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ABSTRACT Microbial assembly and metabolic potential in the subsurface critical zone
(SCZ) are substantially impacted by subsurface geochemistry and hydrogeology, select-
ing for microbes distinct from those in surficial soils. In this study, we integrated meta-
genomics and geochemistry to elucidate how microbial composition and metabolic
potential are shaped and impacted by vertical variations in geochemistry and hydro-
geology in terrestrial subsurface sediment. A sediment core from an uncontaminated,
pristine well at Oak Ridge Field Research Center in Oak Ridge, Tennessee, including the
shallow subsurface, vadose zone, capillary fringe, and saturated zone, was used in this
study. Our results showed that subsurface microbes were highly localized and that
communities were rarely interconnected. Microbial community composition as well as
metabolic potential in carbon and nitrogen cycling varied even over short vertical dis-
tances. Further analyses indicated a strong depth-related covariation of community
composition with a subset of 12 environmental variables. An analysis of dissolved or-
ganic carbon (DOC) quality via ultrahigh resolution mass spectrometry suggested that
the SCZ was generally a low-carbon environment, with the relative portion of labile
DOC decreasing and that of recalcitrant DOC increasing along the depth, selecting
microbes from copiotrophs to oligotrophs and also impacting the microbial metabolic
potential in the carbon cycle. Our study demonstrates that sediment geochemistry
and hydrogeology are vital in the selection of distinct microbial populations and me-
tabolism in the SCZ.

IMPORTANCE In this study, we explored the links between geochemical parameters,
microbial community structure and metabolic potential across the depth of sediment,
including the shallow subsurface, vadose zone, capillary fringe, and saturated zone. Our
results revealed that microbes in the terrestrial subsurface can be highly localized, with
communities rarely being interconnected along the depth. Overall, our research demon-
strates that sediment geochemistry and hydrogeology are vital in the selection of distinct
microbial populations and metabolic potential in different depths of subsurface terrestrial
sediment. Such studies correlating microbial community analyses and geochemistry anal-
yses, including high resolution mass spectrometry analyses of natural organic carbon, will
further the fundamental understanding of microbial ecology and biogeochemistry in sub-
surface terrestrial ecosystems and will benefit the future development of predictive mod-
els on nutrient turnover in these environments.
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The Earth’s critical zone has been evolving as an emerging and rapidly growing
research area since the term “critical zone” arose about two decades ago (1). The

critical zone, which is considered to be Earth’s outer skin, refers to a permeable layer
from the tops of the tree canopy to the bottom of the groundwater, an environment in
which rock, soil, water, air, and living organisms interact and shape the Earth’s surface
(2). The subsurface critical zone (SCZ), which extends from the ground surface down to
the fresh, unweathered bedrock (3), harbors more than half of all global microorgan-
isms (4), and these associate to form complex microbial communities that colonize
subsurface environments and control key ecological processes, such as the carbon (C)
and nitrogen (N) cycles (5). However, much is yet to be explored, and, despite decades
of study, subsurface key microorganisms and their ecological functions still remain
largely unknown. A large number of microbial species in the terrestrial subsurface
remain uncultivated, and their physiologies and ecological impacts continue to remain
an enigma (6–9).

The microbial assembly and metabolic potential in the SCZ are substantially impacted
by sediment geochemical gradients and subsurface hydrogeology. In surface soils, mi-
crobial abundance and activity are often associated with “hot spots” (10, 11), which are
typically close to plant roots (i.e., the rhizosphere) or are associated with decaying plant
material. It is traditionally assumed that the availability of labile organic matter as well as
the microbial abundance and activity are lower in the SCZ than in surface soils and that
they decline as a function of depth (12–14). A recent study (15) reported that the local-
ized distribution of microbes in the subsurface of a desert, where oligotrophic microbes
were ubiquitous and highly diverse in metabolic potential, was correlated with an
increase in the concentrations of Fe, K, Mg, and Ti in the sediment as well as with a
change in lithology and groundwater capillary action. This study, together with many
others (16–18), provides evidence that microbial communities can adapt to oligotrophic
subsurface environments and that vertical variations in microbial activities and C turn-
over are shaped by a variety of geochemical factors that select for unique microbes that
are distinct in sequential depths. For example, it was reported that microbial commun-
ities that are spatially close (within the same soil profile) but are separated by only 10 to
20 cm in depth can be as distinct from one another as they are from communities that
are thousands of kilometers away (18).

Hydraulic conditions are one of the key factors influencing microbial communities in
the SCZ. Microbes in the capillary fringe and groundwater are usually quite distinct from
those in surface soils and vadose sediments due to geochemical differences (e.g., temper-
ature, redox conditions, nutrient availability, and hydrogeology) (19–21). As an example, it
was reported that psychrophiles tended to inhabit groundwater, whereas thermophiles
and mesophiles were likely to be present in sediments (15). Hydrogeological processes
may transport chemical energy in the form of gases (such as methane) (22), reduced met-
als (23), and nutrients (24) to the subsurface saturated zone. The capillary action and fluc-
tuation of groundwater would cause the mixing of chemicals and microbes (15), thereby
resulting in increased microbial biomass, diversity, and activity in the capillary fringe and
groundwater zones, compared to the above vadose zone (12).

The Oak Ridge Reservation Field Research Center (ORR-FRC) in Oak Ridge, Tennessee,
was established as a part of the U.S. Department of Energy’s Natural and Accelerated
Bioremediation Research (NABIR) program (25) to evaluate in situ strategies for the long-
term treatment of mixed radionuclide wastes. The ORR-FRC includes five contaminated
sites and an uncontaminated background site. In this study, we investigated the depth-
wise profiles of microbial features and geochemistry in the SCZ of the ORR-FRC unconta-
minated, pristine background site. We hypothesized that (i) microbial communities are
highly localized with low transport among different zones in the SCZ; and (ii) the compo-
sitional and functional changes in microbial communities in the SCZ are constrained by
geochemical gradients, even across close spatial scales. To prove these hypotheses, we
collected sediment samples spanning from the shallow subsurface to the groundwater
table (i.e., the saturated zone) at the ORR-FRC background site, and we conducted both
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metagenomic and geochemical investigations, including organic matter characterization
via ultrahigh resolution mass spectrometry, to draw connections between microbial
community characteristics and geochemical gradients and to demonstrate the connec-
tion between genotype and ecotype. The nature and form of the C compounds as a
function of depth are not well-characterized in subsurface systems, nor are the microbial
mechanisms for its utilization (26). The results from this study provide a fundamental
understanding of microbial ecology and biogeochemistry, which will benefit the future
development of predictive models on nutrient turnover in the SCZ, especially at sites
such as the ORR-FRC.

RESULTS
Metagenome assembly. In this study, we applied metagenomics to investigate

depth-related variations in the microbial composition and metabolic potential in the SCZ
of an ORR-FRC background site. The binning of bacterial and archaeal genomes from
metagenomic data resulted in a set of 28 high-quality metagenome assembled genomes
(MAGs) and 80 medium-quality MAGs, according to MIMAG standards (27). Assembling
the reads from all of the samples, amounting to 187.7 Gbp of sequence data, resulted in
1.748 million contigs longer than 1 kbp. After quality filtering, we obtained a total of 215
small-subunits (SSUs) from the contigs of all of the sediment samples.

Distinct depth-wise microbial community composition. The microbial diversity
(Shannon and Simpson) indexes showed no significant differences across the six sedi-
ment segments (one-way ANOVA, P value . 0.1) (Fig. S1), suggesting that the micro-
bial communities were comparably diverse across depths. However, a phylogenetic
analysis revealed distinct patterns in microbial community composition in different
depths. Overall, the communities were dominated by bacteria, with an increasing rela-
tive abundance of archaea from ,1% in the shallow subsurface to 32.7 6 6.5% in the
saturated zone (Fig. S2). This is also reflected in the bins obtained: few archaeal bins
were obtained from the shallow subsurface, whereas approximately 20 to 30% of the
bins from the saturated zone were classified as archaeal.

Specifically, the microbial communities clearly differed among depths at the phylum
level (Fig. 1A), with a strong divide among the shallow subsurface (0.1 to 0.9 m below
ground surface [bgs]), vadose zone (0.9 to 1.5, 1.5 to 2.4, 2.4 to 3.0 m bgs), capillary fringe
(3.0 to 4.0 m bgs), and saturated zone (4.0 to 4.6 m bgs) on the basis of nonmetric multidi-
mensional scaling (NMDS) (Fig. 1B–E). Out of the 14 classified bacterial phyla, Latescibacteria
tended to occur in the shallow subsurface, Firmicutes tended to be present in the capillary
fringe, and Patescibacteria and Bacteroidetes were present in the saturated zone (Fig. 1B–E).
All three archaeal phyla, namely, Euryarchaeota, Thaumarchaeota, and Crenarchaeota, were
relatively abundant in the capillary fringe and saturated zone. We noted the variance among
replicates in two segments (2.4 to 3.0 and 3.0 to 4.0 m bgs) (Fig. 1A), which is probably due
to the structural heterogeneity of the sediment environments that leads to the physical
niche space and spatial isolation of microbial communities.

The further investigation of microbial community composition at the order level
showed a clear depth-wise pattern (Fig. 2). The orders “uncultured AD3”, Myxococcales,
and Rokubacteriales were widely present (.1%) across depths. The subgroup 13 and
“uncultured GAL15” were generally abundant (2.7 to 7.7% and 3.3 to 14.4%, respectively)
in the SCZ, except the shallow subsurface (not detected). Some orders occurred only in
the shallow subsurface, including Pyrinomonadales, Micromonosporales, Microtrichales,
Solirubrobacterales, “uncultured Latescibacteria”, Tepidisphaerales, Dongiales, NB1-j, and
Sphingomonadales, whereas some orders were only found in the capillary fringe and sat-
urated zone, with most of these being uncultured or poorly characterized members
(“uncultured Bathyarchaeia”, “uncultured Marine Benthic Group A”, and “uncultured
JG30-KF-CM66”). Two orders of Chloroflexi (Ktedonobacterales and “uncultured AD3”)
particularly dominated the vadose zone (0.9 to 3.0 m bgs), representing 8.9 to 17.9%
and 3.4 to 25.4% of the communities, respectively.

Distinct depth-wise microbial cooccurrence patterns. We generated predictions
for the SSUs from the metagenome contigs, calculated associations between the SSUs,
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and applied a network analysis based on strong (Spearman threshold. 0.6) and signif-
icant (P , 0.05) correlations to explore the cooccurrence patterns of the microbial
communities along the depth of the SCZ. The resulting microbial cooccurrence net-
works (Fig. 3) consisted of 215 nodes (SSUs) and 3,821 edges, and they were clustered
into 6 modules that represented 6 sediment segments, respectively (Table S1). The
module representing the saturated zone possessed more nodes (n = 59) and edges
(n = 1,711) than did other modules (nodes, 29 to 34; edges, 210 to 558), suggesting
that the saturated zone had a more complex microbial cooccurrence network than did
other sediment segments.

The cooccurrence networks (Fig. 3) demonstrate that the microbial communities at
different depths are highly distinct in composition and are barely connected to each
other, even between communities that are spatially adjacent. The shallow subsurface
(0.1 to 0.9 m bgs) had no shared SSUs with other segments and exhibited a separated
network. The up-vadose zone (0.9 to 1.5 m bgs) and mid-vadose zone (1.5 to 2.4 m)
shared only one SSU, whereas communities at the variable groundwater table showed
weak connections: the low-vadose zone (2.4 to 3.0 m bgs) shared one SSU with the
capillary fringe (3.0 to 4.0 m bgs), which shared three SSUs with the adjacent saturated
zone (4.0 to 4.6 m bgs). The existence of shared SSUs among these zones might be
mediated by transport through the fluctuation of the groundwater table.

Depth-wise variations in microbial metabolic potential in the C and N cycles.
Complex C oxidation (i.e., organic C ! CO2), was found to be most prevalent in the
shallow subsurface (0.1 to 0.9 m bgs) and vadose zone (0.9 to 3.0 m bgs), whereas C fix-
ation (i.e., CO2 ! organic C) was found to be most prevalent in the vadose zone (0.9 to
3.0 m bgs) (Fig. 4). Methane oxidation (i.e., CH4 ! CO2) was most prevalent in the shal-
low subsurface and mid- to low-vadose zones (1.5 to 3.0 m bgs). The potential for
methanogenesis from CO2, acetate, and hydrogen to CH4, while observed in all depths,

FIG 1 Microbial community compositions at the phylum level in the SCZ of the ORR-FRC background site. (A) Relative abundances of classified phyla in
sediment samples. (B) 3D-nonmetric multidimensional scaling (NMDS) ordination with projections (C–E) of microbial community compositions. The arrows
are replicates of each depth, and they indicate the directions in which the gradient changes of the classified phyla were the greatest.
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FIG 2 Bubble plot showing the mean values of the relative abundance (%) of the majority orders (.1%
in any sediment segment) in the SCZ of the ORR-FRC background site.
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was found to be most prevalent in the low-vadose zone (2.4 to 3.0 m bgs) and in the
saturated zone (4.0 to 4.6 m bgs). A notably lower abundance of C-cycling genes was
observed in the capillary fringe (3.0 to 4.0 m bgs), which is possibly due to the fact that
the dominant C metabolism in this zone was not captured by the marker genes that
were used in this study. A deeper evaluation of the metagenomic data, including a ge-
nome-resolved analysis, will be performed in the future to investigate the low relative
abundance of C-cycling genes in the capillary fringe.

Both the reduction of nitrate to nitrite and nitrite ammonification (i.e., NO2- ! NH4
1)

were most prevalent in the shallow subsurface (0.1 to 0.9 m bgs), whereas the reduction of
nitrite to nitric oxide was least prevalent in that zone and most prevalent in the saturated
zone (4.0 to 4.6 m bgs) (Fig. 4). N fixation (i.e., N2 ! NH4

1) was mostly observed in the shal-
low subsurface, but it was not detected or weak among other depths. AmoA, which is a
marker gene for the oxidation of ammonia to nitrite, was more abundant in both the shal-
low subsurface and the vadose zone (0.9 to 3.0 m bgs) than in the deeper sediments.

Depth profiles of sediment geochemistry. We assessed a total of 27 geochemical
factors (Table S2) to elucidate the factors that shape the microbial community composition
in sediments. A statistical analysis shows that the microbial community composition
strongly correlates (Spearman correlation, r = 0.8461) with a combination of 12 geochemical
factors, including pH, cation exchange capacity (CEC), total organic carbon (TOC), dissolved
organic carbon (DOC), total nitrogen (TN), nitrate, P, and five metals (Ca, Mg, Na, Ni, Zn). The
results were validated via a Mantel test (Spearman’s r, 0.6769; P value, 0.014; 719 permuta-
tions). The depth profiles of these selected geochemical factors are presented in Fig. 5.

The sediment pH decreased from neutral (pH = 6.48) in the shallow subsurface to
weakly acidic (pH 3.93 to 4.41) in the layers beneath it. The CEC increased from 11 meq/
100 g in the shallow subsurface and reached its peak (44.8 meq/100 g) in the mid-vadose
zone, suggesting an increase of the clay content or a change in the clay type. As expected,
the organic C content, including TOC and DOC, decreased sharply with depth, indicating
an oligotrophic environment throughout the SCZ below the shallow subsurface.

The nitrate concentration in SCZ declined abruptly from the vadose zone to the capil-
lary fringe and saturated zones (Fig. 5), indicating the potential presence of nitrate-reduc-
ing organisms and the enhanced denitrification potential of microbial communities in
groundwater and aquifer sediments. Conversely, the concentrations of P and metals (Mg,
Na, Ni, Zn, Ca) increased in the capillary fringe/saturated zone (Fig. 5), suggesting that
groundwater may continuously introduce essential nutrients and metals that support the
growth and activities of microbes in the oligotrophic subsurface environment.

Molecular composition of DOC. The water-extractable DOC represents a natural
suite of organic substrates that microbes may easily access in sediment and is therefore
relevant to microbial communities, despite being a small fraction of the bulk TOC (28,
29). Since the sediment DOC concentration shows a strong correlation with the microbial

FIG 3 Layout of six clustered modules in the microbial cooccurrence networks of sediment microbes.
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community composition, as discussed above, we further investigated the DOC composi-
tion at the molecular level using Fourier-transform ion cyclotron resonance mass spec-
trometry (FT-ICR MS). The chemical groups of DOC, including lignin, amino sugar, pro-
tein, lipid, carbohydrates, tannin, and condensed aromatics, were classified based on the
assigned molecular formulae of masses from the FT-ICR MS analysis (28). As shown in
Fig. 6, labile C, such as carbohydrate-like compounds, mainly existed in the shallow
subsurface, with the average relative abundance decreasing from 21.2% in the shallow
subsurface to ,2% in the saturated zone, whereas the average relative abundance of
recalcitrant C, such as condensed aromatic-like compounds, increased from 3.4% in the
shallow subsurface to 12.3% in the saturated zone. Protein-like compounds existed con-
sistently throughout the SCZ with a relative abundance of 2.1 to 5.4%, suggesting the
origin of microbial cell death (30) throughout the depth.

DISCUSSION

Compared to surface soils, the SCZ is considered to be a unique ecosystem that
usually has low concentrations of substrates and nutrients as well as low microbial bio-
mass and activity (26, 31). Yet, it harbors a large number of distinct microbes that are,
thus far, mostly uncultured or uncharacterized (6), and these assemble and function,
depending to an extent on the stratigraphy, geochemistry, and hydrogeology of the
site (31). In this study, we integrated metagenomics and geochemical analyses to eluci-
date how microbial community composition and metabolic potential are shaped and
impacted by geochemical factors in the SCZ.

Our results demonstrate that the microbes in the uncontaminated ORR-FRC subsur-
face are highly localized and that communities are rarely interconnected. Spatially

FIG 4 Nitrogen and carbon biogeochemical cycling diagrams profiling the community-level metabolic potential of the six sediment segments. The C cycle
steps are categorized as follows: C fixation (CF), hydrogenesis (H), fermentation (F), methanogenesis (M), acetate oxidation (AO), methane oxidation (MO),
and complex C oxidation (CCO). Listed next to each metabolic step are the normalized relative abundance of the genes capable of carrying out the step
and the marker gene(s) that were used to quantify the step. The arrow sizes are drawn proportionally to the normalized relative abundance of the genes
that are capable of carrying out the metabolic step. A dashed line indicates that no genes were identified for that step in the metagenome. The gene
relative abundance was normalized to the number of reads binned to the metagenome. Lists of the marker genes for steps in which multiple genes were
used as markers can be found in Table S4.
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localized subcommunities likely provide different “services” as resources change with
depth and conditions become more selective. The community composition varies ver-
tically from layer to layer, even over short distances. The significant Mantel test results
indicate that the differences in microbial community composition among sediment
segments are strongly correlated or, rather, “covary” with the differences in a subset of
12 environmental variables, including pH, CEC, TOC, DOC, TN, nitrate, P, and five metals
(Ca, Mg, Na, Ni, Zn), suggesting that the sediment geochemistry is vital in the selection
of the distinct microbial communities in the SCZ. Our observation with natural sedi-
ment significantly differs from those that were made with a model soil system, with
those results indicating that the microbial community and its associated physiology
were stronger drivers of DOC dynamics than was the associated mineralogy (30).

The unique microbial composition pattern along the depth of sediment shows a corre-
lation with the quantity and quality of sediment organic matter. As the quantities of bulk
TOC and DOC decline down the depth, the property of DOC also transitions toward recalci-
trant C, and dominant microbes accordingly shift from copiotrophs to oligotrophs. Similar
observations were made by Fierer et al. working with subsurface sediment in the Santa
Ynez Valley (26) as well as by others with different sediment types, from permafrost to for-
est to coastal environmental sites (32, 33, 34) The phyla Actinobacteria, Latescibacteria, and
Verrucomicrobia, which were found mostly in the shallow subsurface and upper vadose
zone (Fig. 1), significantly correlated with the labile DOC components such as carbohy-
drates, amino sugar, and tannin (Spearman correlation, r . 0.6; P , 0.05) (Fig. 6B), sug-
gesting that these phyla appear to be copiotrophic organisms and therefore tend to
grow in the shallow subsurface, where labile C is relatively abundant. For example,
although the order Chthoniobacterales (phylum: Verrucomicrobia) detected in this study
is not well-described in the literature, other members of Verrucomicrobia have been
reported to be “cosmopolitans” in the rhizosphere (35) and highly prevalent in soils (36),
suggesting that Verrucomicrobia tend to live in environments that are rich in labile C,

FIG 5 Depth profiles of selected geochemical factors in the SCZ of the ORR-FRC background site. The blue dashed line indicates the
groundwater table.
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such as root exudates. This is in agreement with our recent published study, in which we
found that Verrucomicrobia was highly enriched by DOC that was extracted from shal-
low subsurface sediment (1 m bgs) collected from the ORR-FRC background site (37). On
the other hand, members of the phyla Euryarchaeota, Thaumarchaeota, Crenarchaeota,
Acidobacteria, Chloroflexi, GAL15, and Rokubacteria, most of which belong to uncul-
tured/uncharacterized clades, dominate in the layers below the shallow subsurface
(Fig. 2), suggesting that these organisms might be capable of utilizing relatively recalci-
trant substrates. As an example, the phylum GAL15 was found to significantly correlate
with the relatively recalcitrate, lipid-like compounds in the subsurface (Spearman correla-
tion, r = 0.94; P , 0.05) (Fig. 6B). Members of the order Ktedonobacterales (phylum:
Chloroflexi) were reported to preferentially predominate in oligotrophic and extreme
environments (38), which could be explained by their large genomes (7.7 to 13.7 Mb)
and broad metabolic potential (39).

Archaea were found to be abundant in the capillary fringe and saturated zone, but
they rarely exist in the shallow layer (Fig. 2), probably because of the low-carbon and
low-oxygen environments in the subsurface. Many members of Crenarchaeota were
identified in anaerobic environments (39), and the orders Methanomethyliales and
Methanomassiliicoccales are known to be methanogenic anaerobic archaea (40, 41).
Thus far, the characterized representatives of Thaumarchaeota are chemolithotrophs
with an oligophilic lifestyle (42–44), which may explain why this phylum can thrive in
the oligotrophic subsurface, as observed in this study.

In accordance with the changes in the microbial composition, the microbial C and
N metabolic potential also changes with the depth. The shallow subsurface is most
influenced by the spatially close rhizosphere, where N-fixing organisms, such as
Sphingomonas harboring a nitrogenase gene (45), are known to thrive. We found that
members of the order Sphingomonadales were exclusively present in the shallow layer
(Fig. 2), which might explain the observed greater N fixation potential of the commu-
nity in the shallow layer, compared to those in deeper sediments (Fig. 4). As discussed
above, the C cycling genes related to complex C oxidation and methane oxidation were

FIG 6 (A) Biochemical composition of the sediment DOC, as measured via FT-ICR MS. The relative proportion is the mean value of the replicates. “Others”
refers to the rest of the detected masses that were assigned molecular formulas but could not be classified as any of the biochemical groups. (B)
Correlation matrix of the relative abundances of the DOC biochemical groups and the relative abundances of the classified phyla. (C) Correlation matrix of
the relative abundances of the DOC biochemical groups and the relative abundances of the marker genes that are related to C-cycling. In panels B and C,
the numbers indicate Spearman correlation coefficients, and only statistically significant correlations with P , 0.05 are shown.
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found to be mostly prevalent in the shallow subsurface and vadose zone, where labile C
is relatively abundant. We found that some of these genes and two labile DOC compo-
nents, namely, carbohydrates and tannin, were significantly correlated (Spearman corre-
lation, r . 0.6; P , 0.05) (Fig. 6C), suggesting that these two microbial metabolic proc-
esses are more likely to be influenced and regulated by these labile C in the subsurface.
On the other hand, members of the genes related to acetate oxidation were found to be
significantly correlated with diverse types of DOC, including labile carbohydrates and
tannin as well as recalcitrant lipid and condensed aromatics (Spearman correlation,
r. 0.5; P, 0.05) (Fig. 6C), suggesting that microbes may utilize a diverse group of OC to
fuel this process in the subsurface. In the deep saturated zone, where the environment
has less oxygen and more recalcitrant C, compared to the layers above, the acetate could
be produced from the anaerobic fermentation of recalcitrant C, as suggested by the
strong correlation between the fermentation related gene porA and recalcitrant con-
densed aromatics (Spearman correlation, r = 0.94; P , 0.05) (Fig. 6C). Most of the C-cy-
cling pathways, both oxidizing and reducing, were present across all depths of the sedi-
ment core, highlighting the microheterogeneity in the sediment environments due to
the differing redox potentials required to support these diverse metabolisms. For exam-
ple, methanogenesis genes, though present across all depths, were most abundant in
the deep vadose and saturated zones, whereas methane oxidation was most prevalent
in the shallow subsurface and mid-vadose zones, suggesting the formulation of discrete
zones with both adequate methane production and redox potential to fuel these
metabolisms.

In the SCZ, the fluctuation of groundwater introduces nutrients and solutes that
benefit the growth of microbes, as reflected by the increased concentrations of P and
metals (Fig. 5) as well as the increased metabolic potential in the saturated zone, com-
pared to those in the capillary fringe (Fig. 4). These changes in microbial communities
may lead to the enhanced denitrification that was observed in the saturated zone. As
shown in Fig. 4, the normalized abundances of nitrate and nitrite reduction genes
(napA and nirK) in the saturated zone are higher than those in the capillary fringe,
which may explain the decreased nitrate concentration in the saturated zone (Fig. 5).
We also observed a notably lower ammonia oxidation potential in the capillary fringe
and saturated zone, compared to the shallow subsurface and vadose zone (Fig. 4),
which may be a result of complications in annotating amoA versus pmoA genes using
HMM approaches, as has been previously reported (46, 47). Further development in
gene annotation techniques is needed to resolve issues such as these.

The SCZ is a dynamic and critical zone that plays an important role in ecological C
and N cycles. This study demonstrates that the highly localized and barely intercon-
nected subsurface microbial communities, including many uncultured/uncharacterized
clades, vary widely in composition and metabolic potential, regarding C and N cycling
along the depth. Overall, our research demonstrates that sediment geochemistry and
hydrogeology are vital in the selection of distinct microbial populations and metabolic
potential in different depths of subsurface terrestrial sediment. It highlights the micro-
bial members that are vital in these biogeochemical processes as well as certain geo-
chemical factors, including specific classes of sediment DOC that regulate and select
for these unique microbes in the SCZ. These results of environmental constraints on
microbial assembly and metabolic potential are critical in the enhancement of our pre-
dictive understanding of subsurface ecosystem function and resilience in terrestrial
subsurface environments.

MATERIALS ANDMETHODS
Study site and sample collection. This study was conducted on the subsurface zone at the ORR-

FRC background area. The ORR-FRC has a complex geochemical and hydrological structure that has
been probed with more than 800 groundwater wells that were drilled in both contaminated and uncon-
taminated background areas (48).

We collected sediment samples from a borehole that was drilled at the well FW306 at ORR-FRC in
June of 2015. The borehole was advanced using a dual tube (DT22) direct-push Geoprobe drill rig.
During dual tube sampling, one set of rods was driven into the ground as an outer casing, which
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received the driving force from the hammer. It also provided a sealed casing through which undisturbed
sediment samples were recovered using disposable polyvinyl chloride liners (152.4 cm length, 2.86 cm
I.D.) that were attached to 3.18 cm (outside diameter) inner rods. Six sediment segments were taken at
different depths, including the shallow subsurface (0.1 to 0.9 m below ground surface [bgs]), vadose
zone (0.9 to 1.5 m, 1.5 to 2.4 m, 2.4 to 3.0 m bgs), capillary fringe (3.0 to 4.0 m bgs), and saturated zone
(4.0 to 4.6 m bgs). The sediment segments were immediately cut, capped, and stored under a nitrogen
atmosphere at 4°C and shipped immediately to the lab on dry ice. On receipt, the samples were homog-
enized in a mixing tray with a sterile plastic liner. The subsamples were then preserved at 280°C for fur-
ther analyses. For each sediment segment, two or three replicates were taken for DNA extraction (Table
S3) as well as geochemical analyses.

DNA extraction from sediment samples. Multiple DNA extraction kits and methods were tested to
extract the largest amount of DNA for our type of sample without sacrificing DNA quality (checked on a
Bioanalyzer). Our samples often had a high clay composition, which can interfere with DNA extraction.
The best results came from a method that was similar to that which was used by Hug et al., 2015 (49),
and Kantor et al., 2013 (50). Briefly, genomic DNA was extracted from homogenized sediment using a
Qiagen PowerMax Soil Kit (Qiagen, USA), according to the manufacturer’s instructions, with modifica-
tions. For each replicate, 10 g of homogenized sediment was used, but it was split into two 5 g portions
as input to the PowerMax Soil Kit. Extraction with water was conducted as a control. As a modification,
after the addition of Solution C1 of the Soil Kit, the sample was subjected to a freeze-thaw and was vor-
texed at max speed for 3.5 min after thawing. The samples were then incubated in a 65°C water bath for
30 min and mixed by inversion every 10 min. The rest of the DNA extraction was followed, according to
the manufacturer’s instructions, except during the elution step. For eluting DNA from the filter, 5 mL of
Solution C6 that had been prewarmed to 55°C was added to the Spin Filter membrane. The filter was
incubated for a minute, and then the DNA was eluted via centrifugation into a low retention tube. This
elution was repeated to improve the yield.

To concentrate the DNA sample via ethanol precipitation, a 1/10 volume of sodium acetate solution
(3 M, pH 5.2, with 0.4 mg/mL glycogen) was added to each sample. Then, 2.5 volumes of chilled 100%
ethanol were added to the solution, mixed by inversion, and incubated overnight at 4°C. The sample
was allowed to warm to room temperature and was centrifuged for 30 min at 15,000 � g to pellet the
DNA. Overnight incubation as well as a longer centrifugation time at room temperature with a higher
force would provide more time for most of the DNA fragments to pellet (51). The DNA pellet was
washed with 10 mL of 70% ethanol and was resuspended in sterile nuclease-free water overnight. The
DNA concentration was measured using a Qubit 3 Fluorometer (Thermo Fisher Scientific, USA). Detailed
information about the amount of DNA that was extracted from each sample can be found in Table S1.

Library preparation and metagenomics sequencing. The sequencing libraries were prepared
using an Illumina DNA Prep Kit (Illumina, USA), according to the manufacturer’s instructions. The library
concentration was measured using a Qubit 3 Fluorometer (Thermo Fisher Scientific, USA), and the library
fragment size distribution was collected using a Bioanalyzer High Sensitivity Kit (Agilent, USA), according
to the manufacturer’s instructions. The samples were sequenced by Novogene Corporation, Inc. (CA,
USA), using 2 � 150 bp on an Illumina NovaSeq 6000 (Illumina, USA).

Metagenomics read processing and genome assembly. To improve the assemblies, we performed
coassemblies of the replicates for each segment. That is, for each sediment segment, the reads from rep-
licates were combined and used as the input for assembly. The reads were processed and assembled as
previously described (52). Briefly, the metagenomic reads were preprocessed using BBtools version
38.60 (https://jgi.doe.gov/data-and-tools/bbtools/) to remove Illumina adapters, perform quality filtering
and trimming, and remove PhiX174 spike-ins. Assembly was performed using SPAdes (53, 54) version
3.13.0 with the following parameters: -meta -k 21,33,55,77,99,127. Following assembly, from BWA version
0.7.17-r1188 (55), we used the BWA-MEM algorithm with the default parameters to map the reads to the
set of contigs that was produced by the assembly. We did this to obtain the BAM file that was required
by MetaBAT 2 version 2.0 (56). We used MetaBAT 2 with the parameters -unbinned -minContig 1500
-maxEdges 500 to bin the contigs. The parameters set were as follows: -NW:cac = warn, -CO:fnic = yes -AS:
nop = 6:sdlpo = no -KS:fenn = 0.3. We used Pilon version 1.23 (57) with the default parameters to run final
read coherence checks and clean up minor indels. CheckM was used to assess the bin completeness
and contamination (58), and the output can be found in Table S2. The taxonomic classification of the
metagenome bins was generated using GTDB-Tk version 1.5 (59), and it can be found in Table S4 in
Supplemental file 2. Bins with less than 10% completeness were excluded from further analysis.

Gene annotation, taxonomic assignment, and metagenomics analysis. Small subunit rRNA (SSU
rRNA) gene predictions were generated by Infernal 1.1.2 (60), using cmsearch with the parameters
-notextw -cut_tc on the contigs from the metagenomics assembly. Only the 16S rRNA genes were used
for further analysis. We used RFAM version 14.1 for the rRNA models (archaeal and bacterial) and kept
the hits with bitscores that were greater than or equal to 1,000. We used VSEARCH to dereplicate the
sequences (61). The taxonomic classification was carried out by loading the sequences into QIIME2 (62)
v2019.7 and using the naive Bayes classifier that was built from the SILVA132 (63) database. SSUs that
were classified as chloroplasts or mitochondria were removed from the downstream analyses. The cover-
age of the SSUs were calculated by finding the contigs on which they were found and calculating the av-
erage coverage of the contigs. The coverage and taxonomic information can be found in Table S5 in
Supplemental file 3. See Supplemental file 5 for the fasta sequences of the SSUs.

The protein-coding genes were annotated via eggnog-mapper (v2) (64). The carbohydrate-active
enzyme-coding genes were annotated via dbCAN2 (65). The genomic capacity of each community for N
and C cycling was evaluated. Marker genes were identified to represent each step of the N and C cycles. In
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each metagenome, the number of times that each marker gene appeared was tabulated and normalized
via the metagenome sequence coverage (per 108 mapped reads) to represent the relative abundance of
the marker gene in the microbial community. For N cycling, the marker genes napA, nirK, norB, nosZ, nifK,
amoA, nxrA, nirD, and hzsA were used to represent their respective steps of the N cycle. The C cycle steps
were delineated into C fixation, complex C oxidation, fermentation, hydrogenesis, acetate oxidation, meth-
ane oxidation, and methanogenesis. For these categories, multiple marker genes were tabulated, normal-
ized, and summed to obtain the final relative abundance. The genes that were utilized as marker genes
for each of these steps, as well as the normalized gene abundance, are summarized in Table S6 in
Supplemental file 4.

Geochemical analyses of sediments. A total of 26 geochemical factors, including pH, cation
exchange capacity (CEC), 14 metals (Ca, Cd, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, Pb, Zn, U), bulk total or-
ganic carbon (TOC), bulk total inorganic carbon (TIC), bulk total nitrogen (TN), nitrate, ammonium, phos-
phorus, chloride, fluorine, phosphate, and sulfate, were measured by the Agricultural and Environmental
Services Laboratories at the University of Georgia (http://aesl.ces.uga.edu).

Sediment water-extractable dissolved organic carbon (DOC) was extracted and measured in our lab,
and it was then characterized via ultrahigh resolution mass spectrometry, namely, the Fourier-transform ion
cyclotron resonance mass spectrometry (FT-ICR MS) that was described previously (28). Briefly, the sediment
samples were freeze-dried and extracted using Milli-Q water (18.2 MX�cm, 0.22 mm membrane filtered) via
rotary shaking overnight at 35°C, and this was followed by sonication in a water bath for 2 h. The ratio of
water to sediment was 4:1 (wt/wt). The sediment extracts were centrifuged at 6,000 � g for 20 min. Then,
the supernatant was decanted and filtered through a polycarbonate filter (0.2 mm pore-sized, Whatman),
and this was followed by a second filtration step using a polyethersulfone filtration system (0.22 mm pore
size, Corning). For the FT-ICR MS analysis, an aliquot of the filtrate (15 mL) was freeze-dried, redissolved in
1 mL of methanol (HPLC grade, Fisher Scientific), and then filtered using a polytetrafluoroethylene filter
(0.2 mm pore size, Pall Corporation) prior to its injection into an FT-ICR MS system. The details of the FT-ICR
MS instrumental analysis and the data processing have been described previously (28, 66).

Data analysis, network generation, and visualization. The processing of the FT-ICR MS data set,
microbial community analysis, and all statistical analyses were performed in R v3.6.1 and RStudio. The
generation of the abundance plots, 3D ordination, calculation of the Shannon and Simpson indices, and
Mantel tests were conducted using the “vegan” package in R. The selection of the best subset of environ-
mental variables that was correlated with the microbial community dissimilarities was performed using
BIOENV, as implemented in the bio.env function in the “vegan” package, using the Bray-Curtis index and
a Euclidean distance matrix. The correlation matrix was computed in R, using Spearman as the method,
and it was visualized using the “corrplot” package with a significance level of 0.05.

The abundance matrix of all 215 SSUs from all of the sediment samples was loaded into the CoNet
ensemble app in Cytoscape v. 3.7.2 for the network generation (67). The Spearman correlation coeffi-
cient between two SSUs was considered to be statistically robust if the threshold value was .0.6 with a
corresponding P value of ,0.05. The generated network was then loaded into R for subsequent analysis
and visualization. The cooccurrence networks, with each node representing one SSU, each edge denot-
ing a strong and significant correlation, and clustering being used to generate modules that are densely
connected within themselves but sparsely connected to others, were built and visualized using the
“igraph” package in R (67, 68).

Data availability. The raw reads and assemblies have been submitted to NCBI under the BioProject
accession number PRJNA962994. The coassemblies of the replicates for each sediment segment
(FW306_01, FW306_02, etc.) have the BioSample IDs SAMN34430745, SAMN34590182, SAMN34590183,
SAMN34590184, SAMN34590185, and SAMN34590186.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, DOCX file, 0.5 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.03 MB.
SUPPLEMENTAL FILE 3, XLSX file, 0.1 MB.
SUPPLEMENTAL FILE 4, XLSX file, 0.02 MB.
SUPPLEMENTAL FILE 5, DOCX file, 0.1 MB.
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