SJ1 and SJ2 could couple H2 oxidation to only a subset of the
provided oxidants. Comparison to a spring (Roadside West (RSW), Nymph Lake area,
YNP) with a similar pH and temperature (pH 7.0, 68°C) but with a lower concentration
of H2 (0.175 µM) revealed a slightly lower abundance of culturable hydrogenotrophic
and autotrophic cells (4.6 x 105 gdws-1) (Lindsay et al 2018). However, unlike the SJ3
populations, those in RSW could only couple H2 oxidation with a narrow spectrum of
oxidants. Thus, within the limitations of the dilution to extinction cultivation-based
approach, these data suggest that of the three SJ springs, SJ3 hosts the most diverse and
abundant assemblage of autotrophic hydrogenotrophic cells. Moreover, these data
suggest that the diversity of hydrogenotrophs in SJ3 is likely greater than in springs in
YNP with lower H2 concentrations.

To further characterize the SJ3 community, community genomic DNA from
sediments from SJ3 was subjected to metagenomic sequencing. Overall, the composition
and percent abundances of genome bins identified in the SJ3 metagenome (Fig. 2.5A)
were like those of 16S rRNA gene OTUs (Fig. 2.10/S4) indicating that community
diversity measured at the 16S rRNA gene level translates to whole genome level
community diversity for SJ3. A total of ~61 Gbp of high-quality assembled data
comprising over 290 million reads were generated (Table 2.4/S4). Binning of assembled
contigs based on tetranucleotide word frequencies and coverage profiles resulted in 109
draft genome bins (confirmed by ESOM binning visualization, Fig. 2.11/S5), with 82 of
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those bins estimated to be >50% complete (Dataset S2), indicating that a significant
portion of genes are estimated to be present in these bins.

The 82 genome bins were probed for homologs of genes encoding the large
subunits of the two primary enzymes capable of activating H2: [NiFe]- and [FeFe]hydrogenase (Peters et al 2015). Homologs of genes coding for one or both enzymes
were identified in 59 of the 82 (72%) of genome bins. Considering that only ~26% of all
archaeal and bacterial organisms with available genome sequences in public databases
code for homologs of either [NiFe]- or [FeFe]-hydrogenase (Peters et al 2015), these data
indicate that populations inhabiting SJ3 are adapted to metabolize H2.

The hydrogenases identified in the SJ3 bins were further classified based on
homology to biochemically characterized hydrogenases and using previous classification
schemes (Greening et al 2015, Poudel et al 2016, Therien et al 2017, Vignais et al 2001).
The large subunits of the [NiFe]-hydrogenase were designated as belonging to subgroups
of group 1, 2, 3, or 4 [NiFe]-hydrogenases (Greening et al 2015), based on phylogenetic
relationships (Fig. 2.5B). [NiFe]-hydrogenase homologs affiliated with groups 1, 2, and 3
are physiologically biased toward H2 oxidation or are bidirectional (Greening et al 2015,
Vignais et al 2001). For [FeFe]-hydrogenases, catalytic bias was predicted based on
conservation of residues in the H-cluster domain of the catalytic subunit, HydA, with
homologs from C. pasteurianum which have previously been shown to be catalytically
biased towards H2 oxidation (CpII) or production (CpI) (Adams and Mortenson 1984,
Therien et al 2017). The primary ligands for the H cluster and accessory iron (Fe)- sulfur
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(S) cluster clusters in HydA are conserved (Meyer 2007), indicating that these are not
responsible for catalytic bias. However, key residues in the secondary coordination
sphere of the H cluster and accessory Fe-S clusters of HydA can be variable and have
been suggested to contribute to catalytic bias (Therien et al 2017). For example, 13 of the
14 HydA in SJ3 bins (all except from Bin 98) exhibit substitutions in key secondary
coordination sphere residues, including position 163 (Fe sub-cluster of the H cluster), 268
(proximal 4Fe-4S cluster), and 357/505 (4Fe-4S-subcluster of H cluster), that have been
suggested to catalytically bias CpII towards H2 oxidation (Fig. 2.12/S6).

Based on predictions of the catalytic bias for [NiFe]- and [FeFe]-hydrogenase
homologs, 53 of the 59 (90%) genome bins encode at least one isoform predicted to be
involved in H2 oxidation (Dataset S2, Fig. 2.5A). This suggests that the SJ3 community is
adapted to use H2 as an electron donor to support metabolism. Furthermore, the [NiFe]hydrogenase homologs in the SJ3 metagenome (including both binned and unbinned
homologs) span the known diversity of these enzymes and are predicted to couple
metabolically with a wide variety of oxidants (Fig. 2.5B), consistent with the presence of
a taxonomically and functionally diverse hydrogenotroph community in this H2 rich
spring (Fig. 2.3). This conclusion is supported by results from a companion paper that
revealed the SJ3 community to be hyperdiverse and host representatives of >50% of the
higher order archaeal and bacterial lineages (Colman et al 2019).

The ten most abundant genome bins, accounting for 62% of the total reads, had
relative abundances of 2.0% of total read abundances or greater. Sequence analysis of the
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most abundant bin revealed close affiliation [RNA polymerase subunit β (RpoB) is 96%
identical] to Caldisericum exile, an anaerobic, non-fermentative, chemoheterotrophic S0
reducer isolated from a hot spring in Japan (Mori et al 2009). This bin represented 15.4%
of total reads (Fig. 2.5A) and was estimated to be 80% complete (Dataset S2). The next
most abundant bin was nearly as abundant (15.1% of total reads, 93% complete) and was
mostly closely related (RpoB 97% identical) to the S0 and H2S oxidizing aerobic
autotroph Sulfurihydrogenibium yellowstonensis isolated from Calcite Springs in YNP
(Nakagawa et al 2005). This bin encoded for homologs of soxB and sqr genes (locus tags
Ga0311297_10021208 and Ga0211297_10197871, respectively), indicating that this
organism is likely supported by oxidation of reduced sulfur compounds, including H2S.
The presence of a dominant SJ3 population with this physiological activity is consistent
with infiltration of meteoric water with vapor phase gas that is enriched in H2S. The most
abundant archaeal bin and seventh most abundant bin overall (genome is 98% complete)
represented 2.7% of the total reads and was distantly related to the anaerobic genus
Aciduliprofundum (RpoB is 64% identical) within the Deep Sea Hydrothermal Vent
Euryarchaeota 2 (DHVE2) group, which are common in deep sea hydrothermal vents
(Reysenbach et al 2006) (Fig. 2.5A).

To further establish the role of H2 in supporting the SJ3 community, the 10 most
abundant bins were screened for transcripts of the catalytic subunits of encoded
hydrogenase homologs. Among the 10 most abundant bins, three did not code for
hydrogenase homologs and these were most closely affiliated with Sulfurihydrogenibium
yellowstonense, Geobacter sp. GB1 and Thermus aquaticus (Fig. 2.6A). Homologs in the
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other seven bins represent a mix of hydrogenases with putative roles in H2 oxidation or
production (Fig. 2.5A & 2.6A, Dataset S2). The expression of hydrogenases in these 7
genome bins was examined using qPCR with cDNA as template and primers specific to
each hydrogenase catalytic subunit (Table 2.1/S1). Hydrogenase transcripts affiliated
with 6 out of the 7 most abundant bins were detected. Transcripts of [NiFe]-hydrogenases
predicted to be involved in H2 oxidation and that were affiliated with candidate division
Acetothermia, a DHVE2 archaeon, an unclassified crenarchaeote, an unclassified
bacterium (termed GXS-1, likely of the Spirochaete phylum), and an Elusimicrobia
bacterium were detected. Transcripts of a second [NiFe]-hydrogenase in an unclassified
crenarchaeote bin, predicted to exhibit bias towards the production of H2, were also
detected. Finally, transcripts of a [FeFe]-hydrogenase (Hyd) that is predicted to be
involved in H2 oxidation, based on the conservation of key residues thought to confer
bias towards H2 oxidation in CpII (Fig. 2.12/S6), were detected and these were affiliated
with the most abundant bin, Caldisericum exile (Fig. 2.6A). If this Hyd is involved in H2
oxidation, this finding may suggest that Caldisericum is supplementing organotrophic S0
dependent growth with electrons from H2 in a manner similar to that described for several
other thermophilic S0 reducers when grown organotrophically (Amenabar et al 2018,
Jochimsen et al 1997). Of the hydrogenase transcripts detected, the majority were
attributed to expression of homologs of [NiFe]-hydrogenases predicted to be capable of
H2 oxidation (Fig. 2.6A), consistent with the hypothesized role of H2 as an electron donor
supporting the SJ3 community.
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To further assess the role of H2 in supporting primary production in SJ3, the most
abundant bins (>2.0% relative abundance) were screened for homologs of genes encoding
enzymes with key functional roles in characterized CO2-fixation pathways (Berg et al
2010). The genome bin closely affiliated with Sulfurihydrogenibium codes for proteins
involved in the reductive citric acid cycle, including aclB (Fig. 2.6B). Genome bins most
closely related to the candidate division Acetothermia, DHVE2 Archaea, Elusimicrobia,
and to Thermus aquaticus coded for homologs of enzymes involved in the reductive
acetyl-CoA pathway including fhs (Fig. 2.6B). The genome bin most closely affiliated
with Geobacter sp. GB1 coded for homologs of enzymes involved in the 3hydroxypropionate-4-hydroxybutyrate cycle and the dicarboxylate-4-hydroxybutyrate
cycle, including abfD (Fig. 2.6B), which is implicated in both aforementioned cycles.

Transcripts of genes that are diagnostic for each of these pathways (aclB, fhs,
abfD) were detected in five of the six abundant genome bins that encoded CO2 fixation
pathways (Fig. 2.6B). Among these, the most abundantly expressed gene was a fhs
homolog from the bin closely affiliated with the candidate division Acetothermia, which
also exhibited high levels of expression of a putative oxidative [NiFe]-hydrogenase (Fig.
2.6A). Transcripts of fhs from bins affiliated with the DHVE2 Archaea and Elusimicrobia
were also detected, as were transcripts of putative oxidative [NiFe]-hydrogenases in these
bins. Overall, transcripts for genes involved in CO2 fixation and H2 oxidation were
detected in 5 of the same bins. This suggests that H2 supports primary production in the
gas-rich SJ3 hot spring, and presumably other hot springs where lithogenic H2 is
common.
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Conclusions
Data presented here suggest a model for H2 production in the YNP subsurface that
involves interaction of water with crustal ferrous iron-bearing minerals in the subsurface,
with subsequent partitioning of H2 into the vapor phase following decompressional
boiling of ascending hydrothermal fluids (Fig. 2.2). Variable input of vapor into springs
yields substantial differences in H2 concentration, with the highest concentrations in
springs located in highly fractured bedrock and at high elevation that together facilitate
gas exhalation and migration. Thus, springs that are sourced with gas resulting from
subsurface phase separation, which are concentrated near the caldera boundary and at
high elevation (e.g., SJ, HSB, Washburn), are more likely to host abundant H2-dependent
populations. Indeed, SJ springs, which exhibit H2 concentrations that are the highest
reported in YNP, are located near the caldera boundary, at a topographic high, and host
populations that appear to use H2 as a reductant. Similarly, microbial populations in
springs in the high elevation areas of Washburn and HSB, as well as other geologically
similar areas of the Park, are also enriched in homologs of hydrogenase proteins
predicted to be capable of H2 oxidation (Fig. 2.3).

The presence and expression of genes that encode oxidative or bidirectional
hydrogenases in dominant SJ3 populations suggest they are adapted to use H2 as an
electron donor. The same is true for populations that inhabit springs that are similarly
sourced with vapor phase gases that have mixed with near surface meteoric water (e.g.,
Washburn and HSB), since they too exhibit high concentration of H2 and are enriched in
genes that encode hydrogenases with similar predicted physiological biases. Reducing
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equivalents from H2 oxidation are likely to support primary production as indicated by
cultivation assays and by expression of genes that encode key enzymes involved in CO2
fixation pathways in the SJ3 community. Taken together, we suggest that lithogenic H2 is
sourced from hydrothermal water-rock interactions in the subsurface of YNP and is
concentrated in certain geothermal areas by the geological process of phase separation.
Springs that are sourced by vapor phase gases have higher concentrations H2 that, in turn,
select for populations capable of using H2 as a reductant during the assembly of resident
microbial communities. It is likely that the links defined between the geological
processes that generate and source springs with H2 and the distribution of H2-dependent
microbial populations in those springs extend to other hydrothermal systems where
similar geological processes are thought to take place.
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Figures

Fig. 2.1. Map of Yellowstone National Park (YNP). A) Map of YNP constructed with
geothermal, road, geology, and Yellowstone lake (light blue) reference layers. Quaternary
plateau rhyolite (Qp) is indicated. Other lava flows and rock types corresponding to the
geological map are reported previously (Christiansen 2001) and are not defined here. The
probable inner and outer caldera rim delineating the margins of the ring-fracture zone are
indicated. Geology, caldera rim, and road reference layers from the United States
Geological Survey Geographical Information Systems (USGS GIS) database. Other
geology reference legend and rock type information is from the USGS GIS database
(Christiansen 2001). Dot size indicates mole percent hydrogen [H2 (mol%)] relative to all
other gases (H2O free). Gas data and layers modified from USGS GIS database (Bergfeld
et al 2014). B) Inset map of partial Madison Plateau geothermal area including the
Smokejumper hot springs area. Geology reference layers are the same as in Fig. 2.1A
(Christiansen 2001). H2 (mol %) concentrations plotted from previous USGS data
(Bergfeld et al 2014). Location of SJ sites 1, 2, and 3 are plotted as small blue circles.
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Fig. 2.2. Schematic summarizing a conceptual model of interactions between subsurface
crustal minerals and water leading to production of gas in hydrothermal fluids, developed
based on geochemical and isotopic proxies (Fig. 2.8/S2). In this model, interaction
between water and crustal minerals yields hydrogen (H2) and interaction between H2 and
carbon dioxide (CO2) yield methane (CH4). 3Helium (3He) is sourced from the mantle
while 4He is produced by α-decay of uranium and thorium that can occur anywhere in the
crust. Subsurface hydrothermal fluids (recharged by meteoric water) undergo
decompressional boiling during their ascent to the surface and partition into a vapor and a
liquid phase. Vapor phase influenced springs have low concentrations of non-volatilizing
ions such as chloride (Cl-) but are enriched in hydrogen sulfide (H2S), sourced from
disproportionation of volcanic sulfur dioxide (SO2). The oxidation of H2S with oxygen
(O2) in near-surface waters leads to increased sulfate (SO42-) concentrations (low Cl/SO42- ratio) in vapor phase influenced springs. Liquid phase influenced springs are
enriched in non-volatilizing ions (e.g., Cl-) but not in H2S, the primary source of SO42- in
spring waters, leading to high Cl-/SO42- ratios in spring waters. He, H2, and CH4 gases
sourced from the mantle and the crust (Fig. 2.8/S2) partition into the vapor phase during
boiling and thus are enriched in springs in hydrothermal areas that are at higher elevation
(Fig. 2.7/S1) and in areas with highly fractured bedrock (as indicated by grey hashes) that
allow for vapor to rise more easily, characteristics that enhance separation and
concentration of gases, respectively. Colors of text and arrows correspond with
hypothesized sources of geochemical constituents (i.e. red for magmatic-sourced gases,
blue for H2O or reactions with H2O, orange for dissolved ions or gases in phase separated
fluids).
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Fig. 2.3. Prevalence of hydrogenase protein encoding gene homologs among 50
chemosynthetic community metagenomes from YNP hot springs plotted as a function of
spring pH. Black dots depict the prevalence of homologs of the catalytic subunits of
group 1 and 3 [NiFe] hydrogenase that are inferred to be physiologically biased toward
H2 uptake or that are bidirectional (exhibit minimal bias). Total homologs were summed
from total Kyoto Encyclopedia of Genes and Genomes (KEGG) KEGG Orthology (KO)
annotations across all available hydrogenase KEGG KOs for a given metagenome,
followed by normalization to the total number of KEGG KO annotations within each
metagenome. KO annotations for group 2 [NiFe]-hydrogenases are not in the KEGG
database and homologs of these protein encoding genes were therefore not included in
this calculation. Grey dots indicate the same data as the black dots, with the addition of
homologs of catalytic subunits of group 4 [NiFe]-hydrogenases and [FeFe]-hydrogenases
as a metric of total hydrogenase abundance in metagenomes. Data points for each spring
are connected by a line; springs where grey dots are not visible indicate that those
metagenomes did not encode a substantial number of group 4 [NiFe]-hydrogenases and
[FeFe]-hydrogenases homologs. Additional details for the metagenome dataset are
provided in Supplemental Dataset S1. Abbreviations: H2ases, hydrogenases; NMC,
Norris-Mammoth Corridor; SJ, Smokejumper hot springs, HSB, Hot Spring Basin.
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Fig. 2.4. Concentrations of dissolved gases, 16S rRNA genes, and cultivatable
hydrogenotrophic and autotrophic cells in SJ hot springs. A) Dissolved hydrogen (H2),
carbon monoxide (CO), and methane (CH4) in SJ hot springs. CH4 in SJ1 is below the
limits of detection (0.005 μM). B) Abundance of 16S rRNA gene templates associated
with sediments sampled from SJ hot springs as determined using qPCR on extracted
community DNA. Results are presented as the mean of triplicate qPCR assays; error bars
represent the standard error of triplicate assays with some error bars too small to depict.
C) Approximate number of autotrophic cells [per gram dry weight sediment (gdws)]
capable of coupling H2 oxidation to the reduction of specified oxidants (electron
acceptors) as measured by dilution series cultivation experiments. A single dilution series
cultivation assay was conducted for each condition for each spring.
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Fig. 2.5. Rank abundance plot (log transformed) of genome bins in SJ3 and the
distribution of hydrogenase isoforms in these bins. A) Rank abundance plot for all
genome bins reconstructed from the SJ3 metagenome. Genome bins are color coded to
reflect the presence of genes coding for catalytic subunits of [NiFe]-hydrogenases or
[FeFe]-hydrogenases (HydA) predicted to be physiologically or catalytically biased,
respectively, towards the uptake of hydrogen (H2), the production of H2, or that encode
isoforms of both enzyme types, as predicted based on phylogenetic affiliations (for
[NiFe]-hydrogenases) or presence of key catalytic residues thought to confer catalytic
bias (for HydA) as reported previously (Greening et al 2015, Therien et al 2017). Many
bins have multiple hydrogenases as detailed in Dataset S2. Black bars depict genome bins
that lack hydrogenase homologs. B) Phylogenetic distribution of [NiFe]-hydrogenase
catalytic subunit homologs in the metagenome of SJ3 depicted with representatives of
[NiFe]-hydrogenase groups, as defined previously (Greening et al 2015). Representatives
with at least one homolog of each enzyme from the metagenome are overlaid in red if it
was identified in a genome bin or blue if the homolog was unbinned. The scale bar shows
the expected number of substitutions per site. Bootstrap values are provided in Dataset
S3. The table corresponds with the groups and types of [NiFe]-hydrogenases in SJ3 (also
reported in Dataset S2), their putative bias towards either H2 uptake or production of H2,
and their overall predicted role in specified metabolisms, as reported previously
(Greening et al 2015).
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Fig. 2.6. Abundance of gene transcripts associated with dominant SJ3 metagenomic bins.
A) Abundance of transcripts of genes encoding catalytic subunits of [NiFe]- or [FeFe]hydrogenase associated with dominant SJ3 bins. Results are presented as the mean of
triplicate qPCR assays; error bars represent the standard error of triplicate assays. Primers
were not designed or tested for homologs in genome bins that were <2.0% of total
abundance. Bars are colored blue if the transcript is predicted to be involved in H2 uptake
or purple if the transcripts are from multiple hydrogenases; with one putatively involved
in H2 uptake and one involved in H2 production, as in Fig. 2.5. A few bins that encoded
for multiple hydrogenases did not exhibit expression of more than one hydrogenase, and
the bars for each bin are therefore colored to reflect the putative directionality of the
single transcribed hydrogenase. B) Abundance of transcripts of genes encoding key
proteins involved in CO2-fixation pathways associated with dominant SJ3 bins. Results
are presented as the mean of triplicate qPCR assays; error bars represent the standard
error of triplicate assays. Gene transcripts involved in carbon fixation that were
quantified in Fig. 2.6B include aclB (beta subunit of ATP-citrate lyase), fhs (formatetetrahydrofolate ligase), and abfD (delta subunit of 4-hydroxybutyryl-CoA dehydratase).
Abbreviations: NE, not expressed. NP, not present.
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Supplemental Tables
Table 2.1/S1. Table of primers designed and used in the present study to quantify
transcript abundances for target gene homologs. The sequence of the primers, the
predicted length of the PCR amplicon, and optimized PCR annealing temperatures
(determined with gradient PCRs) are provided. Abbreviations: hydA (α subunit of [FeFe]hydrogenase), hyhL (large subunit of NADP coupled [NiFe]-hydrogenase), hysA (α
subunit of [NiFe]-hydrogenase), hoxH (large subunit of NAD-coupled hydrogenase),
mvhA (large subunit of HDR-linked hydrogenase), hycE (large subunit of formate
hydrogenlyase), aclB (β subunit of ATP-citrate lyase), fhs (formate-tetrahydrofolate
ligase), abfD (δ subunit of 4-hydroxybutyryl-CoA dehydratase).
Most closely
Forward
Reverse
Length Annealing
Bin related species Gene Primer
Primer
(bp)
Temp. (˚C)
Caldisericum
TGCGAGGGCT
TCGCACCCATC
1 exile
hydA CTTAGATTGC ATTTGCTGA
233
60
Ignavibacteria
CCACGCAATG
AGCGGATAGTC
3 bacterium
hyhL GAAACTGCAT GTTTGGGTG
441
60
Cand. div
Acetothermia
TTCGGTTTCTC TCGCCTTCCGC
4 bacterium
hysA ACCCCATCG
289
60
CTTCTTTAG
Unclassified
"GXS-1"
bacterium
TACCGGGTGG
TTGCAAGTGGT
9 (Spirochaetes) hoxH CGTTAGAGA
381
61
CCAACCCTG
DHVE2 group
ACAAGATTGG
TCTCTGGGAGC
7 Archaea
mvhA AGGGGCATGG CTTAGGACC
347
60
Unclassified
AAAGCTGGAT
CCGCTCAGGAT
6 Crenarchaeota hyhL ACAGGGTGCC AAGGTTCCC
491
59
Unclassified
GCTATGCCAG
GTTCGCCTTCT
6 Crenarchaeota hycE GGTGAAGGTT CCTAGCCTC
491
59
Elusimicrobia
TGTTGGTGGT
ATGGCTTTCCA
10 bacterium
hyhL GTGAGAAGGG TGCCCTGTT
329
59
SulfurihydrogGGGATAAAGT
enibium
GGTAGAAGTC
TTACCAACAAC
2 yellowstonense aclB
256
53
CATA
AAAACCGGCTG
Ca. div.
TCATTCCCTAT AGTTGAACTCG
4 Acetothermia
fhs
372
57
GGCCGCATC
TGCTGGAGG
DHVE2 group
TGCGAAAATG
CCCGTGGCACC
7 Archaea
abfD GCAGGACTTG TCCTTTTAT
273
56
Geobacter sp.
TGCTGGCGCA
CTTTCTCGTATC
8 GB1
fhs
283
55
ATGACAGATA
GCTCGCCT
Elusimicrobia
ATAAAGGCAA AAGAACTGCTG
10 bacterium
fhs
270
57
GCGGGGCAAT CATCTGGGA
Thermus
GAGAAGGTGC GGCCTCGCATC
13 aquaticus
fhs
180
57
TGGAGGCTTT
CTTCTTTCT

pH

6.5

7.6

5.4

Site

SJ1

SJ2

SJ3

61.9

81.5

81.7

Temp.
(°C)

70.4

36.0

49.4

SO42(mg L-1)

1.05

1.53

1.55

Cl(mg L-1)

140

137

80.1

SiO2
(mg L-1)

0.18

0.78

0.51

S2(mg L-1)

0.179

BDL

BDL

Fe2+
(mg L-1)

-17.0

-15.7

-16.2

δ18O

-133.9

-130.5

-132.4

δD

1.87

0.47

0.77

H2
(μM)

0.05

0.10

0.12

CO
(μM)

0.03

0.01

BDL

CH4
(μM)

Table 2.2/S2. Geochemical measurements and 16S rRNA gene abundances (copy number gdws-1) in waters and
sediments, respectively, from Smokejumper springs. Data correspond with those presented in Fig. 2.4A, Fig. 2.4B,
and Fig. 2.9/S3. Abbreviations: gdws-1, per grams dry weight sediment; BDL, Below detection limit (0.005 µM for
CH4 and 0.011 mg L-1 for Fe2+).

1.32 x 109

4.57 x 106

1.28 x 107

Copy
Number
gdws-1
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Table 2.3/S3. Approximate number of autotrophic cells (per gram dry mass sediment)
capable of coupling H2 oxidation to the reduction of specified oxidants (electron
acceptors) as measured by dilution series cultivation experiments (one dilution series
conducted for each condition for each spring). Data correspond with those presented in
Fig. 2.4C.
Electron
SJ1
SJ2
SJ3
Acceptor (pH 6.5, 82.5˚ C) (pH 7.5, 81.5˚ C) (pH 5.4, 61.9˚ C)
O2
3.9 x 103
4.3 x 104
1.0 x 105
Fe3+
3.9 x 104
ND
1.0 x 105
NO33.9 x 104
4.3 x 103
1.0 x 105
S2O32ND
ND
1.0 x 106
2SO4
ND
ND
1.0 x 105
S°
3.9 x 102
4.3 x 102
1.0 x 104
Max.
3.9 x 104
4.3 x 104
1.0 x 106
Abbreviations: ND, not detected. Max., maximum number of H2 oxidizing cells.
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Table 2.4/S4. Metagenome sequence statistics for the SJ3 community.
Statistical Analyte
Value
Yield (Mbase)
60,754
Reads
290,691,162
Total bins
109
Total bins >50%
completeness
82
N50
3907
Contigs >1000 bp
58,965
Contigs >2.5 kbp
931
Largest contig (bp)
438,391
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Supplemental Figures

Fig. 2.7/S1. H2 (mol %) in gas samples from 130 springs in YNP plotted as a function of
the elevation (m) of those springs. Gaseous chemical and geospatial data for springs are
reported previously (Bergfeld et al 2014). The geospatial data was used to calculate
elevations of hot springs using ArcGIS and a 10 m digital elevation raster.
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Fig. 2.8/S2. Helium (He), methane (CH4), and hydrogen (H2) in springs across YNP. A)
He (mol %) plotted as a function of the ratio of the 3He/4He isotopes (R/Ra), relative to
total He, in gas samples from 92 hot springs in YNP from (Bergfeld et al 2014). These 92
hot springs sampled do not overlap with the hot springs in Fig. 2.3. Grey shading
delineates the range of R/Ra values in springs indicative of significant mantle input. Endmember values are adapted from (Lowenstern et al 2014). B) Fractional abundances of
CH4 (mol % of total gas) plotted as a function of R/Ra ratios in the same gas samples
from Fig. 2.8A/S2A. C) Fractional abundances of CH4 (mol % of total gas) plotted as a
function of the fractional abundance of He (mol % of total gas) in the same gas samples
from Fig. 2.8A/S2A and 2.8A/S2B. He (mol % of total gas) is a proxy for subsurface
input of gas, while CH4 (mol % of total gas) is a proxy for crustal input of gas (see
description in text). The size of the bubbles corresponds to the fractional abundance of H2
in total gas (mol %). The sample corresponding to a site within the Smokejumper
hydrothermal area is delineated. D) H2 (mol %) plotted as a function of the ratio of the
R/Ra in the same gas samples from Fig. 2.8A/S2A, 2.8B/S2B, and 2.8C/S2C. E) He (mol
%) plotted as a function of the ratio of chloride (Cl-) (mol L-1) to sulfate (SO42-) (mol L-1)
in the waters of a subset of samples presented in Fig. 2.8A-D/S2A-D. The size of the
bubbles corresponds to the fractional abundance of H2 in total gas (mol %). The sample
corresponding to a site within the Smokejumper hydrothermal area is delineated (the
same Smokejumper site in Fig. 2.8D/S2D). F) CH4 (mol %) plotted as a function of the
ratio of Cl- to SO42- in the waters of the same subset of samples as Fig. 2.8E/S2E. The
size of the bubbles corresponds to the fractional abundance of H2 in total gas (mol %).
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Fig. 2.9/S3. Sulfate (SO42-)/chloride (Cl-) concentrations (mg L-1), water isotope
composition (‰), and spring classifications for three Smokejumper hot springs. A) SO42concentrations (mg L-1) in hot spring waters plotted as a function of Cl- concentrations
(mg L-1) in the same waters. The three samples in this study are plotted as black squares
along with previous data collected from YNP springs between the years 2003-2013 (grey
diamonds) (Ball et al 2006, McCleskey et al 2014). The classifications of hot spring fluid
types, as described previously (Nordstrom et al 2009), are plotted for reference:
hydrothermal water only (HO), hydrothermal water with subsurface boiling (HB),
meteoric water only (MO), meteoric water with hot gas discharge (MG), and
hydrothermal water with subsurface boiling and hot gas discharge (HBG). B) The
isotopic composition of hydrogen (δ2H) plotted relative to the isotopic composition of
oxygen (δ18O) in hot spring waters. The three samples in this study are plotted as black
squares along with previous data collected from YNP springs between the years 20032013 (grey diamonds) (Ball et al 2006, McCleskey et al 2014). The global meteoric water
line (GMWL) is plotted for reference (Nordstrom et al 2009), and the slope of
fractionated Yellowstone thermal waters (YNP thermal) is also plotted. The slope of the
GMWL is 8; the slope of the YNP Thermal water line is 2.8.
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Fig. 2.10/S4. Taxonomic composition of 16S rRNA gene OTUs (as represented by their
closest cultivated representatives) in sediments from SJ hot springs. Representative OTUs
were binned at the order level, with orders that represent >1.0% of total sequences in a
given sampling site included in the legend. Taxonomic bins that represented <1.0% of the
total sequences from each assemblage were pooled and depicted as “Other”.
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Fig. 2.11/S5. Emergent self-organizing map (ESOM) of assembled genome contigs. The
tetranucleotide signatures were used to verify binning of contigs. Contigs are colored to
reflect the bin they belong to, as assembled by MEGAHIT and as binned by MetaBAT.

67

Fig. 2.12/S6. Multiple sequence alignment of H-cluster binding motifs for the large
(catalytic) subunit of [FeFe]-hydrogenase (HydA) homologs from SJ3 bins. Multiple
sequence alignment of HydA homologs identified in SJ3 bins (>50% abundance) and CpI
and CpII HydA from Clostridium pasteurianum strain W5. CpI is catalytically biased
towards H2 production whereas CpII is catalytically biased towards H2 uptake (Adams
and Mortenson 1984, Therien et al 2017). The H-cluster binding motifs are designated
L1, L2, and L3 and other key residues in the secondary coordination spheres of the H
cluster thought to confer catalytic bias are indicated by black boxes (Therien et al 2017).
Different colors are used to distinguish amino acids families (with amino acids in the
same family colored the same color).
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Additional Supplemental Datasets
Dataset S1 (separate excel file). Site and spring names, pH, hydrogenase abundances,
Integrated Microbial Genome (IMG) identifier, and citations for geochemical data for 50
YNP hot spring chemosynthetic community metagenomes as presented in Fig. 2.3.
Dataset S2 (separate excel file). Estimated completeness, average coverage, total mapped
reads, % relative abundance, taxonomic identity [determined by Maximum-likelihood
phylogenetic reconstruction of a concatenation of ribosomal and housekeeping genes, as
reported previously (Colman et al 2019)], and hydrogenase presence, type, and group
designation for all bins that were >50% complete in the Smokejumper hot spring 3 (SJ3)
metagenome. Data correspond with those presented in Fig. 2.5A and 2.5B. Hydrogenase
homologs were identified using BLASTp at a cutoff of E < 7e-4 for group 1 [NiFe]hydrogenases, E < 5e-4 for group 3 [NiFe]-hydrogenases, E < 9e-52 for group 4 [NiFe]hydrogenases, and E < 1e-4 for [FeFe]-hydrogenases. BLASTp homologs used as queries
are defined in the methods section of the primary text. Homologs were further classified
according to previous classification schemes based on phylogenetic analyses (Greening et
al 2015, Søndergaard et al 2016).
Dataset S3 (separate newick file). Phylogenetic reconstruction of homologs of the
catalytic subunits of [NiFe]-hydrogenase proteins inferred from the metagenome of SJ3,
depicted with representatives of groups of [NiFe]-hydrogenases as defined previously
(Greening et al 2015). Bootstrap values are provided here for Fig. 2.5B. Homologs of
both binned and unbinned [NiFe]-hydrogenase catalytic subunits were included.
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SUBSURFACE PROCESSES INFLUENCE OXIDANT AVAILABILITY AND
CHEMOAUTOTROPHIC HYDROGEN METABOLISM
IN YELLOWSTONE HOT SPRINGS
Abstract
The geochemistry of hot springs and the availability of oxidants capable of
supporting microbial metabolic processes are influenced by subsurface processes
including the separation of hydrothermal fluids into vapor and liquid phases. Here, we
characterized the influence of geochemical variation and oxidant availability on the
abundance, composition, and activity of hydrogen (H2)-dependent chemoautotrophs
along the outflow channels of two paired hot springs in Yellowstone National Park. The
hydrothermal fluid at Roadside East (RSE; 82.4°C, pH 3.0) is acidic due to vapor phase
input while the fluid at Roadside West (RSW; 68.1°C, pH 7.0) is circumneutral due to
liquid phase input. Most chemotrophic communities exhibited net rates of H2 oxidation,
consistent with H2 support of primary productivity, with one chemotrophic community
exhibiting a net rate of H2 production. Abundant H2-oxidizing chemoautotrophs were
supported by reduction of oxygen, elemental sulfur, sulfate, and nitrate in RSW and
oxygen and ferric iron in RSE; O2 utilizing hydrogenotrophs increased in abundance
down both outflow channels. Sequencing of 16S rRNA transcripts or genes from native
sediments and dilution series incubations, respectively, suggest that members of the
archaeal orders Sulfolobales, Desulfurococcales, and Thermoproteales are likely
responsible for H2 oxidation in RSE, whereas members of the bacterial order
Thermoflexales and the archaeal order Thermoproteales are likely responsible for H2
oxidation in RSW. These observations suggest that subsurface processes strongly
influence spring chemistry and oxidant availability, which in turn select for unique
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assemblages of H2 oxidizing microorganisms. Therefore, these data point to the role of
oxidant availability in shaping the ecology and evolution of hydrogenotrophic organisms.
Introduction
Primary production in environments with temperatures exceeding 73°C is driven
by inorganic sources of chemical energy (Boyd et al 2010, Boyd et al 2012, Brock 1967,
Cox et al 2011, Hamilton et al 2012). Inorganic electron donors commonly detected in
hydrothermal systems include ferrous iron (Fe2+), thiosulfate (S2O32-), elemental sulfur
(S°), hydrogen sulfide (H2S) and hydrogen (H2) (Amend and Shock 2001, Shock et al
2010). Among these, the oxidation of H2 generally releases the most energy regardless of
whether it is coupled with reduction of oxygen (O2), nitrate (NO3-), S°, sulfate (SO42-),
S2O32-, or ferric iron (Fe3+) (Shock et al 2010, Spear et al 2005). This observation, when
combined with the abundance of archaeal and bacterial 16S rRNA genes with affiliation
to known H2 oxidizing taxa in spring sediments and elevated concentrations of H2 in
spring waters, led to the hypothesis that primary production in high temperature hot
springs in Yellowstone National Park (YNP) is driven by H2 oxidation (Spear et al 2005).
Further, it was suggested that the availability of oxidants, rather than the availability of
H2, is likely to dictate the distribution and ecology of hydrogenotrophs in high
temperature hot spring environments where H2 is detectable (Shock et al 2010, Spear et al
2005).

The availability and abundance of oxidants in hot springs are dependent on
processes that take place deep in the subsurface, as well as those that take place near the
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surface of these springs. The current model for the development of hot springs in YNP
begins with injection of magmatic gases into a deeply seated hydrothermal aquifer(s)
hosting fluids that have previously undergone and will continue to undergo water-rock
reactions (Fournier et al 1976, Hurwitz and Lowenstern 2014, Rye and Truesdell 1993,
Truesdell and Fournier 1976, Truesdell et al 1977, White et al 1971). As this
hydrothermal water ascends and infiltrates through the crust, it is subsequently altered by
processes such as water-rock interaction, boiling, and mixing with near-surface
groundwater (Lowenstern et al 2012, Nordstrom et al 2009). Of particular importance to
the generation of variation in hot spring geochemistry is subsurface boiling and resultant
separation of subsurface fluid into a liquid phase and a vapor phase, the latter of which is
thought to be enriched in H2S relative to the liquid phase (Fournier 1989, Nordstrom et al
2009). The gas-rich vapor is free to migrate toward the surface where it can condense and
interact with O2-rich meteoric fluids. The near surface oxidation of H2S/HS- results in the
formation of the intermediate S2O32-, which under acidic conditions (pH<4.0) can
disproportionate to form solid-phase S° and sulfite (SO32-) (Fournier 1989, Nordstrom et
al 2004). In the presence of O2, S° can be oxidized to form SO42- and protons (H+), and
SO32- can be oxidized to form SO42- (Nordstrom et al 2005). Thus, hot springs with vaporphase-influenced source waters often have a low pH (< 3.5) and tend to be enriched in
SO42- while hot springs with liquid-phase-dominated source water tend to have a lower
concentration of SO42- and are circumneutral to alkaline in pH (> 6.5) (Amenabar et al
2015). Protons generated from H2S/S° oxidation in vapor-phase-impacted environments
can also contribute to the release of metals from altered host rock, including ferrous iron
(Fe2+) that can then be oxidized by thermophilic microorganisms leading to formation of
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soluble ferric iron (Fe3+) ions and Fe3+ containing solid phases (Inskeep et al 2005,
Kozubal et al 2012). Thus, vapor-phase-influenced hot spring environments can also be
enriched in both Fe2+ and Fe3+ (as soluble and solid phases) when compared to liquidphase-dominated hot spring environments (Ball et al 2010).

The availability of oxidants can also vary spatially within a given spring. For
example, the biologically-mediated oxidation of H2S/HS- could potentially be responsible
for the decrease in H2S/HS- in spring outflow channels (Cox et al 2011, D'Imperio et al
2008, Nordstrom et al 2004). Alternatively, the volatilization of H2S [pKa = 6.4 at 100°C
(Amend and Shock 2001)] can decrease the concentration of dissolved H2S/HS- in acidic
spring waters as they flow away from their sources (Nordstrom et al 2009). Removal of
H2S along spring outflow channels can affect the generation of S°, S2O32-, and SO42-,
since H2S is the primary source for these compounds in hot springs (Nordstrom et al
2004). In contrast, the decrease in the temperature of hydrothermal waters along an
outflow channel allows for higher dissolved O2 concentrations since O2 solubility
increases with decreasing temperature (Shock et al 2010). Increased availability of O2 can
in turn affect the generation of oxidants such as S°, S2O32-, SO42-, and Fe3+, since O2 is
one of the few compounds with a redox potential that is positive enough to oxidize
reduced forms of these compounds (Amend and Shock 2001).

In the present study, we hypothesized that geochemical variation and differences
in the availability of oxidants resulting from subsurface boiling and phase separation,
subsurface water-rock interactions, as well as surface degassing/ingassing exert strong
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controls on rates of H2 transformation and the abundance and composition of microbial
communities. Since H2 oxidizing populations are often autotrophic (Boyd et al 2014,
Greening et al 2016, Vignais et al 2001), we also hypothesized that variations in oxidant
availability would influence the productivity of chemosynthetic communities that were
dependent on H2. These interrelated hypotheses were examined in two springs in YNP
that are separated by ~20 m and that represent examples of localized vapor-phase- and
liquid-phase-influenced hot springs, Roadside East Spring (RSE; pH 3) and Roadside
West Spring (RSW; pH 7), respectively. Here we present an integrated analysis of
aqueous-, gas-, and solid-phase geochemical data, microbial activity and cultivationbased data, and quantitative RNA-based molecular data from samples spanning the
outflow channels of RSE and RSW. The results provide new insights into the influence of
subsurface processes on the geochemistry and availability of oxidants as well as their role
in dictating the distribution and ecology of hydrogenotrophic and chemoautotrophic
populations in high temperature ecosystems.
Materials and Methods
Description of sample sites and sample collection.
The two springs selected for this study are in the Nymph Lake area along the
Norris-Mammoth Corridor (N 44°45'12.7"; W 110°43'30.8"). Five locations along the
outflow channel at Roadside East hot spring (RSE) and 4 locations along the outflow
channel at Roadside West hot spring (RSW) were examined (Fig. 3.1). Samples used for
RNA-based analyses, dissolved inorganic carbon (DIC) assimilation assays, and
geochemical analyses were collected on April 16, 2014. On March 31, 2015, H2
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transformation assays were conducted and samples for dilution to extinction cultivation
assays were also collected from selected sample sites. Selected geochemical analyses
were conducted on March 31, 2015 to identify appropriate locations along the outflow
channels for targeted dilution to extinction and H2 transformation assays to coordinate
sampling campaigns.

Physical and chemical measurements.
The pH of spring waters at each sampling location was measured on-site with a
YSI pH100CC-01 temperature-compensated pH meter (YSI Inc., Yellow Springs, OH).
Conductivity and temperature were measured using a temperature-compensated YSI
EC300 conductivity meter. Fe(II) and total sulfide (S2-) were quantified in the field using
Hach ferrozine pillows and Hach sulfide reagents 1 and 2, respectively, and a Hach
DR/890 spectrophotometer (Hach Company, Loveland, CO). The detection limit for
Fe(II) is 0.011 mg L-1 and the detection limit for S2- is 0.01 mg L-1.

Samples for cations and anions were filtered through 0.22 µM acrodisc Supor
membrane filters, acidified, collected in plastic bottles, and stored at -20°C.
Concentrations of the major anions Cl-, NO3-, and SO42-, and the major cations NH4+,
Na+, and K+ were determined on separate Dionex DX-600 ion chromatography systems
employing suppressed-conductivity detection. The anion system includes a potassium
hydroxide eluent generator, carbonate removal device, and AG/AS11-HC columns. The
anion system was equilibrated at 1 mM hydroxide for 6 min. prior to injection, after
which it remained at 1 mM for the first 6 min. The hydroxide concentration was then
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increased non-linearly to 51 mM from 6 to 37 min., followed by a linear increase to 55
mM from 37 to 45 min., after which it was returned to 1 mM. The flow rate was held
constant at 1 mL min.-1. The cations NH4+, Na+, and K+ were analyzed using CG/CS-16
columns under isocratic conditions (19 mM methanesulfonic acid, 0.5 mL min.-1 flow
rate) over 50 min. In both systems, samples were injected via AS40 autosamplers (5 mL
vials, 2 injections per vial) onto 100 µL (anions) or 75 µL (cation) injection loops.
Suppressor currents were 137 mA and 28 mA for anions and cations, respectively, and an
external source of deionized water was used for regeneration. Uncertainties in reported
concentrations are estimated to be <5%.

Samples for stable isotopic composition of H2O (reported as δD and δ18O) were
collected such that no air remained in the sample vials to minimize the possibility of
isotopic fractionation between phases. Values of δD and δ18O were determined using a
Los Gatos Research DLT-100 isotope analyzer via cavity ring-down spectroscopy. Ten
injections (0.93 µL injection volume) of each sample were made by a CTC PAL
autosampler from 2 mL amber glass vials; the first 5 injections of each sample were
discarded to remove sample memory effects. Data processing followed procedures
previously reported (van Geldern and Barth 2012). Isotope ratios are reported relative to
the Vienna Standard Mean Ocean Water (VSMOW) standard. Additional water isotope
data (δD and δ18O) for YNP hot springs were compiled from USGS reports of samples
collected between 2003-2005 and 2009-2013 (Ball et al 2006, McCleskey et al 2014).
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DIC analyses were performed on filtered (0.2 µm) water samples stored in 40 mL
amber vials that had been soaked in 10% nitric acid, rinsed with deionized water, and
allowed to dry under laminar flow. The vials were capped with butyl rubber septa and
stored at 4°C until processing. Analyses were completed using an OI Wet Oxidation TOC
analyzer coupled to a Thermo Delta Plus Advantage mass spectrometer as previously
described (Havig et al 2011). DIC in each sample was converted to CO2 by addition of
phosphoric acid. The ion chromatogram for the CO2 molecular ion (44 m/z) was used for
quantification of CO2 by comparison to calibration curves constructed with sodium
bicarbonate standards encompassing expected concentrations.

Samples for determining concentrations of dissolved gases (H2, CO2, and CH4)
were collected using the bubble strip method, as described by (Chapelle et al 1997, Spear
et al 2005). Briefly, spring water was pumped at a flow rate of 100 mL min.-1 through a
250-mL glass bottle bubble stripping device using a 12 V portable peristaltic pump and
insulated, H2-impermeable polyethylene tubing. A 20 mL “bubble” of ultra-high purity
N2 gas was introduced into the water-filled bottle and pumping was continued for an
additional 20 min. to allow for gas equilibration. Following equilibration, the 20 mL
bubble was collected with an air-tight syringe and transferred to a butyl rubber stoppered
24 mL serum bottle containing a 25% w/v sodium chloride (NaCl) solution. The gas was
collected by displacement of the NaCl solution. A small volume (~ 4 mL) of NaCl was
allowed to remain in the serum bottle and the bottle was inverted for storage until
analysis via gas chromatography. Three replicate gas samples were collected from each
sampling site in each spring.
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At the lab, 5 mL of gas was injected into a SRI 8610C gas chromatograph with an
injector temperature of 61°C and an oven temperature of 41°C (SRI instruments,
Torrance, CA). Gases were separated on a 4.5 m x 0.125” OD Hayesep DB 100/120
packed column (Valco Instrument Company Inc., Houston, TX). H2 was measured on a
pulsed discharge helium ionization detector (PDHID) at a temperature of 100°C. CO2
was measured on a thermal conductivity detector (TCD) at a temperature of 105°C while
CH4 was measured on a flame ionization detector (FID) at a temperature of 156°C.
Helium was used as a carrier gas for all analyses. Gas concentrations were calculated
using a standard curve (1 to 10,000 ppm calibration range) generated daily using certified
(± 5%) standards (American Gas Group, Toledo, OH). Gas phase concentrations were
converted to dissolved aqueous phase concentrations according to Henry’s law, as
previously described (Spear et al 2005).

X-Ray diffraction (XRD).
X-ray diffraction analyses were carried out on minerals in hot spring sediment
samples with a Rigaku Rapid II X-ray diffraction system with a 2-D image plate (Mo Kα
radiation). Resultant 2-D patterns were converted to 1-D X-ray powder diffraction
patterns using Rigaku’s 2DP program. The samples were analyzed using reflection mode
to detect non-crystalline silica phases.
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RNA extraction and cDNA synthesis.
Triplicate subsamples of sediment were collected at each sample location using a
sterilized spatula. Roughly 250 mg of sediment was placed in 2 mL cryotubes containing
500 µL of RNALater (Sigma-Aldrich, St. Louis, MO) and the tubes and their contents
were immediately frozen on dry ice for transport back to the laboratory. The sediment
samples were stored at -80°C until further processed. The FastRNA Pro Soil-Direct kit
(MP Biomedicals, Irvine, CA) was used to extract RNA according to our previously
published protocols (Hamilton et al 2013) with the following adjustment: the phenolchloroform reagent was heated to 60°C prior to use. RNA extracts were treated with 2
units of DNAse (Sigma-Aldrich, St. Louis, MO) at room temperature (~21°C) for 10 min.
Following DNAse treatment, the extract was checked for residual DNA by subjecting 1
ng of extract to 35 cycles of PCR using ‘universal’ 16S rRNA gene primers (505F/806R)
following methods previously described (Hamilton et al 2013). Once determined to be
free of PCR-amplifiable 16S rRNA genes (as a proxy for removal of total DNA), RNA
extracts were quantified with the Qubit RNA HS Assay kit (Molecular Probes, Life
Technologies, Madison, WI) and a Qubit fluorometer and aliquoted into 8 µL subsamples
that were then frozen at -80°C. cDNA was synthesized from 1 ng of RNA in 20 µL
reactions using the iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA).

PCR, qPCR, and sequencing.
cDNA was subjected to amplification of archaeal, bacterial, and eukaryal small
subunit rRNA gene transcripts using primers: 344F/915R (archaeal 16S rRNA; annealing
temperature of 61°C), 1100F/1492R (bacterial 16S rRNA amplicons; annealing
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temperature of 55°C), or A7F/570R (eukaryal 18S rRNA amplicons; annealing
temperature of 42°C), as previously described (Hamilton et al 2013). Reactions were set
up in a final volume of 50 µL, in proportions as previously described (Hamilton et al
2013). A master mix solution was added to approximately 1 ng of cDNA and reactions
were subjected to the following cycling conditions in a Mastercycler Nexus gradient
thermocycler (Eppendorf, Hamburg, Germany): initial denaturing at 95°C for 5 min.
followed by 35 cycles of 95°C for 1 min., annealing at specified temperature for 1 min.,
and extension at 72°C for 1.5 min., with a final extension step at 72°C for 10 min.
Positive control reactions were performed using 1 ng of plasmid DNA containing inserts
corresponding to amplified regions of 16S rRNA genes. Amplicons used to generate
plasmid standards were constructed with the primers and PCR protocols specified above
using DNA from a high temperature hot spring environment in YNP (Hamilton et al
2013).

Quantitative PCR (qPCR) of 16S and 18S rRNA gene transcripts was performed
using the same primers and concentrations described above and the SsoAdvanced
Universal SYBR Green Supermix (Bio-Rad Laboratories, Hercules, CA, USA) in a final
reaction volume of 20 µL. Roughly 1 ng of cDNA from each sample was subjected to the
following reaction cycling conditions in a CFX Connect Real-Time system (Bio-Rad): an
initial denaturing at 98°C for 0.5 min., followed by 35 cycles at 98°C for 0.5 min.,
annealing and elongation for 1 min., and eventually a melt curve of 65-95°C in 5
sec./step 0.5°C step increments. Plasmid standards for use in relating template copy
number to threshold amplification signals were prepared as described previously (Boyd et
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al 2011), and all standard curves were generated over 5 orders of magnitude from 5.0 x
101 to 5.0 x 105 templates (µL of extract)-1. Negative control reactions were performed in
the absence of added cDNA.

Archaeal, bacterial, and eukaryl small subunit (SSU) cDNA amplicons and rDNA
amplicons from dilution cultivation experiments (described below) were submitted to
MrDNA (Shallowater, TX) for barcoding and sequencing. Briefly, amplicons were
barcoded using the aforementioned primers (forward primer barcoded) and the
HotStarTaq Plus Master mix Kit (Qiagen, Valencia, CA) with the following conditions:
94°C for 3 min. followed by 5 cycles of 94°C for 30 sec., specified annealing temperature
for each primer set (see above) for 40 sec., and 72°C for 1 min., after which a final
elongation step at 72°C for 5 min. was performed. Illumina adapters were added
following the confirmation of successful PCR amplification by electrophoresis in a 2%
gel. Libraries were generated using the 2x300 MiSeq Reagent Kit v3 following the
manufacturer’s instructions (Illumina, San Diego, CA).

PCR amplicons were sequenced via multiplexed, paired-end Illumina MiSeq tag
sequencing. Post sequence processing was performed with Mothur (ver. 1.36.1) (Schloss
et al 2009) as previously described (Hamilton et al 2013), after merging the paired reads.
Merging was only conducted for bacterial and eukaryal reads; archaeal reads were not
merged due to poor overlap owing to amplicon length. Briefly, primers and adapters were
removed from raw sequences and trimmed based on a Phred quality score of >25. The
remaining sequences were trimmed to a minimum length of 250 bases for bacterial and

91
eukaryal sequences, and 200 bases for archaeal sequences. All sequences were subjected
to a filtering step using the quality scores file to remove sequences with anomalous base
calls. Unique sequences were aligned using domain specific SILVA databases (Quast et
al 2013) and sequences were trimmed using defined start and end sites based on inclusion
of 75% of the total sequences; sequences that started before or after these defined
positions were removed without further consideration. The resultant unique sequences
were pre-clustered to remove amplification and sequencing errors and chimeras were
identified and removed using UCHIME (Edgar et al 2011). Operational taxonomic units
(OTUs) were assigned at a sequence similarity of >97% using the nearest-neighbor
method. The remaining sequences were randomly sub-sampled to normalize the total
number of sequences in each library. Collectively, these steps resulted in a normalized
size of 3,922, 21,802, and 1,023 SSU cDNA sequences for each archaeal, bacterial, and
eukaryal library, respectively. Rarefaction curves were used to compute the percent
coverage of the predicted taxonomic richness for each library. Sequences specific for
each OTU were classified using the Bayesian classifier (Wang et al 2007) and the
Ribosomal Database Project database, with manual verification using the nucleotide basic
local alignment search tool BLASTn. The composition of the forward and reverse reads
for archaeal 16S rRNA gene transcript libraries were similar and thus only the results of
the forward reads are presented. Raw reads, quality scores, and mapping files for the
archaeal, bacterial, and eukaryl SSU gene transcript libraries have been deposited in the
National Center for Biotechnology Information short reads archive under accession
number PRJNA353608.
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Dissolved inorganic carbon assimilation assays.
Rates of dissolved inorganic carbon (DIC) assimilation were assessed using a
microcosm-based approach, as previously described (Boyd et al 2009, Boyd et al 2012).
In the case of RSE, sediments (~100 mg) were added to sterile 24 mL serum bottles,
capped with a butyl rubber stopper, and purged with N2 for ~5 min. in the field. In the
case of RSW, a slurry was created with spring water and flocculent mat material and 1
mL of this slurry was added to sterile 24 mL serum bottles that were then sealed and
purged with N2 for ~5 min. Ten mL of spring water sampled from each location was
added to each microcosm assay and the gas phase of each microcosm was equalized to
atmospheric pressure using a sterile needle and syringe. Eight replicate microcosms were
set up for each site, with 4 replicates being wrapped in aluminum foil to exclude light.
The microcosm assays were initiated by injection of 10.0 µCi of [14C] sodium
bicarbonate (NaH14CO3) to each serum bottle to achieve a final concentration of 20 µM
NaH14CO3. All microcosms were placed in a sealed bag (secondary containment) and
were incubated in the outflow channel at each sampling site for 60 min. Assays were
terminated in the field by freezing on dry ice and were stored at -20°C until processed.

In the laboratory, sealed microcosm assays were thawed at room temperature for
approximately 1 hr. and were acidified to a pH of < 2 by injection of 1.0 mL of 1 N
hydrochloric acid into the microcosm to volatize unreacted DIC. After acidification, the
microcosms were unsealed and allowed to degas in a fume hood for an additional 2 hrs.,
with frequent manual stirring. Microcosm contents were filtered onto pre-weighed white
0.22 µm polycarbonate membranes, washed with 5 mL of sterile deionized water, and
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dried overnight at 80°C. For RSE assays, dried filters and contents were weighed after
drying to facilitate normalization of DIC assimilation rates to grams dry mass (gdm). For
RSW assays, separate samples of each inoculum were dried and weighed to determine the
gdm of sediment added to each assay. Dried filters were placed in scintillation vials and
overlain with 10 mL of CytoScint ES liquid scintilliation fluid. The radioactivity
measured in counts per minute (CPM) associated with each of the samples was measured
on a Beckman LS 6500 liquid scintillation counter (Beckman Coulter, Inc., Indianapolis,
IN) and converted to disintegrations per minute (DPM) using a quench curve. 14C DPMs
for DIC (RSW) or CO2 (RSE) assays were converted to rates of uptake as previously
described (Urschel et al 2015) using measured values of total DIC or dissolved CO2,
respectively. Dissolved CO2 was used in place of DIC in RSE due to the rapid loss of
DIC in acidic springs resulting from sample collection and filtration. The average and
standard error of the mean of four replicate assimilation assays at each site are presented.

Hydrogen transformation assays.
Rates of net hydrogen (H2) transformation were quantified using a microcosmbased approach. Triplicate microcosms were prepared in pre-sterilized capped (butyl
rubber stoppers) 70-mL serum bottles that had been purged with N2 for ~5 min. Thirtyone and a half mL of spring water sampled directly from each site was added to each
serum bottle using a sterile syringe and needle, and 3.5 mL of a sediment and spring
water slurry were added (total liquid plus sediment volume of 35 mL). Triplicate killed
controls were prepared in the same manner and were amended with glutaraldehyde to a
final concentration of 1% v/v and HgCl2 to a final concentration of 500 µM. Microcosm
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headspaces were amended with H2 to a final concentration of 100 ppm, bottles were
inverted (to prevent loss of H2), and incubated in the spring at each site for 1 hr.
Following incubation, 10 mL of the headspace of each microcosm was sampled for
determination of the concentration of H2. The 10 mL gas sample was collected in a serum
bottle containing 25% NaCl by positive displacement as described above. The
concentration of H2 in a 5 mL subsample of gas was determined via gas chromatography,
as described above. The average and standard error of triplicate biological assay
headspace gas concentration determinations minus control assay (killed) headspace gas
concentration determinations are presented.

Dilution to extinction cultivation assays.
Single tube dilution to extinction cultivation assays were used to estimate the
number of viable autotrophic cells associated with hot spring sediments that are capable
of coupling H2 oxidation to the reduction of a suite of electron acceptors. Cultivation
medium for assays contained NH4Cl (0.33g L-1), KCl (0.33g L-1), MgCl26H2O (0.33g L1

), KH2PO4 (0.33g L-1), and CaCl22H2O (0.33g L-1) in distilled water (Boyd et al 2007).

The pH of the medium was adjusted to the pH measured at each of the sampling sites
using dilute HCl. Ten mL of medium was dispensed into 20 mL Hungate tubes and
sealed with butyl rubber stoppers with the exception of assays with S°. In this case,
assays were left open during autoclaving and sterile S° (sterilized by baking at 100°C for
24 hrs) was then added to a final concentration of 5 g L-1, followed by closure with sterile
butyl rubber stoppers. All other assay tubes were sealed prior to autoclave sterilization.
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Filter-sterilized and anaerobic Wolfe’s vitamins and SL-10 trace elements were
added to all vials to a final concentration of 1 mL L-1. Electron acceptor amendment stock
solutions of MgSO4•7H2O, NaNO3, and FeCl3•6H2O were prepared with distilled H2O
and were sterilized by filtration (0.22 µm). Solutions of MgSO4, NaNO3, and FeCl3 were
added to Hungate tubes to a final concentration of 10 mM. Hungate tubes and their
contents (medium with vitamins, trace elements, and electron acceptor amendments)
were purged for 15 min. with N2 passed over heated (210°C) and H2-reduced copper
shavings to remove O2. The headspaces of all tubes (anaerobic and aerobic) were purged
for 5 min. with H2. Two mL of the headspace gas (20% of the gas phase volume) was
then replaced with CO2 (final headspace concentration 80% H2/20% CO2). Air (and
therefore O2) was added to the headspace of aerobic tubes to achieve final concentrations
of 16% v/v O2 with a balance of 64% N2 v/v, 16% H2 v/v, and 4% CO2 v/v for aerobic
assays.

Assays were conducted on a select subsample of the sites. Assays were inoculated
with 1 mL of a sediment and spring water slurry from each sampling site at RSE and
from sites RSW1 and RSW3 (Fig. 3.1). This initial culture slurry was then immediately
used to inoculate a dilution series that spanned a range from 10-1 to 10-8. Each dilution
series was incubated in the lab at a temperature corresponding to the temperature
measured at the site from where the specific sediment slurry was sampled. Following 8
weeks of incubation, activities and/or cell numbers were determined for each condition at
each site. Activities that were measured included the production of total S2- (reduction of
SO42- or S°) as determined via the methylene blue reduction method (Fogo and Popowsky
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1949) and the production of Fe2+ (reduction of Fe3+) as determined using the ferrozine
assay (Stookey 1970) in both inoculated assays as well as controls. Cell counts (used to
evaluate all assays including O2 and NO3- amendments) were conducted by subsampling
1 mL of each assay and incubating with SYBR gold nucleic acid gel stain (Life
Technologies) at a final concentration of 1:4,000 (vol/vol). After incubating in the dark at
room temperature with periodic mixing for 30 min., samples were filtered onto 0.2 µm
black polycarbonate membranes and cells were counted using fluorescent microscopy.
Dilutions that contained more than three orders of magnitude more cells than
uninoculated controls were considered to have been inoculated with at least one viable
cell capable of H2 oxidation. Estimates of the number of H2 oxidizing cells in the initial
slurries were calculated using this assumption and were normalized to gdm in the original
inoculum

One mL from the most dilute positive assay from each dilution series was
transferred into 10 mL of fresh culture media, prepared as described above. Cultures were
incubated for 3 weeks and growth was monitored via cell counting as described above.
This transfer protocol was conducted a second time, and DNA was extracted from the
final transferred enrichments following 3 weeks incubation using a modified phenolchloroform extraction as previously described (Amenabar et al 2018). PCR amplicons for
bacterial or archaeal specific 16S rRNA genes were generated and sequenced using the
same protocols for the sediment SSU cDNA amplicons as described above. Sequence
data for these enrichment assays is deposited in the NCBI short reads archive under
accession number PRJNA430279.
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Results
Geochemistry.
Concentrations of Cl- and SO42- from RSE and RSW were used to categorize
these springs using a previously reported classification scheme (Fig. 3.8/S1, Table
3.2/S1) (Nordstrom et al 2009). When thus classified, both springs are interpreted to have
input from deep-seated hydrothermal waters sourced from deep reservoirs. However,
RSE waters are interpreted to be primarily influenced by subsurface vapor-phase, gasrich fluids that have undergone mixing with precipitation-derived (meteoric) fluids
(higher SO42-/ Cl- ratio), whereas RSW waters are interpreted to be primarily influenced
by hydrothermal-only fluids (lower SO42-/ Cl- ratio) and to a lesser extent by subsurface
vapor-phase fluids (Nordstrom et al 2009). The dD (‰) and d18O (‰) of waters sampled
from both springs plot along a best fit line with a slope of close to 3 (Fig. 3.9/S2), the
same value reported for heated (near-boiling) surface evaporation occurring under nonequilibrium conditions (Craig et al 1963, Giggenbach 1978, Nordstrom et al 2009). When
considered in the context of the source of waters based on SO42-/ Cl- ratios, the spring
water dD and d18O reveal differences that are consistent with mixing of RSE waters with
precipitation-derived waters (i.e., isotopically more negative; Fig. 3.9/S2). Based on these
geochemical data, RSE and RSW waters represent examples of springs that are
influenced by phase separation, with vapor-phase fluids mixing with precipitationderived waters (groundwater) in RSE and with liquid phase fluids primarily sourcing
RSW. Importantly, these springs are separated by only ~20 meters, which may indicate
that boiling, phase separation, and mixing with groundwater takes place in the near
subsurface of these springs (Nordstrom et al 2005).
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Sampling locations at RSE and RSW span ranges of temperatures (RSE 42.7°C to
82.4°C; RSW 44.1°C to 68.1°C) while the pH values of the two springs were nearly
constant, 2.9-3.0 (RSE) and 7.0-7.2 (RSW) (Fig. 3.2A and 3.2B, Table 3.2/S1). Nonlinear relationships between water temperature and distance from the spring source in
RSE and RSW are likely due to differences in the geometry of the outflow channel (Fig.
3.1), which in turn likely influence water residence times and the extent of evaporative
cooling. Cl- concentrations can be used as a conservative tracer against which to evaluate
the influence of evaporation on the composition of fluids as they flow downstream from
their source. The concentration of Cl- increased by 9.1% down the RSE outflow channel
(from RSE1 to RSE5) and by 5.3% down the RSW outflow channel (from RSW1 to
RSW4) (Fig. 3.2C and 3.2D; Table 3.2/S1). The increase in the concentration of Cl- down
the outflow channel of these two springs is interpreted to result from evaporative
concentration, which is corroborated by similar changes in concentration of other
conservative tracers such as Na+, which increased by 8.3% in RSE and 4.0% in RSW.
Likewise, the conservative tracer K+ concentrations increased by 8.5% in RSE and 3.5%
in RSW (Fig. 3.2C and 3.2D; Table 3.2/S1). and the δ18O of hot spring waters decreased
by 8.3% in RSE and 5.3% in RSW, while the slope of the δD as a function of δ18O
remained at 3 (Table 3.2/S1, Fig. 3.9/S2).

The concentration of SO42-, after being normalized to account for evaporative
concentrating effects, did not change significantly down the outflow channel of RSE but
increased down the outflow channel of RSW by 6.7% (Fig. 3.2E and 3.2F; Table 3.3/S2).
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In contrast, the concentration of HS-/H2S decreased down the outflow channels of both
RSE and RSW by 95.3% and 38.6%, respectively. The decrease in HS-/H2S down the
outflow channel of these springs may be due to a combination of volatilization and/or
oxidation, but for RSE are hypothesized to reflect volatilization of uncharged H2S [pKa
of HS-/H2S is 6.4 at 80°C (Amend and Shock 2001)]. The decrease in HS-/H2S down the
outflow channel of RSW (~ 4 µM) cannot account for the ~ 50 µM increase in the
concentration of SO42-, suggesting that oxidation of another sulfur compound (e.g., S°)
may be contributing additional SO42- to this spring. The concentration of NO3- decreased
by 100.0% along the outflow channel of RSE and by 83.1% along the outflow channel of
RSW, indicating that it is likely utilized by these communities as a nutrient source or as
an electron acceptor. The concentration of Fe2+ decreased down the outflow channels of
both springs (near lower detection limits) by 28.0% in RSE and 100.0% in RSW (Fig.
3.2E and 3.2F; Table 3.3/S2).

The concentrations of CH4, H2, and CO2 in all measured spring waters at RSE and
RSW were supersaturated with respect to atmospheric conditions. Concentrations of CO2
and CH4 were higher in source waters from RSW than in RSE, whereas H2 was higher in
RSE than in RSW. Source waters for each spring (RSE1 and RSW1) had the highest
concentrations of dissolved CH4, H2, and CO2 with concentrations decreasing down the
outflow channels of both springs (Fig. 3.2G and 3.2H; Table 3.4/S3). A majority of the
gas was removed from the water down the entire length of each outflow channel, with
concentrations of CH4, H2, and CO2 in RSE decreasing by 90.6%, 99.3%, and 95.9%,
respectively, and in RSW by 65.5%, 72.6%, and 75.8% (Fig. 3.2G and 3.2H; Table
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3.3/S2). Increases in the concentrations of dissolved H2 were measured at the most
downstream location at RSW (i.e., RSW4), likely due to H2 production by photosynthetic
or fermentative cells. This hypothesis is supported by the presence of putative
phototrophic and fermentative taxa in the RSW4 community, as described below.
Overall, the concentration of dissolved CO2 was higher than the concentrations of
dissolved H2 or CH4 at all sampling locations in both springs.

Mineralogy.
XRD analysis indicated that the assemblages of minerals present in sediments
sampled along the outflow channels of RSE and RSW were similar, primarily consisting
of quartz, alkali feldspar, tridymite, alunite, and kaolinite (Table 3.5/S4). While
sediments lining the outflow channel of RSE visibly contained iron (hydr)oxides (Fig.
3.1A), minerals containing ferric iron were not detected by XRD indicating that these
minerals comprised < 3% of the total mass of the sediments (Table 3.5/S4). Similarly,
while sediments sampled from the source of RSW looked to be comprised of flocculent
S° (visible as gray flocculent in the source pool, Fig. 3.1B), this mineral was not detected
by XRD.

DIC and dissolved CO2 assimilation.
Assimilation of DIC was detected in sediment-associated communities at all
sampling locations in RSW and RSE (Fig. 3.3, Table 3.6/S5). While the difference in
rates of DIC assimilation in light and dark assays for RSE locations 1 to 4 and for RSW
locations 1 to 3 were minimal and generally not significantly different among these
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sampling locations, rates of DIC assimilation in light incubations significantly exceeded
those incubated in the dark by two orders of magnitude at RSE5 and RSW4, both of
which comprised communities that included abundant phototrophs (discussed below).

Rates of DIC uptake in sediment communities sampled from RSE and RSW and
that were incubated in the dark differed, and varied at different sites along the outflow
channels of each spring. Rates of DIC uptake in sediment communities sampled along the
outflow channel of RSW were greater than those along the outflow channel of RSE. The
rates of DIC uptake in sediment communities sampled from RSE1 and RSW1, when
incubated in the dark, were greater than that those measured in the downstream locations
RSE3 and RSW2, respectively.

H2 transformation.
Rates of net H2 transformation in sediments sampled from RSE and RSW
differed, and varied at different sites along the outflow channels of each spring (Fig. 3.4,
Table 3.6/S5). Two RSE sediment-associated microbial communities (RSE1 and RSE5)
were characterized by net increases in H2 concentration during the incubation period,
indicating net H2 production. Headspace H2 concentrations in microcosm assays
containing sediments from the other three sites (RSE2, RSE3, RSE4) were characterized
by a decrease in H2 concentration during the incubation, indicating net H2 consumption.
The rates of net H2 production at RSE1 and RSE5 were 4.20 and 3.61 nmol H2 gdm-1
min-1, respectively. The rates of net H2 consumption in RSE2, RSE3, and RSE4 were
3.51, 1.69, and 4.34 nmol H2 gdm-1 min-1, respectively. Both RSW sediment-associated
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communities examined (RSW1 and RSW3) exhibited decreases in the concentration of
H2 during the incubation period, indicating net H2 consumption. The rates of net H2
consumption were 5.34 and 24.85 nmol H2 gdm-1 min-1, respectively, in these
communities.

Abundance of SSU rRNA gene transcripts.
The total abundance of SSU rRNA gene transcript templates (archaeal, bacterial,
and eukaryal combined), as determined via qPCRs conducted on cDNA, was greater in
RSW than RSE (Fig. 3.5). The abundance of archaeal 16S rRNA gene transcripts was
similar in RSW and RSE, however, the abundance of bacterial 16S rRNA gene
transcripts was 3 to 7 orders of magnitude greater at all sampling locations in RSW than
RSE. Thus, active sediment communities in RSE are dominated by Archaea while those
in RSW are dominated by Bacteria. In both RSW and RSE, the abundance of SSU rRNA
gene transcripts, when considered together, increased down the outflow channels, with
the highest copy numbers for each spring found at the lowest temperature sites: RSE5
(1.2 x 108 ± 2.3 x 107 transcripts gdm-1) and RSW4 (2.3 x 1011 ± 8.8 x 1010 transcripts
gdm-1), which are both within the pH/temperature/sulfide realm allowing for
photosynthesis (Fig. 3.10/S3). As discussed below, these sites harbor bacterial and
eukaryal populations inferred to be capable of photosynthesis, and both sites exhibited
higher rates of DIC assimilation when incubated in the light when compared to the dark
(Fig. 3.3), which are consistent with assimilation of DIC using light-energy.
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Sediment community taxonomic diversity and composition.
Archaea. Archaeal 16S rRNA gene transcripts were detected in sediments
sampled from all locations at RSE and RSW. A total of 3922 sequences were recovered
from each individual site along each outflow channel with varying predicted coverages
and diversity (Table 3.7/S6). The composition and structure of archaeal communities
shifted down the outflow channels of both RSE and RSW (Fig. 3.6). The most abundant
archaeal 16S rRNA gene transcript OTU in the RSE communities (maximum 73% of
total sequences at RSE1, and found in smaller percentages in the other RSE sites)
exhibited 100% sequence identity to the thermophilic, chemoautotrophic crenarchaeote
Metallosphaera yellowstonensis MK1 within the order Sulfolobales (Fig. 3.6) (Kozubal
et al 2011). The next most abundant OTU within the RSE communities (maximum 72%
of total sequences at RSE4, and large percentages of 53% and 57% at RSE3 and RSE5,
respectively) exhibited 84% sequence identity to the hyperthermophilic and
chemoorganotrophic crenarcheote Desulfurococcus mucosus DSM2162 (Wirth et al
2011) and 99% sequence identity with YNPFFA108, an uncultured archaeal clone from
YNP thermal soil (accession number AF391993) (Kozubal et al 2008).

The most abundant archaeal 16S rRNA gene transcript OTU in the RSW
communities (maximum 78% of total sequences at site RSW2, and found in significant
percentages at all four sites of RSW) exhibited 82% sequence identity to the
hyperthermophilic heterotrophic crenarchaeon Thermofilum sp. 1807-2 (Anderson et al
2008, Toshchakov et al 2015) within the class Thermoprotei (Fig. 3.6). This OTU also
exhibited 98% sequence identity to the uncultured archaeal clone AK8 recovered from
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Bor Khlueng hot spring in Thailand (accession number AY555814) (Kanokratana et al
2004). Another OTU in these communities (maximum 37% of total sequences in the
RSW4 community, and found in RSW3 at 3% of total sequences) exhibited 83%
sequence identity to the thaumarchaeote Candidatus Nitrososphaera sp. N89-12 within
the order Nitrososphaerales (Stieglmeier et al 2014), and also exhibited 99% sequence
identity to the uncultured archaeal clone OPA-GC-16SrRNA-145 recovered from a
terrestrial hydrothermal ecosystem [accession number KF836708, (Poret-Peterson et al
2013)]. An additional OTU in these communities (maximum 29% of total sequences in
the RSW1 community) exhibited 100% sequence identity with Pyrobaculum strain
WP30, a putative heterotroph recovered from a sulfur-rich Yellowstone hot spring
[accession number CP012158; (Jay et al 2015)].

Bacteria. Sediments collected from site RSE5 and all sampling locations at RSW
yielded bacterial 16S rRNA gene transcripts of sufficient quantity for sequencing. From
the sites that yielded amplicons of sufficient abundance, a total of 38,696 sequences were
sampled (Table 3.7/S6). The composition and structure of bacterial communities shifted
down the outflow channels of RSW (Fig. 3.6).

The most abundant bacterial 16S rRNA gene transcript OTU in RSW
communities (maximum 72.9% of total sequences at site RSW3) exhibited 91% sequence
identity to the thermophilic and heterotrophic microaerophile Thermoflexus hugenholtzii
(Dodsworth et al 2014) within the order Chloroflexi (Fig. 3.6). The next most abundant
OTU in these communities (56% total sequences at site RSW4) exhibited 93% sequence
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identity to the cyanobacterium Cyanothece sp. PCC7425 within the order Chroococcales
(Bandyopaghyay et al 2011). Sequences most closely affiliated (100% sequence identity)
with the arsenite oxidizing bacterium Pseudomonas arsenicoxydans within the order
Pseudomonadales (Campos et al 2010) represented 34%, 17%, and 1% of total sequences
in RSW1, RSW2, and RSW3, respectively. In the RSE5 community, the most abundant
OTU (29% of total sequences) exhibited 99% sequence identity to the facultative
anaerobe Streptococcus pneumonia 4V4 (Glover et al 2008, Martin et al 2007). Another
abundant OTU in RSE5 at 12% of total sequences respectively, exhibited 100% sequence
identity to the peptidoglycan-degrading bacteria Delftia lacustris strain R-547334 within
the order Burkholderiales (Jorgensen et al 2009).

Eukarya. Sites RSE5 and RSW4 yielded eukaryal 18S rRNA gene transcripts of
sufficient abundance for sequencing, with a total of 8,554 eukaryal sequences obtained
from these sites (Fig. 3.6, Table 3.7/S6). The most abundant eukaryal 18S rRNA
transcript OTU in both RSE5 and RSW4 communities (77% and 35% of total sequences,
respectively) exhibited 100% sequence identity to the photoautotrophic red alga
Cyanidioschyzon merolae within the order Cyanidiales (Matsuzaki et al 2004). The next
most abundant OTU in RSW4 (16% of total sequences) exhibited 100% sequence
identity to the freshwater diatom Achnanthidium minutissimum (Larras et al 2014). A
small percentage of total sequences (1.2%, 0.6%, 0.5%, and 0.4%) in sites RSE5 and
RSW4 exhibited 98%, 89%, 100% and 98% identity to a single-celled monad (order
Chromulinales), an amoeba (order Entamoebidae), yeast (order Sporidiobolales), and
lichen (order Teloschistales), respectively (Fig. 3.6).
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Dilution to extinction cultivation assays.
The number of viable autotrophic hydrogenotrophic cells capable of reducing
various oxidants was estimated in sediments sampled along the outflow channels of RSE
and RSW using serial dilution to extinction cultivation assays. The maximum number of
the hydrogenotrophic cells, as indicated by the highest dilution exhibiting activity for any
given assay, increased down the outflow channel of RSE. In contrast, the maximum
numbers of viable hydrogenotrophic cells was similar in samples collected from RSW1
and RSW3. Collectively, site RSE5 was characterized by the highest number of viable
hydrogenotrophic cells (2.3 x 107 total cells) (Table 3.1).

The oxidants used to support autotrophic H2 oxidation activity in communities
from RSE and RSW varied between springs, as well as along the outflow channels of
each spring. All sediment-associated communities sampled from RSE included
autotrophic hydrogenotrophs capable of using Fe3+ and O2 as electron acceptors.
Sequencing of the most dilute enrichments indicates that the dominant OTUs changed
down the outflow channel of RSE, and were most closely related to members of the
genus Metallosphaera in RSE1 (O2 and Fe3+ as oxidants), the genera Nitrososphaera and
Desulfurococcus in RSE1 and RSE2 (O2 and Fe3+ as oxidants), Bacillus in RSE3 (Fe3+ as
oxidant), Methylophilaceae and Sulfobacillus in RSE4 (O2 as oxidant), Paracoccus in
RSE4 (Fe3+ as oxidant), and finally the genus Methylobacterium in RSE5 (Fe3+ as
oxidant) based on 16S rRNA gene sequencing (Table 3.8/S7). Sediment-associated
communities sampled from RSW1 included hydrogenotrophs most closely related to the
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genera Thermofilum and Fervidicoccus (O2 as oxidant). Unlike RSE, hydrogenotrophs
capable of using Fe3+ were not detected in RSW (Table 3.1; Table 3.9/S8).

Hydrogenotrophs most closely related to Methylobacterium in RSW1 and
Sulfurihydrogenibium and Ca. Korarchaeum in RSW3 were apparently supported by
NO3- as the oxidant (Table 3.9/S8); hydrogenotrophs capable of coupling H2 oxidation
with NO3- were not detected in RSE (Table 3.8/S7). Hydrogenotrophic cells capable of
reducing SO42- were only detected in one site in RSE (RSE1), however, PCR amplifiable
16S rRNA genes could not be obtained from this culture. Cells capable of reducing S°
were only detected in RSE1 and RSE2 (most closely related to Desulfurococcus) (Table
3.8/S7). In contrast, hydrogenotrophs capable of reducing S° and SO42- were detected at
both sampling locations in RSW (Table 3.1) and dominant OTUs in these enrichments
were most closely related to Thermodesulfobacterium in RSW1 and Caldiserica and Ca.
Caldiarchaeum in RSW3 (Table 3.9/S8).
Discussion
In the present study, we used geochemical proxies (ratios of SO42-/Cl- and
δD/δ18O in hot spring waters) to characterize the influence of subsurface and surface
processes, specifically phase separation, on the geochemistry of a paired set of hot
springs and how these geochemical differences, in turn, influence the activity and
composition of chemoautotrophic hydrogenotrophs that inhabit these springs. Based on a
previous classification scheme [(Nordstrom et al 2009); Fig. 3.7], we interpret that the
acidity of RSE (source pH = 3.0) is due to the interaction of vapor-phase-dominated
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fluids in the near-surface with O2-rich precipitation-derived meteoric fluids, forming
acid-sulfate-chloride waters (vapor-phase input). In contrast, RSW is circumneutral
(source pH = 7.0) due to sourcing primarily from deep hydrothermal fluid (liquid-phase
input). The presence of NO3- in RSE and RSW source fluids is interpretted as the result
of mixing of vapor phase or deep hydrothermal fluid with near surface groundwaters,
respectively, such as has been suggested as the source of NO3- in other geothermal fields
areas such as Hot Springs, Arkansas (Yeatts 2006). Thus, both pools are likely influenced
by mixing of hydrothermal fluids with near surface groundwater, but differ in the extent
of vapor phase and liquid phase fluid input to each spring. The difference in the source of
fluids supplied to these neighboring springs separated by ~20 meters leads to strong
differences in spring geochemistry in their source pools and along their outflow channels.

Subsurface boiling and separation of hydrothermal fluids into a gas and a steam
phase could occur as a single stage (steam remains mixed with liquid and separates near a
single temperature) or could be continuous (steam is physically separated from liquid as
it is formed) (Truesdell et al 1977). In Yellowstone, interpretations indicate that this
subsurface process is multistage or intermediate between single stage and continuous
models (Truesdell et al 1977), suggesting that phase separations are not typically
complete. Incomplete separation of phases in fluids in the subsurface of RSE and RSW
could explain the detection of H2 in RSW, albeit at 50% of the concentration in RSE,
which should otherwise partition with the vapor phase in a continuous steam separation.
Alternatively, H2 could be produced biologically in the near subsurface of RSW through
fermentative biologically-mediated reactions. Like uncharged H2, boiling and separation
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of fluids into vapor and liquid phases would be expected to concentrate uncharged CH4 in
the vapor phase, which should lead to higher abundances of CH4 in RSE when compared
to RSW. However, dissolved CH4 is 600% greater in concentration at RSW than RSE.
The source of the CH4 in RSW is not completely understood, however, it is possible that
the CH4 is biogenic in origin and could be produced in the shallow subsurface of RSW.
Additional data (e.g., the isotopic composition of CH4) are needed to further assess the
source of CH4 in RSW. Nonetheless, observations like these reveal that while subsurface
phase separation is a primary driver of geochemical differences in hot springs of YNP
(Amenabar et al 2015, Nordstrom et al 2009, Truesdell et al 1977), nuances exist in the
chemistry of individual springs that oftentimes require additional data (i.e., isotopes of
CH4) to deconvolute.

The presence of H2 in both RSE and RSW indicates that these proximal springs
provide an opportunity to evaluate the influence of geochemical variation, specifically
differences in oxidant availability, on the ecology of chemoautotrophic organisms
involved in H2 metabolism. However, prior to conducting extensive experimentation on
chemoautotrophic H2 cycling within the selected microbial communities, it was necessary
to confirm which of the sampling sites in RSE and RSW were chemoautotrophic since all
of the sampling locations in RSW (RSW1-4) as well as RSE5 lie within pH, temperature,
and sulfide space that allows for photoautotrophic life (Boyd et al 2010, Boyd et al 2012,
Cox et al 2011) (Fig. 3.10/S3). The exclusion of light from microcosms did not decrease
rates of DIC assimilation in sediment communities sampled from RSW1-3, RSE1, or
RSE3 when compared to those incubated in the light, indicating that DIC assimilation in
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these communities is not dependent on light (i.e., phototrophic). This is consistent with a
lack of detectable 16S/18S rRNA gene transcripts affiliated with known phototrophic
lineages in sediments sampled from these sites (Fig. 3.6). RSE2 and RSE4 also lacked
16S/18S rRNA gene transcripts affiliated with known phototrophs. However, DIC
assimilation assays were not conducted at these sites, which precludes a definitive
assessment of the potential for photoautotrophy in these environments. Nevertheless, it is
highly likely that photoautotrophic metabolism is absent in these two spring locations
given that they are at a temperature that is close to or above those known to be tolerated
by acidophilic phototrophs in hot springs [i.e., ~52°C (Boyd et al 2010, Boyd et al 2012,
Cox et al 2011)].

Despite RSW1-3 sampling locations harboring pH, temperature, and sulfide
conditions that should allow for photosynthesis (Boyd et al 2010, Boyd et al 2012, Cox et
al 2011) (Fig. 3.10/S3), DIC assimilation assays and affiliations of 16S rRNA gene
transcripts suggest they are not photoautotrophic. A previous analysis of 442 hot spring
samples from Yellowstone suggest that pH, temperature, and sulfide concentration
differences among these locations can only explain ~67% of the variation in the
distribution of photosynthesis in these environments (Boyd et al 2012). This indicates
that other unaccounted factors likely constrains phototrophic DIC assimilation in these
RSW spring locations. In contrast to RSE1 and RSE3 and RSW1-3, sediments sampled
from RSW4 and RSE5 exhibited rates of DIC assimilation in microcosms incubated in
the light that were two to three orders of magnitude greater than those incubated in the
dark, indicating that photoautotrophic DIC assimilation was occuring at these sites (Fig.
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3.3). RSW4 and RSE5 microbial communities also exhibited large increases in 18S
rRNA gene transcript numbers (Fig. 3.5), which is likely due to the much higher levels of
productivity associated with phototrophic ecosystems (i.e., Fig. 3.3) and the greater
amount of biomass that this fixed carbon can support. Since chemoautotrophic H2
metabolism is the emphasis of this study, subsequent discussion focuses on the nonphototrophic sites RSW1-3 and RSE1-4.

Dissolved H2 was detected at all sampling locations and activity assays indicate
that its oxidation is a potential source of chemical energy for all of the chemosynthetic
communities in RSE and RSW examined with the possible exception of RSE1 (discussed
below). Rates of net H2 oxidation (RSE2-4, RSW1 and RSW3) ranged from 1.69 – 4.34
nmoles H2 min-1 gdm-1 at RSE and from 5.34 – 24.85 nmoles H2 min-1 gdm-1 at RSW
(Fig. 3.4). These rates are slightly higher than the rates of H2 oxidation (1.5 nmoles H2
min-1 gdm-1) measured previously in ‘Dragon Spring’ (D'Imperio et al 2008), an acidic
(pH ~3) and high temperature (~70°C) sulfur rich spring in the Norris Geyser Basin of
YNP. The variation in the rates of net H2 oxidation measured in these studies may be
attributable to methodological differences, in particular amendment with H2 to a
concentration of 100 ppm in the present study. This contrasts with the study at ‘Dragon
Spring’ where rates were measured in unamended microcosms supplied with source
water. The concentration of H2 in source waters associated with the sediments of ‘Dragon
Spring’ was ~ 13 nM (D'Imperio et al 2008), which is substantially lower than the 200 to
300 nM concentrations determined for RSE and RSW source waters. Since net rates of
H2 oxidation were determined in closed systems in both studies, it is possible that rates of
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H2 oxidation measured previously in ‘Dragon Spring’ were low due to depletion of the
low amount of native H2 early during the microcosm incubation.

The majority of hydrogenotrophic and autotrophic cells inhabiting RSE and
supported by our cultivation medium reduced O2 or Fe3+ , and the number of these cells
increased down the outflow channel. The increase in the abundance of hydrogenotrophs
capable of utilizing O2 is likely due to the increased influx of atmospheric O2 due to
decreases in the temperature of spring water, and increasing contact with the atmosphere
along the outflow channel of RSE. The decreased temperature would allow for increased
infusion of O2 (Shock et al 2010) that, in turn, may support a higher number of O2dependent hydrogenotrophic cells. The increase in the number of Fe3+-dependent
hydrogenotrophic cells down the outflow channel may also be due to increased input of
O2 along the outflow channel of RSE as the spring cools, thereby allowing for increased
O2-dependent biological oxidation of Fe2+ and more abundant Fe3+ to support Fe3+
dependent microorganisms. While mineralogical evidence for oxidized iron phases was
not observed in RSE sediments via XRD analysis (Table 3.5/S4), iron (hydr)oxides were
visually apparent along the outflow channel between sites 2 and 4 (Fig. 3.1). Moreover,
previous studies have measured soluble Fe3+ in this same spring (Wilson et al 2000).
These observations are consistent with the presence of 16S rRNA gene transcripts along
the outflow of RSE that are closely affiliated with the aerobic Fe2+ oxidizing
crenarchaeote Metallosphaera yellowstonensis strain MK1 (Sulfolobales) (Kozubal et al
2011). Additionally, the amount of Fe2+ decreased by 28.0% between RSE1 and RSE5.
At pH 3.0, this decrease can be atrributed to biological oxidation with O2 given the slow
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abiotic Fe2+ oxidation kinetics in waters with pH less than 4.0 (Edwards et al., 2000;
Edwards et al., 1998; Johnson and Hallberg, 2005).

Dilution to extinction cultivation assays indicate that site RSW1 was dominated
by hydrogenotrophic and autotrophic cells capable of reducing S° (4.6 x 105 cells gdm-1).
S° was not detected via XRD analysis of these sediments (Table 3.5/S4) although visible
S° flocs were observed as a thin coating on the sediments of RSW1, RSW2, and RSW3.
These flocs were likely formed by incomplete sulfide oxidation, which is possibly
consistent with the decrease in total sulfide concentration observed between
measurements made at RSW1 (spring source) and RSW4 by 38.6%, although it is also
likely that degassing plays a role in the decrease of sulfide (Fig. 3.2D; Table 3.2/S1).
Based on available models for the development of hot springs, the source of the sulfide in
RSW is not clear since this spring is unlikely to be influenced to a significant extent by
vapor phase input, as delineated by SO42-/Cl- ratios (Fig. 3.8/S1). One possible
explanation is that sulfide is not fully volatilized during repeated episodes of near
subsurface boiling, in particular the fraction that is dissolved as bisulfide [pKa for
H2S/HS- is 6.4 at 100°C (Amend and Shock 2001)]. This interpretation is consistent with
the multi-stage steam separation model previously invoked for the majority of
Yellowstone hot springs (Truesdell et al 1977). Alternatively, it is possible that the
sulfide in RSW source waters is due to microbial SO42- reduction in the subsurface or
near subsurface of RSW. Evidence in potential support of this possibility comes from our
dilution to extinction cultivation assays of H2-dependent autotrophs from the source of
RSW supplied with SO42-, which indicated the presence of ~ 103-104 cells gdm-1 (most
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closely related to Thermodesulfobacterium). Hydrogenotrophic Thermodesulfobacterium
strains have been shown to respire SO42- (Jeanthon et al 2002) and previous studies have
documented high rates of sulfate reduction (Fishbain et al 2003) in a spring in YNP with
similar pH (6.6), temperature (69°C), and SO42- concentration (0.6 mM) to that measured
in source waters of RSW. Further work is needed to determine the sources of sulfide in
springs like RSW and other circumneutral to alkaline springs in YNP [e.g., Boulder
Spring (Cox et al 2011)].

Based on sequencing of transcripts of 16S rRNA genes from sediments and
physiological inferences, populations putatively involved in H2 oxidation in RSW1
include OTUs related to Thermoflexus hugenholtzii and Thermofilum sp. 1807-2
(members of the orders Thermoflexales and Thermoproteales, respectively) (Dodsworth
et al 2014, Huber et al 2006), although neither of these strains was apparently enriched in
our cultivation assays. Thermoflexus hugenholtzii is a facultative anaerobe and its
genome encodes for at least one [NiFe]-hydrogenase, which is classified as a group 3c
enzyme (Greening et al 2016). Group 3c enzymes are involved in H2 oxidation and are
typically found in methanogens (Kaster et al 2011) and some SO42- reducers (Greening et
al 2016). It is unclear whether T. hugenholtzii can reduce SO42- since its characterization
did not include an examination of SO42- as a potential electron acceptor. That said, genes
for the SO42- dissimilatory reduction pathway were not detected in the genome of T.
hugenholtzii (Dodsworth et al 2014). Nonetheless, it is still possible that the organism
affiliated with T. hugenholtzii can respire SO42- given that the 16S rRNA gene transcripts
obtained from RSW were only 91% homologous to T. hugenholtzii. Thermofilum spp.
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tend to be facultative anaerobes and the genome of strain 1807-2, which is the genome of
the most closely related Thermofilum strain to the sequences obtained from RSW,
encodes for a [NiFe]-hydrogenase classified as a group 1g enzyme (Greening et al 2016).
Group 1g enzymes are proposed to function in H2 oxidation when S° serves as a terminal
electron acceptor (Greening et al 2016, Laska et al 2003, Pihl et al 1989). These findings
are consistent with the high number of S°-dependent autotrophic cells capable of
oxidizing H2 in RSW1 (Table 3.1).

Net H2 production (biological controls minus killed controls) was measured in
microcosms containing sediments from RSE1, although it is possible that some H2
oxidation may be occuring at RSE1 given the detection of cells capable of H2 oxidation
under autotrophic conditions (Table 3.1). Since these rates were determined using a
closed system microcosm assay, it is possible that oxidants capable of driving H2
oxidation (e.g., O2 or Fe3+) became limiting during the 1 hr. incubation period (i.e., a
bottle effect), thereby shifting the local conditions of the experiment toward one that
favors anaerobic or fermentative metabolism. The dominant archaeal 16S rRNA gene
transcript in RSE1 was affiliated with the facultative anaerobe Metallosphaera sp. MK1
and this strain has been shown to catalyze the O2-dependent oxidation of Fe2+ (Kozubal et
al 2012). A net decrease in the concentration of Fe2+ (4 µM difference) was observed
between sites RSE1 and RSE2 and this is attributable to biology since Fe2+ reacts
extremely slowly in aqueous solutions with pH less than 4.0 (Edwards et al 1999,
Edwards et al 2000, Johnson and Hallberg 2005). Fe2+ oxidation would consume a
fraction of the already limited amount of O2 that would be dissolved in the 82°C source
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fluids, in a manner similar to what has been shown for other high-temperature Fe2+consuming Metallosphaera dominated hot spring communities (Bernstein et al 2013).

Consumption of an already limited supply of O2 via biological Fe2+ oxidation may
select for cells capable of anaerobic respiration or fermentation during the assembly of
the RSE1 community. Indeed, net production of H2 was observed in RSE1 implying the
presence of anaerobic, fermentative cells. Consistent with this observation, an abundant
16S rRNA gene transcript OTU that is distantly (83%) related to Desulfurococcus
mucosus (Desulfurococcales) and an abundant OTU distantly affiliated (82%) with
Thermofilum sp. 1807-2 (Thermoproteales) were identified in RSE1 sediments. Members
of both of these orders are capable of fermentative metabolism (Huber and Stetter 2015a,
Huber and Stetter 2015b) and members of the Desulfurococcales order are known to
fermentatively produce H2 (Anderson et al 2009). Further evidence that the RSE1
community has very few cells capable of autotrophic growth with H2 comes from the
dilution to extinction assays where the number of cells capable of oxidizing H2 was 3 to 4
orders of magnitude lower than in other sample locations in RSE.

Intriguingly, the most abundant hydrogenotroph identified in RSE1, either
determined by serial dilution enrichment assays amended with Fe3+ or O2 (Table 3.8/S7)
or as inferred from 16S rRNA gene transcript sequences (Fig. 3.6), was affiliated with
Metallosphaera sp. MK1. As outlined above and in previous studies (Kozubal et al 2008,
Kozubal et al 2011), this strain is generally associated with aerobic Fe2+ oxidation and
formation of Fe(III) oxide solid phases in acidic hot spring environments. However, the
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genome of MK1 encodes for three [NiFe]-hydrogenases that are putatively involved in H2
oxidation [i.e., groups 1h, 2d, and 2e (Greening et al 2016)]. Group 1h and 2e enzymes
are proposed to function in the oxidation of H2 during aerobic respiration (Schafer et al
2013, Søndergaard et al 2016) whereas group 2d enzymes have been suggested to provide
additional reductant for carbon fixation (Brugna-Guiral et al 2003). The previous
characterization of strain MK1 apparently did not examine whether H2 could support or
augment autotrophic growth with O2 or Fe3+ as oxidants (Kozubal et al 2008, Kozubal et
al 2011). Nonetheless, evidence outlined above strongly suggests that this strain can
metabolize H2 and possibly couple this with reduction of Fe3+. Indeed, serial transfer of
the H2 oxidizing, Fe3+ reducing autotrophic culture from RSE1 (sequencing indicates it to
be Metallosphaera sp. MK1) into autotrophic growth medium with Fe2+ as electron donor
and O2 as electron acceptor resulted in growth (data not shown). This suggests that this
strain has adapted to use H2 or Fe2+ as electron donors and O2 or Fe3+ as electron
acceptors; choice of redox couples is likely dependent on the availability of O2
considering that its use releases the most amount of energy regardless of electron donor
(Shock et al 2010). That a strain such as MK1 can both oxidize and reduce Fe would not
be unprecedented among members of the Sulfolobales, since these activities have been
previously demonstrated in a strain (MK5) isolated from acidic hot springs in YNP
(Kozubal et al 2012).
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Conclusions
As summarized in Fig. 3.7, variations in the availability of oxidants influence the
abundance and composition of hydrogenotrophic populations. This was found to be
particularly true for hydrogenotrophs capable of reducing Fe3+, which results from near
surface O2 dependent oxidation of Fe2+ that is enriched in springs that are supplied by
vapor phase input relative to those that are not supplied by this input (Nordstrom et al
2009). This observation, when combined with data indicating that the predominant
hydrogenotrophs in RSE and RSW differ at the domain level taxonomic rank, is
consistent with phylogenetic data that indicates a prominent role for oxidant availability
in the diversification of hydrogentrophs at the level of the [NiFe]-hydrogenase enzymes
that catalyze H2 oxidation (Boyd et al 2014, Greening et al 2016). Since surface processes
(e.g., atmospheric gas infusion of O2) are likely to impact springs similarly if spring
temperatures are the same, the geochemical composition of hot spring fluids and the
precipitated minerals that form in outflow channels of hot springs are ultimately the result
of differences in subsurface processes, namely the subsurface phase separation of fluids
and interactions of these fluids with bedrock, and mixing of those fluids with meteoric
waters. Importantly, oxidants such as Fe(III) and S°/SO42- would not be present in these
springs and would therefore be unavailable to biology without O2 to oxidize subsurface
sourced Fe(II) and sulfide, respectively (Colman et al 2017, Kozubal et al 2012). We
therefore conclude that this study demonstrates the importance of subsurface geological
processes and their interaction with surface processes in shaping the ecology, physiology,
and evolution of hydrogenotrophic organisms in hydrothermal ecosystems by controlling
complex hot spring geochemistry and oxidant availability.
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In addition to variation in oxidants used to support H2 metabolism, the RSE
microbial community is dominated by Archaea whereas the RSW community is
dominated by Bacteria. The combination of acidic pH and elevated temperature in RSE,
which tends to select against Bacteria (Colman et al 2017, Valentine 2007), is likely to
explain this marked difference in community composition. The predominant processes
that control the geochemistry and therefore the pH of hot springs take place in the
subsurface, indicating that such processes had and continue to have a profound influence
on the distribution and, by extension, the diversification of microbial life at the highest
taxonomic ranks.
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Table
Table 3.1. Approximate number of autotrophic cells (per gram dry mass sediment)
capable of coupling H2 oxidation to the reduction of specified oxidants (electron
acceptor) as measured by dilution series cultivation experiments.
Electron
Acceptor
O2

RSE1

RSE2

RSE3

RSE4

RSE5

RSW1

RSW3

2.6 x 101

1.5 x 106

4.6 x 105

2.5 x 106

2.3 x 107

4.6 x 103

4.4 x 103

NO3Fe3+
SO42S°

ND

ND

ND

ND

ND

4.6 x 102

4.4 x 105

2.6 x 103
2.6 x 102
2.6 x 101

1.5 x 104
ND
1.5 x 102

4.6 x 106
ND
ND

2.5 x 104
ND
ND

2.3 x 104
ND
ND

ND
4.6 x 103
4.6 x 105

ND
4.4 x 104
4.4 x 102

Max.

2.6 x 103

1.5 x 106

4.6 x 106

2.5 x 106

2.3 x 107

4.6 x 105

4.4 x 105

Abbreviations: ND, not detected. Max., maximum number of H2 oxidizing cells.
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Figures

Fig. 3.1. Location of sampling sites (•) along the outflow channels at Roadside East
(RSE) (A) and Roadside West (RSW) hot springs (B). The estimated distance of each
sampling site from the source of each spring (*) is also indicated.
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Fig. 3.2. Water temperature, pH, and specific conductance at sampling locations along
the outflow channels of RSE (A) and RSW (B). Concentrations of chloride (Cl-), sodium
(Na+), potassium (K+), and the isotopic composition of oxygen in water (δ18O) as
measured along the outflow channels in RSE (C) and RSW (D). The increase in the
concentration of Cl- was used to normalize the concentrations of the following
constituents to account for evaporative concentration: total sulfide (S2-), ferrous iron
(Fe2+), nitrate (NO3-), sulfate (SO42-), ammonium (NH4+), and chloride (Cl-) as measured
along the outflow channels in RSE (E) and RSW (F). Concentrations of dissolved
methane (CH4), carbon dioxide (CO2), and hydrogen (H2) as measured along the outflow
channels in RSE (G) and RSW (H).
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Fig. 3.3. Dissolved inorganic carbon (DIC) uptake in sediment-associated microbial
communities sampled along the outflow channels of select RSE and RSW sampling
locations. The temperature of each site is indicated.
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Fig. 3.4. Rates of net H2 transformation in sediment-associated microbial communities in
selected sites along the RSE and RSW hot spring outflow channels. Positive numbers
indicate net rates of H2 production whereas negative numbers indicate net rates of H2
consumption. The values of H2 transformation represent the differences between
triplicate biotic and abiotic controls.
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Fig. 3.5. Abundances of 16S (Archaea, Bacteria) and 18S (Eukarya) rRNA gene
transcripts associated with sediments sampled along the outflow channels of RSE and
RSW hot springs as determined using qPCR on cDNA. Results are presented as the mean
of triplicate qPCR assays; error bars represent the standard error of triplicate assays.
Many error bars fall within the width of the symbols.
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Fig. 3.6. Relative abundances of 16S (Archaea and Bacteria) and 18S (Eukarya) rRNA
gene transcript OTUs (as represented by their closest cultivated relatives) as a function of
distance along the outflow channels of RSE and RSW. OTUs are color coded according
to the relative abundance of sequences within a taxonomic domain as denoted by the bar
chart to the right of each panel. Representative OTUs were binned at the order level with
orders that represent >5% of total sequences in a sampling location included. Grey bars
represent no amplification and thus no sequences for that domain at a given sampling
location. Relative abundances (%) for OTUs in each order within a taxonomic domain are
also reported in Table 3.10/S9.
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Fig. 3.7. Schematic summarizing the influence of subsurface and surface processes on
oxidant availability and use by hydrogenotrophic and autotrophic populations (graphs
above cross section). Subsurface hydrothermal fluids recharged by meteoric water can
boil during their ascent to the surface and can separate into a vapor phase and a liquid
phase. In the case of the paired springs studied here, the vapor phase is thought to interact
with meteoric, precipitation-derived fluid forming acidic springs such as RSE (pH 3.0).
The liquid phase may also interact, albeit to a lesser extent, with meteoric water and may
have slight vapor phase input due to incomplete phase separation resulting in
circumneutral springs such as RSW spring (pH 7.0). The acidic pH of RSE is likely the
result of microbially catalyzed near-surface oxidation of sulfur that is enriched in the
vapor phase by O2 delivered by meteoric fluid (Colman et al., 2017). The acidic fluid can
promote the release of metals from altered host rock, such as Fe2+ in RSE. Biological
oxidation of this Fe2+ can form Fe3+ (Kozubal et al., 2012) that can support
hydrogenotrophic activity. SO42- in RSW is likely due to disproportionation of volcanic
sulfur dioxide to HS-/H2S and SO42- deep in the Yellowstone hydrothermal system prior
to phase separation (Nordstrom et al., 2009). Concentrations of SO42- in this deep
reservoir are estimated to be 0.72 to 0.94 mM, similar to those measured in RSW (range
from 0.67 to 0.72 mM). The source of NO3- in both springs is hypothesized to be from
mixing with near surface groundwater, as has been observed in other geothermal fields
(Yeatts, 2006). Increased infusion of atmospheric O2 as fluids cool along the outflow
channels of both springs can support hydrogenotrophic activity directly and indirectly
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through reactions involving production of S°, NO3-, and Fe3+. Note that sites in the RSE
schematic progress from RSE1 to RSE5 to the right in the RSE schematic, while sites in
the RSW schematic progress from RSW1 to RSW3 to the left.
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Table 3.2/S1. Geochemical parameters measured in waters from sampling locations in
April 2014. The conservative, biologically-inert tracers Cl-, Na+, and K+ are presented
here, along with water isotope values. The concentration of Cl- was used to normalize
geochemical data presented in Table 3.3/S2 to account for evaporative concentration of
chemical constituents in waters along the outflow channels of RSE and RSW. Data
correspond with those presented in Fig. 3.2C and Fig. 3.2D.
Site

Temp.
(°C)

pH

Cl(μM)

Na+
(μM)

K+
(μM)

δD

δ18O

RSE1
RSE2
RSE3
RSE4
RSE5

82.4
72.6
59.6
51.9
42.7

3.0
2.9
3.0
2.9
2.9

3.92
3.82
4.09
4.11
4.27

5.62
5.63
5.83
5.87
6.08

1.44
1.34
1.45
1.49
1.56

-140.4
-139.5
-139.0
-138.1
-138.1

-16.1
-15.7
-16.1
-15.3
-14.8

RSW1
RSW2
RSW3
RSW4

68.1
64.3
58.5
44.1

7.0
7.0
7.1
7.2

12.05
12.14
12.57
12.69

16.92
16.96
17.60
17.59

0.17
0.18
0.16
0.18

-131.8
-131.8
-131.3
-130.2

-12.4
-12.2
-12.2
-11.7
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Table 3.3/S2. Geochemical parameters measured in waters from sampling locations in
April 2014, with S2-(T), NO3-, Fe2+, and NH4+ in sites RSE2, RSE3, RSE4, RSE5, RSW2,
RSW3, and RSW4 all normalized to exclude any changes in concentrations due to
evaporative concentration (normalized using changes in the conservative, biologically
inert tracer Cl-, values described in Table 3.2/S1). Data correspond with those presented
in Fig. 3.2, Table 3.2/S1, and Table 3.4/S3.
Site

Temp.
(°C)

pH

S2-(T)
(μM)

NO3(μM)

SO42(mM)

Fe2+
(μM)

NH4+ (μM)

RSE1
RSE2
RSE3
RSE4
RSE5

82.4
72.6
59.6
51.9
42.7

3.0
2.9
3.0
2.9
2.9

2.2
0.7
0.2
0.2
0.1

5.2
0.5
0.6
0.2
0.0

2.83
2.93
2.81
2.81
2.81

66.3
55.4
52.6
52.3
47.7

181.8
185.3
175.0
173.4
174.2

RSW1
RSW2
RSW3
RSW4

68.1
64.3
58.5
44.1

7.0
7.0
7.1
7.2

10.3
9.6
7.7
6.3

7.3
0.3
0.2
1.2

0.67
0.68
0.62
0.72

0.4
0.4
0.0
0.0

94.2
97.4
99.7
104.8

Abbreviations: S2- (T), total sulfide including H2S, HS-, and certain metal sulfides.
The detection limits for S2- (T) and Fe2+ are 0.01 mg L-1 and 0.011 mg L-1, respectively.
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Table 3.4/S3. Concentrations of dissolved methane (CH4), carbon dioxide (CO2), and
hydrogen (H2) as measured along the outflow channels in RSE and RSW. Data
correspond with those presented in Fig. 3.2.
Site

CH4 (nM)

RSE1
RSE2
RSE3
RSE4
RSE5

53.2
16.4
8.3
6.1
5.0

CO2
(mM)
3.90
0.60
0.16
0.04
0.03

RSW1
RSW2
RSW3
RSW4

297.6
191.2
65.6
102.7

8.70
6.70
2.72
2.39

272.6
49.8
38.4
10.1
11.1

DIC
(mM)
0.050
0.001
BDL
BDL
BDL

168.4
74.1
24.3
40.8

0.98
1.02
0.92
0.93

H2 (nM)

Abbreviations: BDL, below detection limit. The detection limit for DIC is 0.001 mM.
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Table 3.5/S4. Minerals detected by XRD in sediments sampled along the outflow
channels of RSE and RSW. Detection of a given mineral is indicated by a grey
rectangle and the lack of detection (<1 % of total mass) of a given mineral is indicated
by a white rectangle.
Site
RSE1
RSE2
RSE3
RSE4
RSE5
RSW1
RSW2
RSW3
RSW4

Quartz

Alkali Feldspar

Tridymite

Alunite

Kaolinite
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Table 3.6/S5. Rates of microbial activities measured in the present study. Data
correspond to those presented in Figs. 3.3 and 3.4.
Site
RSE1
RSE2
RSE3
RSE4
RSE5
RSW1
RSW2
RSW3
RSW4

nmol DIC gdm-1 nmol DIC gdm-1
hr-1 (Light)
hr-1 (Dark)
1.93
9.19
ND
ND
1.47
2.06
ND
ND
180.19
4.61
6.63
3.95
9.13
2318.05

Abbreviations: ND, not detected.

11.12
6.59
23.08
113.17

Δ H2 concentration
(nmol) hr-1 (Dark)
4.20
-3.51
-1.69
-4.34
3.61
-5.34
ND
-25.85
ND
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Table 3.7/S6. Predicted sequence coverage and inverse Simpson indices of archaeal,
bacterial, and eukaryal small subunit (SSU) rRNA gene sequences amplified from
sediment communities at RSE and RSW sampling sites.
Archaea
RSE1
RSE2
RSE3
RSE4
RSE5
RSW1
RSW2
RSW3
RSW4

Coverage
0.44
0.44
0.40
0.46
0.47
0.46
0.51
0.48
0.53

Inverse Simpson
8.613
14.56
13.95
11.73
25.59
29.67
5.669
54.43
19.26

Bacteria
RSE5
RSW1
RSW2
RSW3
RSW4

Coverage
0.86
0.89
0.88
0.91
0.88

Inverse Simpson
13.02
4.715
12.19
2.014
3.863

Eukarya
RSE5
RSW4

Coverage
0.77
0.52

Inverse Simpson
2.990
26.44
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Table 3.8/S7. Identities of representative 16S rRNA gene sequences in the enrichment
transfers of the most dilute, dilution-to-extinction cultivation experiments (see Table 3.1)
conducted on RSE sediments. OTUs were binned at the genus level. The percent identity
to a cultivar within the specified genus is indicated within parentheses.
Site

SO42-

ND

Fe3+
Nitrososphaera (86%)
Desulfurococcus (93%)
Metallosphaera (100%)
Nitrososphaera (86%)
Desulfurococcus (93%)

ND

Nitrososphaera (86%)
Desulfurococcus (93%)
Nitrososphaera (86%)
Desulfurococcus (93%)

ND

Bacillus (99%)

ND

ND

RSE4

NA
Methylophilaceae (91%)
Sulfobacillus (100%)

ND

Paracoccus (100%)

ND

ND

RSE5

NA

ND

Methylobacterium (99%)

ND

ND

RSE1
RSE2
RSE3

O2
Nitrososphaera (86%)
Desulfurococcus (93%)
Metallosphaera (100%)
Nitrososphaera (86%)
Desulfurococcus (93%)

NO3ND

NA

S˚

Abbreviations: ND, the specified activity was not detected at any of the dilutions or
cultivation conditions used in
this study. NA, 16S rRNA genes were not amplifiable.
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Table 3.9/S8. Identities of representative 16S rRNA gene sequences in the enrichment
transfers of the most dilute, dilution-to-extinction cultivation experiments (see Table 3.1)
conducted on RSW sediments. OTUs were binned at the genus level. The percent identity
to a cultivar within the specified genus is indicated within parentheses.
Site

RSW1

RSW3

O2
Thermofilum
(100%)
Fervidicoccus
(99%)

NA

NO3Methylobacterium
(99%)
Sulfurihydrogenibium
(100%)
Ca. Korarchaeum
(97%)

Fe3+

SO42-

ND

Thermodesulfobacterium (100%)

ND

Caldiserica (100%)
Ca. Caldiarchaeum
(97%)

S˚

Bacillus (99%)
Dictyoglomus
(100%)
Methanothermobacter (97%)

Abbreviations: ND, the specified activity was not detected at any of the dilutions or
cultivation conditions used in this study. NA, 16S rRNA genes were not amplifiable.
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Table 3.10/S9. Percent relative abundances of 16S (Archaea and Bacteria) and 18S
(Eukarya) rRNA gene transcript OTUs (as represented by their closest cultivated
relatives) found in sites at RSE and RSW. Representative OTUs were binned at the order
level with orders that represent >5% of total sequences in at least one sampling location
included. Data corresponds with those presented in Fig. 3.6.
Order

RSE1

RSE2

RSE3

RSE4

RSE5

RSW1

RSW2

RSW3

RSW4

1.58

47.78

1.48

0.33

6.55

32.39

78.64

33.30

31.58

73.10

24.65

7.31

3.58

0.05

0.00

0.00

0.00

0.05

Desulfurococcales

0.43

0.05

53.03

72.00

56.62

12.95

0.10

8.74

3.54

Nitrososphaerales

0.00

0.00

0.00

0.14

16.67

7.12

2.87

19.06

43.86

Archaeoglobales

0.05

0.00

0.00

0.00

0.00

13.66

0.72

6.55

0.00

Ca. Caldiarchaeum

0.00

0.00

0.00

0.00

0.00

5.35

1.29

9.79

11.18

Methanococcales

0.00

0.00

0.00

0.00

0.00

0.00

6.64

0.00

0.00

Ca. Korarchaeum

0.00

0.00

0.00

0.00

0.00

0.29

0.00

2.44

0.00

Thermoproteales
Sulfolobales

Thermoflexales

NA

NA

NA

NA

0.70

29.07

11.74

75.37

0.90

Chroococcales

NA

NA

NA

NA

0.78

0.37

0.55

0.37

57.36

Pseudomonadales

NA

NA

NA

NA

18.75

34.41

16.51

0.90

0.42

Lactobacillales

NA

NA

NA

NA

28.47

0.22

2.15

0.20

0.36

Burkholderiales

NA

NA

NA

NA

20.94

10.98

13.63

0.75

0.47

Sphingobacteriales

NA

NA

NA

NA

0.07

0.10

8.61

0.13

0.06

Caldisericales

NA

NA

NA

NA

0.06

0.83

7.01

0.22

0.03

Actinomycetales

NA

NA

NA

NA

0.03

0.07

6.53

0.07

0.04

Clostridiales

NA

NA

NA

NA

1.52

0.08

0.12

0.10

6.33

Anaerolineales

NA

NA

NA

NA

0.14

0.77

1.39

5.17

2.17

Cyanidiales

NA

NA

NA

NA

76.59

NA

NA

NA

35.09

Achnanthales

NA

NA

NA

NA

0.00

NA

NA

NA

15.93

Abbreviations: NA, 16S or 18S rRNA genes were not amplifiable.
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Supplemental Figures

Fig. 3.8/S1. SO42- concentrations (mg L-1) in hot spring waters plotted relative to Clconcentrations (mg L-1) in the same waters. The nine samples in this study are plotted as
white squares (RSE) and black circles (RSW) along with data derived from USGS reports
on samples collected throughout YNP during the years 2003-2013 (grey diamonds) (Ball
et al., 2006; McCleskey et al., 2014). The classification of hot spring fluid types, as
described in Nordstrom et al., 2009, are plotted for reference: hydrothermal water only
(HO), hydrothermal water with subsurface boiling (HB), meteoric water only (MO),
meteoric water with hot gas discharge (MG), and hydrothermal water with subsurface
boiling and hot gas discharge (HBG) (Nordstrom et al., 2009).
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Fig. 3.9/S2. The isotopic composition of hydrogen (δD) in hot spring waters plotted
relative to the isotopic composition of oxygen (δ18O) in the same waters. The nine
samples in this study are plotted as white squares (RSE) and black circles (RSW) along
with data derived from USGS reports on samples throughout YNP as collected from
2003-2013 (grey diamonds) (Ball et al., 2006; McCleskey et al., 2014). The global
meteoric water line (GMWL) is plotted for reference (Nordstrom et al., 2009).
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Fig. 3.10/S3. YNP hot spring samples (442 total) plotted as a function of spring water pH
and temperature (A) or total sulfide concentration (mg L-1) and temperature (B).
Evidence for photosynthesis (presence of phototrophic pigments or genes involved in
chlorophyll biosynthesis) is depicted by green diamonds while red squares depict sites
where evidence for photosynthesis was not detected. Sampling locations in RSE and
RSW hot springs are mapped on this 2-dimensional landscape and are denoted by filled
grey circles and labels. Sites RSE5 and RSW4 had evidence of photosynthesis while all
other sites in this study did not. Figure adapted from Boyd et al., 2012.
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CHAPTER FOUR
CONCLUSIONS AND FUTURE DIRECTIONS
Conclusions
In this dissertation, I aimed to understand how subsurface geological processes
influence the distribution, identity, and activities of hydrogenotrophs in hydrothermal
environments of YNP. First, using a series of geochemical proxies, I determined that H2
produced via interactions of water with crustal minerals (most likely those that comprise
ferrous iron) in the subsurface partitions into the vapor phase during decompressional
boiling of ascending hydrothermal fluids. Variable input of vapor into springs yields
substantial differences in H2 concentration, with the highest concentrations in springs
located in highly fractured bedrock near the caldera boundary and at high elevation (e.g.
greater than 2500 m). These features together are thought to facilitate gas exhalation and
migration to the surface where it can then condense with meteoric water. Based on these
data, I hypothesized that springs that are sourced with gas resulting from subsurface
phase separation, and that are concentrated near the caldera boundary and at high
elevation, are more likely to host abundant H2-dependent populations. Indeed, springs
located in the Smokejumper hot spring area, which exhibit H2 concentrations that are the
highest reported in YNP, are located near the caldera boundary, at a topographic high,
and host populations that appear to use H2 as a reductant. Similarly, microbial
populations in springs in other areas at high elevation (i.e. Washburn and Hot Spring
Basin), as well as other area of YNP that are sourced with vapor phase gases and that
share similar geological features, also appear to be able to use H2 in their energy
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metabolism at increased levels when compared with microbial populations in other
springs, as evinced by enrichment of hydrogenase proteins predicted to be capable of H2
oxidation in reconstructed genomes. The presence and expression of genes that encode
oxidative or bidirectional hydrogenases in dominant populations in one of these springs
(SJ3) suggests these populations are adapted to use H2 as an electron donor. The same is
expected to be true for populations that inhabit springs that are similarly sourced with
vapor phase gases that have mixed with near surface meteoric water (e.g., Washburn and
HSB), since they too exhibit high concentration of H2. Reducing equivalents from H2
oxidation are likely to support primary production in SJ3 as indicated by cultivation
assays and by expression of genes that encode key enzymes involved in CO2 fixation
pathways.
Overall, I suggest that lithogenic H2 sourced from hydrothermal water-rock
interactions in the subsurface of YNP is concentrated in certain geothermal areas by the
geological process of phase separation combined with geological and topographic
features that facilitate gas migration and exhalation. Springs that are sourced by vapor
phase gases have higher concentrations H2 that, in turn, select for populations capable of
using H2 as a reductant during the assembly of resident microbial communities. It is
likely that the links defined between the geological processes that generate and source
springs with H2 and the distribution of H2-dependent microbial populations in those
springs extend to other hydrothermal systems, both today and in the geological past,
where similar geological processes are thought to take place.
After determining how subsurface geological processes drive variation in H2
concentration across YNP hot springs and how these, in turn, influence the distribution of
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hydrogenotrophs in hot springs, I then focused on determining how variations in the
distribution of oxidants in YNP hot springs selects for different hydrogenotrophs and
autotrophs, and how these oxidants impact the rates of activities. Given the apparent role
of temporal variation in oxidant availability through geological time and the role of this
variation in driving the diversification of [NiFe]-hydrogenases, as outlined previously
(Boyd et al 2014, Schut et al 2016), I hypothesized that spatial variation in oxidant
availability would influence the distribution of hydrogenotrophs, their taxonomic
identity, and their activities in hot springs. I examined this hypothesis in a paired set of
springs, RSW and RSE, that are distinguished by the inferred process of phase separation.
RSE is acidic due to input of sulfide-replete vapor phase gases that can then be oxidized
to yield SO42- and protons. In contrast, RSW is circumneutral due primarily to input of
sulfide-deplete liquid phase water with a minor component of vapor phase gases due to
incomplete separation (continuous model of phase separation). RSE is enriched in SO42and Fe2+, the latter likely due to leaching of bedrock minerals by acid. The near-surface
O2-dependent oxidation of Fe2+, which itself is thought to be mediated by microbial
activity (Kozubal et al 2012), leads to enrichment in soluble and solid phase Fe3+. I found
a high abundance of hydrogenotrophs capable of metabolically coupling H2 oxidation
with Fe3+ oxidation in RSE; this metabolism was less important in RSW where Fe2+ and
thus Fe3+ was less available. Despite high concentrations of SO42-, I did not identify
abundant H2 oxidizing, SO42-reducing populations, potentially consistent with constraints
imposed by acidity (Johnson and Hallberg 2005). However in RSW, hydrogenotrophic
organisms coupled H2 oxidation with SO42-, in addition to NO32-, and S0. These
observations, when combined with data indicating that the predominant hydrogenotrophs
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in RSE and RSW differ at the domain level taxonomic rank, is consistent with
phylogenetic data that indicates a prominent role for oxidant availability in the
diversification of hydrogentrophs at the level of the [NiFe]-hydrogenase enzymes that
catalyze H2 oxidation (Boyd et al 2014, Greening et al 2016).
The geochemical composition of hot spring fluids and the precipitated minerals
that form in outflow channels of hot springs are ultimately the result of differences in
subsurface processes, namely the subsurface phase separation of fluids and interactions of
these fluids with bedrock and mixing of those fluids with oxygen-rich meteoric waters
(Amenabar and Boyd 2019). Importantly, oxidants such as Fe3+ and SO42- would not be
present in these springs and would therefore be unavailable to biology without O2 to
oxidize subsurface sourced Fe2+ and sulfide, respectively (Colman et al 2018, Kozubal et
al 2012). Thus, it is unlikely that these oxidants would have been available in significant
concentrations for biological use on early Earth prior to the emergence of oxygenic
photosynthesis and thus available to hydrogenotrophs. This is consistent with the morerecent emergence of [NiFe]-hydrogenase homologs (group 1) that allow for metabolic
coupling of H2 with these substrates when compared with other more deeply branching
[NiFe]-hydrogenases (Boyd et al 2014). In summary, this component of the study
demonstrated the importance of subsurface geological processes and their interaction
with surface processes in shaping the ecology, physiology, and evolution of
hydrogenotrophic organisms in hydrothermal ecosystems through their combined role in
controlling complex hot spring geochemistry and oxidant availability.
In addition to variation in oxidants used to support H2 metabolism, the RSE
microbial community was shown to be dominated by Archaea, whereas the RSW
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community was shown to be dominated by Bacteria. The combination of acidic pH and
elevated temperature in RSE, which tends to select for a specific group of Archaea
(Colman et al 2018, Valentine 2007), is likely to explain this marked difference in
community composition. The predominant processes that control the geochemistry and
therefore the pH of hot springs take place in the subsurface, indicating that such
processes had and continue to have a profound influence on the distribution and, by
extension, the diversification of microbial life at the highest taxonomic ranks.
Throughout this work, I show that subsurface processes exert influence on the
distribution and concentrations of H2, the structure, composition, and abundances of
chemosynthetic microbial communities that can utilize abundant and diverse H2dependent metabolisms and hydrogenases in the modern hydrothermal system in YNP.
This research indicates that the geosphere and biosphere are connected at the level of H2
in the YNP hydrothermal system. Thus, through conductance of this work I provide new
details on the link between geological processes that generate disequilibrium in substrates
that can be used to support microbial activity and productivity, with a focus on H2 and
oxidants as a model.
Future Directions
This research provides new understanding of the geomicrobiology of H2 in YNP
hot springs. However, to gain a more complete understanding of how H2 supports
primary producers in YNP hot springs, future directions could aim to identify taxa
involved in H2-dependent primary production. In my future work, I will utilize techniques
such as stable isotope probing to identify populations that fix CO2 using reductant

155
supplied by lithogenic H2. Therefore, I will be able to link CO2 fixation with H2 oxidation
at a taxonomic level, determine the identities and functions associated with key
hydrogenotrophic primary producers, and determine how H2 directly supports primary
producers of chemosynthetic communities in Yellowstone. Future directions for this
research could also determine how different oxidants affect rates of biological in situ H2
oxidation, and how the enzymes and pathways of active H2 cycling organisms in hot
springs are utilized in H2 oxidation.
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Abstract
Little is known of how mixing of meteoric and geothermal fluids supports
biodiversity in non-photosynthetic ecosystems. Here, we use metagenomic sequencing to
investigate a chemosynthetic microbial community in a hot spring (SJ3) of Yellowstone
National Park that exhibits geochemistry consistent with mixing of a reduced volcanic
gas-influenced end member with an oxidized near-surface meteoric end member. SJ3
hosts an exceptionally diverse community with representatives from ~50% of known
higher-order archaeal and bacterial lineages, including several divergent deep-branching
lineages. A comparison of functional potential with other available chemosynthetic
community metagenomes reveals similarly high diversity and functional potentials (i.e.,
incorporation of electron donors supplied by volcanic gases) in springs sourced by mixed
fluids. Further, numerous closely-related SJ3 populations harbor differentiated
metabolisms that may function to minimize niche overlap, further increasing endemic
diversity. We suggest that dynamic mixing of waters generated by subsurface and nearsurface geological processes may play a key role in the generation and maintenance of
chemosynthetic biodiversity in hydrothermal and other similar environments

Introduction
Mixing of subsurface- and surface-derived fluids defines Earth’s habitable (or
critical) zone, which represents the outermost layers of the continental crust that are
affected by atmospheric, geological, and hydrological processes. The most studied
portions of the critical zone are in the near-surface (vadose zone) that are heavily
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influenced by photosynthetic productivity. However, the critical zone extends empirically
to depths up to ~5 km (Moser et al 2005) and could extend to depths exceeding 12 km
(Kieft 2016) where influences from photosynthesis are likely to be minimal and where
life is likely constrained by a combination of high temperature and nutrient or energy
limitation (Hoehler 2004, LaRowe et al 2017). Numerous studies have documented the
presence of microbial communities in subsurface environments (Moser et al 2005, Stetter
et al 1993, Stevens and Mckinley 1995, Takai et al 2001); however, little is known of
how the confluence of subsurface and surface-associated processes promotes the
generation and maintenance of biodiversity in subsurface, chemosynthetic systems. This
is due largely to difficulties in accessing these ecosystems and isolating fluid types that
source these environments.

Continental hydrothermal systems integrate waters from the deep subsurface and
surface to generate extraordinarily diverse geochemical compositions in accessible
terrains (Shock et al 2010). At temperatures > ~70°C in circumneutral to alkaline (pH >
6.5) springs or > 54°C in acidic (pH < 3.5) springs, photosynthesis is excluded and
microbial life is supported by chemosynthesis (Boyd et al 2012). At first order, extremes
in temperature constrain microbial diversity in chemosynthetic hot springs (Colman et al
2018, Miller et al 2009). However, studies conducted in thermal springs have revealed
chemosynthetic communities that are exceptionally diverse (Barns et al 1994, Hugenholtz
et al 1998, Inskeep et al 2013), while others have revealed communities that comprise as
few as one or two populations, despite similar spring temperatures (Inskeep et al 2013).

180
These discrepancies suggest geochemical controls on the generation and maintenance of
chemosynthetic hot spring community biodiversity.

Thermal springs have served as integral platforms for examining the role of
geochemical variation in shaping microbial diversity and have provided new insights into
novel forms of microbial life and the processes that sustain this life (Inskeep et al 2013,
Meyer-Dombard et al 2005, Spear et al 2005). Indeed, some of the earliest environmental
studies of uncultivated microbial diversity were conducted in thermal springs like
Obsidian Pool, Yellowstone National Park (YNP), Wyoming, leading to the recognition
of dozens of new archaeal and bacterial taxonomic divisions from this single spring
(Barns et al 1994, Hugenholtz et al 1998). Likewise, recent environmental genomic
surveys from YNP hot spring communities have yielded new insights into the genomic
and physiological diversity of uncultivated lineages including those thought to represent a
missing link to proto-Eukaryotes (Zaremba-Niedzwiedzka et al 2017), those that serve as
analogs to cosmopolitan subsurface taxa (Baker et al 2016), and have provided insights
into some of the smallest known microbial symbionts (Wurch et al 2016). Many of these
newly described lineages contribute to our understanding of the physiological limits of
life on Earth (Colman et al 2018, Valentine 2007) and have served as analogs for
understanding the capacity for life in the deep subsurface of Earth (Colman et al 2017).
Yet, little investigation has been conducted to discern how the generation and
maintenance of such diversity is related to the geological processes that influence
geochemical variation in hydrothermal systems. In other words, considerable research has
attempted to identify what types of diversity are present in hydrothermal systems, but
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little attention has been directed towards understanding how the diversity arises and how
it is differentially promoted across spring types.

The geochemistry of hot spring waters is controlled by interaction between
subsurface and surface geologic processes (Fournier 1989). Paramount among these is
separation of waters into a gas-poor, circumneutral liquid phase that is enriched in nonvolatile solutes (e.g., Cl-) and a gas-rich vapor phase that is enriched in reduced gases
such as H2S, CH4, and H2 (Bergfeld D. et al 2014, Fournier 1989, Nordstrom et al 2009).
Gas-rich vapor can condense and mix with O2-rich meteoric waters as it ascends to the
surface, promoting the oxidation of H2S and the subsequent generation of acidic springs
(Nordstrom et al 2009, Nordstrom et al 2005). Broadly these two geothermal fluids result
in two geothermal end member water types with circumneutral (pH ~6.5-7.5) and acidic
(pH ~2.5-3.5) pH (Nordstrom et al 2009, Nordstrom et al 2005). These two geothermal
water types, along with precipitation-derived or meteoric waters, represent three end
member water compositions that broadly define hot spring geochemistry (Nordstrom et al
2009). The microbial communities associated with these end member compositions have
been characterized extensively (Amenabar et al 2015). However, dynamic mixing of
these end members can generate spring waters that are intermediate in composition
between the end member waters described above (i.e., pH ~4.0 ~ 6.0). Far less is known
about the microbial communities inhabiting springs sourced by mixed end member
waters.
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Here, we describe a hyperdiverse chemosynthetic thermal spring community from
YNP termed 'Smokejumper 3' (SJ3; pH=5.4, T=61.9°C), which hosts an extensive
diversity of archaeal and bacterial lineages. The geochemical composition of SJ3 waters
represent an extreme example of mixing of a reduced vapor phase-influenced water
enriched in volcanic gases with oxidized near-surface meteoric water. Many of the
lineages in SJ3 have not previously been characterized via genomic analyses, nor have
several identified functionalities (e.g., methanogenesis) been previously identified in the
lineages that are present within the SJ3 community. Comparison of the SJ3 metagenome
with other available YNP chemosynthetic metagenomes indicates that spring waters with
geochemical compositions underpinned by similar geological processes also host
exceptionally diverse microbial communities that are functionally similar to that of SJ3.
The results are discussed in the context of how dynamic spatial and temporal mixing of
water compositions likely support and maintain biodiverse chemosynthetic communities
in hydrothermal settings.

Results
Geologic and geochemical context of Smokejumper geyser basin.
The Smokejumper geyser basin (SJGB) is located in Southwestern Yellowstone
National Park (YNP), Wyoming, at a topographic high in the Summit Lake Rhyolite
(lava) Flow (Fig. 1). The SJGB is also located at high elevation, and near the continental
hydrological divide of the Americas and on the edge of the Yellowstone caldera
boundary (Fig. 1), where extensive faulting and fracturing of volcanic bedrock is thought
to promote the release of gases that were exsolved during subsurface phase separation
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(Christiansen 2001). SJ3 is a gas-rich, hydrothermal spring located within the SJGB (N
44°24'57.42"; W -110°57'20.76"). SJ3 waters exhibit low conductivity (0.42 mS,
Supplementary Figure 1) and a pH of 5.4 (Supplementary Figure 2), characteristics that
have been suggested to result from mixing of vapor phase gas-influenced waters with
meteoric waters (Amenabar et al 2015, Boyd et al 2010). Moreover, the very low chloride
concentrations measured in SJGB springs (~1.0 – 1.1 mg L-1) (Bergfeld et al 2014)
suggest minimal to no input of waters from the deep hydrothermal reservoir (Fournier
1989, Nordstrom et al 2009), while SO42- concentrations are elevated (~54-70 mg L-1;
Supplementary Figure 3) relative to meteoric waters (Bergfeld et al. 2014), likely due to
the oxidation of vapor phase-sourced sulfide (Supplementary Figure 3). Taken together,
the low conductivity, slightly acidic pH, low Cl-, and moderate levels of SO42- suggests
low residence time of meteoric waters. Phase separated volcanic gas-influenced
geothermal fluids are often enriched in H2, CO, and short chain alkanes due to interaction
between geothermal fluids and ferrous iron containing minerals in bedrock during
ascension of the gases and waters to the surface (Bergfeld et al 2014). Consistent with
this observation, dissolved H2 and CH4 concentrations in springs of the Smokejumper
geyser basin are among the highest concentrations reported in hot spring waters in YNP
(Bergfeld et al. 2014).

High taxonomic and functional diversity of the SJ3 community.
Assembly of contigs from the SJ3 metagenome (~61 Gbp of reads, 278 Mbp
assembled length, Supplementary Table 1) and subsequent binning of genomes into
metagenome assembled genomes (MAGs) based on tetranucleotide frequencies and
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coverage profiles resulted in 108 draft MAGs. Of these 108 MAGs, 82 were estimated to
be > 50% complete and exhibited < 7% contamination, meeting currently accepted
criteria as medium to high quality draft MAGs (Bowers et al 2017) (Fig. 2,
Supplementary Data 9). Populations closely related to the chemolithoautotrophic
H2S/S2O3-/S0 oxidizing Sulfurihydrogenibium yellowstonense (phylum: Aquificae) and
chemoheterotrophic S0/S2O3-/SO32- reducing Caldisericum exile(Mori et al 2009)
(phylum: Caldiserica; formerly candidate division OP5) dominate the community (~15%
relative abundance each; Supplementary Data 9), which is consistent with the prevalence
of Sulfurihydrogenibium populations in weakly acidic YNP hot springs (Mitchell 2009).
The remainder of the genomes comprised diverse low abundance populations with 10 and
23 archaeal order/phylum-level and bacterial phylum-level groups present, respectively,
and with multiple representatives within many of the groups (Fig. 3, Supplementary Data
9).

Populations within the SJ3 community represented ~50% of the known higherorder lineages within both Archaea (order/class level) and Bacteria (phylum level) (Fig.
3). This level of diversity is particularly high for chemosynthetic hydrothermal system
sediment/water communities that have previously been shown to typically comprise only
a few lineages (Colman 2015, Colman et al 2016, Inskeep et al 2013). Further, SJ3
genomes contributed 8% of the branch length to both archaeal and bacterial phylogenetic
trees inclusive of all the major lineages for each domain. While the total branch length
and taxonomic breadth within a phylogeny is dependent on i) the taxa that are included in
the analysis, ii) lineage representation in available databases, and iii) lineage definitions
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that can be controversial (Hug et al 2016, Parks et al 2018), these analyses nevertheless
suggest that this hot spring community is hyperdiverse at the taxonomic and phylogenetic
levels when compared to previously analyzed hot spring communities.

A number of the lineages observed in SJ3 are underrepresented in other hot
springs (Boyd et al 2013, Colman 2015, Colman et al 2016, Inskeep et al 2013, Mitchell
2009, Xie et al 2014), including many that have only rarely been observed in YNP hot
springs such as the Candidatus (Ca.) ‘Acetothermia', Archaeoglobales, Ca.
'Bathyarchaeota', Deep sea Hydrothermal Vent Euryarchaeota group 2 (DHVE2),
DPANN-related lineages, Ca. 'Hadesarchaea', Thaumarchaeota, and Ca.
'Verstraetarchaeota', among others. Phylogenomic reconstructions indicate that several
SJ3 MAGs represent the currently deepest-branching genomic representatives of Ca.
'Aigarchaeota', Korarchaeota, Thaumarchaeota, Ca. 'Bathyarchaeota', Ca.
'Verstraetarchaeota', and the DHVE2 (Supplementary Data 1), suggesting that they may
provide new insight into the divergence of these archaeal groups. Indeed, several of these
deep-branching lineages belong to monophyletic clades that are phylogenetically distant
from other characterized members of their respective lineages (e.g., as in the
Thaumarchaeota, Korarchaeota, and Ca. 'Aigarchaeota'), and thus may comprise lineages
distinct from those indicated in Fig. 3.

End member fluid mixing and chemosynthetic diversity.
To investigate whether the functional coding potential within the SJ3 metagenome
was high among chemosynthetic YNP hot spring communities in general, protein family
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diversity was compared among SJ3 and publicly available YNP chemosynthetic spring
community metagenomes. Rarefaction analysis and random subsampling of protein
families in chemosynthetic communities from SJ3 and other publicly available YNP hot
spring communities (n=48; Supplementary Data 10) revealed that the SJ3 community
comprises one of the highest levels of protein diversity among metagenomically
characterized chemosynthetic YNP spring communities (Fig. 4). This result held with
increasing subsampling depth (Fig. 4) indicating that the deep sequencing of SJ3
(298,127 proteins in the analysis) did not inflate protein family diversity relative to lessthoroughly characterized YNP metagenomes (e.g., those produced with Sanger
sequencing). Indeed, several metagenomes generated from less total sequence when
compared to SJ3 yielded similarly high levels of protein diversity even when compared at
the level of only 10,000 subsampled proteins (Fig. 5a; Supplementary Data 10). Two of
these metagenomes, 'Obsidian Pool Prime', and 'Washburn Spring', were produced with
Sanger sequencing (Inskeep et al 2013) and comprised > 2 orders of magnitude less
assembled sequence data than SJ3, suggesting that sequencing effort, per se, did not
preclude comparisons of overall protein diversity when selecting random subsets of
rarefied proteins from each metagenome.

A significant linear relationship (adjusted R2 = 0.33, p < 0.001, n=41; Fig. 5) was
observed when comparing protein coding gene diversity (after subsampling at 10,000
random proteins) against the ratio of SO42-/Cl- of waters in springs where these data were
available (Supplementary Data 10). Spring waters with elevated SO42-/Cl- ratios, such as
SJ3, are interpreted to reflect mixing of vapor phase (contributing elevated SO42- from
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H2S oxidation) with near surface meteoric waters that lack significant Cl- input from the
deeply-sourced hydrothermal reservoir (Nordstrom et al 2009). Conversely, spring waters
with low SO42-/Cl- ratios are indicative of less input of vapor phase and are interpreted to
reflect input from the deep hydrothermal reservoir (Markusson and Stefansson 2011,
Nordstrom et al 2009). The large amount of variation unaccounted for in the linear model
can be attributed to the role of other variables and processes that are unaccounted for in
this model that may influence the functional diversity of spring communities. This
includes temperature and the temporal dynamics of the spring, both of which have been
suggested to influence the biodiversity of thermal springs (Cole et al 2013, Colman et al
2016, Costa et al 2009, Miller et al 2009). Regardless, the prevalence of higher protein
coding gene diversity in communities inhabiting springs that are sourced by mixing of
end member fluids indicates that this process promotes functional diversity in thermal
springs, and likely also contributes to the elevated taxonomic diversity observed in these
springs (Barns et al 1994, Hugenholtz et al 1998). Consistent with this interpretation,
several of the communities that encoded higher protein coding gene diversity than SJ3,
and which had published geochemical information on spring waters (i.e., 'Washburn
Spring', 'Obsidian Pool Prime', and Obsidian Pool (sensu stricto)), all shared similar
attributes with SJ3 including hosting waters with similar pH, high SO42-, and low Clconcentrations (Fig. 5, Supplementary Data 10). This observation suggests that the
geologic processes that define the geochemical composition of these spring types (i.e.,
end member water mixing) is potentially also involved in supporting and maintaining the
high levels of taxonomic and functional biodiversity in these springs.

188
While the role of geothermal fluid mixing in supporting community diversity has
not been extensively investigated in continental hydrothermal systems, several
investigations of marine hydrothermal vent systems suggest that fluid mixing influences
the diversity of vent communities (Huber et al 2002, Huber et al 2003, Nakagawa et al
2005, Schrenk et al 2003). Indeed, mixing of high temperature hydrothermal fluids
(>200oC) with cold seawater promotes chemical disequilibrium in redox reactions that
can support microbial metabolism (McCollom and Shock 1997), likely leading to
increased niche space capable of supporting higher diversity. Although there is
considerable evidence that mixing of hydrothermal fluids with seawater influences
community diversity, to the best of our knowledge, an explicit comparison of marine
hydrothermal vent community diversity levels with chemical proxies that can be used to
deduce the extent of fluid mixing has not been conducted. Nevertheless, recent
metagenomic analyses have revealed high levels of metabolic and taxonomic diversity in
marine sediments within environments hosting fluids that are reflective of considerable
hydrothermal fluid/seawater mixing at the Juan de Fuca Ridge Flank (Jungbluth et al
2017), as well as in the Guaymas Basin (Dombrowski et al 2017). Consequently, it is
likely that mixing of end member fluids leads to similar ecological outcomes in both
marine and continental hydrothermal systems.

Subsurface-sourced gases support SJ3 community metabolism.
To compare SJ3 functional potential to other chemosynthetic YNP metagenomes
and investigate the links between geothermal fluid mixing and SJ3 metabolic diversity,
the metabolic protein-coding differences between SJ3 and a subset (n=14) of available
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YNP metagenomes were compared. The encoded protein complements involved in
energy metabolism in SJ3 populations were like those from 'Obsidian Pool Prime'
(OPP_17) and 'Washburn Spring' (WS_18). Together, these communities formed a
distinct cluster in a PCoA ordination of inferred protein composition dissimilarities (Fig.
6a). The encoded proteins that separated these three springs (particularly SJ3) from other
springs analyzed included [NiFe]-hydrogenases (F420 hydrogenase, Frh; NADP-coupled
hydrogenase, Hyh; bidirectional hydrogenase, Hox), carbon monoxide dehydrogenase
(Coo), carbonic anhydrase (Cah), formate dehydrogenase (Fdh), and those associated
with methanogenesis/anaerobic alkane oxidation (methyl coenzyme-M reductases, Mcr;
tetrahydromethanopterin S-methyltransferase, Mtr; formylmethanofuran dehydrogenase,
Fwd) (Fig. 6b, Supplementary Data 3). In addition, genes encoding homologs of acetate
kinases (Ack) and acetate synthases (Acs) putatively involved in acetogenesis (Ragsdale
and Pierce 2008) were also among the more enriched protein coding genes in SJ3.

Genes encoding putative Mcr proteins were identified in SJ3 MAGs associated
with the Ca. 'Verstraetarchaeota' (SJ3.Bin27 and SJ3.Bin82.1.1) and Archaeoglobales
(SJ3.Bin34). Mcr protein homologs have been recently identified in MAGs of putatively
methanogenic (or alkanotrophic) lineages outside of the canonical euryarchaeotal
methanogen groups, including representatives of the Ca. 'Bathyarchaeota' and Ca.
'Verstraetarchaeota' (Evans et al 2015, Vanwonterghem et al 2016). Unlike previous
analyses of Ca. ‘Bathyarchaeota’ from coal bed methane wells (Evans et al 2015), no
evidence for methanogenesis or methanotrophy was identified in the five
phylogenetically distinct (Supplementary Data 1) Ca. ‘Bathyarchaeota’ MAGs that were
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present in the SJ3 community. Regardless, the enrichment of genes coding for proteins
putatively involved in the metabolism of substrates that are abundant in volcanic gases
(e.g., H2, CH4 or other alkanes, CO), and that are particularly abundant in SJ3 (Bergfeld
et al. 2014), is consistent with the SJ3 community being adapted to take advantage of
these substrates as electron donors and/or carbon sources. Many of the genes coding for
the above-mentioned functionalities were also enriched in the ‘Obsidian Pool Prime' and
'Washburn Spring' metagenomes (Fig. 6b, Supplementary Data 3), which are likely to be
sourced by vapor phase-influenced waters (and/or subsurface-sourced gases) mixing with
meteoric waters, based on similar geochemical profiles as SJ3 (Inskeep et al 2013, Shock
et al 2005) (Fig. 5, Supplementary Data 10).

Metabolic differentiation also promotes high diversity.
The detection of closely related genome bins within the diverse SJ3 community
prompted investigation of putative ecological mechanisms that may contribute to the
maintenance of such high levels of diversity in mixed fluid systems and whether such
diversity could be related to the process of end member fluid mixing. Specifically, we
sought to determine whether metabolic differentiation of taxa (i.e., the minimization of
niche overlap) belonging to the same higher-order taxonomic groups allows for
population coexistence. Comparison of archaeal and bacterial populations belonging to
the same lineages (and exhibiting > 75% completeness) were conducted for ten archaeal
taxonomic groups (Ca. ‘Aigarchaeota’, Archaeoglobales, Ca. ‘Bathyarchaeota’,
Desulfurococcales, Korarchaeota, Thaumarchaeota, Thermoplasmata, Thermoproteales,
and Ca. ‘Verstraetarchaeota’), and seven bacterial groups (Acidobacteria, Ca.
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‘Aminicenantes’, Deltaproteobacteria, Dictyoglomi, Spirochaetes,
Thermodesulfobacteria, and Dictyoglomi-like unclassified Bacteria) (Supplementary
Data 9). Comparisons of G+C% content, coverage profiles, and phylogenetic distances
among MAGs indicated that they represent distinct populations and were not artefacts of
the genome binning approaches used here (Supplementary Data 4, Supplementary Data
5).

We first hypothesized that closely related MAGs that are differentiated due to the
loss or acquisition of traits should exhibit a greater level of difference in the composition
of metabolism-related protein coding genes relative to genetic processing protein coding
genes. To test this hypothesis, we first compared differentiation in encoded proteins
among genomes that were annotated within the KEGG category of 'metabolism' (which
primarily comprises proteins involved in energy conservation) versus differentiation of
encoded proteins among genomes involved in 'genetic information processing'. A greater
extent of differentiation of metabolism-related proteins relative to genetic processing
proteins was observed in all but one (Dictyoglomi SJ3.Bin31.1.2 vs. SJ3.Bin76.1.7) of
the 49 pairwise comparisons, suggesting that metabolic differentiation was ubiquitous
among SJ3 populations that belonged to the same taxonomic lineage (Fig. 7a).

Further comparison of the functional potentials among MAGs within the same
taxonomic group indicates that closely related taxa are differentiated at the metabolic
level, potentially allowing for their co-existence and the maintenance of high levels of
diversity in SJ3 (Fig. 7). For example, a single Archaeoglobales-related MAG
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(SJ3.Bin34; 98.7% estimated completeness) with the putative capacity for
methanogenesis, methanotrophy, or higher chain alkane oxidation (Supplementary Figure
4, Supplementary Data 6), co-occurred with other Archaeoglobales (SJ3.Bin61; 89.5%
estimated completeness) that exhibited metabolic potential that was more typical of other
Archaeoglobales (i.e., sulfate/sulfite reduction/thiosulfate reduction (Garrity and Holt
2001); Fig. 7c; Supplementary Data 6). The SJ3.Bin34 and SJ3.Bin61 MAGs are closelyrelated phylogenetically, and encode proteomes that are 72% + 13% identical at the
amino acid level, suggesting that they likely belong to the same family- or genus-level
clade (Konstantinidis and Tiedje 2005). SJ3.Bin34 forms an outgroup to SJ3.Bin61 and
another unpublished MAG from a Chinese hot spring (Archaeoglobus sp. JZ bin_24;
IMG genome ID: 2721755890). However, genes coding for proteins involved in
methanogenesis or anaerobic alkane oxidation (e.g., McrAGCDE), in addition to
numerous other methanogenesis-related accessory proteins, are only present in the
SJ3.Bin34 MAG (Fig. 7c; Supplementary Figures 4 and 5, Supplementary Data 6).
Conversely, genes coding for key proteins involved in sulfate/sulfite/thiosulfate reduction
(AprAB, DsrAB) are present in the SJ3.Bin61 MAG, but not that of SJ3.Bin34.

Intriguingly, the SJ3.Bin34 McrA homolog forms a basal lineage to Ca.
'Verstraetarchaeota' McrA homologs identified here and elsewhere (Vanwonterghem et al
2016) (Supplementary Figure 6). Given that the SJ3.Bin34/SJ3.Bin61/JZ bin_24 clade is
nested within other well-characterized sulfate/sulfite/thiosulfate-reducing
Archaeoglobales (Fig. 7c), the genetic capacity for putative methane or alkane
metabolism was either horizontally acquired in the SJ3.Bin34 lineage from a yet to be

193
identified source, or otherwise retained as an ancestral trait that was lost in other
Archaeoglobales. Methylotrophic methanogenesis has been hypothesized in the Ca.
'Verstraetarchaeota'(Vanwonterghem et al 2016), although the lack of cultivation
information precludes definitive assignment of this functionality. However, the
phylogenetic association of the Archaeoglobales/ Ca. 'Verstraetarchaeota' McrA
homologs with McrA homologs from hydrogenotrophic methanogens such as
Methanopyrus, Methanobacteriales, and Methanococcales (Garcia et al 2000)
(Supplementary Figure 6), leads us to cautiously speculate that the SJ3 Archaeoglobales
population represented by the SJ3.Bin34 MAG may be involved in hydrogenotrophic
methanogenesis. This assertion is consistent with the lack of protein homologs necessary
for methylotrophic methanogenesis (Supplementary Data 6), and the presence of protein
homologs necessary for hydrogenotrophic methanogenesis (Supplementary Figure 4).
Nevertheless, here and in other comparisons, it is possible that the lack of genome
completeness could lead to the apparent absence of some functional gene homologs.
However, this is unlikely for the SJ3.Bin34 MAG owing to its high estimated
completeness (~99%) and other lines of evidence suggesting the potential for
hydrogenotrophic methanogenesis. The capacity to produce small amounts of CH4 in
vitro has been previously documented for Archaeoglobus fulgidus (Achenbach-Richter et
al 1987), despite that Mcr protein coding genes have not been previously observed in the
genome of A. fulgidus or other published Archaeoglobales isolates or genomes. Thus,
while other Archaeoglobales may be able to generate minor amounts of CH4 in vitro, it
must necessarily be via a mechanism unlike that of the energy conservation pathway in
methanogens and potentially also the population represented by SJ3.Bin34. Regardless,
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this apparent transfer or retention of ancestral Mcr homologs in the Archaeoglobales
lineage has likely allowed it to inhabit an available niche whose dimensions are defined
by variable input of volcanically sourced gases such as H2, CO2, CH4 or short-chain
alkanes.

Potential metabolic differentiation was also observed in Ca. ‘Verstraetarchaeota’
MAGs (n=4) wherein genes encoding McrABG were identified in later diverging Ca.
‘Verstraetarchaeota’ MAGs (SJ3.Bin27 and SJ3.Bin82.1.1; Supplementary Figure 7) but
were absent in earlier-diverging lineages represented by the MAGs SJ3.Bin21 and
SJ3.Bin40 (Supplementary Data 7). The only published evidence of functional potential
in the Ca. 'Verstraetarchaeota' derives from MAGs recovered from anaerobic digesters
(Vanwonterghem et al 2016), wherein these populations were hypothesized to be capable
of methylotrophic methanogenesis due to the presence of protein coding genes necessary
to utilize methanol (MtaA; [methyl-Co(III) methanol-specific corrinoid
protein]:coenzyme M methyltransferase), methylamines (MtbA; [methyl-Co(III)
methylamine-specific corrinoid protein]:coenzyme M methyltransferase, MtmB;
methylamine-corrinoid protein Co-methyltransferase, MtbC; dimethylamine corrinoid
protein), or methanethiols (MtsA; methylated-thiol-coenzyme M methyltransferase).
Methylotrophy-associated homologs were present in SJ3.Bin27 (MtaA, MttC;
trimethylamine corrinoid protein, MtmB) and SJ3.Bin82.1.1 (MtaA, MttC, MtmB, MtbC)
(Supplementary Data 7), suggesting a similar metabolic potential as those described
previously. In contrast, none of the above homologs were identified in SJ3.Bin21 or
SJ3.Bin40, or other closely related, earlier-diverging Ca. ‘Verstraetarchaeota’ (Fig. 7e).
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This suggests relatively recent metabolic differentiation of the SJ3 Ca.
‘Verstraetarchaeota’ populations, potentially allowing them to capitalize on available
CH4, short-chain alkanes, or methylated compounds in SJ3 (Fig. 7e). Moreover, the
capacity for carbon monoxide (CooS) or formate (FdhF) utilization was variously
distributed within SJ3 Ca. ‘Verstraetarchaeota’ population MAGs, in addition to the
metabolism of hydrogen through a variety of [NiFe]-hydrogenase isoforms encoded in
these genomes (Peters et al 2015), further indicating widely disparate physiological
potential among the SJ3 Ca. ‘Verstraetarchaeota’ populations (Fig. 7e; Supplementary
Data 7).

In addition to the two lineages discussed above, three phylogenetically distinct,
deeply-branching Thaumarchaeota-related MAGs were recovered from SJ3 with > 75%
estimated completeness (and two others > 50% complete). None of these MAGs encoded
proteins allowing for the oxidation of ammonium (Supplementary Data 8), a trait that has
thus far typified many Thaumarchaeota cultivars and genomes (Brochier-Armanet et al
2012). Rather, these deeper-branching SJ3 thaumarchaeotes (SJ3.Bin56, SJ3.Bin70)
harbored the functional capacity to consume or produce H2 via the activity of [NiFe]hydrogenase isoforms predicted to be involved in reversible H2 transformation (e.g.,
group 3d and 4 enzymes; Fig. 7g; Supplementary Data 8) (Peters et al 2015). Conversely,
genes coding for carbon monoxide dehydrogenase (CoxL) and thiosulfate
sulfurtransferase (Tst) suggests the ability to use CO and S2O3- as electron donors,
respectively, in the population represented by the SJ3.Bin66 MAG (and other laterdiverging thaumarchaeotes). Genes encoding these proteins were absent in the deeper-
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branching thaumarchaeote MAGs. This observation coupled with the presence of NADH
dehydrogenase (Nuo) subunit homologs in later evolving thaumarchaeotes that were
absent in the earlier-evolving genomes suggests an overall shift in mechanisms allowing
for respiration in these lineages (Schut et al 2016). This may represent a transition from
anaerobic metabolisms of earlier-diverging Thaumarchaeota to aerobic metabolisms
within later-evolving Thaumarchaeota. The presence of genes encoding proteins in the
earlier-evolving thaumarchaeote MAGs that are involved in methanogenesis including
HdrABC (heterodisulfide reductase) and MttB (trimethylamine methyltransferase)
subunits (which are involved in methylotrophic methanogenesis in the
Methanomassiliicoccales, and potentially in the Ca. 'Verstraetarchaeota' (Poulsen et al
2013, Vanwonterghem et al 2016)) further highlight these evolutionary shifts. However,
the lack of other necessary protein complements for methanogenesis (e.g. Mcr, Mtr, Fwd)
in these two thaumarchaeote MAGs (inclusive of SJ3.Bin56) suggests that they are
unlikely to be involved in methylotrophic methanogenesis (Supplementary Data 8).

These observations, taken together, suggest that phylogenetically similar
populations within SJ3 are metabolically differentiated in a manner that is likely related
to selective pressure to diversify into new niches made available by the distinctive
environment of SJ3 and other similar hydrothermal environments. Thus, metabolic
differentiation and subsequent habitation of environmental niches created by dynamic
mixing of volcanic gas-enriched hydrothermal fluids and meteoric waters may also help
explain the high level of diversity that is present in SJ3 relative to other chemosynthetic
hot spring communities. The data presented here suggests that much of this
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differentiation can be linked to diversification to take advantage of lithogenically-sourced
compounds in SJ3 waters made available by variable mixing of end member geothermal
fluid types that characterize hot spring environments.

Discussion
Hydrothermal springs with pH values between 4.0-6.0 are understudied microbial
ecosystems relative to other hydrothermal spring types. The pH of these springs reflects
underlying geothermal fluid mixing processes wherein volcanic gas phase-influenced end
member waters mix with near-surface sourced meteoric waters and/or deeply-sourced
hydrothermal fluids, resulting in weakly acidic spring waters. We suggest such conditions
promote and maintain extensive disequilibria in oxidation-reduction reactions that
support distinctively high chemosynthetic microbial biodiversity relative to other springs
that reflect minimal or no mixing of fluid types. Although little studied in continental
hydrothermal systems, considerable evidence exists for the influential role of
hydrothermal and seawater mixing on deep-sea vent microbial diversity. Chemosynthetic
communities within intermediate pH springs across YNP are similar in microbial
taxonomic and functional compositions suggesting that such water mixing regimes
generally selects for and sustains unique and exceptionally diverse microbial
chemosynthetic communities. Several lineages of microorganisms with inferred
metabolisms not observed previously in those lineages suggests that such conditions
might also even promote the emergence of new biodiversity. This metabolic
differentiation functions to minimize niche overlap while maximizing the use of available
nutrients (particularly gases), further promoting increased biodiversity in these settings.
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Taken together, these results provide new understanding of how geologic settings lead to
fluid mixing dynamics that then sustains high chemosynthetic community biodiversity
and may also lead to the generation of new chemosynthetic biodiversity. Moreover, these
data provide important context for understanding the role of subsurface and near-surface
water mixing in promoting chemosynthetic biodiversity in geothermal systems, and other
similar environments, including the subsurface of Earth today and in pre-photosynthetic
ecosystems of early Earth.

Methods
Sampling, metagenomic sequencing, and data processing.
Sediment samples for community analyses were collected from SJ3 spring on July
22, 2014. Spring temperature and pH were measured with a portable pH meter and a
temperature-compensated probe (WTW 3100; WTW, Weilheim, Germany). Water
conductivity was measured using a temperature-compensated probe (YSI EC300; YSI
Inc. Yellow Springs, Ohio). Triplicate sediment samples (~250 mg) were collected
sterilely, immediately frozen on dry ice, and transported back to the laboratory on July
22, 2014. DNA was extracted from triplicate sediment samples (~250 mg each) using the
Fast DNA Spin Kit for Soil (MP Biomedicals, Irvine, CA) following the manufacturer’s
instructions as conducted previously (Hamilton et al 2013). Equal volumes of triplicate
DNA extracts were then pooled for further analyses.

Whole community shotgun metagenomic sequencing was conducted on total
genomic DNA from SJ3 sediments (~5 ng total). Paired-end sequencing (2 x 250 bp) was
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conducted at the Genomics Core Facility at the University of Wisconsin-Madison on the
Illumina Hiseq 2500 Rapid platform. Fragmented DNA was prepared using the Illumina
Nextera DNA library preparation kit (Illumina, San Diego, CA, USA) according to the
manufacturer’s protocols. Reads were quality trimmed and cleaved of Illumina
sequencing adapters using Trimmomatic v.0.35(Bolger et al 2014) and the following
parameters: LEADING:3, TRAILING:3, SLIDINGWINDOW:4:15, and MINLEN:36.
MEGAHIT v.1.1.1(Li et al 2015) was used to assemble the quality-filtered reads into
contigs using a range of k-mer values (21, 29, 39, 59, 79, 99, 119, and 141) and default
parameters. MetaQUAST v.3.2(Mikheenko et al 2016) was then used to assess the
quality of the assemblies and a final assembly was chosen using a k-mer size of 141. Raw
reads were aligned and mapped to the final contigs using Bowtie2 (Langmead and
Salzberg 2012).

Contigs (> 2.5 kbp) from the highest quality assembly (k-mer size=141) were
binned into draft metagenome-assembled-genomes using unsupervised binning in
MetaBAT v.0.26.3 (Kang et al 2015) based on tetranucleotide frequency distribution
patterns and differential sequence coverage profiles with the “verysensitive” parameter
settings. Draft genome bins were then assessed for quality, contamination, and
completeness using CheckM v.1.0.5 (Parks et al 2015). Manual curation of bins was
conducted using several methods to improve the quality of bins that appeared to represent
multiple populations based on marker gene ‘contamination’ estimates. First, ‘outlier’
contigs that were defined as outside of 95% of the distributions for tetranucleotide word
frequency distance, G+C content, or coding density of each genome bin were removed
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using CheckM. Second, genome bins that clearly consisted of multiple populations were
re-binned using MetaBAT specifying increasingly more stringent sensitivity parameters,
until ‘contamination’ in each bin was minimized. Contigs in each bin were also surveyed
for obvious coverage or G+C% value deviations from the majority of the bin’s contigs.
Only medium-high quality draft genome bins are included in the analyses presented here
(> 50% complete, < 7% contamination).

Gene prediction and annotations were then conducted using Prodigal v.2.6.3
(Hyatt et al 2010) as implemented in Prokka v.1.11 (Seemann 2014) using the default
parameters, or, as implemented in CheckM using the default parameters. To compare the
robustness of genome bin assignments, additional binning was performed using the
unsupervised binning program CONCOCT v.0.4.1 (Alneberg et al 2014), and the quality
of the CONCOCT bins were assessed as described above. The MetaBat- and
CONCOCT-produced bins were compared against one another to assess the reliability of
genome bin differentiation within and between the two methods. In some cases, the
completeness of genome bins that were estimated to be abundant (> 1.0% estimated
relative abundance) exhibited low completeness, as is common in deep metagenomic
sequencing of environmental genomic DNA. Improvement in the quality of these bins
was attempted by recruiting contigs to genomes that were publicly available or were
available from other in-house metagenomes and shared high marker protein identity to
the low-completeness bins. Contig recruitment was conducted with the MG Wrapser tool
(https://github.com/dunfieldlab/mg_wrapser) using an 80-90% identity level and 50%
alignment length, followed by extraction of quality-filtered reads mapped to the contigs
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using the Multi-metagenome package (Albertsen et al 2013). Extracted reads were then
reassembled using the Spades v.3.10.0 assembler (Nurk et al 2017), which produced
higher quality assemblies than MEGAHIT for individual populations. K-mer sizes of
21,33,55,77,99,127 and the --meta and --only-assembler options were used for assembly.
Contigs > 1,000 bp were used for these bins, as the reference-based extraction procedure
allowed for higher-quality genome assemblies. Assessment of assembly quality and
population homogeneity was conducted with MetaQUAST and CheckM, and final
genome bins were curated as described above using RefineM (Parks et al 2018) to
identify and filter outlier contigs from bins and to also employ k-means clustering to
separate bins with multiple populations on the basis of various genomic properties (e.g.,
coverage profile, tetranucleotide frequencies). Relative abundances were calculated for
individual populations following the methods of Hu et al. 2016 (Hu et al 2016), wherein
relativized coverage was first calculated for each bin by dividing total mapped reads by
total length. This measurement was then normalized to estimated genome size by
multiplying relativized coverage by estimated genome size. Finally, the relative
abundance for each population was determined as the fraction represented by each
population of the total summed coverage values.

Phylogenetic analyses.
Curated genome bins were surveyed for the presence of 104 archaeal-specific or
31 bacterial-specific single copy phylogenetic marker genes with Amphora2 (Wu and
Scott 2012). Publicly available references from genome databases (IMG and NCBI) were
downloaded based on homology searches of RpoB proteins from each bin (or ribosomal
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protein sequences if RpoB was not present) against each database. Only references with >
50% estimated completeness were included in the final trees. Each of the proteins were
aligned individually using Clustal Omega v.1.2.0 (Sievers et al 2011), and the protein
alignments were concatenated into a super matrix for each domain. The concatenated
alignments for Archaea (n=713; 55,322 informative amino acid positions) and Bacteria
(n=497; 15,290 informative amino acid positions) were subjected to Maximum
Likelihood phylogenetic analysis in RAxML v.8.2.9 (Stamatakis 2014) specifying an LG
protein substitution model and a Gamma shape distribution. The robustness of each
clade’s monophyly was assessed with 100 rapid algorithm bootstraps. Taxonomic clades
were annotated based on monophyly and previously published designations. Clades
without current genomic representation were identified based on monophyletic groupings
and branch-lengths equal-to or greater than those used to define commonly accepted
division-level designations. To assess the total branch length associated with genomes
from SJ3, the branch lengths of all taxa in the final trees were calculated using the
'distRoot' function in the 'adephylo' package for R with default settings (Jombart and
Dray 2008).

Protein family diversity and comparison to other metagenomes.
To assess the diversity of protein diversity and functionalities in SJ3 relative to
other YNP metagenomes, proteins > 50 amino acids in length from SJ3 and 47 other
YNP metagenomes publicly available in the IMG database as of 10/01/2017
(Supplementary Data 10) were clustered into protein family ‘bins’ using CD-HIT v.4.6.5
(Fu et al 2012) with the following parameter settings: -g 1 -G 0 -aS 0.8 -d 0.
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Communities were identified as 'chemosynthetic' based on previously published
information for the specific metagenomes or on the springs that were analyzed. The entire
dataset was first clustered at the 90% homology level (k=5), followed by clustering at the
60% homology level (k=4), and a final clustering step at the 30% homology level (-ce 1e6). Abundance-weighted protein bin counts were then calculated within each
metagenome, and this dataset was used in a rarefaction analysis (i.e., random selection of
increasingly larger individual proteins from each sample, and concomitant identification
of total protein bin diversity) using the mothur software package (Schloss et al 2009).
Metagenomes that appeared to be derived from non-natural samples (i.e., enrichment
cultures or synthetically derived communities) and/or potentially photosynthetic
communities based on published or other available data were excluded from the analyses.
To compare protein coding gene diversity against environmental factors, relevant
geochemical parameters (pH, temperature, SO42-, Cl-) were sought for each spring
(Supplementary Data 10), based on publications referring either to the specific
metagenome, or to other geochemical analyses for the spring. Additional information
about the source of metadata for each spring is provided in Supplementary Data 10.

The functional content of SJ3 was then compared against 14 other wellcharacterized YNP metagenomes to identify proteins that differentiated SJ3 from other
YNP springs (Supplementary Data 10). Total proteins from each of the 15 metagenomes
were first annotated against the KEGG functional database (Kanehisa et al 2017) using
the KEGG Automatic Annotation Server (Moriya et al 2007). An abundance-weighted
table of KEGG orthology (KO) assignments was then computed as described above. A
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subset of KOs were extracted (n=887) that encompassed proteins in the ‘Energy
Metabolism’ subcategory of metabolism. The abundances of each KO were normalized to
total metagenome KO size to account for unequal sequencing efforts between SJ3 and the
much smaller, previously characterized YNP metagenomes. A Bray-Curtis distance
matrix was then produced from the KO matrix using the veg.dist function in the R v.3.4.3
(https://www.r-project.org) vegan package v.2.4-6 (https://cran.rproject.org/web/packages/vegan/), which was then used in a Principal Coordinates
Analysis (PCO) using the labdsv package v.1.8.0 (https://cran.rproject.org/web/packages/labdsv/) for R. The enrichment of specific KO-annotated
proteins in each metagenome was assessed by first normalizing the KO abundances for
each metagenome based on the total number of annotated KOs within each metagenome.
The normalized data were then expressed as enrichment values where the mean for the
whole dataset was subtracted from the value for each metagenome, and then normalized
by the mean of the whole dataset (e.g.: [KOY normalized abundance for Sample Y – total
mean KOX]/ total mean KOX). The resultant value indicates the enrichment of individual
KOs within each metagenome, relative to all 15 YNP metagenomes in the dataset.

Functional comparisons among taxa.
We attempted to further identify the ecological mechanisms underlying the
prevalence of numerous distinct populations of the same higher-order taxonomic
lineages. Intra-lineage comparisons were first identified by assessing genomes (> 75%
estimated completeness only) that were present within the same monophyletic clades
determined in the phylogenomic analyses. The number of shared and unshared
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‘Metabolism’ category KOs were identified and compared against the number of shared
and unshared ‘Genetic Information Processing’ category KOs to determine the magnitude
of metabolism-related protein differences in comparison to differences of proteins
involved in genetic processing. Differences in genetic processing proteins would be
expected to be more conservative among closely-related taxa and was thus used as a
baseline. The relative numbers of protein differences for both categories were then
identified across all intra-lineage comparisons (n=49 pairwise comparisons). To provide
additional resolution for some pairwise comparisons, pairwise amino acid identity values
(Konstantinidis and Tiedje 2005) were calculated between genomes using the enveomics
software package (Rodriguez and Konstantinidis 2016).

Data Availability.
Assembled contigs have been uploaded to the Integrated Microbial Genomes
(IMG) database under the genome ID 3300029625. The source data for Figs. 4 and 5 and
Supplementary Figure 3 are provided as a source data file.
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Figure 1. Map of Yellowstone National Park (YNP) showing the location of the
Smokejumper Geyser Basin (SJGB) and ‘Smokejumper 3’ spring (SJ3). The caldera
rim, road reference layers, and Summit Lake Rhyolite Flow reference is the same as in
Christiansen (2001).
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Figure 2. Rank-abundance plot of SJ3 reconstructed population level bins. Each
vertical bar represents a reconstructed genome bin that has an estimated completeness >
50% (n=82). Genome bins are arranged by log10 transformed relative abundance (as a
percentage) in decreasing order, as determined by read mapping. The scale on the upper
right corresponds to the estimated percent completeness of each genome bin.
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Figure 3. Maximum likelihood phylogenetic reconstruction of archaeal and bacterial
population level MAGs from SJ3. Trees representing the major a) archaeal order- (or
class/phylum-) level clades and the b) bacterial phylum-level clades were constructed
using up to 104 or 31 phylogenetic marker genes, respectively (> 50% in any genome).
Clades are collapsed as triangles with the taxonomic designation provided to the right.
The numbers of MAGs that were identified in a specified clade are indicated in
parentheses. Clades encompassing MAGs from 'SJ3' that were > 50% complete are
shown in blue, those with MAGs > 75% are shown in red, and those representing
multiple MAGs that ranged in completeness from 50 to > 75% are shown in purple. The
scale bar shows the expected number of substitutions per site. The phylogenetic trees
without collapsed clades showing individual MAG placement are provided as
Supplementary Data 1 (Archaea) and Supplementary Data 2 (Bacteria).
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Figure 4. Comparison of protein family diversity in SJ3 relative to other
chemosynthetic YNP hot spring metagenomes. Boxplots show the distribution of
unique protein bins after subsampling 48 chemosynthetic YNP metagenomes at multiple
depths at the levels shown below each box plot. Note that the Y-axis scales differ
between panels. The values for SJ3 are shown as red circles. Red lines indicate the
median for each distribution, while the boxes represent the interquartile range between
the 25th and 75th percentiles. Whiskers show the full range of the data, not considering
outliers and outliers are shown as red crosses. Source data are provided within the source
data file accompanying this manuscript.
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Figure 5. Comparison of subsampled protein family diversity in chemosynthetic
YNP hot spring metagenomes and inferred spring water origins. Protein subsampling
was conducted on 10,000 randomly chosen protein homologs from each metagenome.
The log transformed SO42-/Cl- ratio was calculated from publicly available data for each
spring (Supplementary Data 10). Those metagenomes with higher protein family
diversity than SJ3 after subsampling are indicated in panel a, with IDs corresponding to
those provided in Supplementary Data 10. Red line shows linear regression model
(adjusted R2=0.33, P < 0.001, n=41). Source data are provided within the source data file
accompanying this manuscript.
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Figure 6. Similarity in proteins putatively involved in energy metabolism among SJ3
and 14 other published YNP metagenomes. a) Principal coordinates analysis (PCO)
shows the similarity in proteins that are putatively involved in energy metabolism
pathways among metagenomes, where each point represents a metagenome. Points are
colored based on taxonomic and geochemical differences: light blue, high pH
Aquificales-dominated communities (pH 6.5-7.9); dark blue, low pH Aquificales-
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dominated communities (pH 3.1-3.5); red, low pH Sulfolobales-dominated communities
(pH 2.6-4); orange, low-mid pH Crenarchaeaota-dominated communities (pH 3.4-6.4);
black, mid pH Crenarchaeota/Aquificales/uncultured bacterial division dominated
communities (pH 5.4-6.4). b) Heatmap showing enrichment of specific proteins
putatively involved in the energy metabolism in the SJ3 community and two other similar
chemotrophic YNP thermal spring communities: OPP_17 and WS_18. The heatmap
represents only the proteins that were exclusive to the SJ3, OPP_17, and WS_18
communities, and where at least one homolog was present in SJ3. Relative enrichment
was calculated after normalizing annotated proteins with the total number of proteins for
each metagenome to account for unequal sequencing efforts. The scale bar on the left
indicates relative enrichment where a value > 14 indicates it was exclusively found in one
metagenome, relative to the other 14 considered, and a value of < 0 indicates that the
protein was not detected in the metagenome. Proteins are grouped into broader functional
categories shown on the right. All protein enrichment values that are depicted here are
shown in further detail in Supplementary Data 3.
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Figure 7. Differentiation of energy metabolism proteins within intra-taxon genomic
comparisons. a) Ratio of unique/shared energy conservation-related proteins and the
ratio of unique/shared genetic processing proteins for lineage comparisons. Each point
represents a within-lineage pairwise comparison between genomes (n=49). Ratios were
calculated based on the number of unshared KEGG-annotated proteins relative to the
number of shared KEGG-annotated proteins for the 'Metabolism' and 'Genetic
Information Processing' categories. Line shows a 1:1 relationship. Differentiation in
genetic information processing proteins in closely-related taxa should be low, due to
close phylogenetic relationships. Thus, little differentiation in metabolism-related
proteins, relative to genetic processing proteins would indicate a lack of metabolic
differentiation, whereas the converse would indicate greater metabolic differentiation.
The Archaeoglobales, Ca. 'Verstraetarchaeota', and Thaumarchaeota comparisons are
highlighted in red, black, and blue, respectively. Scatter plots (b,d,f) show the
distribution of contigs based on G+C% and average sequencing coverage for genomic
bins from three lineages with multiple representatives in SJ3: Archaeoglobales, Ca.
'Verstraetarchaeota', and Thaumarchaeota. Phylogenies and heatmaps of key differential
functional genes (c,e,g) are shown for each of the three comparisons, respectively.
Phylogenies are subsets from the full phylogenetic analysis represented in Fig. 3a, and
branches are colored according to the color schemes for each lineage comparison on the
left. Blue branches represent additional genomic bins from SJ3 that were estimated to be
< 75% complete, and thus not included in these comparisons. Only the subset of the
deepest-branches of the Thaumarchaeota are shown in g, while all genomes in our
database are shown for the Archaeogloblaes and Ca. 'Verstraetarchaeota' in c and e,
respectively. Protein abbreviations are as follows: DsrAB (dissimilatory sulfite
reductase), Sat (sulfate adenylyltransferase), AprAB (adenosine 5'-phosphosulfate
reducatase), McrABG (methyl coenzyme-M reductase), Mtr (N5methyltetrahydromethanopterin methyltransferase), HoxH ([NiFe]-hydrogenase group 3d
large subunit, LSU), HyhL ([NiFe]-hydrogenase group 3b LSU), EchE ([NiFe]hydrogenase group 4 energy conserving hydrogenase LSU), NuoD (NADH
dehydrogenase), MttB (trimethylamine--corrinoid protein co-methyltransferase), CoxL
(aerobic carbon monoxide dehydrogenase LSU), Tst (thiosulfate/3-mercaptopyruvate
sulfurtransferase), Hdr (heterodisulfide reductase subunits ABC), CooS (anaerobic
carbon monoxide dehydrogenase catalytic subunit), FdhF (formate dehydrogenase-H),
MvhADG ([NiFe]-hydrogenase group 3c methyl viologen reducing hydrogenase subunits
DG), EhbN (energy converting hydrogenase B subunit N).
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