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Advances in Defining Ecosystem
Functions of the Terrestrial
Subsurface Biosphere

D’Arcy R. Meyer-Dombard*t and Judy Malas?

Earth and Environmental Sciences, University of lllinois at Chicago, Chicago, IL, United States

The subsurface is one of the last remaining ‘uncharted territories’ of Earth and is now
accepted as a biosphere in its own right, at least as critical to Earth systems as the
surface biosphere. The terrestrial deep biosphere is connected through a thin veneer
of Earth’s crust to the surface biosphere, and many subsurface biosphere ecosystems
are impacted by surface topography, climate, and near surface groundwater movement
and represent a transition zone (at least ephemerally). Delving below this transition zone,
we can examine how microbial metabolic functions define a deep terrestrial subsurface.
This review provides a survey of the most recent advances in discovering the functional
and genomic diversity of the terrestrial subsurface biosphere, how microbes interact with
minerals and obtain energy and carbon in the subsurface, and considers adaptations
to the presented environmental extremes. We highlight the deepest subsurface studies
in deep mines, deep laboratories, and boreholes in crystalline and altered host rock
lithologies, with a focus on advances in understanding ecosystem functions in a
holistic manner.

Keywords: subsurface, continental, dark biosphere, extremophiles, catabolism and anabolism

INTRODUCTION

Defining the Terrestrial Subsurface

Defining what is meant by the label “deep biosphere” is not straightforward, as researchers have
their own, personal interpretations and there is not a universal community consensus. Its equally
interesting to consider how to define the “surface biosphere.” Is the surface biosphere just the
outermost skin of the planet? Does it extend through the entire soil profile or just the first
meter (both of which are arbitrary and variable criteria)? Does it extend to the stratosphere?
Microorganisms have been identified up to altitudes of 41-77 km in the stratosphere and
mesosphere (Wainwright et al., 2004; Griffin, 2008; Pearce et al., 2009; DeLeon-Rodriguez et al.,
2013), and are known to influence climate through cloud formation and triggering precipitation
events as well as catalyzing atmospheric chemistry (Vaitilingom et al., 2013; Frohlich-Nowoisky
et al,, 2016). No study of the terrestrial deep biosphere has yet reached comparable depths into the
subsurface. For comparison, the Chinese Continental Scientific Drilling project (CCSD) recovered
continuous cores from depths up to 5,110 m (Zhang et al., 2005; Dai et al., 2021). The lowest
reaches of the deep biosphere are currently unknown, but are likely to be governed by physical
environmental stressors such as temperature and pressure, as well as the availability and activity of
liquid water (Schulze-Makuch et al., 2017; Merino et al., 2019). For example, Dai et al. (2021) found
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that no microorganisms were detectable in the CCSD cores below
4,850 m depth, estimated to be 137°C. Our ability to investigate
fully the depth of the subsurface biosphere is currently hampered
by our ability to reach those depths, while providing sufficiently
clean samples (see discussions in; Moser et al., 2003; Davidson
etal, 2011; Zhong et al., 2018).

Other recent work has reviewed diversity and function in
the deep biosphere, from marine, terrestrial, extremophile, and
planetary perspectives (e.g., Parkes et al, 2014; Kieft, 2016;
Morono and Inagaki, 2016; Colman et al., 2017; Schulze-Makuch
et al., 2017; Magnabosco et al., 2018; Merino et al., 2019), each
with a different focus. We will consider only the terrestrial deep
biosphere, and define this as including bedrock below the soil
horizon, at whatever depth that might occur locally. Further, we
will synergize recent advances in understanding the metabolic
and ecological function of the terrestrial subsurface, highlighting
ecosystems where the recent literature showcases efforts to
understand the roles of taxa and of microbial communities in the
subsurface biosphere.

Surface Influences on the Terrestrial
Subsurface

A necessary topic of discussion, inevitably, is whether the
terrestrial subsurface is truly divorced from influence from the
surface biosphere. The terrestrial subsurface is hosted within a
porous and permeable crust, through which groundwater moves,
bringing with it nutrients, carbon, and biomass from the surface
biosphere. It is possible that we are not yet technologically
capable of reaching depths in the terrestrial subsurface that are
truly independent of surface influence - modern or ancient.
Many of the biomes commonly considered in the community
as “terrestrial subsurface” - by nature of geology and physics
- are significantly influenced by surface input. For example,
cave biomes have a direct open conduit to the surface if a
natural entrance exists, which have the potential to influence
metabolic processes within the caves (e.g., Barton and Northup,
2007; Spear et al., 2007; De Waele et al., 2016; D’Angeli et al,,
2019; Engel, 2019; Jones and Northup, 2021; Selensky et al,
2021 and references therein). Even without a natural entrance,
caves are typically formed in shallow groundwater (Lauritzen,
2018). Another example can be found in the huge body of
literature on ecosystems in and under glacial ice (inter- and
subglacial ice, respectively), much of which involves discussions
of contamination from drilling and sampling protocols, or
whether the organisms found represent a paleo-surface signal
(e.g., Miteva et al., 2014). The provenance of microorganisms
found in interglacial ice is questioned as being endemic vs.
sourced from past supraglacial communities or from surrounding
biomes (e.g., Zhong et al, 2021). In fact, fluctuations in
microbial abundance in interglacial ice has been shown to
be correlated with dust load in annual snow (Margesin and
Miteva, 2011, and refs. within). While convincing evidence
has been presented showing that microorganisms trapped in
interglacial ice can actively metabolize (Tung et al., 2005,
2006; Price, 2007; Rhodes et al., 2013; Miteva et al., 2016), these
organisms may be recording a history of past climate conditions

(Margesin and Miteva, 2011), rather than an endemic modern
subsurface biosphere signal.

Another specific biome that is often hailed as a “window”
or “portal” to the subsurface is surface springs that have
characteristically long residence time or water-rock reaction
progress (e.g., hydrothermal or serpentinizing springs). However,
the “window” may be opaque and coated with a layer
of surface biome. Magnabosco et al. (2014) examined the
microbiology of both deep subsurface fracture fluids and related
surface springs, and showed that the spring communities were
distinct from their fracture fluid counterparts, bringing into
question whether springs serve as a reflection of subsurface
processes. Further, it has been demonstrated that local climate
and topography can directly influence the nutrients and
carbon that are present in surface springs. Schubotz et al.
(2013) illustrated that the intact polar lipids from biofilms
examined from the chemosynthetic zone of two hot springs
of different topographic aspect (one seated at the bottom
of a wooded slope and the other seated at the top of a
mound of hydrothermal deposits) recorded distinct histories
of carbon sources and usage. Isotopic analysis of the biomass,
DIC, and DOC revealed that the Archaea and Bacteria of
the topographically isolated spring recorded a '*C enriched
signature similar to the '3C-DIC (indicating autotrophic
growth), while the organisms in the topographically low
spring recorded a signature of mixed carbon fixation and
heterotrophic metabolisms supported by surface organic carbon.
Climate/seasonality can also be a factor in exogenous vs.
endogenous carbon use in surface springs as was demonstrated
for a system of serpentinizing surface springs in the Philippines
(Meyer-Dombard et al., 2019).

Figure 1 further demonstrates the impact of both topography
and climate. The data in Figure 1 come from a hydrothermal
spring known as “Bison Pool” in Yellowstone National Park,
which was serendipitously sampled immediately after a major
precipitation event and 8 days following the event. “Bison Pool”
is a wide, clear spring, seated nearly level with a surrounding
meadow, where one can easily visualize that a window to
the subsurface is being presented. Figure 1 shows historic
values for 13C-biomass (relative to both *C-DIC and *C-DOC,
black and gray points, respectively), moving from the source
pool brimming with fluids recently in the subsurface to the
surface-derived photosynthetic mat downstream. Historic data
(encompassed in shaded boxes) show that biomass closest to
the high temperature spring source typically incorporates DIC
through non-photosynthetic carbon fixation, then trends toward
more heterotrophic metabolisms near the 65-70°C section of the
outflow channel, and finally returns to carbon fixation through
photosynthesis at the end of the outflow (also demonstrated
in Swingley et al., 2012). Following the precipitation event, we
observed that overland flow was washing the soil and animal
excrement from the ground into the pool source, turning the
normally clear fluid a turbid brown. The biofilms in the hottest
parts of the outflow channel immediately after the rain event (red
and pink points) are depleted by as much as ~5-15%y relative to
both DIC and DOC, indicating an incorporation of more surface
derived organic carbon than is typical (compared to “historic”
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FIGURE 1 | Isotopic composition of carbon in biomass in sediments at “Bison
Pool,” Yellowstone National Park, relative to that of dissolved inorganic and
organic carbon. Figure shows samples with flow down the outflow channel,
with the hottest samples near the source at the right end of the X-axis.
“Historic,” multi year values are in black and gray points, within blue fields.
Values immediately following the precipitation event are in red and pink. Values
representing recovery after 8 days are in shades of blue. Methods can be
found in Supplementary Material.

data, note brackets at right). Eight days following the event (light
and dark blue points), the biomass had returned to “normal”
values, indicating a return to incorporation of DIC in the hottest
portions of the pool - the areas that are typically thought of as
being “windows” to the subsurface.

This vignette reminds us that the subsurface biosphere,
by definition, intersects the surface biosphere. Springs, caves,
glaciers, and even aquifers are subsurface biomes that have at least
intermittent connection to the surface biosphere. For example,
near surface aquifers (e.g., Boyd et al., 2007; Anantharman et al,,
2016) and boreholes into sedimentary units (e.g., Katsuyama
et al,, 2013; Dong et al., 2014; Frank et al., 2016; Hu et al., 2016;
Thieringer et al., 2021) may have frequent contact with water,
nutrients, and carbon that originated in the surface biome due
to high permeability and porosity of host rock.

The degree of connection between the surface and subsurface
at any given study area is often a subject of discussion or even
concern, if the purpose of the study is to identify a true subsurface
signal. While we posit that the connection between the subsurface
and surface biospheres is equally as interesting as identifying a
subsurface biosphere that is independent of all surface influence,
to narrow the scope of this review we will focus on investigations
of boreholes, deep mines, and subsurface laboratories, which we
feel are the best, current examples of locations with minimized
surface influence.

The Environment of the Deep Terrestrial

Subsurface

Environmental conditions, modulators, and nutrient flow in the
subsurface are necessarily directed by the type of bedrock that
hosts the specific subsurface ecosystem. For example, porosity
and permeability of the host rock will partly determine the
access the system has to water, nutrients, and carbon sources
that moving water may bring with it. Further, these properties
may allow direct connection of the surface and subsurface
biospheres (e.g., aquifers contaminated by surface sources). In
general, environmental conditions that are likely ubiquitous
in the terrestrial subsurface biosphere include anaerobicity or
very low oxygen concentrations, high pressure, and nutrient
limitation. Some locations may also host fluids of higher
temperature and salinity than similar surface environments.
Several studies have remarked on the probability that most
deep subsurface microorganisms are likely surface-attached,
or have demonstrated that biofilms form in situ on fracture
surfaces, and one estimate suggests that biofilms make up
20-80% of the total subsurface biomass (Jigevall et al.,, 2011;
Magnabosco et al., 2018; Flemming and Wuertz, 2019). These
observations have direct implications for estimates of subsurface
biomass and functioning of ecosystems in the host rock (e.g.,
Colman et al., 2016).

Regardless of aspect, the host rock water interaction is a
key component of defining all terrestrial subsurface ecosystems.
Except in cases where organic compounds from the surface
biosphere are delivered to the deeper subsurface biosphere,
energy and nutrients for life in the subsurface are defined
by the interaction between the host rock and water. This
interaction is also influenced by surface variables such as
local climate and topography, which influence groundwater
recharge and flow. Metabolisms that might take place in the
subsurface are then guided by these environmental variables
and the host rock mineralogy. Further, there is evidence that
some water rock interactions may limit the ability for a
subsurface community to survive. For example, groundwater
interaction with evaporite sequences in the Boulby Mine
subsurface were shown to produce brines, some of which resisted
cultivation and DNA extraction efforts (Payler et al, 2019).
This example illuminates and emphasizes the dependence of
the terrestrial subsurface biosphere on the minerals present
and groundwater origin and flow path. The systems examined
here are hosted in a variety of parent rock and geologic
settings, including from volcanic, metamorphic, and ultramafic
assemblages, which have implications for resulting geochemistry,
energy availability, and functional/taxonomic diversity in the
subsurface ecosystem (Boyd et al., 2007; Magnabosco et al., 2018;
Leong and Shock, 2020).

EXPLORING THE TERRESTRIAL DEEP
BIOSPHERE

Arguably, the most direct access to the deep subsurface
with minimal surface influence is in places where we have
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physically entered the ecosystem via mining. The deep subsurface
community has been making best use of economic mines for
decades now, providing literature that explores the microbial
ecosystems in solid rock and pore fluids. Some studies further
drill directly into the walls of previously cut mine shafts and
tunnels, to obtain more pristine materials. Several underground
laboratories and observatories have been established, and modern
DNA sequencing technologies are providing fresh perspectives.
The deep subsurface has also been frequently accessed via drilling
of boreholes directly into substrata. The advantage of removing
material by drilling (whether from the surface or from within
a mine), is that experimental and analytical apparatus can be
inserted. Several studies mentioned in the following paragraphs
utilize this technique, delivering short and long term incubation
experiments and continuous fluid collection.

It must also be recognized that even these best examples of
accessing the deeper terrestrial biosphere are not completely
without interaction from surface environments. The act
of mining by nature exposes the subsurface to the surface
atmosphere and surface fluids. Drilling places materials
downhole that aren’t indigenous and may not be fully sterile.
By necessity, a major focus of working in deep biosphere
settings involves understanding, managing, and mitigating
contamination. Creative solutions have been developed,
particularly to address situations where cell numbers can be
vanishingly small (e.g., Zhong et al., 2018, 2021), that have
driven innovation in technology and technique (comprehensive
descriptions in Hodgson et al., 2016; Kieft, 2016; Morono and
Inagaki, 2016). For example, hot water drilling techniques were
developed to clean access sediment cores beneath subglacial lake
Whillans (Christner et al., 2014; Hodgson et al., 2016) and other
technological advances are needed for fast moving ice shelves, or
for work in remote locations (Hodgson et al., 2016). The studies
highlighted below have shown reasonable attempts at ensuring
a lack of surface signal, or defining where potential surface
signal is found.

Deep Mines and Laboratories

We start our discussion of metabolism and ecological function
in the terrestrial deep subsurface by reviewing recent work that
has emerged from the world’s deep mines and laboratories.
The terrestrial subsurface community has long recognized
that such direct access is invaluable for microbiological
investigations. Leading the way in underground microbiological
research are permanently established laboratory sites such
as the Kidd Creek Mine Observatory, Aspd Hard Rock
Laboratory, Olkiluoto Spent Nuclear Fuel tunnel (ONKALO),
Mizunami Underground Research Laboratory, Mont Terri Rock
Laboratory, the Boulby Underground Laboratory, and the
Sanford Underground Research Laboratory (Stroes-Gascoyne
et al,, 2007; Fukuda et al., 2010; Pedersen, 2012, 2013; Osburn
et al., 2014; Cockell et al., 2019; Lollar et al., 2019). Adding to
this wealth of data are studies from retired and working mine
locations, which provide additional opportunities for examining
the limits of life in the subsurface (e.g., Chivian et al., 2008;
Bagnoud et al., 2016; Payler et al., 2019).

Fennoscandian Shield Deep Laboratories: Asp6 and
Pyhasalmi

One well studied site is the Aspd Hard Rock Laboratory (HRL)
in Sweden, which has been established as a deep laboratory
for decades (Kotelnikova and Pedersen, 1998). Aspd HRL is a
coastal site, situated in the porphyritic granite-granodiorite of the
Fennoscandian Shield, and intrusion ages (U-Pb) suggest ages
between 1,760 and 1840 Ma (Johansson, 1988). Groundwater
in the Aspé HRL is a mix of meteoric and seawater origins,
depending on the depth of the boreholes (Kotelnikova and
Pedersen, 1998). Fracture fluids are neutral pH, are reduced and
depleted in dissolved oxygen and nitrate, but carry measurable
amounts of DOC and bicarbonate, as well as sulfate (Kotelnikova
and Pedersen, 1998; Wu et al., 2016).

Interest in a “hydrogen driven” subsurface biosphere and the
determination that biogenic methane is produced in boreholes
in the Fennoscandian Shield (Sherwood Lollar et al., 1993;
Kotelnikova and Pedersen, 1998) encouraged an early focus
on methanogenic and acetogenic organisms at the Aspd HRL
(e.g., Pedersen, 1993; Stevens and McKinley, 1995). It was
predicted that groundwaters in Aspé HRL provide an anaerobic
and oligotrophic environment that could support nitrate, ferric
iron, sulfate, and manganese reducing organisms (Hallbeck and
Pedersen, 2012; Pedersen, 2013; Ionescu et al., 2015). Early work
at Aspd HRL sites was focused on culture dependent methods.
This included the use of a system that recirculates fracture fluids
through refrigerated flow cell “cabinets” and then back through
the fracture, while maintaining the 3.15 MPa in situ fluid pressure
within a microbiology dedicated laboratory (“MICROBE,” at
447 m depth) (Hallbeck and Pedersen, 2008). The flow cells allow
experimentation with fracture water as well as on surfaces such as
glass slides or mineral coupons.

Microorganisms capable of nitrate, sulfate, iron, and
manganese reduction, methanogenesis, and acetogenesis were
found in groundwater at the MICROBE site in densities ~
8 x 107 cellsyml (Hallbeck and Pedersen, 2008), and #C
and *H labeled substrates were incorporated into biomass,
demonstrating autotrophic and heterotrophic metabolic
capabilities in a related location (Pedersen and Ekendahl, 1992;
Ekendahl and Pedersen, 1994). Novel methanogens and sulfate
reducing bacteria have been described from the Asps HRL
(Kotelnikova et al., 1998; Kotelnikova and Pedersen, 1998;
Motamedi and Pedersen, 1998), and it has been suggested that
this site is largely supported by hydrogen, a strong electron
donor (Pedersen, 2012). The flow cell cabinets were used to
experiment with in situ batch cultures, with hydrogen or acetate
additives, to demonstrate that hydrogen can support a slow but
sustainable level of microbial activity in Aspd HRL groundwaters
(Pedersen, 2012).

Wu et al. (2016) further queried the planktonic communities
in groundwaters of the Aspd HRL to determine the genetic
potential for metabolic schema. This work examined three fluids
of different age and origin. The resulting metagenomic analysis
revealed that the fracture water of modern, marine origin likely
represents a more surface impacted fluid. Populations in the
modern, marine fracture fluids were shown to be able to primarily
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ferment organic carbon, and potentially couple sulfide oxidation
to nitrate reduction and fix carbon with the reductive pentose
phosphate cycle (no other C-fixation pathways were represented).
Geochemical data supports these conclusions; fracture water
is depleted in nitrate but features measurable ammonium, as
well as low sulfide but abundant sulfate. The metagenome
from the older, saline fracture waters suggested, again, a large
dependence on organic carbon, as well as nitrate and sulfur
reduction, denitrification, and carbon and nitrogen fixation.
Further, despite the previous demonstrations that a wide range
of hydrogen supported, reducing metabolic pathways could be
stimulated through enrichment, no genetic signal was found to
suggest that these are dominant metabolic functions in the Aspd
HRL groundwaters.

A second mine site in the Fennoscandian Shield offers
an opportunity to explore different fracture water host rock
relationships than the Aspé HRL mine site. In contrast to Aspd,
the Pyhdsalmi mine in Finland is seated in Paleoproterozoic
volcanogenic massive sulfides, where the lower mine stratigraphy
is composed of felsic, tuffaceous volcanites and the upper mine is
seated in mafic lavas, breccias, and pyroclastics (Miettinen et al.,
2015). Bomberg et al. (2019) explored fracture waters in the upper
mine, between 240-600 m depth using enrichments (focusing
on iron based metabolisms) coupled with taxonomic diversity
analysis, following up on a previous study by Kay et al. (2014).
At these depths, the freshly exposed surfaces allow oxidation
of the host rock, weathering the minerals and impacting the
fracture fluids. Fracture fluids were at pH 1.4-2.3, reminiscent of
acid mine drainage systems. Concurrently, the fluids contained
high concentrations of the analyzed metals (such as Fe, Mn, Cu,
Zn, Al), and both sulfate and sulfide. This study site presents
a good example of a deep subsurface site that has been highly
impacted by the surface biosphere, and illustrates the plasticity
of the resident microbial communities. Enrichments targeted
aerobic ferrous iron oxidizers and ferric iron reducers, and
results showed a high microbial diversity. Dominant members
differed with depth, and Acidithiobacillus and Leptospirillum
dominated at shallower depth while Ferrovum and Metallibacter
were the dominating bacterial genera at 600 m. Species of the
heterotrophic genera, Acidiphilum, were detected in all samples
and enrichments.

Purkamo et al. (2020) investigated the same mine using
metagenomics, but at 2.4 km where the fracture fluids were
alkaline and reduced, more typical of a deep subsurface mine
fluid with less surface influence. Here, 96% of the 16S rRNA
marker genes sequenced at this site were gamma and alpha
Proteobacteria, and archaeal sequences were essentially not
retrieved - it was estimated that only ~50% of the bacterial
richness was captured from these low biomass fluids. Notably,
marker genes for sulfate reduction and methanogenesis were not
detected. However, the complete dissimilatory nitrate reduction
pathway and reductive pentose phosphate pathways were
identified (KEGG reconstructions). Carbon cycling was primarily
heterotrophic, much like the Aspé sites described above, and
functional predictions indicated that chemoheterotrophy was a
key ecological function in this environment, with indication that
heterotrophy could be coupled with sulfate or sulfur respiration.

Together, these investigations of the deep biosphere seated
in the Fennoscandian shield bedrocks point to a low biomass
ecosystem that is driven by chemoheterotrophy, nitrate
reduction, and reduction of sulfur compounds. Carbon fixation
may occur through the reductive pentose phosphate cycle.
However, the evidence of a hydrogen-driven ecosystem, with
emphasis on methanogenesis, acetogenesis, and sulfate reduction
is lacking in the most recent metagenomic-driven studies (Wu
et al., 2016; Purkamo et al., 2020), despite earlier successes
with targeted enrichments. Future work may elucidate the
role of these metabolic options in these sites as supportive,
rather than dominant, as in Lau et al. (2016). Further,
while each deep mine highlighted here hosts fluids that are
clearly impacted by the surface biosphere, truer signals of the
subsurface biosphere were apparent at depth at both Aspé HRL
and Pyhidsalmi.

Sanford Underground Research Facility and Deep
Mine Microbial Observatory

At a depth intermediate between the Fennoscandian Shield Aspé
HRL and Pyhésalmi mine locations, the Sanford Underground
Research Facility (SURF) in the former Homestake Gold Mine
(South Dakota, United States) is home to the Deep Mine
Microbial Observatory (DeMMO). The mine is seated in
Paleoproterozoic metasediments that are iron rich, and the
complex geologic history documents oceanic volcanisms and
subsequent marine infilling (Osburn et al., 2019). A summary of
primary minerals present in each of the major units at SURF can
be found in Casar et al. (2021a), Table 1. Numerous boreholes,
manifolds, and pools were available within the mine for sampling
prior to the establishment of the DeMMO and new boreholes
were drilled (horizontally) at the 1.48 km depth for fresh rock
analyses (e.g., Osburn et al., 2014; Momper et al, 2017a).
Fresh holes in differing lithologies and fluid flow rates were
produced in 2016, some of which were fitted with custom made
expandable packers (Osburn et al., 2019). The SURF laboratory
and DeMMO locations have produced several studies dedicated
to understanding metabolism and microbe-mineral interaction in
the deep terrestrial subsurface.

Given the complex geologic history of the host rock,
it is no surprise that the fracture fluids are geochemically
diverse at different DeMMO locations. The concentration of
cations in six sites of different depths (and thus different
host formations) varies considerably from site to site, even
while anions are relatively consistent (high sulfate with low
carbonate, or moderate sulfate and carbonate) (Osburn et al.,
2019). Redox sensitive chemical species are highly variable,
and provide a wide range of energetic options for metabolic
pathways (Osburn et al,, 2014). Fluid chemistry is extremely
consistent over time, suggesting that microbial communities
may enjoy environmental stability. Further, it has been
demonstrated repeatedly that the fracture fluids in DeMMO
are distinct chemically and microbiologically from controls and
service waters used in the mine (Osburn et al., 2014, 2019;
Casar et al., 2020).

Surveys of diversity at various sites (~240 m-1.48 km)
reveal that among the boreholes, biofilms, pools, and manifolds,
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TABLE 1 | Reactions considered in estimations of Gibbs Free Energy of Reaction
shown in Figure 2. Aqueous forms were used for Oo, CHg, Ho, No.

Reaction Electron e~ /rxn
acceptor
1 Oy 4 2Hy < 2H,0O 0, 4
2 4Fet? 4+ Op + 6HoO <> 4FeOOH + 8HT 0, 4
3 2NO3z~ 4 2H* + 5Hy < Ny + 6H,0 NOg~ 10
4 8NOz~ 4 3Ht + 5HS™ « 550472 + 4Ny + 4H,0 NOs~ 40
5 NOsz~ + HT + CH4 < HCO3™ + NH4Jr NOz~ 8
6 SOz 2+ Ht +4H, < HS™ + 4H,0 80,2 8
7 S0472 4 CHy < HCOz™ 4+ HS™ + H,0 S0, ~2 8
8 4804724 BHT +3CH4 <> 3HCO3™ + 480 + 7H,0 SO, 2 24
9  acetate + SO4~2 < 2HCO3™ + HS™ S0,~2 8
10 8% 4+ Hp < HY + HS™ S0 2
11 HCOz~ + H* + 4Hp <> CHy + 3H,0 HCO3™~ 8
12 4H, + H* 4+ 2HCO3™~ < acetate + 4H,0 HCOg~ 4
13  8FeOOH + acetate + 15H" < 8Fet2 +2HCO3~ +  FeOOH 8
12H,0
14 FepOs + Hy + 4HT < 2Fet2 + 3H,0 Fe, O3
15 FegOy4 + Hp + 6HT « 3Fet?2 + 4H,0 FesOy, 2

Bacteria dominate the communities with Archaea representing
at most 5% of the populations. Site fluids differ in dominant
taxa. For example, at ~250 m depth, where fluids are only
moderately reducing and have high concentrations of ferrous
iron (up to 2.3 mg/L), the communities are dominated by Ca.
Omnitrophica and various unclassified taxa. In contrast, the
600 m depth fluid is reduced and very rich in both ferrous iron
and sulfate (2.8 and 1,800 mg/L, respectively), and is dominated
by Betaproteobacteria and Nitrospirae. Finally, at 1.5 km, the
fluids contain high concentrations of sulfate and methane and
primarily host Deltaproteobacteria and Firmicutes (Osburn et al.,
2014). Fracture fluids appear to support a much higher diversity
and richness of organisms than rock-hosted samples (Momper
et al., 2017a; Casar et al., 2020, 2021a,b).

A series of investigations fueled by metagenome and
experimental methodologies paired with extensive catabolic
modeling efforts have elucidated the genetic and metabolic
potential of communities in DeMMO sites. At the time of
this writing, 22 high quality “MAGs” (metagenome assembled
genomes) that are > 90% complete were recovered from fluids
at the 1.48 km DeMMO site and other fluids in the SURF
complex (Momper et al., 2017b). The reductive Acetyl Co-A
pathway was dominant, with a few select MAGS hosting complete
pathways for the 3-hydroxypropionate/4-hydroxybutyrate and
reductive pentose phosphate cycles (Momper et al., 2017b).
The dominance of the reductive Acetyl-CoA pathway has also
been noted in several other deep terrestrial biosphere sites
(e.g., Nyyssonen et al., 2014; Lau et al, 2016; Magnabosco
et al., 2016; Rempfert et al., 2017). The genetic capacity for
methanogenesis and sulfate/sulfite reduction were identified in
one and thirteen (out of 74) MAGS, respectively. Marker genes
for nitrate reduction (both cytoplasmic and periplasmic) were
present in several MAGs. However, while all genes needed for
denitrification were identified, none were all present together in
one MAG. Likewise, evidence for the genetic capacity for CO,

thiosulfate, sulfur or sulfide, or iron redox was not found in
this particular study (but read on!). These suggested metabolic
functions of Bacteria in the fracture fluids agree well with
the calculated energy density for these metabolic strategies
(Osburn et al., 2014).

Despite the apparent lack of genetic markers for iron-based
metabolism in DeMMO fluids, taxonomy and catabolic modeling
studies suggested that iron cycling should likely play a large role
in ecosystem dynamics. Experiments demonstrated growth of
biofilms on surfaces of minerals bearing Fe (as well as S, Ti,
Mn), spatially targeting these metals (Casar et al., 2020, 2021a).
Biofilms on native rock coupons were enriched in taxa putatively
capable of pyrite oxidation with nitrate, a thermodynamically
favorable catabolic option that releases ferrous iron and sulfate.
In light of this, both new and previously published metagenomes
were specifically annotated with an Fe-centric pipeline. Casar
et al. (2021b) found that the genetic capacity for iron oxidation
existed at all sites analyzed, however, the specific genes present
varied from site to site, apparently in accordance with local
fracture fluid geochemistry. For example, the shallower, less
reducing fluids contained the highest abundances of Cyc2
cluster 1, characteristic of neutrophilic iron oxidizers such
as Gallionella (identified in MAGs). In general, Cyc2 was
identified from most sites, affiliated with different families of
Bacteria, demonstrating a wide spread genetic potential for
iron oxidation. In addition, genes encoding for iron reduction
(OmcS, OmcZ, and DFE) were abundant at some sites, suggesting
that biofilm forming taxa identified in the MAGs can carry
out iron/metal reduction on the surface of DeMMO minerals.
These lines of genetic and modeling evidence point to iron
cycling as a key metabolic function in the subsurface at
this site.

These studies reveal a metabolic landscape in the subsurface
at SURF. Modeling predicted modes of catabolism that should be
favorable in the fluids, namely that the oxidation of sulfur, sulfide,
ferrous iron, ammonium, and the reduction of manganese
oxides are strong potential in sifu energy sources, and that
the energy density is highest at most sites examined using
S0, HS~, NH4t, Fet2, and Mn*? as electron donors, but
lower using CHy4, CO, and H;. Generally, the oxidation of
S%, HS™, NH4*, and Fet? yields large reservoirs of energy
in all fracture fluids (per kg of H,O), regardless of the
electron acceptor (Osburn et al., 2014; Rowe et al., 2020;
Casar et al., 2021b). Hydrogen oxidation, methanogenesis,
sulfate reduction, and aqueous iron reduction were found to
yield little to no energy when normalized as energy density
(Osburn et al., 2014). Metabolism associated with mineral
surfaces, specifically of S, Fe, Ti, and Mn minerals (Casar et al.,
2021a) was predicted to drive biofilm growth on solid rock.
The reduction of oxidized iron minerals, such as ferrihydrite,
magnetite, goethite, hematite, and lepidocrocite, using HS™
and the oxidation of siderite and pyrite with NO3™ were
shown to be particularly energy dense catabolic options for
mineral biofilms, while planktonic communities have options
for oxidation of aqueous iron (with NO3;~) and reduction
of particulate ferrihydrite (with HS™) (Casar et al., 2021b).
Combined with experimental and metagenomic evidence, this
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evidence of likely catabolic processes in the subsurface is
particularly convincing.

South African Mines

The mines in the Witwatersrand represent deep access to
Archaean rocks and some of the deepest studies of the terrestrial
subsurface biosphere have emerged from this region. This
basin is made up of several supergroups of different host rock
lithologies; namely, the 2.5 Ga Transvall Supergroup (dolomites,
banded iron formation and volcanics), the 2.7 Ga Ventersdorp
Supergroup (basaltic), and the 2.9 Ga Witwatersrand Supergroup
(quartzite and shale). Below these lies a 3.4-3.0 Ga metamorphic
and igneous complex basement, including granite, amphibolite,
and gneiss (Nicolaysen et al., 1981). Two types of fracture
waters in this region have been identified, ranging in age
between 1.5-23 Ma (Lippmann-Pipke et al, 2011). At 0.8-
2 km depths, in the Beatrix, Masimong, Merriespruit and
Joel mines, paleo-meteoric waters contain hydrocarbon gasses
of primarily microbial origin and very little H, gas (Ward
et al., 2004; Lippmann-Pipke et al., 2011). Fluids at 2.7-
3.6 km in the Kloof, Driefontein, Mponeng, and TauTona
mines are saline and host high levels of H, gas (Sherwood
Lollar et al., 2007; Lippmann-Pipke et al., 2011). Ancient waters,
formed > 2 Ga, enter the fracture fluid by intersecting with fluid
inclusions (Lippmann-Pipke et al., 2011). The “self-sufficient,”
deep subsurface Candidatus Desulforudis audaxviator (Lin et al.,
2006a; Chivian et al., 2008) was identified from fracture fluids
at 2.8 km depth in the Mponeng mine, with some of the
highest contributions of the > 2 Ga fluids among all the
fluids investigated by Lippmann-Pipke et al. (2011). Arguably,
these mines represent some of the best access to the deep and
ancient subsurface. Indications of temporal changes in fracture
fluid composition have implications for long term community
variability (Magnabosco et al., 2018).

Our discussion will include studies from four of the
aforementioned mines, beginning at the shallower depths. Some
early indications that shallower fracture fluids (e.g., Beatrix mine)
are more microbially diverse than fluids from more saline fluids
deeper in the basin (Lin et al, 2006b) may not hold up to
scrutiny using modern sequencing methodologies. For example,
when Magnabosco et al. (2014) compared samples from six
different deep mines in the region, including Beatrix, Driefontein,
and TauTona gold mines in the Witwatersrand, they found no
statistical difference in the richness or evenness of taxa in fracture
fluids between the shallower Beatrix site and the deeper mine
sites, and 220/874 total taxa observed in the pooled sample
set were shared between all locations. Using high-throughput
DNA sequencing to study taxonomic diversity in these deep
mines increased the number of identified taxa from previous
studies (from 243 taxa), possibly by further identifying rare taxa
(Magnabosco et al., 2014).

The Beatrix mine is at the southwestern edge of the
Witwatersrand Basin where both the Transvaal Supergroup and
Pilanesberg dikes are absent and the sequence is overlain by
sedimentary strata. As such, the mine’s fracture fluids flow
through quartzite or between the contact of the quartzites and
the sedimentary units. Simkus et al. (2016) used carbon isotopic

analysis to reveal that fracture fluid biomass incorporated
carbon from both biogenic methane and DIC derived from
methane oxidation. A recent study by Magnabosco et al. (2018)
focused on the methane oxidizing community in these 1.3 km
deep fracture fluids, over both long and short time scales.
Over a 2.5 year period, the Eh, sulfate, nitrate, and hydrogen
concentrations shifted considerably, as did the abundances
of specific Archaea and Bacteria. In particular, the methane
oxidizing community shifted from a ANME-1- to a Ca. M.
nitroreducens- dominated community over several years (based
on abundances of mcrA, mmo, and 16S rRNA genes). These
shifts correlated to an increase of nitrate over the same time
period, and experiments using 13CH4 coupled to NO3; ™~ as an
electron acceptor resulted in an increase of 3CO,, suggesting
fluctuations of the two populations with shifting electron
acceptors (Magnabosco et al., 2018). Metagenomic analysis
showed that methanogens and methanotrophs represented < 5%
of the total population, signaling that organisms at this depth
are utilizing carbon processed by a very small fraction of the
community (Simkus et al., 2016).

Extensive literature exists for the deeper mines in the
Witwatersrand Basin, which includes the Driefontein, Mponeng,
Kloof, and TauTona mines. At intermediate depths, (2.6-2.8 km),
solid surfaces, such as crushed rock substrate and fracture
surfaces were demonstrated to host biofilms on both basalt
and quartzite exposed to fracture fluids (Baker et al., 2003;
Woanger et al., 2006). Established Desulfotomaculum spp. could be
induced to reduce sulfate on most probable number (MPN) plates
enriched with lactate or hydrogen (Baker et al.,, 2003). Lin et al.
(2006a) described a community from a 2.8 km depth fracture
fluid in the Ventersdorp basalt (Mponeng mine) that was 88%
composed of Desulfotomaculum spp. (based on molecular cloning
methods), and isotopes of sulfur indicated potential microbial
sulfate reduction. Chivian et al. (2008) further supported these
works by assembling the genome of Ca. Desulforudis audaxviator,
also from a fracture fluid at 2.8 km in the Mponeng mine, where
communities are overwhelmingly dominated by this taxon. This
sporulating, sulfate-reducing, chemoautotrophic thermophile
likely fixes its own carbon and possibly nitrogen (Chivian et al.,
2008), and is a dominant member of many fluids sampled below
1.5 km in the Witwatersrand Basin (e.g., Moser et al., 2003,
2005; Gihring et al., 2006; Lin et al., 2006a). These approaches
show that sulfate reduction is likely an important catabolic path
in the ~2.7 km fluids passing through basalt and quartzite
hot rock.

Magnabosco et al. (2016) and Simkus et al. (2016) investigated
possible avenues for carbon cycling at > 3 km depths.
Using metagenomic, isotopic, and “energy flux” analysis, they
determined a variety of potential sources of anabolism, and
evaluated the likelihood of several catabolic pathways that
could support cellular growth. In the deeper, 3 km TauTona
mine borehole “TT107,” protein encoding genes (PEGs) for
six different carbon fixation pathways were found in the
fracture fluids, and the reductive acetyl-CoA pathway was
the best represented among the 289 total identified taxa,
dominated by Firmicutes (57.4%) and Euryarchaeota (22.3%)
(Magnabosco et al., 2016). A second borehole at 3.14 km
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depth in the same mine was dominated by putative enzymes
associated with the 3-hydroxypropionate/4-hydroxybutyrate
cycle (Simkus et al., 2016). Further, the oxidation of alkanes is
suspected to proceed by reversing the reductive acetyl-CoA
pathway, and the abundance of related PEGs related may
instead be used to oxidize alkanes (Magnabosco et al., 2016).
The presence of methyl-coenzyme M reductase may signal
methanogenesis among the Euryarchaea identified, but anaerobic
oxidation of hydrocarbons (e.g., sulfate reduction coupled to
propane or butane oxidation) yields more energy in these fluids
than methanogenesis. It was also determined that the methane
carries a depleted carbon isotopic signature consistent with a
primarily abiotic origin at this site (Simkus et al., 2016). Carbon
monoxide dehydrogenase was abundant in the community,
along with the carboxydovore genus Desulfotomaculum, and
CO oxidation coupled to H,O reduction was the second most
energy yielding reaction considered (as energy flux, in units of kJ
cell™! s71). These efforts expanded considerably what is known
about carbon cycling in the deep terrestrial subsurface of the
Witwatersrand Basin.

Finally, genes coding for enzymes involved in nitrogen cycling
have been investigated in four Witwatersrand Basin mines. In
all, seven nitrogen cycling genes (NarV, NPD, NifHDKEN)
were found to be common to all samples analyzed (Lau et al.,
2014). A further examination of the Beatrix fracture fluid
utilized a combination of “omics” approaches to demonstrate
that oxidation of sulfur species coupled to nitrate reduction by
spp. of Thiobacilus and Sulfuricella accounted for 27.8% of the
active microbial community (Lau et al., 2016). In addition, the
key enzymes for dissimilatory nitrate reduction to ammonia,
ANAMMOYX, and nitrogen fixation were found in low quantities
(Lau et al, 2016). However, isotopic evidence supports the
conclusion that canonical denitrification is the primary nitrogen
cycling process in this environment, with nitrate originating
from either radiolytic oxidation or paleometeoric recharge (Silver
et al., 2012). In order for Thiobacilus and Sulfuricella to drive
this part of the nitrogen cycle, they require sufficient sulfur
species to serve as electron donors. Lau et al. (2016) propose
that these are produced by ANME-2 and sulfate reducing
bacteria, which represent a smaller proportion of both the
community and activity in this environment. In all, they
describe an ecosystem that supports an “inverted” biomass
pyramid, where the codependent methanogens and ANME
members are active at low levels, and the sulfate reducing
bacteria and methanogens are supported by the syntrophy
with ANME and sulfur oxidizing bacteria. Carbon is moved
through this system by autotrophy, primarily the reductive
pentose phosphate cycle and reductive acetyl-CoA cycles,
using DIC recycled through the methane cycling community.
Contrary to previous assumptions supported by approaches that
targeted hydrogen-driven metabolisms, this work showed that
the bulk of the anabolic and catabolic activity in this 1.34 km
fracture fluid did not use hydrogen as an electron donor,
but rather hydrogen dependent metabolisms exist in syntrophy
with coupled sulfur/nitrogen cycling (Lau et al, 2016), and
called attention to the importance of the overlooked subsurface
nitrogen cycle.

Boreholes

Boreholes offer an indirect path to the subsurface and
provide a means for emplacing instrumentation and long term
experimentation in sifu. Borehole depths are often comparable
to deep mine investigations, frequently reaching 500-2,500 m.
Dai et al. (2021) were able to retrieve continuous cores up to
5.1 km. As with other drilling operations interested in obtaining
clean and uncontaminated samples for microbiological research,
methodologies have been developed for terrestrial deep borehole
drilling (e.g., Templeton et al., 2021). Here we consider some
of the deepest examples of microbial surveys in boreholes in
the continental crust, focusing on altered and metamorphosed
bedrocks with lower permeability than sedimentary units, and
thus less opportunity for migration of surface microorganisms
(Mailloux et al., 2003; Lau et al., 2014). The examples below
highlight boreholes into altered bedrocks, such as serpentinized
ophiolites, schists, and gneisses, which offer fluid and gas
chemistries that differ from the fracture fluids in the deep mine
and laboratory examples above.

Boreholes in Serpentinized Bedrock

When ophiolites, interact with groundwater, the hydration of
olivine and pyroxene within the rocks leads to the formation of
a variety of serpentine phases such lizardite, chrysotile, among
others (Moody, 1976, and references therein; Dilek and Furnes,
2011). These reactions lead to a production of H,, CHy, alkaline
fluids, and a liberation of Ca?" ions (e.g., Neal and Stanger,
1983; McCollom and Bach, 2009), providing the potential for the
establishment of terrestrial chemoautotrophic microbiological
communities that are largely divorced from inputs at the surface.
Indeed, there are active microbial ecosystems in the deep
subsurface fueled by serpentinization (reviewed previously in
Schrenk et al., 2013). The origin of microorganisms within these
subsurface communities is thought to be related to transportation
to the subsurface during ophiolite obduction or introduction
from groundwater along slow regional flow pathways (Sabuda
et al., 2020; Putman et al, 2021). Microbial communities
dependent on serpentinization are of particular interest to
theories of the origin of life and potential life elsewhere in the
solar system such as Mars or icy moons (e.g., Schulte et al., 2006;
Martin et al., 2008; Cardace and Hoehler, 2009; Sojo et al., 2016;
Preiner et al., 2018; Cartwright and Russell, 2019; Russell and
Ponce, 2020; Taubner et al., 2020).

Well studied ophiolites include the Coast Range Ophiolite,
United States, the Tablelands ophiolite, Canada, the Santa Elena
ophiolite, Costa Rica, the Voltri Massif ophiolite, Italy, and
the Samail ophiolite, Oman, among others. Until recently,
much of the research on serpentinizing systems came from
studies of alkaline rich springs, where serpentinization influenced
groundwater intersects with the surface (Morrill et al., 2013;
Crespo-Medina et al., 2014; Sanchez-Murillo et al., 2014; Cardace
et al., 2015; Meyer-Dombard et al., 2015; Quéméneur et al,
2015; Woycheese et al., 2015; Brazelton et al., 2017; CanovasIII,
Hoehler and Shock, 2017; Rowe et al., 2017; Suzuki et al,
2017, 2018). Here, we focus on the direct sampling of fluids
from borehole wells (see section “ Surface Influences on the
Terrestrial Subsurface”). In the last decade, drilling projects such
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as the Coast Range Ophiolite Microbial Observatory (CROMO)
and the multi-borehole observatory (MBO) established by the
Oman Drilling Project, have enabled more direct access to the
groundwater fluids in contact with the subsurface (Cardace et al,,
2013; Kelemen et al., 2013, Kelemen et al., 2020). Prior to the
establishment of these observatories, direct access to groundwater
of serpentinizing systems was rare (Tiago et al., 2004; Daae et al.,
2013; Tiago and Veriissimo, 2013).

Recent work utilizes next generation DNA sequencing for
taxonomic and functional classification of borehole fluids in
combination with other techniques such as microcosm or
enrichment based experiments (Crespo-Medina et al,, 2014;
Meyer-Dombard et al,, 2018; Fones et al., 2021; Glombitza
et al., 2021), stable isotope analyses (Nothaft et al., 2021a,b),
radioisotope labeling (Fones et al, 2021; Glombitza et al,
2021; Templeton et al, 2021), and ecological/hydrological
modeling (Putman et al., 2021). Transcriptomic and single cell
genomics studies have also shown mechanisms of adaptation
of microbial life to serpentinizing environments (Fones et al.,
2019, 2021; Merino et al, 2020; Kraus et al, 2021). The
borehole observatories have enhanced the spatial and temporal
resolution of microbial dynamics within serpentinizing systems
and highlight the differences between borehole fluids influenced
by the surface and deeper, highly reducing groundwater fluids.

Both host rock composition and hydrologic context influence
microbial community composition in subsurface serpentinizing
systems, and recent work at the MBO in Oman highlights
this concept (Miller et al, 2016; Rempfert et al, 2017;
Fones et al.,, 2019; Kraus et al., 2021; Nothaft et al., 2021a).
The Samail Ophiolite is composed of mafic gabbros and
ultramafic peridotites, mainly harzburgite, both presumed to be
undergoing active serpentinization, which fuel distinct microbial
communities (Neal and Stanger, 1983; Miller et al., 2016;
Rempfert et al., 2017; Fones et al., 2019; Nothaft et al., 2021a).
Rempfert et al. (2017) distinguished between four different fluid
types at the Samail ophiolite MBO wells, influenced by host rock
lithology and hydrologic flow regime (long v. short residence
time): hyperalkaline peridotite (pH > 10), alkaline peridotite (pH
8-10), gabbro, and peridotite/gabbro contact wells. Taxonomic
analysis showed microbial communities clustered in accordance
with these four fluid types at the Samail Ophiolite (Rempfert
et al.,, 2017). Geochemical data showed alkaline peridotite and
gabbro hosted wells were likely to be more surface influenced,
and harbored more nitrogen cycling microorganisms (Rempfert
etal,, 2017). Hyperalkaline peridotite wells, characterized by high
dissolved H;, methane, and calcium, had more sulfate reducing
Bacteria and methane cycling Archaea relative to other fluid
types (Rempfert et al.,, 2017). Sixteen metagenome assemblies
from the Samail MBO also showed metabolic potential correlated
with fluid types associated with host rock lithologies (Fones
et al., 2019). Metagenomes from hyperalkaline peridotite wells
were more enriched in anaerobic respiration genes, including
anaerobic sulfite reductase unit A, AsrA, while genes associated
with aerobes were more enriched in the alkaline peridotite wells
(< 10 pH) (Fones et al., 2019). The influence of hydrologic regime
on geochemical composition, and thus microbial communities,
was shown at the Samail Ophiolite through the use of packers

to isolate discrete borehole sections in the mantle section of
the ophiolite (Nothaft et al., 2021a). Nothaft et al. (2021a)
sampled two boreholes at multiple discrete depths, up to
132 m, and subjected fluids to geochemical, isotopic, and
16s RNA sequencing. Fluids isolated from shallower, more
oxidized parts of the groundwater contained more heterotrophic
organisms capable of aerobic respiration, denitrification, and
fermentation, while highly reacted Ca** - OH™ groundwaters
were dominated by sulfate reducing chemolithoheterotrophs
(Nothaft et al., 2021a).

Microbial communities in fluids most influenced by
serpentinization are dominated by Bacteria, with variable
archaeal abundances (< 1% to ~30%), and generally consist of
low richness and planktonic cell abundances (< 10° cells mL~1)
(e.g., Rempfert et al., 2017; Twing et al., 2017; Fones et al., 2019,
2021; Kraus et al., 2021; Putman et al., 2021; Sabuda et al., 2021).
Studies associated with rock solids in these environments are
uncommon, but microscopy and 16S rRNA sequencing from
cores obtained during drilling at CROMO and at MBO indicated
variable cell abundances (103-107 cells per gram) and low
taxonomic richness (Cardace et al., 2013; Kelemen et al., 2020;
Templeton et al., 2021). Selective pressures that affect community
structure in these environments include low dissolved inorganic
carbon (DIC) concentrations, high pH, low dissolved oxygen
(DO), and energy limitations (Rempfert et al., 2017; Twing et al.,
2017; Fones et al., 2019, 2021; Nothaft et al.,, 2021a; Putman
et al., 2021). While microbial populations in highly reducing,
hyperalkaline groundwater are generally limited by the lack
of more energy rich electron acceptors (oxidants such as O,
NO3~, and Mn; e.g., Twing et al., 2017), this may not be the most
important limitation on microbial metabolisms (Crespo-Medina
et al., 2014; Rempfert et al., 2017; Glombitza et al., 2021).
Enrichment experiments show low DIC may be most limiting,
driving the selection for unique adaptations such as higher
rates of substrate assimilation to dissimilation, and methanogen
diversification (Crespo-Medina et al., 2014; Fones et al., 2019,
2021; Kraus et al., 2021). Finally, ecological modeling has shown
dispersal limitation due to low permeability and slow fluid flow
imposes strong selective pressure on microbial communities
within ophiolite hosted aquifers at CROMO (Putman et al.,
2021), leading to microbial community differentiation.

As highlighted above, the functional potential of
serpentinizing communities depends on the availability of
substrates such as H, and CHy, which can be highly variable
depending on the depth, host rock lithology, and the extent
of surface influence (Daae et al., 2013; Rempfert et al., 2017;
Nothaft et al., 2021a; Sabuda et al, 2021). Some ophiolite
hosted aquifers may retain ancient seawater from their marine
origins, which contributes to increased salinity and dissolved
sulfate in some sites, potentially providing a resource that
could be utilized by microbial communities (Schwarzenbach
et al., 2012; Sabuda et al., 2020; Nothaft et al., 2021a; Putman
et al., 2021). Active microbially mediated sulfur cycle processes
are abundant in aquifers with higher sulfate concentrations
(Schrenk et al., 2013; Sabuda et al., 2020; Glombitza et al,,
2021). Metagenomic sequencing has detected genes coding for
the complete dissimilatory sulfate reduction pathway such as
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sulfate adenylytransferase (sat), adenosine-5-phosphosulfate
reductase (aprAB) and dissimilatory sulfite reductase (dsrAB)
(Sabuda et al., 2020; Glombitza et al., 2021). Low levels of sulfate
reduction comparable with those found in deep subseafloor
sediments, < 1073 to 2.1 pmol mL~!day~!, were detectable
up to pH 12.3 in laboratory incubations of serpentine fluids
isolated from both CROMO and MBO wells (Glombitza et al.,
2021). Incubations of 10 cm core samples at pH 9.5 from MBO
yielded sulfate reduction rates of 2-1,000 fmol cm~3day~!
(Templeton et al., 2021). At the CRO, sulfate reduction coupled
to methane oxidation was found to be most thermodynamically
favorable in the deeper wells, as well as sulfide and thiosulfate
oxidation (Sabuda et al, 2020). Sulfate reducing bacteria
(SRB) Thermodesulfovibrionaceae and Desulforudaceae are
commonly found at both Coast Range and Samail ophiolite
fluids (Sabuda et al., 2020; Glombitza et al., 2021; Nothaft
et al.,, 2021a; Templeton et al., 2021). Glombitza et al. (2021)
found that SRB constituted 39.59% of taxa in the Samail and
Coast Range Ophiolites by screening taxonomic ranks for
possession of dsrAB genes. It has been suggested that ophiolites
serve as a vector for transporting sulfur compounds and
microorganisms capable of sulfur metabolism from the seafloor
to the continents, highlighting sulfur biogeochemistry taking
place within ophiolites as a link between terrestrial and marine
systems (Sabuda et al., 2020).

Metagenomic and 16S rRNA gene sequencing evidence for
hydrogen metabolisms, nitrogen cycling metabolisms, carbon
monoxide oxidation, carbon fixation, acetogenesis, sulfate
reduction, sulfide oxidation, and to a lesser extent, methane
oxidation have been found in serpentinizing boreholes in situ
(e.g., Twing et al,, 2017; Fones et al., 2019; Merino et al., 2020;
Kraus et al., 2021; Sabuda et al., 2021). Ferrous iron has been
measured in borehole samples, indicating the potential for iron
redox metabolisms (Miller et al., 2016; Rempfert et al., 2017).
Several methods have shown that microbially mediated iron
reduction and oxidation occur in enrichment microcosms and
batch culture experiments using fluids from subsurface borehole
and hyperalkaline springs (Meyer-Dombard et al., 2018). While
iron reduction is thought to be unfavorable in hyperalkaline
conditions, local drops in pH (< 9 pH) driven by fractures, low
flow voids, or biofilm protection can potentially create favorable
conditions. Borehole measurements show that pH in the Samail
and Coast Range ophiolites can range between ~ 7.4 to > 12
pH (Rempfert et al., 2017; Putman et al., 2021), potentially
providing the context necessary for iron oxidation at the lower
end of this range.

Methanogenesis is often cited as an energetically favorable
potential metabolism in serpentinizing fluids, however, the
observation of isotopically heavy methane in the “abiotic”
synthesis range has garnered some debate on the origin
of methane in these systems (Etiope et al, 2016; Miller
et al., 2016, Canovaslll, Hoehler and Shock, 2017; Etiope,
2017). It is likely that a combination of abiotic and biogenic
methane is present in serpentinizing systems, as genetic
evidence for methanogens within borehole fluids has been
reported (Miller et al., 2016; Fones et al., 2021; Kraus et al,
2021; Nothaft et al, 2021b). Methanogenesis under DIC

limitation has been shown to result in relatively high 3'3C-
CHy4 values, potentially providing a mechanistic explanation
for the observed isotopically heavy methane (Miller et al,
2018). Methanotrophy may provide another mechanism for 81*C
enrichment (Nothaft et al., 2021b). It has been suggested that
biological methanogenesis becomes energetically competitive
with sulfate reduction at a threshold level of accumulation
of reduced compounds such as Hy or formate in the range
of 10-10>° pmol per L in the Samail ophiolite, which
is a higher threshold than other environments potentially
due to increased energy expenditure to cope with high
pH (Nothaft et al, 2021a). Several studies have identified
methanogens affiliated with Methanobacterium, an autotrophic
and hydrogenotrophic genus (Rempfert et al., 2017; Kraus
et al., 2021; Nothaft et al., 2021a). Genomic and transcriptomic
evidence suggest that Methanobacterium can be active in
hyperalkaline groundwater up to pH 11.3 (Kraus et al,
2021). Taxonomic evidence for aerobic and anaerobic methane
oxidation is available to lesser extent than methanogenesis,
however, both are predicted to be energetically favorable in
these environments (Miller et al., 2016; CanovaslIIl, Hoehler
and Shock, 2017; Twing et al, 2017; Nothaft et al, 2021b;
Sabuda et al,, 2021). Methane produced either biogenically
or abiotically may not be consumed to a significant degree
by methanotrophs, and methane emissions from sites of
serpentinization should be considered in global atmospheric
methane budgets (Sabuda et al., 2021).

Boreholes in the Fennoscandian Shield

Boreholes fluids at the Outokumpu site (Finland) in the
Fennoscandian Shield have been used extensively as an in situ
experimental canvas. Here, the lithology of the first 1.3 km is
organic rich mica schists below which continues an ophiolite,
ultramafic sequence (Nyyssonen et al, 2014), providing a
comparison with the serpentinized fluids discussed above.
Emphasis has been placed on down hole experimentation, as
well as use of inflatable packer systems to retrieve authentic deep
subsurface fluid samples. Early work identified sulfate reduction
in fracture fluids (via identification and enumeration of the dsrB
gene) at varying depths (Itivaara et al., 2011; Purkamo et al,
2013). However, the organic rich schists of the Outokumpu site
provides opportunity for fermentation and anaerobic respiration,
and initial predictions of functional diversity indicated that
carbon fixation processes were underrepresented in the
microbial communities (Purkamo et al., 2015a,b), although the
genetic capacity for the reductive acetyl-CoA pathway is found in
fluids from 600-2,300 m (Nyyssonen et al., 2014). Enrichments
with acetate, sulfate, Hy, and CO, in laboratory microcosms
clarified that acetate induced growth of bacterial heterotrophs,
thiosulfate reduction was more important that sulfate reduction,
and methanogens were not present (Purkamo et al, 2017).
However, a recent metagenomic survey of fluids at 600, 1,500,
and 2,300 m detected the genetic capacity for methanogenesis
from multiple pathways; acetoclastic and methylotrophic
methanogenesis pathways were found at all depths, while
hydrogenotrophic pathways were only found in the deepest
sample (Nyyssonen et al., 2014). Further work demonstrated
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that acetate was incorporated into biomass by archaeal members
of the community, supporting previous indications that acetate
is likely key for metabolism in the deep biosphere at 2.2 km at
Outokumpu (Nuppunen-Puputti et al., 2018).

A variety of other locations provide fracture fluids within
metamorphic units in the Fennoscandian Shield. Shallow
boreholes provide access to Precambrian gneisses (e.g., at
Olkiluoto, Romuvarra), where emphasis on cultivation and
identification of sulfate reducing bacteria, nitrate reducing
bacteria, acetogens, and methanogens has been the focus of
much previous research (Nyyssonen et al., 2012; Pedersen, 2013;
Bomberg et al., 2015, 2016; Kutvonen et al.,, 2015; Miettinen
et al,, 2018). For example, in shallow fluids (up to 600 m), sulfate
reduction and methanotrophy were induced when hydrogen
and methane were introduced in flow cells using fluid from a
borehole in the ONKALO tunnel (Olkiluoto, Finland; Pedersen,
2013), and active nitrate and ammonium based catabolism
were also indicated (Kutvonen et al., 2015; Miettinen et al,,
2018). In contrast to many other Fennoscandian Shield sites,
at Romuvaara, groundwaters are not saline, and Purkamo et al.
(2018) postulated that this was the reason for a different suite of
microbial community compositions, despite similar host rock as
Olkiluoto. Interestingly, Romuvaara groundwaters from ~600 m
depth demonstrated a similar suite of predicted functional
diversity as that found in Olkiluoto. One study investigated
metabolic functions at much greater depth; a deep borehole
(4.5 km) into gneiss bedrock was obtained at the Otaniemi
site in Finland. Here, the functional diversity of retrieved
rock (as opposed to groundwater) was determined via qPCR
of drsB, narG, and mcrA genes (Purkamo et al, 2020). This
work was only able to retrieve copies of the narG gene from
this deeper borehole site, potentially suggesting that nitrate
reduction outcompetes sulfate reduction and methanogenesis
at depths greater than 600 m in gneissic bedrock. Other
potential metabolic processes were predicted from 16S rRNA
data, and indicated that a variety of chemoheterotrophic
and methylotrophic metabolic options could also be present
at these depths.

It is tempting to compare the functional diversity of
the schist-hosted vs. gneiss-hosted deep biosphere in the
Fennoscandian Shield, at depths > 1 km. It could be said
that the schist hosted deep biosphere appears to support a
more acetate driven ecosystem, with indications that thiosulfate
reduction is also important, and that nitrogen cycling may
be more important in the gneiss hosted deep biosphere.
However, caution should be taken in these broad conclusions
as different specific metabolic functions were the target of the
searches in each location. For example, while experimental
approaches have shown that >NH4" and '>NO;~ is taken
up into biomass at Olkiluoto (100 m; Kutvonen et al., 2015),
similar experiments have not yet been applied to verify the
activity of the nitrogen cycling genes at greater depths at this
site (Purkamo et al, 2020). Metagenomic data suggests that
nitrogen cycling may be important in the schist/serpentine
hosted Outokumpu groundwaters, but data showing activity
of these genes are not yet available. Future analyses that
broadly compare functional capacity and show activity of

the genes involved or uptake into biomass will enhance our
understanding of metabolic regimes across host rock types and
geochemical profiles.

SYNTHESIS VIA CATABOLIC MODELING

Many have predicted the energetic landscape that might
be presented in the terrestrial subsurface (e.g., Stevens and
McKinley, 1995; Amend and Teske, 2005; Osburn et al., 2014;
Magnabosco et al., 2016; CanovaslIl, Hoehler and Shock, 2017).
Because the interplay between climate, topography, host rock,
and groundwater defines the terrestrial subsurface environment,
it has been suggested that, other environmental parameters being
equal, the energetic landscape of the subsurface biosphere is
dependent on the mineralogy of the host rock. Specifically, the
host rock determines the mineralogy of the substrates that then
serve as the backbone of the energetic “buffet” for chemosynthetic
organisms (e.g., Swanner and Templeton, 2011; Casar et al,
2021a,b). Further, groundwaters connect diverse rock types,
adding the history of the water rock interaction along the flow
path with the local host rock, producing a distinctive fracture
fluid chemistry (e.g., Sahl et al., 2008; Osburn et al., 2019).

This geochemical reality provides a stunning array of
possibilities to supply the subsurface with energy and carbon.
On the whole, the community has generally and historically
made the assumptions that, (1) when methane or hydrogen
gas are measurable in subsurface fluids, the biosphere is likely
dominated by sulfate reduction and methanogenesis, and (2)
presence of heterotrophic metabolisms indicates influence from
the surface biosphere. These assumptions made a great deal of
sense several decades ago, but have been consistently shown to
be less relevant in many locations as more data are acquired,
reduced sulfur species, ammonium, ferrous iron and other metals
are shown to be important sources of electrons, and abiotic
reactions resulting in synthesis of organic carbon are known
to provide fuel for biomass synthesis (Amend and Teske, 2005;
McCollom et al.,, 2010; Shock and Canovas, 2010; Osburn et al.,
2014; Bomberg et al., 2019). Very recent considerations of the
structure of the energetic landscape in deep continental biosphere
settings have begun to paint a picture that methanogenesis may
be limited at greater depths, or more prevalent where fresh
groundwater mixes with deeper fluids (e.g., Osburn et al., 2014;
Leong and Shock, 2020). Holistic and comprehensive analysis of
functional diversity, capacity, and profiling of energy availability
using updated databases and culture independent methods are
suggesting that, where methanogens or the genetic capacity for
methanogenesis are found in low levels in fracture fluids (and
are not necessarily universally found, e.g., Lau et al, 2014),
methanogenesis may not be the dominant metabolic process but
rather may be providing a support for other organisms (Lau
et al., 2016; Purkamo et al., 2016; Simkus et al., 2016). Additional
ecological functions such as nitrogen cycling, methane oxidation,
and iron cycling have emerged as metabolisms of interest in
discussions of terrestrial deep subsurface sites (Swanner and
Templeton, 2011; Lau et al., 2014, 2016; Magnabosco et al., 2016;
Momper et al., 2017b; Purkamo et al., 2020; Casar et al., 2021b).
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To better ascertain whether there is a universality to energy
availability in terrestrial subsurface sites, we attempted to canvas
the known literature for published values to compare sites. The
representation of “energy” is not standardized, and available data
are presented in a dazzling variety of metrics and normalizations.
Data are often presented only in figures, preventing the
conversion of published data to a consistent metric across
sites. Further complicating the process is variable reporting of
geochemical data. For example, aqueous chemistry is frequently
presented without corresponding gas data, measurements of
redox sensitive compounds (such as NH4*, HS™), or fluid
conductivity, which are essential for calculation of AG,. We
have used geochemical data where available to estimate energy
availability and density for deep subsurface fracture waters across
five different deep mine laboratory locations -~ Aspd, Beatrix,
Pyhisalmi, SURF/MeMMO, and TauTona. We chose fifteen
reactions of interest to further our discussion of the energetic
landscape for these systems, shown in Table 1. The results of
our estimates are found in Figure 2 and in Supplementary
Table 1, where we present the data as both “energy density”
and in the semi standard metric of AG,, normalized per mole
of electrons involved in each reaction. Convincing arguments
have been made for these metrics and normalizations, which
present the data as volumetric and molar distributions of
energy, respectively (McCollom, 2000; Amend and Shock, 2001;
LaRowe and Amend, 2014, 2019).

We include reactions that are commonly exergonic in
terrestrial deep biosphere systems (e.g., reactions 1, 6, 11), and
that include nitrate and oxidized iron minerals as an electron
acceptor (processes currently of interest). We also chose reactions
that specifically do not involve hydrogen as an electron donor to
compare to reactions that do (e.g., reactions 3 vs. 4, 6 vs. 9). We
represent sulfate reduction with both hydrogen and methane, but
also acetate, and chose to reduce HCO3;~ to methane because
that is the dominant species at the pH ranges of the systems
in question. Further, in Figure 2 we highlight the electron
acceptors involved in each reaction, as fluids at all examined sites
are reducing and these are the chemical species receiving the
transferred electrons.

In general, on a molar basis, the most exergonic reactions
across all sites are those using electron acceptors in the order
0, > NO;~ > S” > SO, 72 > HCO3;~ > Fe-minerals (Figure 2,
right side). Under this lens, there is little variability in the
energy available per reaction across the five locations, with most
reactions varying < 10 kJ(mol e™)~ 1. Of interest are the reactions
that play across the zero line, showing that the reaction is
only (barely) exergonic at some sites. These are methanogenesis,
acetogenesis, sulfate reduction with methane, and reduction of
iron bearing minerals with Hj (reactions 11, 12, 8, 14, and 15,
respectively). These same reactions also provide the least energy
on a volumetric basis, with Aspo6 fluids providing the most energy
of the five sites (Figure 2, right side). The “top 5” exergonic
reactions differ considerably when assessed as volumetric vs.
molar normalizations. Normalized per a volumetric basis, the
most exergonic reactions across all sites are 7, 1, 10, 9, and
2, which include sulfate reduction with methane or acetate (7,
9), sulfur reduction with H, (10), and ferrous iron oxidation

(2). Normalized per a molar basis, only one of these reactions
remains in the “top 5” - reaction 1 - joined by nitrate reduction
with Hy, HS™, and CHy, and ferrihydrite reduction coupled
with acetate (reactions 3-5, and 13, respectively). Note that
there is considerable variability in the energy density for the
“top 5” reactions among sites, with the DeMMO fracture fluids
presenting far less energy density for the top 3 reactions than
all the other sites (reaction 2 is actually the most energy dense
for DeMMO fluids).

We can choose thresholds by which to compare the sites’
energy density. On a site by site comparison, there are seven
reactions for which the Asp6 fluids yield > —2 (log J/kg H,0)
and only 4-5 reactions in this range for all the other sites. If
we look at the lower energy density threshold of < —4 (log J/kg
H,0), there are ten reactions for which the DeMMO fluid yields
this or less energy on a volumetric basis, and none of the Asp6
reactions fall in this range. Ranking the sites in this way, the Asp6
site had the greatest number of high energy density reactions,
the DeMMO fluids had the least, and Beatrix, TauTona, and
Pyhidsalmi were midrange, in descending order. Fracture fluids
at Aspo are flowing through basaltic units, while Beatrix and
TauTona are hosted in quartzites. Both Pyhdsalmi and DeMMO
fluids experience more complex geologic settings and reaction
pathways. One might conclude that there is a pattern here, from
the most energy dense site to the least, with sites hosted in
similar geologic settings arranged in a gradient, but more data
would be needed to verify this. Pan-metagenomic analysis of
global subsurface sites suggests that community variations are
correlated to lithology, so the possibility exists that this trend
would hold up to deeper scrutiny (Magnabosco et al., 2018).

Looking at specific reactions of interest, we can compare the
reduction of nitrate and sulfate with and without hydrogen,
toward considering whether the subsurface might be dependent
on hydrogen as an electron donor. Reactions 3 and 4 (nitrate
reduction with hydrogen and with sulfide, respectively) yield
roughly the same energy density for nearly all sites, although
DeMMO fluids are significantly more energy dense when sulfide
is the electron donor. Reactions 6-9 all reduce sulfate; of these,
reducing sulfate with hydrogen is one of the least energy dense
options. Reduction of sulfate to sulfide with methane is the most
energy dense of all the reactions, but reducing sulfate to elemental
sulfur with methane yields considerably less energy density.
Sulfate reduction with methane, acetate, and hydrogen are all
more energy dense than methanogenesis, for each site. Stacking
the four yellow bars in the left plot of Figure 2 covers the entire
range of energy density shown on the plot, when all samples
are included. This indicates that sulfate reduction is highly site
and reaction specific, which should be taken into consideration
when discussing this as a metabolic option in the subsurface.
Nitrate reduction is a metabolism that has been highlighted
above in several deep subsurface mine publications, and notably,
reactions 3-5 are among the most exergonic when considered on
a molar basis and are also in the middle range of the scale when
considered on a volumetric basis. Further, across all sites there is
less range in the energy density available for nitrate reduction,
indicating that it is less site and reaction specific. We believe
that reactions utilizing nitrate as an electron acceptor warrant
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FIGURE 2 | Estimated energetic landscape of the fifteen reactions presented in Table 1 for five selected deep fracture fluids, as accessed in subsurface laboratories.
Calculated energy densities are presented at left, and AG, estimates are at right (normalized as kJ/mol and the number of electrons involved in the reaction).
Electron acceptors for each reaction are highlighted. Fracture fluid geochemistry data are from: Aspd - Hallbeck and Pedersen (2008), sample
“KJ0052F01/2006-03-23/43.70-43.90 m;” Beatrix mine — Lin et al. (2006b), sample “BE325;” Pyhasalmi — Miettinen et al. (2015), sample “R-2247;” SURF — Osburn
et al. (2014), sample “‘Manifold B;” TauTona — Magnabosco et al. (2016), sample “TT107.” Methods for estimated values may be found in Supplementary Material.

closer inspection and consideration in metabolic profiling for
subsurface fracture fluids, especially given recent discoveries
concerning the genetic capacity for these processes (Swanner
and Templeton, 2011; Lau et al., 2014, 2016; Magnabosco et al,,
2016; Momper et al.,, 2017b; Purkamo et al., 2020). Whether
methane oxidation (reaction 5, 7, and 8) is an energy dense option
depended on what is being used as the electron acceptor, and
those data overlap to cover the entire x-axis range in Figure 2.
Again, this indicates that methane oxidation as an energy dense
option depends highly on site chemistry and reaction specifics.
Magnabosco et al. (2018) isotopically traced methane oxidation
with nitrate in fracture fluids in the Beatrix mine, and our
estimates indicate that, at least with reaction 5, there is a high
energy density present for this process. Finally, we considered
whether iron cycling is a favorable process in these fluids.
This is site dependent. For the most part, reduction of iron
bearing minerals is not a highly exergonic option, considering
both volumetric and molar values of energy. However, reaction
13 yielded as much energy in the Aspé fluids as ferrous iron
oxidation (reaction 2) on a volumetric basis and the reaction
is highly exergonic on a molar basis. Ferrous iron oxidation
with oxygen is one of the “top 5” reactions for all sites on
a volumetric basis. Iron cycling may be a possible source of
energy in subsurface fracture fluids, but generalizations can’t be
drawn across sites.

We recognize that the presence of energy availability does
not confer the guarantee of the importance of a given process
to an ecosystem, any more than identification of taxonomic or
functional diversity might. While the choice of how metrics
of energy availability and flux are normalized depends largely
on the questions being asked in a given study, it is certain
that more cross-site comparisons could be made if, at the very
least, the AG, value is reported along with the normalized data
as a discipline standard. Further, some basic standards could

be suggested for data collection that would enable others to
assess the energy availability of a system, even if the study’s
authors are disinterested in that topic. For example, analysis of
temperature, pH and conductivity, as well as redox pairs (nitrate
and ammonia/ammonium, sulfate and sulfide, for example)
and gas chemistry that includes dissolved oxygen, hydrogen,
nitrogen, and methane, could serve as a general “basic set” of
useful analyses (with acknowledgment that analytical capacity
varies widely in the field). The most convincing investigations
of ecosystem function combine modeling of energy options,
functional diversity surveys, and experimental approaches. We
look forward to the community putting the “nail in the
coffin” by adding proteomic analysis to such suites of data,
which will greatly enhance our ability to draw connections
between geology, geochemistry, and community diversity to
describe ecosystem functions and services in the deep terrestrial
subsurface biosphere.

CONCLUSION

The mass of the terrestrial subsurface biosphere has been
frequently estimated, with current values conservatively
approaching 23-31 Pg of carbon C (PgC) (Magnabosco et al.,
2018). There are many environmental factors that are very
similar in most terrestrial subsurface sites, and several studies
have considered taxonomic and functional diversity from a global
perspective. Several taxa have been noted in many subsurface
sites globally, regardless of geochemical provenance (Colman
et al,, 2017). Among these are members of the Firmicutes and
Proteobacteria. Firmicutes are shown to dominate taxonomic
diversity surveys in deeper subsurface sites in South Africa
(Magnabosco et al., 2016), various serpentinite sites including
surface  springs  (Brazelton etal, 2013;  Suzukietal., 2013;
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Twing et al.,, 2017), and fracture fluids in boreholes and deep
laboratories of the Fennoscandian Shield (Itivaara et al,
2011; Purkamo et al., 2016), while Proteobacteria dominate
in shallower sites that mix with younger and less saline
groundwaters (Itdvaara et al., 2011; Magnabosco et al., 2016). The
well-noted Candidatus Desulforudis audaxviator, a Firmicutes,
has been found in subsurface fluids globally since first discovered
in a South African gold mine (Baker et al, 2003; Cowen
et al., 2003; Lin et al., 2006a,b; Aiillo et al., 2013; Tiago and
Veriissimo, 2013; Labontei et al, 2015; Magnabosco et al.,
2016; Jungbluth et al., 2017; Momper et al., 2017b). Notably,
fluids across these sites are geochemically diverse, and the
presence of the same taxonomic groups suggests both functional
redundancy and functional generalists within the communities.
Indeed, it was shown that distributions of functional genes
are not correlated across sites, geochemistry, distance, or other
physical/environmental parameters (Lau et al., 2014).

As we move forward in terrestrial subsurface research, it will
be important to consider subjects such as functional redundancy
and the ecosystems services that both generalist and specialist
taxa provide. Narrowly targeting investigations to a few specific
metabolic functions can help elucidate details, but holistic context
should not be neglected. To facilitate such progress, we look
forward to coordinated analyses that examine the energetic
landscapes, taxonomic and functional diversity, and end point
analyses such as proteomics and enzymatic assays.
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