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Marine sediments are one of the largest habitats for microbial life on earth. These
microorganisms play critical roles in biogeochemical cycling both within the subsurface and
between the sediment and water columns. However, microbial communities in sediments are
highly heterogeneous and the factors defining microbial community structure and metabolic
function are not well characterized. The goals of this dissertation were to define the physical and
geochemical factors controlling microbial communities in marine sediments on regional scales
and to link changes in community structure to shifts in biogeochemical potential. Microbial
communities, sediment geochemistry, and sediment physical properties of sediments from the
South China Sea and the US Atlantic Margin were characterized. The South China Sea exhibits
differences in sedimentation rates across the basin, shifts from sulfate availability to absence
with depth in the sediment column, and contains distinct sediment layers of varying
sedimentological origins. Microbial community structure was found to correlate strongly with
sedimentation rate and sulfate availability, but not with sedimentology. The US Atlantic Margin
is characterized by widespread occurrence of methane seeps and the presence of methane in
shallow sediments around areas of seepage. Microbial communities were found to be distinct

between the different sites sampled along the margin. Further analysis of sediment geochemistry
demonstrated that this is due to divergence in the availability of oxygen and nitrate, the
ephemerality of methane seepage, and the availability of labile organic matter along the margin.
Shotgun metagenomics enabled insight into the metabolic potential of selected microbial
communities on the US Atlantic Margin. These communities, which were distinct in their
taxonomic composition, also hosted differing metabolic potential with respect to carbon,
nitrogen, and sulfur cycling. In particular, communities in suboxic sediments hosted a much
higher abundance of Gammaproteobacteria and Alphaproteobacteria, had more genetic potential
for sulfur oxidation and denitrification, and had less genetic potential for nitrogen fixation
compared to anaerobic communities. The results reported here will contribute to understanding
how microbial communities are structured in diverse marine sediment environments and will aid
in linking microbial community composition to biogeochemical potential.
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Drivers of Microbial Structure and Function in Marine Sediments
1. INTRODUCTION

Microorganisms in marine sediments
Marine sediments represent one of the largest habitats for microbial life on earth. A
recent study based on enumeration of sedimentary microorganisms estimates that marine
sediments harbor approximately 2.9 x 1029 microbial cells (1). Meanwhile, microbial life has
been found to persist even at 2.5 km below the seafloor in the deepest sediment core analyzed to
date (2) and appears to be limited solely by temperature (3).
These subsurface microorganisms play a significant role in carbon, nitrogen, and sulfur
cycling on our planet. Microorganisms are responsible for the primary diagenesis of organic
carbon that is deposited to the sediment column, accounting for remineralization of up to 90% of
carbon that reaches the seafloor (4). In addition, microorganisms in the seafloor produce and
consume methane, a greenhouse gas 21 times more potent than carbon dioxide (5). Microbial
communities mediating dissimilatory nitrite reduction to ammonium recycle dissolved inorganic
nitrogen at the seafloor (6), while communities mediating denitrification and anaerobic
ammonium oxidation serve as a benthic sink for bioavailable nitrogen (7,8). In addition, nitrogen
fixation and remineralization in the sediment column may contribute to primary production by
macrofaunal benthic communities (4, 5). Sediments also harbor an active sulfur cycle, fueled by
the diffusion of sulfate from seawater into the sediment column and its subsequent
transformation by microorganisms. While traditionally considered to be restricted to a wellunderstood set of oxidation and reduction reactions utilizing pore water sulfur species, recent
studies suggest that a “cryptic” sulfur cycle may exist in sediments as microbes interact with
sulfur-bearing minerals (11,12).
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Despite these roles in global biogeochemical cycles, many questions remain as to how
microorganisms and their metabolic functions are distributed within marine sediments.
Microorganisms are neither individually segregated nor uniformly distributed across marine
sediments, but instead form complex communities of thousands or more individual species (13).
These communities vary both between different habitat types, for example marine versus nonmarine environments (14), and within habitat types according to numerous nuanced factors, for
example the mineralogy of a specific microenvironment (15). In addition, although broader
ecological theories have been devised to explain the structure of animal and plant communities,
it is unclear which of these theories, if any, apply to microorganisms (16).

Characterizing microbial communities using 16S rRNA gene sequencing
Among the primary challenges facing microbial ecologists are determining what
microorganisms comprise communities in diverse sediment environments (17,18), defining the
rules governing microbial community structure within sediments (e.g. (19,20), and linking
community structure to biogeochemical roles (21–23). These challenges are complicated by the
fact that the vast majority of environmental, and particularly subsurface, microorganisms cannot
be cultured in the laboratory (24). As a result, microbial ecologists have focused on applying
molecular techniques, and particularly DNA sequencing, to study microbial communities in situ.
These efforts have largely centered around sequencing the 16S ribosomal RNA (rRNA) gene,
which is present in all bacteria and archaea and serves as the basis for microbial phylogeny since
minor differences in this gene are representative of broader evolutionary changes (25). 16S
rRNA gene sequencing has been widely applied to microbial habitats ranging from the human
gut (26), to wastewater (27), to soils and marine sediments (14), and has provided a wealth of
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information about the types and relative abundances of microorganisms found in these different
habitats. Furthermore, this technique has enabled microbial ecologists to directly compare
microbial communities and to correlate community structure with specific environmental
features.
Efforts using 16S rRNA sequencing to understand the human microbiome underscore the
potential success of this technique in identifying the microorganisms present in communities and
the factors governing community structure. 16S rRNA sequencing has identified the entire
complement of microorganisms present in the healthy human microbiome (26). In addition,
access to repeated measurements of individual patients’ microbiomes and a well-defined set of
clinical measurements has led to conclusive evidence of what structures portions of the human
microbiome. For example, diet has been identified as a primary driver of changes in the human
gut microbial community both within and across humans (28–30).
However, the human microbiome is, relative to marine sediments, low in species
diversity and overall complexity. Where the taxonomic bounds of the human microbiome have
been defined, entirely new branches of the tree of life are still being discovered in marine
sediments (31). Furthermore, repeated time-course sampling of marine sediments is difficult, if
not impossible, since obtaining samples often requires coring or drilling in deep water at great
cost. Finally, in contrast to the human gut where it is possible to record diet and other factors, the
composition of marine sediments is often largely unknown (32) and it is unlikely that all of the
parameters that could impact microbial community structure in sediments have been identified.

Drivers of microbial community structure in marine sediments
However, efforts applying 16S rRNA gene sequencing in diverse sediment environments
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have revealed important patterns in microbial community structure. Most important, energy
availability generally, and electron acceptor and donor availability specifically, drive microbial
community structure on a global scale (1,17,33). Marine sediments exhibit strong vertical
stratification in the availability of electron acceptors for microbial respiration and corresponding
stratification in microbial community compositions as electron acceptors are depleted (20,34,35).
This zonation occurs in large part because of the activities of microorganisms themselves, which
preferentially utilize the most energetically favorable electron acceptors for organic matter
oxidation, and because different microorganisms are adapted to different metabolic niches (36).
Oxygen and nitrate, which diffuse into the seafloor from seawater, are depleted rapidly with
depth since they are the highest energy-yielding electron acceptors for respiration. Oxic and
suboxic conditions are favorable for a variety of aerobic and facultatively anaerobic
microorganisms that actively deplete oxygen and nitrate, including those involved in aerobic
methane oxidation (37), nitrification and denitrification (38), and sulfide oxidation (39). Sulfate
is the next abundantly available electron acceptor for microbial respiration. The sulfate reduction
zone is often dominated by fermentative anaerobes and sulfate-reducing bacteria (SRB), which
outcompete methanogens for simple organic substrates produced by fermentation as long as
sulfate is available for respiration (40). Below the depth at which sulfate is depleted, in the
methanogenic zone, archaea mediating CO2 reduction to methane are the dominant nonfermentative organisms. At the depth where sulfate diffusing downward from the seafloor and
methane diffusing or advecting upward from the methanogenic zone interface, known as the
sulfate-methane transition zone (SMTZ), consortia of anaerobic methanotrophic archaea
(ANME) and SRB couple methane oxidation to sulfate reduction in a process known as the
anaerobic oxidation of methane (AOM) (5,41,42).
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Marine sediments are also characterized by horizontal and vertical variations in organic
matter availability that impact microbial community structure. Organic matter deposition on the
seafloor is controlled predominantly by primary production at the ocean surface (4), such that
coastal sediments host distinct microbial communities from oligotrophic gyre sediments (1,17).
In addition, organic matter is degraded in the seafloor according to its lability, such that the most
easily degraded organic matter is remineralized in surface sediments while microorganisms in
deeper sediments are left to metabolize recalcitrant compounds that require extensive hydrolysis
(4,43). This depth-dependent decline in organic matter lability has been found to correlate with a
decline in the type, number, and abundance of microbial species present in sediments with depth
(1,44).
However, while the knowledge that electron acceptor and donor availability guides our
interpretation of microbial community structure on a global scale, the factors influencing
microbial communities within specific habitat types or on regional scales are more nuanced and
not fully understood. Methane seeps, seafloor environments in which methane is not entirely
consumed by AOM and advects to the sediment-water interface, are an apt example. Methane
seeps exhibit the same geochemical zonation found in sediments globally, but harbor distinct
microbial communities from non-seep sediments (17,19). In addition, microbial communities
inhabiting methane seeps exhibit high heterogeneity between individual seeps even within a
single basin (19,45–47). Although seep intensity (45) and sediment temperature (48) have been
proposed as potential contributors to this heterogeneity, the exact factors driving the
differentiation of microbial communities within methane seep sediments remain unclear. This is
a critical knowledge gap since methane seeps account for 5% of methane emissions globally
(49), and changes in microbial community structure may affect the proportion of sediment
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methane that is oxidized by AOM or released to the seafloor (50).
The factors influencing microbial community structure on regional scales also remain
unclear. For example, microbial communities inhabiting clay and volcanic ash sediment layers
within a single sediment core from the Sea of Okhotsk were found to be distinct between
sediment types (51). This suggests that sediment physical or chemical properties may play an
important role in differentiating communities, although such a relationship has not been fully
investigated. In addition, a survey of sediments from the Beaufort Sea identified the
oceanographic source of bottom waters as the dominant factor structuring microbial communities
there, signaling that oceanographic processes may play a poorly understood role in the regional
distribution of microorganisms (52). Understanding the factors influencing microbial
communities on regional scales is critical for assessing the spatial scales of microbial
heterogeneity in the seafloor.

Connecting community structure to biogeochemistry
Our knowledge gap extends further when attempting to link microbial community
structure to biogeochemical roles within the sediment column. The metabolic potentials of many
subsurface taxa remain unclear, and are often inferred from distant relatives that often have low
genomic identity to species found in the seafloor (22,53,54). Thus, it is difficult to assess in
many cases whether changes in microbial community composition correspond to changes in
community metabolic potential, or whether biogeochemical functions are conserved as
communities shift.
Metagenomic sequencing, in which the total DNA of a microbial community is
sequenced rather than a single marker gene as in 16S rRNA gene sequencing, may offer insight
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into this question. Metagenomics brings with it a number of analytical challenges (55), but has
demonstrated great promise in illuminating the metabolic potential of subsurface microorganisms
by uncovering the genomes of previously mysterious organisms (21,22,53,54,56). Importantly,
this technique may also be used to examine the biogeochemical roles of entire microbial
communities in addition to specific microorganisms. For example, metagenomics enabled
insights into the microbial response to the Deepwater Horizon oil spill (23) and has been used to
investigate biogeochemical cycling in euxinic lakes (57). In the human gut, metagenomics has
resulted in the development of catalogues of the total gene content of the microbial community
(58). Metagenomics may thus provide insight as to how carbon, nitrogen, and sulfur cycling
differ between microbial communities in marine sediments and how these biogeochemical cycles
relate to the factors driving community structure.

Goals of this study
The primary goals of this dissertation are to define the physical and geochemical factors
controlling microbial communities in marine sediments on regional scales and to link changes in
community structure to shifts in biogeochemical potential. Knowledge of how and why
microbial communities differ on intermediate spatial scales is critical to understanding and
predicting heterogeneity in the subsurface. In addition, linking community structure to metabolic
potential can provide insight into how carbon, nitrogen, and sulfur cycling vary on sub-regional
scales.
Specifically, this research will investigate microbial communities in two distinct regions
encompassing very different sediment habitats. The first region is the South China Sea, an
enclosed sea with highly variable organic matter inputs across its sub-basins and numerous
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lithostratigraphic changes within the sediment column (59). The latter result from episodic
depositions of volcanic ashes and turbidites from the land surrounding the sea and calcareous
oozes caused by changing paleo-oceanographic conditions in surface waters. I characterized the
microbial communities inhabiting three sites and numerous lithostratigraphic transitions within
the South China Sea and evaluated the factors influencing community structure across the sea;
these results are discussed in Chapter 2.
The second region is the US Atlantic Margin (USAM), an upper continental slope on a
passive margin dotted with methane seeps (60). As mentioned previously, methane seeps are
globally important in carbon cycling and the factors structuring microbial communities at seeps
and surrounding non-seep sediments are not fully understood. In Chapter 3, I investigate the
microbial communities and sediment geochemistry at six sites on the USAM using a
combination of 16S rRNA gene sequencing, gene enumeration, and measurement of sulfate
reduction and AOM rates.
In order to evaluate whether changes in microbial community structure are associated
with changes in carbon, nitrogen, and sulfur cycling, I applied metagenomic sequencing to
selected communities from the USAM. The metabolic potentials of these communities and the
roles of specific bacteria and archaea in mediating biogeochemical processes of interest are
discussed in Chapter 4.
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Abstract
The deep marine subsurface is a heterogeneous environment in which the assembly of microbial
communities is thought to be controlled by a combination of organic matter deposition, electron
acceptor availability, and sedimentology. However, the relative importance of these factors in
structuring microbial communities in marine sediments remains unclear. The South China Sea
(SCS) experiences significant variability in sedimentation across the basin and features discrete
changes in sedimentology as a result of episodic depositions of turbidite and volcanic ashes
within lithogenic clays and siliceous or calcareous ooze deposits over the basin’s history. Deep
subsurface microbial communities were recently sampled by the International Ocean Discovery
Program at three locations in the SCS. Here, we used Illumina sequencing of the 16S rRNA gene
to characterize deep subsurface microbial communities from distinct sediment types in the SCS.
Microbial communities were significantly structured by sediment age and the availability of
sulfate as an electron acceptor in pore waters. However, microbial communities demonstrated no
partitioning based on the sediment type they inhabited. Communities across all sites were
dominated by several poorly characterized taxa implicated in organic matter degradation,
including Atribacteria, Dehalococcoidia, and Aerophobetes. These results indicate that microbial
communities in the SCS are structured by the energetic favorability of organic matter
degradation rather than sedimentological characteristics.
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Introduction
Several non-exclusive theories exist to explain the factors driving the assembly of
biological communities. Many current theories are rooted in the concept of patch dynamics (1),
which considers the roles that ecological disturbance (2), community succession (3), and
connectivity (4) play in the formation of distinct communities across spatial scales relevant to the
communities under study. However, the scale of patches, and particularly borders between
patches, are increasingly being appreciated as drivers of community composition. For example,
ecotones, the transitional region between patches (5), increase biodiversity by incorporating
multiple patches into the quantification of a single “community.”
Recently, the overarching framework of metacommunity dynamics has been proposed to
synthesize such biogeographic concepts, advancing our understanding of those processes that
govern communities over multiple spatial and temporal scales (6). This framework has led to
advances in our understanding of community assemblage in a variety of habitats, including
riverine systems (7), wetlands (8), and the human microbiome (9). The deep marine subsurface,
the sediment column underlying ocean and coastal basins below the depth of current interaction
with surface oceanographic processes, is an area where patches varying in energetics and
biogeochemical history exist on a variety of spatial scales. However, the assembly rules for
microbial communities in this environment remain largely unknown (10,11). Here, we ask what
factors impact microbial community assemblage in the deep subsurface, focusing on the
application of ecological constructs on spatial and temporal scales appropriate to microbial
communities.
Microbial communities in the deep marine subsurface exist in a unique environment
where gradients in organic matter and electron acceptor availability, dispersal limitation, and
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energetics are intertwined (12,13). Subsurface communities are considered to be largely
governed by the niche spaces available to them according to the idea that “everything is
everywhere but the environment selects” (14). Coupled with observations that microbial biomass
and richness decrease exponentially with sediment depth (15) and age (16) as the energy
available from organic matter degradation diminishes, this concept has led to an energetics-based
view of microbial community structure in the subsurface (17,18). The role of dispersal, a pillar of
metacommunity dynamics, in microbial communities has only recently been explored through
the burgeoning field of microbial biogeography (19). Within marine sediments, microbial
dispersal is thought to be limited by both the porosity and permeability of the sediment matrix
(20) and the energy available to microorganisms (13).
The abundance of organic matter and the electron acceptor available for its oxidation
vary as a function of both sediment depth and seafloor location and are known to influence the
metabolic processes, and thus microbial communities, present in the marine subsurface (12,16).
In sediments with moderate to high organic inputs, oxygen is entirely consumed below the
sediment-water interface and replaced by sulfate as the dominant electron acceptor available to
microorganisms for organic matter degradation (21). With increasing depth, the supply of sulfate
becomes insufficient and methane is formed from CO2 reduction (22). The result is two broad
geochemical zones: a shallower sulfate reduction zone and a deeper methanogenic zone. The
gradient from sulfate-replete pore water in the sulfate reduction zone to sulfate-depleted,
methane-bearing pore water in the methanogenic zone represents a significant shift in energy and
niche availability and is frequently associated with changes in microbial community composition
(16,23), including the microbial consortia that drive the anaerobic oxidation of methane (AOM)
(24,25). In addition, Kallmeyer et al. (15) demonstrated the importance of overlying
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oceanographic productivity in influencing the abundance of subsurface microorganisms, thus
identifying seafloor location as a relevant factor in structuring subsurface communities.
One region that provides a heterogeneous subsurface to enable quantifying the influence
of these various controls on subsurface microbial community structure is the South China Sea
(SCS). The SCS is an enclosed sea with highly variable sedimentation rates across its several
subbasins (26) and deep sediments from the SCS were recently sampled by the International
Ocean Discovery Program (IODP) (27). Over the history of the SCS, episodic depositions of
turbidites and volcanic ash from the landmasses surrounding the basin have resulted in
lithostratigraphic changes manifested as discrete horizons within the sediment column. Horizons
of marine-derived calcareous oozes are also interspersed in the sediment column as a result of
changes in surface paleo-oceanographic conditions (28). The variations in sediment depositional
patterns across the basin, the unique lithological sequencing of deep subsurface sediments, and
the basin’s relative isolation from the global oceans make the SCS well-suited for studying
habitat heterogeneity and microbial community assemblage in the deep subsurface. We
hypothesize that microbial community structure in the deep subsurface of the SCS will be
determined primarily by selection and dispersal limitations both along gradients in organic
matter and electron acceptor availability and across changing sediment characteristics.

Materials and Methods
Study site and sample collection
Three cores were collected in the SCS during IODP Expedition 349 at sites U1431 (15°
22.5379’ N, 117° 00.0022’ E, 4240 meters below sea level (mbsl)), U1432 (18° 21.0831’ N,
116° 23.4504’ E, 3829 mbsl), and U1433 (12° 55.1380’ N, 115° 02.8345’ E, 4379 mbsl). Cores
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were split lengthwise onboard to reveal geological interfaces and the exposed sediment was
aseptically scraped away prior to sampling. Samples were stored at -80°C until analysis. Downcore measurements of sediment methane concentrations, alkalinity, and pore water sulfate,
ammonium, and phosphate were made onboard (27). Sediment ages were calculated based on
paleomagnetic analysis and nanofossil characterization for each site (27).
All samples described in this study were collected using an advanced piston core that
minimizes the impact of drilling fluids on the cores and reduces the potential that microbes
entrained in the drilling fluids are introduced into the interior of the core (29). To test for drilling
fluid contamination of the cores, a fluid community tracer (FCT) approach was used (30).
Samples of the drilling fluid were collected immediately when cores were brought onto the deck
and were frozen at -80°C until analysis. To compare microbial communities in the drilling fluids
to those in the cores, DNA from 10 FCT samples (235-790 mbsf) and a whole-round sample
(13.5 mbsf) was extracted using a FastDNA Spin Kit for Soil (MP Biomedical, OH, USA).
Pyrosequencing of the archaeal 16S rRNA gene of the FCT samples and the whole-round sample
was conducted with a Roche 454 GS FLX+ Titanium platform (Roche 454 Life Sciences, CT,
USA) at the Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China). Primers used for
amplification were Arch_344F (5′-ACGGGGCGCAGCAGGCGCGA-3′) (31)) and Arch_915R
(5′-GTGCTCCCCCGCCAATTCCT-3′) (32)).

Sediment composition and texture
Smear slide microscopy
Sediment composition and texture was determined post-expedition by examination of the
split core photos and sediment subsamples using smear slide microscopy, per standard IODP
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protocols (e.g. ((33))). Using a transmitted light polarizing petrographic microscope, both the
grain size and the relative abundance of dominant components in a sample were determined.
Sediment names follow the Ocean Drilling Program sediment-classification scheme of Mazzullo
et al. (34)). Modifiers to the principal name were determined based on both the abundance and
type of the non-principal component or components (e.g., lithogenic or biogenic). The presence
of authigenic minerals or other noticeable components such as organic matter or unique trace
minerals are also recorded. Note that smear slide analyses tend to underestimate the amount of
sand sized and larger grains because these grains are difficult to incorporate into the slide.
Because this study targeted discernable lithologic boundaries determined at sea, in this paper we
focus on the compositional characteristic rather than the evolution of the sedimentary record
through time, which is discussed in detail in Liu et al. (35)).

TOC and δ13C measurements
We used an Elementar Vario PYROcube elemental analyzer and an IsoPrime VisION
stable isotope mass spectrometer to quantify the amount of total organic carbon (TOC) and its
isotopic composition for each sediment type. Prior to TOC analysis, any inorganic carbon (IC)
in the form of biogenic, authigenic, and/or detrital CaCO3 was dissolved using 6% sulfurous acid
applied to weighed samples in amounts and steps optimized for carbonate-rich sediments (36).
Isotopic ratios are reported relative to the Vienna Pee Dee Belemnite (‰ VPDB). A replicated
internal sample standard (IODP Exp. 353 U1446B 1H3, 130-135 cm) was run repeatedly
throughout the sample analysis with a mean and standard deviation for TOC: 1.70 wt. %, s,d.
0.0002; and δ13C: -17.1152 ‰, s.d. 0.15348.
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DNA extraction, amplification, and sequencing
DNA was extracted from 0.25 g of wet sediment using a MoBio PowerSoil DNA
Isolation Kit. Extracted DNA was amplified in triplicate 25 uL reactions using universal 16S
rRNA gene primers 515-fwd and 806-rev with Illumina sequencing adapters and barcodes as
described previously (37)). Triplicate PCR products were pooled, visualized on an agarose gel,
and cleaned using a MoBio UltraClean PCR Clean-Up Kit. PCR products were quantified using
a Qubit fluorometer and pooled prior to sequencing. Paired-end 250-bp sequencing was
performed on an Illumina MiSeq at Oregon State University’s Center for Genome Research and
Biocomputing. A sediment-free extraction was amplified and sequenced alongside sediment
samples.

Sequence processing and statistical analysis
Sequences were processed using mothur (v 1.38.0; (38)). Reads were clustered at 97%
and classified against the SILVA database (v. 119). Singleton OTUs were removed prior to
analysis. OTUs that were present in greater than 1% relative abundance in the negative
(sediment-free) control and classified as common human or kit contaminants (39) were removed
from the dataset. To confirm their identity, phylogenetic trees were generated for all OTUs
classified as ANME and for the 8 most abundant OTUs classified to known sulfate-reducing
bacteria lineages with Fasttree (v. 2.1.10; (40))) using the Jukes-Cantor model (Supp. Figs. 1 and
2).
Several drilling fluid samples were analyzed to determine the microbial communities
present in the fluids and the degree of similarity between these communities and those present in
the interior of the cores. The bacterial community in the drilling fluids was found to be
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significantly different from those in sediment samples (41), suggesting that extensive
contamination from drilling fluids and sample handling did not occur. In addition, at least 80%
of the total archaeal community in the drilling fluid was composed of Marine Group II (Supp.
Fig. 1), a common microbe in the marine photic zone (42), while few of these cells were present
in the core samples.
Diversity metrics (Shannon-Weiner index (43), Pielou’s evenness (44), and number of
OTUs present) were calculated prior to rarefaction. Samples were rarefied to 4,093 sequences,
and the community dissimilarity matrix was computed using weighted UniFrac distances (45)
from both untransformed and square root-transformed OTU tables; results from the former are
reported unless square root transformation altered the significance of a statistical test. All
statistical analyses were performed using the vegan package for R (v. 2.3-3; (46)) and the
PERMANOVA+ package in PRIMER 6 (47).
Sequences were deposited to NCBI under accession number PRJNA362622.

Results
Core descriptions, sedimentological characterization, and carbon parameters
Sites U1431 and U1433 sampled the abyssal East and Southwest Subbasins, respectively,
of the SCS, while site U1432 sampled the base of the southern Chinese continental margin (Fig.
1; Supp. Table 1). Sedimentation rates were highest at site U1433 (20 cm/kyr), moderate at site
U1432 (12 cm/kyr), and lowest at site U1431 (5 cm/kyr) (27). Sediments ranged in age from 20
to 900 kya at sites U1432 and U1433, and from 1.7 to 3 mya at site U1431. Sulfate
concentrations decreased linearly with depth at site U1431, but no methane was detected at any
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depth (Fig. 2). In sites U1432 and U1433, samples from both the sulfate reduction zone and
methanogenic zone were sampled.
Sedimentological characterization of the samples from smear slides revealed several
distinct sediment lithologies: volcanic ashes, lithogenic clays, lithogenic and calcareous
turbidites, calcareous ooze, and siliceous ooze (Supp. Fig. 2). The volcanic ashes were generally
clean, primarily composed of silt-sized glass shards and minor mineral grains and lacking
biogenic microfossils. There are two notable exceptions, however: samples U1433A 12H-4 137139 cm and U1433A 13H-3 87-89 cm contained minor amounts of siliceous microfossil remains
(diatoms, radiolarian, and sponge spicules) and both appear to have undergone some chemical
alteration (in situ weathering) since deposition. Measureable TOC (described below) in all the
ashes is likely derived during the decent through the water column or during reworking on the
seafloor, but was not visible in smear slide at 630x magnification. The lithogenic clays ranged in
grain size from clays to silty clays and generally were characterized by fine grained mineral
and/or lithic content, with no or trace amounts of biogenic shell fragments. Sorted and graded
silt or sand rich intervals were interpreted during the expedition as turbidites. All but three of the
turbidite occurrences were dominated by lithogenic minerals and/or rock fragments, with minor
amounts of biogenic fossil (carbonate or silica) materials. The remaining three turbidites
(U1431D 15H-3 27-29 cm, U1432C 6H-1 47-49 cm, and U1431D 11H-5 9-11 cm) contained
significant calcareous shell materials from foraminifera and calcareous nannofossils and are
considered calcareous turbidites in this study. Calcareous oozes were characterized by >60%
biogenic calcium carbonate in the form of foraminifera and calcareous nannofossil shells and
shell remains. Most of these calcareous oozes were nannofossil-dominated. Siliceous oozes were
characterized by >60% biogenic silica in the form of diatoms, radiolarian, and sponge spicules.
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TOC content in the sediments averaged 1.5% by weight and did not differ significantly between
sites (Anova df = 2, F = 0.224, p = 0.12). However, TOC content differed significantly between
sediment lithologies (df = 6, F = 2.86, p = 0.03). TOC content was also significantly higher in
the sulfate reduction zone than in the methanogenic zone at sites U1432 and U1433 (Wilcoxon
rank-sum p = 0.02). Organic carbon C/N in all sediment horizons ranges from 6 to 12 (Supp.
Table 1), suggestive of a predominantly marine phytoplankton source. Carbon isotopic depletion
of the TOC in all sediment horizons, however, ranges from -23 to -28 per mil (Supp. Table 1),
which is more depleted than a pure marine phytoplankton source (-17 to -22 per mil) (48),
suggestive of some terrestrial C3 plant material. Given these results, it is likely that all of the
samples contain a mixture of both marine and terrestrial organic carbon.

Geographic patterns of microbial community structure
Illumina sequencing of the 16S rRNA gene yielded 721,945 sequences that were
clustered into 5,453 OTUs (97% identity). These OTUs represented 44 bacterial phyla and 3
archaeal phyla (OTU table in Supp. Dataset 1; taxonomic assignments in Supp. Dataset 2).
Patterns in microbial community structure and diversity were strongly associated with the
seafloor location within the SCS that communities inhabited. Microbial community composition
was significantly distinct between all sites (permanova df = 2, pseudo-F = 2.08, p = 0.03; Fig. 3),
and pairwise comparison revealed that this was driven largely by compositional differences
between communities inhabiting sulfate reduction zone sediments at sites U1431 and U1433
(permanova t = 1.81, p = 0.02). Microbial diversity was also significantly higher in site U1433
than U1431 (Shannon-Weiner index, Kruskal-Wallis anova df = 1, p = 0.030; Fig. 4). Of the
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5,453 OTUs detected by sequencing, 2,399 (17 bacterial and 2 archaeal classes) were unique to
site U1433, while only 798 and 220 OTUs (4 and 2 bacterial classes) were unique to sites U1431
and U1432, respectively.

Electron acceptor availability as a driver of microbial community structure
The transition from sulfate-replete pore water in the sulfate reduction zone to sulfatedepleted, methane-bearing pore water in the methanogenic zone is known to be a dominant
factor shaping microbial community structure in marine sediments (16). Among communities in
the SCS, the availability of sulfate and the presence of methane were strongly correlated with
changes in microbial community composition. Although methanogenic sediments were not
sampled at site U1431, at sites U1432 and U1433 communities were significantly different
between sulfate reduction zone and methanogenic zone sediments (permanova df = 1, pseudo-F
= 4.33, p = 0.003). Sediment age and pore water phosphate concentration predicted 42% and
34% of community variance, respectively, among sulfate reduction zone communities across all
sites (Supp. Table 2). However, both sediment age and phosphate concentration are significantly
different among sites (anova df = 2, F = 112, p < 0.001 and df = 2, F = 18.16, p < 0.001,
respectively) and are not predictive of changes in community composition within any single site.
Among communities inhabiting methanogenic zone sediments, the isotopic depletion of organic
carbon explained 33% of community variance (Supp. Table 2).
Microbial community diversity also varied across the gradient from sulfate-bearing to
methane-bearing sediments. Within sites U1432 and U1433, microbial richness was significantly
higher among sulfate reduction zone communities compared to methanogenic zone communities
(Wilcoxon rank-sum p = 0.001). Species evenness, however, did not vary between geochemical
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zones (Wilcoxon rank-sum p = 0.61). At all sites, microbial richness in the sulfate reduction
zone declined exponentially with sediment age (regression p = 0.010, r2 = 0.24). Within
methanogenic zone sediments, microbial diversity was positively related to methane
concentration (regression p = 0.020, r2 = 0.33) and inversely related to TOC content (regression
p = 0.03, r2 = 0.24). In contrast to communities in the sulfate reduction zone, no relationship was
found between sediment age and species richness (regression p = 0.75, r2 = -0.06).
Several of the most abundant bacterial and archaeal taxa detected in the SCS are
frequently associated with either sulfate-replete or methanogenic sediments and their abundances
are thought to be largely driven by vertical gradients in electron acceptor availability. Among
these are members of the Atribacteria, which are commonly associated with methanogenic
sediments (49). In the SCS, however, Atribacteria comprised greater than 15% of the community
in U1431 and did not show a significant change in abundance between the sulfate reduction and
methanogenic zones of sites U1432 and U1433 (Wilcoxon rank-sum p = 0.28). Meanwhile
members of the Dehalococcoidia, which are commonly observed in anoxic sediments and have
previously been found to co-occur with Atribacteria in methanogenic sediments (50), were most
abundant within sulfate-replete sediments in the SCS and their abundance did not correlate with
that of Atribacteria. While the abundance of Atribacteria was positively correlated with TOC
and ammonium concentrations, the abundance of Dehalococcoidia was not predicted by any
measured environment variables (Fig. 5).
Anaerobic methanotrophic archaea (ANME) of the ANME-1 clade, which mediate AOM
in consortia with sulfate-reducing bacteria (51), made up a significant portion of the microbial
community. This was unexpected given that sediments in which both sulfate and methane were
present, the geochemical niche at which these organisms are thought to thrive, were not sampled
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at any site. Notably, ANME comprised on average 10.5% of the community in U1431, although
no methane was detected in pore water from this core. Sulfate-reducing bacteria comprised only
2.5% of the community in U1431 and averaged only 4% of the total community in sulfate-replete
sediments across all cores. Furthermore, the abundance of sulfate-reducing bacteria was not
significantly different between sulfate-replete and methanogenic sediments at sites U1432 and
U1433 (Wilcoxon rank-sum p = 0.98). The majority of these sulfate-reducing bacteria were
classified as Seep-SRB1, a lineage of sulfate-reducing bacteria commonly detected at methane
seeps in consortia with ANME (49, 50), and their abundance was strongly correlated with that of
ANME (Spearman p < 0.001, r2 = 0.62; Fig. 5).

Role of sedimentological transitions in community structure
The sediment column of the SCS features numerous lithostratigraphic horizons at which
sediments of different composition and texture are deposited on top of one another. Despite
variations in the sedimentological characteristics of these different sediment types, microbial
communities inhabiting SCS sediments were not significantly conserved within a single
sediment type nor significantly different across varying sediment types (permanova df = 6,
pseudo-F = 1.39, p = 0.10). This was found to be the case across all sites and regardless of
geochemical zonation (sulfate reduction zone: permanova df = 5, pseudo-F = 1.23, p = 0.24;
methanogenic zone: permanova df = 4, pseudo-F = 0.16, p = 0.20). Considering broader
classifications of sediment lithologies, for example grouping lithogenic and calcareous turbidites,
did not alter this result (data not shown). Furthermore, no correlation was observed between
community structure and the vertical distance between communities within the sediment column
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regardless of the site or geochemical zone examined (Mantel test; U1431 r = -0.14, p = 0.86;
U1433 sulfate reduction zone r = 0.42, p = 0.07; U1433 methanogenic zone r = 0.02, p = 0.42).
Interestingly, the degree to which microbial communities inhabiting adjacent sediment
horizons diverged was related to the geochemical zone in which the sediments were found.
Within sulfate-replete sediments, communities in contacting sediment horizons were
significantly similar to each other and distinct from communities from other sulfate reduction
zone communities (permanova df = 12, pseudo-F=2.57, p = 0.001). Within methanogenic
sediments, however, communities in adjacent sediment horizons were not significantly similar to
one another compared to other methanogenic zone communities (permanova df = 7, pseudo-F =
0.94, p = 0.58). This finding was confirmed by examining the calculated dissimilarity between
adjacent communities in the sulfate reduction and methanogenic zones. The average dissimilarity
between communities from adjacent sediment horizons was higher among communities in the
methanogenic zone than among those in the sulfate reduction zone (Wilcoxon rank-sum p =
0.023). Furthermore, the dissimilarity between adjacent communities was unrelated to the
sediment types they inhabited (anova df = 6, F = 0.53, p = 0.77). In addition, neither the
difference in TOC content nor isotopic depletion between interfacting sediment lithologies was
correlated with the dissimilarity between adjacent communities regardless of geochemical zone
(regression; sulfate reduction zone: TOC r2 = -0.11, p = 0.72; δ13-C TOC r2 = -0.05, p = 0.48;
methanogenic zone: TOC r2 = 0.30, p = 0.12; δ13-C TOC r2 = -0.18, p = 0.80). The broad
applicability of this finding remains to be seen given the limited number of adjacent communities
that were sampled from cores that penetrated both the sulfate reduction zone and the
methanogenic zone, the limited number of sites examined for this relationship, and the fact that
several types of sedimentological interfaces were only sampled once in this study.

30

Discussion
Biogeography across the South China Sea
Microbial communities inhabiting seemingly homogeneous sediments within marginal
seas have previously been found to be conserved across sites within the same basin yet distinct
between basins (54,55). In contrast, microbial communities in the SCS varied significantly
between samples sites in both diversity and composition. Only 37% of detected OTUs were
found at all sites, a compositional variance similar to that found between microbial communities
inhabiting methane seeps and surrounding non-seep sediments (56). The community variance
between sites was largely attributed to differing abundances of members of the phyla
Atribacteria, Chloroflexi, Nitrospira, and Aerophobetes between sites U1432 and U1433 and site
U1431. All of these taxa have previously been implicated in organic matter degradation in
marine sediments, suggesting that differences in the availability or reactivity of organic matter
across the basin may play a role in structuring the biogeography of the SCS.
Sedimentation rate may serve as a proxy for the relative availability of organic matter in
marine sediments. Sedimentation rate has previously been demonstrated to exert a primary
control on microbial biomass and its decay with depth in marine sediments globally (15). While
TOC content was constant across sites sampled in the SCS, sedimentation rate is often
considered a better indicator of the relative quantity of organic matter delivered to the seafloor
since TOC does not reflect the amount of organic carbon remineralized by microorganisms (57).
Sedimentation rate, meanwhile, varied strongly across the SCS from 5 mm/yr at site U1431 to 12
mm/yr at site U1432 and 20 mm/yr at site U1433. Increased organic matter delivery to the
seafloor at the latter would increase the total energy available to heterotrophic microorganisms in

31

these sediments relative to site U1431, in turn enabling them to dominate the communities as
observed.
Sediment age may also reflect the energetic potential of the sediment column, since
microorganisms preferentially oxidize labile over recalcitrant organic matter in recently
deposited sediments (58). Aged sediments containing a larger recalcitrant fraction may have less
energy available via organic matter degradation, thus limiting metabolic niche space (59) and the
ability of heterotrophic microorganisms to co-exist (17,60). Accordingly, sediment age has
previously been correlated with decreasing microbial richness (16) and the same relationship was
observed among communities in the SCS. In addition, the relative abundances of taxa known to
be involved in organic matter degradation in marine sediments were negatively correlated with
sediment age across the SCS (Fig. 5b). Thus sediment age, in conjunction with sedimentation
rate, may play an important role in structuring microbial communities across the SCS.

Electron acceptor availability as a control on microbial community structure
The division of the sediment column into a sulfate reduction zone, in which sediment
pore water contains sufficient sulfate to serve as an electron acceptor for organic matter
degradation, and a deeper methanogenic zone, in which sulfate is depleted and methane is
present, is a common feature in anoxic marine sediments. Methanogenic zone sediments offer
limited energy availability and a different set of niche spaces relative to sulfate reduction zone
sediments, and thus the gradient from sulfate-bearing to methane-bearing sediments is frequently
associated with changes in microbial community composition (16,23). Accordingly, in the SCS
communities in sites U1432 and U1433 were found to differ significantly between the current
sulfate reduction and methanogenic zones (Fig. 3). Within these geochemical zones, the vertical
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distance in the sediment column between microbial communities did not correlate with changes
in community composition. This is consistent with strong energetic selection based on electron
acceptor availability rather than sediment age, which has previously been correlated with
microbial richness (16), or dispersal throughout an otherwise homogeneous sediment column.
However, the observed distributions of sulfate reducing bacteria and ANME in the SCS
are unusual. Sulfate reducing bacteria are traditionally thought to be present exclusively in
sulfate reduction zone sediments, where they remain competitive by respiring sulfate to degrade
organic matter (61). They are also found in the sulfate-methane transition zone (SMTZ),
frequently in association with ANME and involved in AOM (51). In the SCS, sulfate reducing
bacteria contributed only 4% of the microbial community within sulfate reduction zone
sediments and did not vary in relative abundance with the presence of sulfate or with sulfate
concentration (Fig. 5). Furthermore, the majority of sulfate reducing bacteria were classified to
Seep-SRB1, a lineage typically found at the SMTZ in methane seep sediments (52). ANME,
which gain energy from AOM, are also traditionally thought to be restricted to the SMTZ (51,62)
but are found throughout the sediment column in all sites within the SCS (Fig. 5).
Several explanations exist for the observed distribution of sulfate reducing bacteria and
ANME away from the current SMTZ. Since the SMTZ can move throughout the sediment
column with changes in sedimentation rate and underlying methane fluxes, it is possible that the
observed distribution of these organisms reflects variability in the paleo-positions of the SMTZ
and represents undegraded DNA from dead or dormant cells (63). However, DNA turnover in
marine sediments occurs on timescales of several months (64) and changes in the depth of the
SMTZ of greater than 100 m over those timescales are highly unlikely. Alternatively, AOM
mediated within the methanogenic zone by sulfate reducing bacteria and ANME has previously
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been observed and linked to sulfur cycling below the SMTZ (65,66). Pyrite, via weathering with
Fe(III), and barite have been proposed as sources of sulfate in methanogenic sediments (65,67).
Whether either or both of these sources could produce enough sulfate to support the observed
abundances of sulfate reducing bacteria and ANME in methanogenic zone sediments is unclear,
since neither the iron nor barite content of the sediments was measured. Lastly, several lines of
evidence suggest that ANME may function as methanogens under the thermodynamic conditions
of methanogenic zone sediments (68,69). If this is the case, ANME may account for the observed
sediment methane concentrations given that traditional methanogenic lineages were detected
only in extremely low abundances in this study. Co-occurring sulfate reducing bacteria could be
gaining energy via organic matter fermentation and provide substrates to ANME for
methanogenesis in the process.

Sedimentology does not influence community structure
The SCS contains deposits of turbidites, volcanic ashes, and marine calcareous and
siliceous oozes in discrete horizons within the sediment column as a result of the basin’s episodic
and variable geological history (27). A previous study in the Sea of Okhostk, a marginal sea
similar to the SCS and which contained horizons of volcanic ash within the sediment column,
found that microbial community composition was significantly different between ash and clay
sediments (70). However, no such relationship between sediment type and microbial community
composition was observed in the SCS (Fig. 3).
Several key differences between the sediment environment in the Sea of Okhostk and the
SCS may explain the discrepancy in whether sedimentology is related to microbial community
structure. The site sampled in the Sea of Okhostsk was coastal, with a relatively shallow water
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column (1,225 m) and a high sedimentation rate (100 cm/kyr). Many of the lineages identified as
key drivers of the community distinction between ash and clay layers in that study, in particular
the archaeal phyla Bathyarchaeota and Lokiarchaeota, were not detected in the SCS. While this
could be related to differences in the primers used in that study, these phyla are known to prefer
eutrophic coastal sediments rather than oligotrophic abyssal sediments (71) and may indicate a
broader divergence in the relationship between sedimentology and microbial community
structure between these environments.
In addition, as a result of the complex paleo-oceanographic history of the SCS, it is likely
that the conditions under which the sediments examined in this study were deposited varied
greatly (27). This may have impacted the content of turbidites and calcareous oozes both prior to
deposition and during early diagenesis, resulting in divergent processes affecting sediments of
the same origin deposited during different eras. In the case of ashes, alteration in the water
column under different oceanographic conditions may have also played a role in reducing the
physio-chemical homogeneity of ash deposits.

Ecological implications of microbial community structure in the SCS
Ecological models of community assembly have not previously been applied to microbial
communities in the deep marine subsurface. Microorganisms in this environment are thought to
be dispersal-limited due to the presence of a sediment matrix as well as energetic limitations.
Communities in vertically adjacent sediment horizons were more similar in sulfate reduction
zone sediments than in methanogenic zone sediments, indicating a potential role for dispersal
under moderately favorable energetic conditions. Disturbance, which has been found to play a
significant role in structuring macrofaunal communities (72), did not appear to structure deep
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marine sediments. Microbial communities were not significantly different between turbidite, ash,
and clay horizons, despite the large-scale physical and geochemical disturbances that ash and
turbidite deposition potentially brings to seafloor microbial communities. The concept of
ecotones (5) also cannot explain microbial community assemblage in the SCS, since for ecotones
to exist at these sedimentological interfaces the different sediment types must have distinct
communities. Successional changes in community structure, driven by the gradient in energy
availability with increasing burial depth, appeared to dominate community assemblage within
these sediments (3). In addition, community composition was significantly different between the
three sites, potentially reflecting differences in sedimentation rates and energy availability across
the SCS. These results suggest that within the deep marine subsurface an ecological model
incorporating energetics is the most suitable for predicting microbial community assemblage.
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Fig. 2.1. Map of the South China Sea showing the three sites sampled in this study. Modified
from (27)).
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Fig. 2.2: Pore water chemistry, TOC content, and sedimentology of cores sampled in the South
China Sea. Horizontal lines indicate the sediment depths sampled. Dashed lines indicate that
only one sediment horizon, rather than adjacent horizons of different sediment composition, was
obtained from that depth.
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Fig. 2.3: Non-metric multidimensional scaling plot of microbial community composition across
(a) all sampled communities, (b) communities in sulfate reduction zone sediments, and (c)
communities in methanogenic zone sediments. Two-dimensional stresses of 0.10, 0.08, and 0.07,
respectively. Red, green, and blue shading indicates the spread of communities from sites
U1431, U1432, and U1433, respectively, in ordination space.
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Fig. 2.4: Number of detected species at the OTU level (97% identity) across sites and sediment
lithologies for sulfate reduction zone and methanogenic zone communities. Boxes indicate first
and third quartiles of data ranges and whiskers extend to highest and lowest points within 1.5
times the interquartile range. Dots indicate outlying points.
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Fig. 2.5: (a) Barplot of abundant order-level taxa. Abundant orders were defined as those which
contributed greater than 10% of the microbial community in any sample. Dehalococcoidia is
represented at the class level and includes orders Sh765B-AG-111, VadinBA26, and unclassified
Dehalococcoidia. (b) Heatmap of spearman correlations between abundant order-level taxa and
measured sediment geochemical parameters.
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Abstract
Microbial communities in methane seep sediments exhibit high compositional
heterogeneity that reflects differences in biogeochemical niche availability among seeps. These
changes in community structure may play an important role in driving changes in methane and
organic carbon cycling along continental margins. Here, we investigated sediment geochemistry,
microbial community composition, and anaerobic oxidation of methane activity at six different
methane seep sediment environments on the US Atlantic Margin. We found distinct geochemical
regimes at each site that were associated with significantly distinct microbial communities and
methane oxidation rates. Where geochemical profiling suggested the presence of oxygen and
nitrate, facultatively anaerobic Sandararinaceae, aerobic methanotrophs, and ammonia-oxidizing
archaea dominated the microbial community. Vigorous methane seepage from a deep fracture
was accompanied by high abundances of anaerobic methanotrophic archaea (ANME) and partner
sulfate reducing bacteria of the Seep-SRB1 clade. Seep sediments exhibiting non-steady-state
geochemistry lacked the high abundances of ANME that are typically observed within seeps and
instead harbored Bathyarchaeota and Thermoplasmatales. In sediments characterized by organic
carbon scarcity, microbial diversity and biomass was the lowest among sites investigated on the
margin and the community was dominated by potentially CO-oxidizing Hadesarchaeota.
Overall, microbial community structure on the US Atlantic Margin appeared to be constrained by
electron acceptor availability, geochemical stability, and organic carbon scarcity.
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Introduction
Methane occurs in continental margin sediments worldwide and is an important
component of subsurface carbon cycling. More than 26,000 Gt of methane (1) is thought to exist
on continental margins, either as gas hydrate, free gas, or dissolved in pore water, yet continental
margins contribute less than 5% to the global atmospheric methane budget (2–4). This
discrepancy is in large part due to the action of microorganisms living in continental margin
sediments. Sediment microorganisms remineralize organic carbon deposited from the
hydrosphere and produce and consume methane within the subsurface.
The distribution and carbon cycling activity of subsurface microorganisms is intertwined
with the geochemistry of the sediments they inhabit. Continental margin sediments are
characterized by the presence of a thin oxic and broader sulfate reduction zone (SRZ) in which
organic carbon is degraded by microbes (5). Below the depth of sulfate depletion, in the
methanogenic zone (MEZ), fermentation and hydrogenotrophic methanogenesis are the
dominant microbial metabolisms for organic carbon degradation and methane production,
respectively (6). At the interface of these zones, consortia of anaerobic methanotrophic archaea
(ANME) and sulfate-reducing bacteria (SRB) mediate the anaerobic oxidation of methane
(AOM) (7). AOM within sulfate-methane transition zones (SMTZs) consumes nearly all
methane in sediments globally before it reaches the seafloor (2). The process of AOM impacts
sediment biogeochemistry by altering the alkalinity and isotopic composition of the sedimentary
inorganic carbon pool (8) and produces hydrogen sulfide that can accumulate around the SMTZ.
As a result of these geochemical gradients within the sediment column, microbial community
composition in continental margin sediments typically varies with depth and exhibits distinct
shifts corresponding to SRZ, SMTZ, and MEZ transitions (9).
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Continental margin sediment environments also differ greatly from one another in the
sediment chemistries and microbial communities they host. Methane seeps, areas of the seafloor
where methane is diffusing or advecting through the sediment-water interface, exhibit
heterogeneity in microbial community composition on both regional and global scales (10,11). In
addition, microbial communities are often distinct between seep and surrounding non-seep
sediments on scales of centimeters to meters (10–12). This heterogeneity is likely to have
significant impacts on carbon cycling since it reflects differences in biogeochemical niche
availability among seep sediments. For example, sulfate supply to the SMTZ within seep
sediments is thought to contribute to determining which lineages of anaerobic methanotrophic
archaea (ANME) dominate in a given seep (13,14), while nitrate availability has been correlated
with taxonomic shifts in partner sulfate reducing bacteria (15). Differences in methane seep
intensity, which may reflect variations in subsurface methane fluxes and lead to varying levels of
disturbance of the sediment-water interface, are also linked to changes in microbial community
composition among seeps (16,17).
The discovery of widespread methane seeping from the upper continental slope of the US
Atlantic Margin (18) presents a unique opportunity to investigate the factors controlling sediment
geochemistry and microbial community composition across a range of methane seep sediments.
The US Atlantic Margin is a mid-latitude passive margin, while nearly all previously studied
methane seep sediments have been located on active margins, within hydrocarbon basins, or at
high-latitude margins (19–22). Seepage on the US Atlantic Margin is thought to result from
sediment overpressuring (23), in contrast to the fracture-dominated seepage prevalent on active
margins. This difference is likely to impact seep intensity and ephemerality on the margin, and
thus the biogeochemistry of seep sediments. Furthermore, passive margins have high along-
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margin heterogeneity in organic matter deposition relative to active margins as a result of their
large estuaries, wide shelves, and broad submarine canyons (24). This is likely to create a wide
range of geochemical conditions among methane seeps at different points along the US Atlantic
Margin.
Here, we investigate the factors impacting sediment geochemistry and microbial
community structure on the US Atlantic Margin, with emphasis on organic carbon and methane
dynamics. We undertook combined geochemical and microbiological characterization of
sediments from six distinct regions along the upper continental slope that exhibited a range of
biogeochemical conditions. These sites included sediments surrounding methane seep fields in
three geographically distinct submarine canyons with active methane seepage, a highly active
deep water methane seep, and a region of diffusive methane flux without observable seepage.
We identified three distinct clusters of microbial communities, representing unique geochemical
environments, that demonstrate that electron acceptor availability, geochemical stability, and
organic carbon scarcity are primary constraints on microbial community structure and
geochemistry in methane seep sediments on the US Atlantic Margin.

Methods
Study area and sample collection
Samples were collected from the northeastern US Atlantic Margin during expedition
HRS15-12 aboard the R/V Hugh R. Sharp in September, 2015 (Fig. 3.1, Table B.1). Targeted
areas included previously identified methane seeps within Baltimore, Hudson, and Accomac
canyons, a deep water seep (referred to as Chincoteague Seep), and a seep located directly
upslope of Chincoteague Seep (referred to as Chincoteague Slope) (18). A down-slope transect
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along the southern New England margin where pockmarks, but no active seepage, had
previously been observed (25) was also sampled (referred to as the Tiki Line). Piston cores (PCs)
were used for deep penetration into the sediment (up to 10 m), while video-guided multicoring
(miniature multicorer (MUC); K.U.M., Kiel, Germany) enabled short, relatively undisturbed
cores to be collected as close as possible to active seeps.

Pore water and bulk sediment geochemistry
All cores were extruded and sub-sampled immediately upon retrieval. PCs were cut into 1
m sections and sub-sampled in 10 cm intervals for geochemical analyses. MUC cores were subsampled in 2-3 cm intervals for geochemical analyses.
Pore water was sampled immediately after core sectioning using a titanium squeezer.
Pore water was passed through a prewashed Whatman no. 1 filter fitted above a titanium screen,
filtered through a 0.2-μm filter, and collected into acid-washed syringes. Sulfide concentrations
were determined immediately after sampling using the Cline method (26). Pore water dissolved
inorganic carbon (DIC) concentrations were determined with a model 5011 UIC coulometer and
quantified relative to a seawater certified reference material. Subsamples were preserved for
shore-based analyses of sulfate by adding Zn(OAc)2 and stored at -20°C. Sulfate and chloride
concentrations were measured using a Dionex ICS—1100 Ion Chromatograph with IonPac AS23
column (Dionex, Sunnyvale, CA). Concentrations of ammonium, nitrite, and nitrate were
determined at Oregon State University as described previously (27).
Sediment porosity (as % water volume) was measured by weighing vials before and after
sediments were dried at 50 °C for 2–3 days. Two cm3 sediment plugs were stored in 20 mL
serum vials sealed with 1-cm-thick butyl rubber septa and analyzed for methane concentrations
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using a Shimadzu 14-A gas chromatograph equipped with Hayesep-Q column and a flame
ionization detector (Shimadzu, Kyoto, Japan). The stable carbon isotope composition of methane
from the headspace of the serum vials was determined using a Thermo Electron Trace gas
chromatograph modified with a dual-cryogenic focusing inlet and a Finnigan Delta Plus XP
isotope ratio mass spectrometer (with high resistivity amplifiers). Total organic carbon (TOC)
samples were weighed in silver cups with a microbalance, acidified with 10% HCl to remove
carbonate, dried at 50 °C for 24 h and then combusted on-line with a Fisons EA-1100 Elemental
Analyzer (Loughborough, UK).

AOM and sulfate reduction rate measurements
PCs were sampled with glass tubes (5 mL) and sealed with butyl rubber stoppers at both
ends according to Treude et al. (28). MUC cores were subsampled with polycarbonate push tubes
(26 mm inner diameter, 250 mm length), sealed with butyl rubbers stoppers at both ends. Two
replicate glass tubes per sampled piston core depth and two push cores per MUC core were taken
for each AOM and sulfate reduction measurement, plus additional sediment for controls.
For AOM determinations, 14C-CH4 dissolved in sterile anoxic ultrapure water (specific
activity 2.28 GBq mmol-1) was injected into each piston-core sample or push-core layer (whole
core injection method; (29)). Samples were incubated shipboard at in-situ temperature (4° C) for
24 h in the dark. To terminate bacterial activity, samples were transferred to 50 mL glass vials
filled with 20 mL sodium hydroxide (2.5% w/w) and closed immediately with butyl rubber
stoppers and aluminum crimp seals. The vials were shaken to equilibrate porewater CH4 between
aqueous and gaseous phase. Controls were terminated with sodium hydroxide before addition of
tracer. In the home laboratory, AOM rates were determined according to Treude et al. (30) (14C-
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CH4 combustion) and Joye et al. (21) (14C-CO2 trapping and calculation). Information about
methane concentration for rate calculation was used from replicate samples.
For sulfate reduction determinations, carrier-free 35S-SO42- dissolved in sterile ultrapure
water (specific activity 37 TBq mmol-1) was injected into each piston-core sample or push-core
layer (whole core injection method; (29)). Samples were incubated shipboard at in-situ
temperature (4° C) for 24 h in the dark. To terminate bacterial activity, samples were transferred
into 50 mL plastic centrifuge tubes containing 20 mL of zinc acetate (20% w/w). Controls were
terminated with zinc acetate before tracer addition. Rates were determined using the coldchromium-distillation method (Kallmeyer et al., 2004). Information about sulfate concentration
for rate calculation was used from replicate samples.
AOM and sulfate reduction samples were regarded as active only if the sample value was
greater than the control mean within 3 standard deviations. If a sample value passed this
threshold, the control mean was subtracted from the sample value.

DNA extraction, amplification, and sequencing
All cores were sampled for microbiological analyses immediately upon retrieval. PCs
were sampled in 10 cm whole-round intervals immediately adjacent to samples for geochemistry.
MUC cores were sampled in 2-3 cm whole-round intervals from a single MUC core, adjacent to
the MUC core used for geochemical analyses. Surficial sediment was scraped away from
samples for microbiological analysis and samples were transferred to Whirlpak bags (Nasco,
Fort Atkinson, WI), flash-frozen in liquid nitrogen, and stored at -80°C until extraction.
DNA was extracted from approximately 0.25 g frozen sediment using a PowerSoil DNA
Isolation Kit (MO BIO, Carlsbad, CA) according to the manufacturer’s instructions. Polymerase
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chain reaction (PCR) was conducted using primer sets targeting both bacterial and archaeal 16S
rRNA genes (universal; 515F, 806R), archaeal-specific 16S rRNA genes (517F, 958R), and
mcrA genes (mlas-mod-F, mcrA-rev-R; specific for Euryarchaeota, including ANME) (Table
B.2). PCR reactions were conducted in technical triplicates using AmpliTaq Gold polymerase
(ThermoFisher, Waltham, MA). Reactions were amplified for 35 cycles at annealing
temperatures of 50°C, 52°C, and 55°C, respectively, for universal 16S rRNA genes, archaealspecific 16S rRNA genes, and mcrA primers. PCR reactions were visualized on agarose gels,
pooled, and cleaned using the QIAquick PCR Purification Kit (Qiagen, Germantown, MD)
according to the manufacturer’s instructions. Several samples that did not produce amplicons
with archaeal 16S rRNA or mcrA gene primers after multiple PCR attempts were not analyzed
further (Table B.3). 2 x 250 paired-end sequencing was performed on an Illumina MiSeq at the
Center for Genome Research and Biocomputing at Oregon State University. Controls with no
sediment added to the extraction tube were extracted, amplified, and sequenced alongside
samples and did not exhibit contamination at any step.

Digital droplet PCR
Digital droplet PCR was performed using primers targeting bacterial-specific 16S rRNA
genes (Bact1369F, Prok1541R), ANME-1-specific 16S rRNA genes (ANME-1-628F, ANME-1830R), dsrAB (Dsr1-F+, Dsr1-R), and mcrA (mlas-mod-F, mcrA-rev-R) (Table B.2). Primers
targeting ANME-1 specifically were chosen because of the high abundance of this ANME
lineage in communities found on the US Atlantic Margin (see Results). All PCR reactions were
conducted in 20 uL volumes using EvaGreen Supermix (Bio-Rad, Hercules, CA) over 40 cycles.
Bacterial-specific 16S rRNA gene, ANME-1-specific 16S rRNA gene, and dsrAB gene
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amplification conditions included an annealing temperature of 58°C with no extension step,
while mcrA gene amplification included annealing at 53°C and a 75-second extension step at
72°C. Template DNA extracts were diluted as necessary (no dilution to 1:50 serial dilution) to
achieve accurate quantification. No-template controls were amplified alongside samples and
were below detection for all primer sets.

Sequence processing and statistical analysis
Sequences were processed using mothur (v.1.36.1) according to the mothur MiSeq SOP
(31). Universal and archaeal-specific 16S rRNA gene sequences were aligned to the Silva SSU
Ref NR database (v.119) and clustered at 97% similarity, while mcrA gene sequences were
aligned to the database produced by (32) and clustered at 90% similarity. Singleton OTUs were
removed prior to analysis and the sequencing sets were rarefied using 100 random iterations
(universal 16S to 16,950 sequences, archaeal 16S to 5,840 sequences, and mcrA to 2,870
sequences).
ClustalW was used to align representative mcrA gene sequences for all OTUs that made
up >1% of any sample and selected reference sequences. A Jukes-Cantor neighbor-joining tree
was constructed using Geneious (v.9.1.4) with 1,000 bootstraps. Only branches with >50%
confidence were included in the tree.
Statistical analysis was performed using R with the vegan library (33). The Bray-Curtis
dissimilarity metric was used for all distance-based analyses. Samples were considered to be
within the sulfate reduction zone, SMTZ, or methanogenic zone based upon the concentration
gradients of sulfate and methane in each core. Alpha diversity was calculated using the ShannonWeiner index (34). PRIMER with Permanova+ add-on (v6; (35)) was used for similarity
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percentage (SIMPER) analysis and Permanova tests. Similarity profile (SIMPROF) analysis was
performed using the fathom toolbox for Matlab (36) with a 0.5% cutoff.

Results
Site descriptions and pore water geochemistry
Measured pore water geochemistry profiles are shown in Fig. 2 for selected representative cores.
At least one core from all sites except Baltimore Canyon penetrated the SMTZ, and MUC-11
from Baltimore Canyon contained measurable pore water methane even in the absence of an
apparent SMTZ. Samples were designated as originating from the SRZ, SMTZ, or MEZ of their
respective cores based on profiles of pore water SO42-, H2S, and CH4 concentrations (Table B.3).
Non-linear sulfate depletion with depth to the SMTZ and persistence of SO42- below the
SMTZ was observed in both TC/PC-16 from Hudson Canyon and MUC-5 from Chincoteague
Seep. Non-zero SO42- concentrations below the SMTZ in these cores are unlikely to have
resulted from seawater contamination during coring since both cores demonstrate concomitant
increases in pore water H2S concentrations and the sediment-water interface in MUC-5 remained
intact after core retrieval. In PC-16 (Hudson Canyon), 0.44 mM SO42- and 4.7 mM H2S was
present in pore water at 392 cmbsf. In MUC-5 (Chincoteague Seep), SO42- concentrations
remained greater than 1 mM between 13 and 23 cmbsf and increased to 11.3 mM at 29 cmbsf,
while H2S concentrations averaged 11.5 mM at all measured depths below the SMTZ. Pore water
CH4 concentrations averaged 1.9 mM below the SMTZ in Hudson Canyon and 4.9 mM below
the SMTZ in Chincoteague Seep.
Isotopes of δ13C-CH4 were less than -70‰ in all cores, indicating that methane at all
sampled seeps was primarily biogenic in origin (37). Methane sampled from PC-1 in Accomac
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Canyon and PCs-11, -13, and -15 from the Tiki Line exhibited particularly low δ13C-CH4 values,
ranging from -99 to -112‰. All sediments sampled from the Tiki Line contained less than 1 mM
CH4, with the exception of 705 cmbsf in PC-13 where CH4 concentrations reached 2.0 mM.
Sediment from the MEZ of Accomac Canyon contained 3.1 mM CH4.
PC-16 (Hudson Canyon) sediments appeared green in color upon core retrieval.
Sediments from this site contained on average 2.6 wt % (s.d. 0.15) TOC compared to 0.5 wt %
(s.d. 0.14) across all other sites. Pore water from TC/PC-16 (Hudson Canyon) also contained
approximately 1000 times higher concentrations of NH4+ (average 5900 µM, s.d. 5700 µM) than
Chincoteague Seep and Baltimore Canyon (average 63 and 91 µM, respectively).

Methane oxidation and sulfate reduction rate measurements
In TC-16 (Hudson Canyon), methane oxidation activity was below 1 nmol cm-3 d-1
between approximately 11 to 61 cmbsf, the interval in which sulfate concentrations remained
above 10 mM and methane concentrations below 225 µM. Starting with the SMTZ at 71 cmbsf,
rates increased in both replicates to a maximum of 6.4 nmol cm-3 d-1. Sulfate reduction activity
was highest at the shallowest sampled depth (41 nmol cm-3 d-1 at 11 cmbsf) and decreased to
values around 1 nmol cm-3 d-1 between 51 and 81 cmbsf. Note that several depths are missing a
replicate.
Because no methane concentration was determined for MUC-6 (Chincoteague Seep), we
calculated the rate constant k for AOM, which is defined by the amount of 14CO2 produced
divided by the total amount of 14C (14CO2 + 14CH4) injected. The rate constant provides an
indicator for AOM activity, i.e., relative radiotracer turnover. The rate constant showed highest
relative turnover (0.5 and 0.7) for both replicates at the shallowest sediment layer (0-1 cmbsf)
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and decreased to values <0.1 at approx. 8-9 cmbsf. Both replicates of sulfate reduction peaked
between 2 and 7 cmbsf with maximum rates between 10 and 16 nmol cm-3 d-1. Except for surface
sediments (0-1 cm), measured sulfate reduction profiles were consistent with the calculated
AOM rate constant.
In MUC-11 (Baltimore Canyon), methane oxidation rates peaked at the sediment surface
(between 2 and 5 nmol cm-3 d-1) and decreased to <0.2 nmol cm-3 d-1 below 4 cmbsf. Sulfate
reduction (one replicate only) showed no clear trend over the core length (13 cmbsf) with two
peaks at 0-1 (23.8 nmol cm-3 d-1) and 6-7 cmbsf (35.3 nmol cm-3 d-1).
In MUC-14 (Hudson Canyon), both methane oxidation rate replicates showed a peak at
the sediment surface (0-1 cmbsf, 1.5 nmol cm-3 d-1). Rates then dropped and showed a second
region of elevated activity at 4-12 cmbsf (0.1-0.7 nmol cm-3 d-1). Both sulfate reduction
replicates showed lowest activity at the sediment surface (0-1 cm) and a pronounced subsurface
peak (5-12 nmol cm-3 d-1) between 4 and 17 cmbsf. Rates increased again at the bottom of the
core (24-25 cmbsf).

Digital droplet PCR
Digital droplet PCR was used to quantify bacterial and ANME-1 16S rRNA genes,
dsrAB, and mcrA genes. dsrAB is an essential gene in the canonical sulfate reduction and sulfide
oxidation pathways (38), while mcrA is an essential gene for microbial methanogenesis and the
reverse methanogenesis pathway proposed for AOM (39). While variable DNA extraction
efficiencies from marine sediments remain an issue in absolute gene quantification, digital
droplet PCR alleviates low PCR efficiencies that have confounded traditional qPCR assays (40).
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Copy numbers of bacterial 16S rRNA and dsrAB genes varied by up to two orders of
magnitude across the sites sampled (Fig. 3.3; Table B.3). The highest abundances of these genes
were found in MUC-11 from Baltimore Canyon, in which bacterial 16S genes ranged from 3.6
108 copies g sediment-1 to 8.2 x 107 and dsrAB genes ranged from 3.0 x 107 to 5.5 x 106 copies g
sediment-1. In Hudson Canyon, bacterial 16S genes were present at concentrations of up to 4.5 x
108 copies g sediment-1 at the sediment-water interface in MUC-14 and remained above 108
copies g sediment-1 throughout MUC-14 and down to 62 cmbsf in TC-16. Chincoteague Seep
averaged 3.7 x 107 copies bacterial 16S genes g sediment-1 (s.d. 2.4 x 107) with an order-ofmagnitude decline at 17 cmbsf, the depth of maximum methane concentration. DsrAB gene
copies could not be quantified at that depth nor at 29 cmbsf despite repeated attempts at
amplification, but were present at >105 copies g sediment-1 at 15 and 23 cmbsf. Across the cores
and depths sampled on the Tiki Line, with several exceptions, bacterial 16S gene copies were
present at 1-3 x 106 copies g sediment-1. DsrAB could not be quantified in PCs-10, -11, and -12,
despite the presence of sulfate in all but one sediment horizon sampled from these cores. In PCs13 and -15, dsrAB was present between 104-105 copies g sediment-1, including at two depths
below the SMTZ in PC-13.
Bacterial 16S rRNA and dsrAB gene abundances were positively correlated both with
each other (Spearman correlation p < 0.001, r = 0.89) and with pore water sulfate concentration
(Spearman correlation, bacterial 16S rRNA p < 0.001, r = 0.28; dsrAB p < 0.001, r = 0.54). They
were also positively correlated with sediment TOC (Spearman correlation, bacterial 16S rRNA p
< 0.001, r = 0.69; dsrAB p < 0.001, r = 0.59) and nitrogen content (Spearman correlation,
bacterial 16S rRNA p < 0.001, r = 0.70; dsrAB p < 0.001, r = 0.62). The abundances of both
genes were negatively correlated with sediment depth (Spearman correlation, bacterial 16S
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rRNA p < 0.001, r = -0.69; dsrAB p < 0.001, r = -0.65) and dsrAB gene abundance was
negatively correlated with pore water H2S concentration (Spearman correlation, p = 0.02, r = 0.36). No correlation was observed with pore water CH4 (Spearman correlation, bacterial 16S
rRNA p = 0.57; dsrAB p = 0.74), NO2- (Spearman correlation, bacterial 16S rRNA p = 0.99;
dsrAB p = 0.87), NO3- (Spearman correlation, bacterial 16S rRNA p = 0.46; dsrAB p = 0.32), or
NH4+ (Spearman correlation, bacterial 16S rRNA p = 0.31; dsrAB p =0.88) concentrations.
Copy numbers of mcrA and ANME-1 16S rRNA genes varied by up to four orders of
magnitude between Chincoteague Seep and Tiki Line sediments. In Chincoteague Seep, mcrA
copies averaged 4.2 x 106 copies g sediment-1 (s.d. 2.9 x 106) and ANME-1 16S rRNA gene
copies averaged 5.7 x 106 copies g sediment-1 (s.d. 3.9 x 106); both exhibited a sharp decline at
17 cmbsf as observed for bacterial 16S rRNA gene copies. Across all cores from the Tiki Line,
on the other hand, mcrA and ANME-1 16S rRNA gene copies were less than 105 copies g
sediment-1 with few exceptions. In MUC-11 in Baltimore Canyon, abundances of mcrA and
ANME-1 16S rRNA genes increased sharply from 3.0 x 105 and 2.1 x 105 copies g sediment-1,
respectively, at 5 cmbsf to 1.5 x 106 and 3.9 x 106 copies g sediment-1 at 7 cmsbf.
Abundances of mcrA and ANME-1 16S rRNA genes were highly variable within TC/PC16 within Hudson Canyon. mcrA was found at 2-8 x 104 copies g sediment-1 throughout MUC-14
and down to 62 cmbsf in both TC- and PC-16, increased slightly to 1-3 x 105 copies g sediment-1
at the SMTZ, and then declined to 103-104 copies g sediment-1 through the remainder of the core
with the exception of a spike to 8.1 x 105 copies g sediment-1 at 452 cmbsf. Copy numbers of
ANME-1 16S rRNA genes were similar in magnitude and followed a similar trend with depth to
the SMTZ, but importantly did not decrease below the SMTZ. Instead, copies of ANME-1 16S
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rRNA genes increased to a maximum of 1.2-1.4 x 106 copies g sediment-1 between 452 and 596
cmbsf.
Abundances of ANME-1 16S rRNA and mcrA genes were correlated with each other
(Spearman correlation p < 0.001, r2 = 0.53) and with pore water methane (Spearman correlation,
ANME-1 16S rRNA p < 0.001, r = 0.43; mcrA p = 0.051, r = 0.26) and sulfide (Spearman
correlation, ANME-1 16S rRNA p < 0.001, r = 0.60; mcrA p = 0.01, r = 0.39) concentrations.
ANME-1 16S rRNA gene abundance was also correlated with the isotopic depletion of DIC
(Spearman correlation p < 0.01, r = 0.59) and methane (Spearman correlation p = 0.002, r =
0.58). No correlation was observed with pore water SO42- (Spearman correlation ANME-1 16S
rRNA p = 0.82; mcrA p = 0.31) or NH4+ concentrations (Spearman correlation ANME-1 16S
rRNA p = 0.09; mcrA p = 0.09) or with TOC (Spearman correlation ANME-1 16S rRNA p =
0.84; mcrA p = 0.44).

Microbial community structure
High-throughput sequencing of the 16S ribosomal RNA gene across 83 sediment samples
using universal primers identified 13,722 bacterial OTUs spanning 44 phyla and 1,753 archaeal
OTUs spanning 4 phyla. Only 339 bacterial OTUs out of the 13,722 identified were present at all
sampled sites, consistent with the high microbial heterogeneity observed among methane seeps
in other regions (10,11).
Microbial diversity, measured by the Shannon-Weiner index (34), varied significantly
among sites (ANOVA df = 5, F = 13.23, p < 0.001) and between the SRZ, SMTZ and MEZ
across the sites sampled on the US Atlantic Margin (ANOVA df = 2, F = 25.54, p < 0.001; Fig.
B.1). Diversity was positively correlated with pore water SO42- concentration (Spearman
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correlation p < 0.001, r = 0.77) and negatively correlated with H2S and CH4 concentrations
(Spearman correlation, H2S p = 0.002, r = -0.43; CH4 p < 0.001, r = -0.46). Diversity did not
correlate with TOC or nitrogen content (Spearman correlation, p = 0.49 and 0.42, respectively),
nor with pore water nutrient concentrations (Spearman correlation, NH4+ p = 0.28, NO3- p =
0.29).
Microbial community composition was significantly different among all sites sampled on
the US Atlantic Margin (Permanova df = 5, pseudo-F = 10.55, p = 0.001) as well as between
SRZ, SMTZ, and MEZ communities (Permanova df = 2, pseudo-F = 7.81, p = 0.001).
Furthermore, similarity profiling analysis identified three distinct clusters of microbial
communities (Fig. 3.4). The first cluster includes all communities sampled from Baltimore
Canyon, all communities from MUC-10 (Chincoteague Slope), and the majority of communities
from Hudson Canyon; the latter includes all communities from MUC-14 and TC-16, and
communities from 22 and 62 cmbsf from PC-16. The second cluster contains the remaining
communities from PC-16 in Hudson Canyon (122 cmbsf and deeper, below the depth of sulfate
depletion), all but one sample from Chincoteague Seep (MUC-5), and a single community from
the SMTZ of PC-8 (Chincoteague Slope). The last cluster contains all communities sampled
from the five Tiki Line cores, all communities sampled from Accomac Canyon, and all
communities from PC-6 (Chincoteague Slope).
Variation in microbial community composition in ordination space was significantly
correlated with several measured sediment geochemical parameters (Fig. 3.4). In particular, the
concentration of pore water SO42- increased in the direction of Baltimore Canyon communities
(r2 = 0.59, p = 0.001), while concentrations of H2S and CH4 increased towards Chincoteague
Seep communities (r2 = 0.48, p = 0.001 and r2 = 0.40, p = 0.001, respectively). The isotopic

64

depletion of DIC also lessened strongly (i.e. δ13C-DIC became less negative) in the direction of
Chincoteague Seep communities (r2 = 0.88, p = 0.001), while the isotopic depletion of bulk
sediment total carbon and TOC increased in the direction of communities from the Tiki Line (r2
= 0.62, p = 0.001 and r2 = 0.40, p = 0.001, respectively).
Additional sequencing of 64 sediment samples using primers specific to archaea
identified 14,878 archaeal OTUs from the Euryarchaeota, Thaumarchaeota, Bathyarchaeota, and
Lokiarchaeota. Archaeal communities were also significantly different in composition among
sites (Permanova df = 4, pseudo-F = 13.97, p = 0.001) and geochemical zone (Permanova df = 2,
pseudo-F = 4.39, p = 0.001). Similarity profiling analysis identified five distinct clusters of
archaeal communities (Fig. B.2). These clusters largely supported the three clusters identified for
total microbial communities, with several notable differences. First, communities in
Chincoteague Seep (MUC-5) formed a distinct cluster separate from those in Hudson Canyon
(PC-16). Second, all archaeal communities in TC- and PC-16 within Hudson Canyon, with the
exception of one community at 22 cmbsf in the former core, were part of a single cluster along
with the deepest sampled communities from MUC-11 in Baltimore Canyon. Lastly, three
communities from Baltimore Canyon (MUC-11) form a distinct cluster of archaeal communities.
Geochemistry related to carbon content and isotopic depletion, rather than pore water
SO42-and CH4 concentrations, varied most strongly with archaeal communities (Fig. B.2). The
isotopic depletion of TOC and DIC, as well as the bulk sediment C/N ratio, increased
significantly in the direction of Tiki Line communities and away from Chincoteague Seep
communities (r2 = 0.79, p = 0.001; r2 = 0.58, p = 0.002; and r2 = 0.53, p = 0.001, respectively).
Bulk sediment inorganic carbon content demonstrated the opposite variation, increasing in the
direction of Chincoteague Seep communities (r2 = 0.53, p = 0.001).
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Sequencing of the mcrA gene from Chincoteague Seep, Hudson Canyon, and Baltimore
Canyon sediments identified 1,162 OTUs. Communities potentially involved in methane cycling
were significantly different between sites (Fig B.3; Permanova df = 2, pseudo-F =18.04, p =
0.001). Similarity profiling supported the grouping of TC-16 and PC-16 communities within
Hudson Canyon identified by archaeal-specific sequencing. In addition, the dispersion of mcrAbased communities was significantly higher in Hudson Canyon (TC- and PC-16) than in
Chincoteague seep (Permdisp df = 2, 15, F = 7.78, p = 0.02).

Distribution of abundant taxa
Similarity percentage analysis revealed the bacterial and archaeal families contributing
most to the observed community structure patterns (Fig. 5). Given that similarity profiling
identified differences in clustering patterns between Hudson Canyon total and archaeal
communities and that communities were statistically distinct between the SRZ, SMTZ, and
MEZ, communities were separated into their respective geochemical zones for similarity
percentage analysis at this site as follows: MUC-14 and TC-16 22 cmbsf were grouped with
Baltimore Canyon communities in the same cluster; remaining TC-16 communities and PC-16
22 cmbsf and 62 cmbsf were grouped (referred to as “Hudson Canyon SMTZ”); and
communities from PC-16 from 122 cmbsf and below were grouped (referred to as “Hudson
Canyon MEZ”). In addition, Chincoteague Seep communities were analyzed separately from
Hudson Canyon.
Communities from Baltimore Canyon (MUCs-3, -11 and -12), Hudson Canyon (MUC14, TC-16 22cmbsf), and MUC-10 (Chincoteague Slope) were dominated by bacterial families
traditionally associated with sulfur cycling. Together, the Desulfobacteraceae, Desulfarculaceae,
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and Desulfobulbaceae contributed 12% of the similarity of these bacterial communities and on
average 8% of the dissimilarity to communities at other sites. Only Desulfobulbaceae was
positively correlated with pore water SO42- concentrations (linear regression r2 = 0.42, p < 0.001),
while Desulfobacteraceae abundance was positively correlated with H2S concentrations (linear
regression r2 = 0.29, p < 0.001). In addition, the Methylococcales lineage of aerobic
methanotrophs comprised up to 17% of the community in Baltimore Canyon, but was less than
2% of the community at any other site. The archaeal community was dominated by Marine
Group I-related Thaumarchaeota, the most prevalent OTU of which (75% of sequences) was
classified to the ammonia-oxidizing Nitrosopumilus lineage (41). However, this lineage did not
correlate with pore water concentrations of ammonium, nitrite, or nitrate (p = 0.15, 0.54, 0.15,
respectively), nor with other measured geochemical parameters. Marine Group I contributed
62% to the similarity among archaeal communities in this group and on average 32% of the
dissimilarity to communities at other sites.
Communities from the Tiki Line, Accomac Canyon, and PC-6 (Chincoteague Slope)
were distinguished by the presence of several poorly characterized anaerobic lineages. The
bacterial community was dominated by Actinobacteria of the OPB41 lineage, Dehalococcoidia
of the MSBL-5 lineage, and Aminicenantes. These lineages contributed 6%, 4%, and 7% of the
similarity among bacterial communities from these cores, and on average 4%, 1%, and 2% of the
dissimilarity to bacterial communities in other cores. All three lineages were negatively
correlated with bulk sediment inorganic carbon content (linear regression; OPB41 r2 = -0.29, p <
0.001; MSBL-5 r2 = -0.29, p < 0.001; Aminicenantes r = 0.33, p < 0.001). Members of the
phylum Hadesarchaeota contributed on average 30% of the archaeal community among
communities in this cluster (contributing 37% of within-group archaeal community similarity),
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while this phylum made up only 0.7% on average of the archaeal communities at all other sites.
The abundance of Hadesarchaeota was strongly negatively related to the isotopic depletion of
the carbon in CH4 (linear regression r2 = -0.71, p < 0.001).
Hudson Canyon communities from TC-16 and PC-16 above 122 cmbsf, including those
surrounding the SMTZ, harbored low abundances of ANME. ANME comprised on average
0.2% of the archaeal community, although sulfate reducing bacteria belonging to the
Desulfarculaceae, Desulfobacteraceae, and Desulfobulbaceae comprised 14% of the bacterial
community on average. In addition, the bacterial community contained relatively high
abundances of Sandararcinaceae (average 7.8% relative abundance, s.d. 3.5%). This family was
also found in Baltimore Canyon and correlates positively with TOC (linear regression r = 0.25, p
< 0.001) and negatively with the isotopic depletion of the carbon in the DIC (linear regression r
= -0.64, p < 0.001). The archaeal community is dominated by a mix of Bathyarchaeota,
Lokiarchaeota, and Marine Benthic Group D-related Thermoplasmata which comprised on
average 42%, 13%, and 32% of the archaeal community, respectively. The abundances of all
three lineages were most strongly related to the isotopic depletion of the carbon in the DIC
(Bathyarchaeota: r2 =0.36, p = 0.006; Lokiarchaeota: r2 =0.37, p = 0.006; MBG-D r2 =0.37, p =
0.006).
The bacterial community in PC-16 (Hudson Canyon) at and below 122 cmbsf was
dominated by a single OTU of Atribacteria, which contributed 68% of the similarity among
communities at these depths and 24% of the dissimilarity to bacterial communities in TC-16 and
the upper part of PC-16. Atribacteria were strongly positively correlated with the isotopic
depletion of the carbon in the DIC and CH4 (linear regression; DIC r2 = 0.91, p < 0.001; CH4 r2 =
0.66, p < 0.001) and the concentrations of CH4 and NH4+ (CH4: r2 = 0.35, p < 0.001; NH4+: r2 =
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0.36, p < 0.001). Desulfarculaceae, a family of sulfate reducing bacteria, also contributed 3.1%
on average (s.d. 1.5%) of the bacterial community despite the absence of sulfate except at 392
cmbsf. The archaeal community was, like in TC-16, dominated by Bathyarchaeota,
Lokiarchaeota, and Marine Benthic Group D-related Thermoplasmata at average relative
abundances of 40%, 24% and 25%, respectively.
Atribacteria and Seep-SRB1 made up 36% (s.d. 5%) and 16% (s.d. 3%), respectively, of
the bacterial community in Chincoteague Seep (MUC-5). ANME-1 and -2 made up 85% (s.d.
5%) of the archaeal community.
Sequencing of the mcrA gene enabled high-resolution identification of the taxa
responsible for methane cycling on the US Atlantic Margin. These results largely support the
archaeal 16S rRNA gene sequencing and illustrate that different subgroups of ANME dominate
at Hudson Canyon, Baltimore Canyon, and Chincoteague Seep. ANME-1a were highly abundant
throughout TC- and PC-16 from Hudson Canyon, contributing 56% of mcrA genes in both
SMTZ and MEZ communities (Fig. 3.6). Meanwhile, two different OTUs of ANME-2c were
most abundant at Baltimore Canyon and Chincoteague Seep and contributed 51% and 55% of
mcrA genes at these respective sites. Notably, traditional methanogenic lineages belonging to the
phylum Euryarchaeota were detected at all three sites, but comprised only a marginal percentage
of the methane cycling communities.

Discussion
Oxygen and nitrate availability drives community structure
Pore water chemistry of shallow sediments from Baltimore Canyon (MUC-11) and
Hudson Canyon (MUC-14) indicates that oxygen and nitrate may be present, even though the
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latter core has detectable methane at 6 cmbsf and both were collected in the immediate vicinity
of active methane seeps. In Baltimore Canyon, nitrate production below 10 cmbsf is likely a
product of ammonium oxidation mediated by highly abundant Marine Group I archaea (Fig. 3.5)
(41). The possibility that ammonia is advecting upward from reduced deeper sediments at this
site is likely given that MUC-11 was collected within an active methane seep field. In Hudson
Canyon, nitrate depletion in the upper 10 cm of the sediment column is evident, and the
accumulation of ammonium signals that microorganisms may be mediating dissimilatory nitrate
reduction to ammonium (42).
Vertical gradients in electron acceptor availability are known to play a dominant role in
structuring microbial communities in marine sediments (43). Oxygen and nitrate are typically
exhausted immediately below the seafloor in methane seep sediments, and thus transitions in
sulfate may play an important role in structuring microbial communities (9,11,44). However,
MUC-11 (Baltimore Canyon) and MUC-14 (Hudson Canyon) do not appear to represent typical
methane seep sediments, despite being collected within active seep fields. As a result of the
presence of oxygen and nitrate as high-energy electron acceptors, the microbial communities
within these cores are distinct among sites sampled on the US Atlantic Margin. The presence of
Marine Group I archaea and aerobic methanotrophic bacteria in Baltimore Canyon suggest that
the microbial community is dominated by organisms capable of taking advantage of these
electron acceptors for carbon cycling. Furthermore, these communities exhibit high species
diversity (Fig. B.1), which has been linked to the energy available to microorganisms (45).

Geochemical stability drives community structure
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Environmental disturbance has long been recognized as a driver of both macrofaunal and
microbial community structure (46,47). While marine sediments are often considered a low
disturbance environment, methane seeps are highly dynamic environments that experience
ephemerality in seepage over short timescales and changes in methane fluxes and sources over
long timescales (48). This ephemerality can have important consequences on sediment
geochemistry, as changes in methane fluxes can alter the depth of the SMTZ, changes in
methane source can alter hydrocarbon metabolisms, and bubbling at the sediment-water interface
can entrain sulfate-bearing seawater. In fact, the intensity of bubbling has previously been
identified as a contributing factor to regional patterns of microbial community structure at
methane seeps (16) due in part to the ability of seepage to generate mixing in shallow sediments
(17). In addition, methane seep sediments are subject to disturbances unrelated to their seepage,
such as turbidite depositions or canyon wall sloughing that can alter suddenly and significantly
alter sediment geochemistry.
The divergence in community structure between Chincoteague Seep and Hudson Canyon
illustrates how geochemical disturbance, potentially related to seep ephemerality, may drive
microbial community structure on the US Atlantic Margin. Chincoteague Seep channels methane
through a deep fracture hosted in Eocene rock (C. Ruppel, unpublished data), suggesting that it
has been active over millennial timescales. In addition, recent annual surveys have observed
steady seepage at this site over the past three years (C. Ruppel, unpublished data). High rates of
advective flow through this seep result in vigorous bubbling, which may entrain seawater and
explain the presence of sulfate below the SMTZ (49,50) as well as the high rates of AOM and
sulfate reduction in these sediments.
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Hudson Canyon, on the other hand, exhibited no observable seepage at the time of
sampling in 2015 despite observations of widespread seepage in 2013 and 2014 (C. Ruppel,
unpublished data). In addition, TC- and PC-16 in Hudson Canyon appear to be out of
geochemical steady state as sulfate was depleted non-linearly to the SMTZ at 80 cmbsf (Fig. 3.2,
inset) and peaks in pore water sulfate and sulfide concentrations were observed at 392 cmbsf
(Fig. 3.2). While the cause of this non-equilibrium geochemistry is unclear, ephemerality in
methane seep fluid advection within the area of Hudson Canyon sampled is a possible cause as is
the possibility that sampling simply missed locations where the geochemistry suggested steady
state conditions. Alternatively, it is possible that sloughing of sediment from the canyon walls
onto the seafloor is responsible, as this would result in sudden burial of sulfate-rich sediments
and vertical migration of the seafloor.
The two seep sites differed significantly in their microbial communities, particularly in
the types and relative abundances of organisms involved in AOM. In Chincoteague Seep,
ANME, primarily ANME-2c, contributed 85% of the archaeal community on average, while
Seep-SRB1 contributed 23% of the bacterial community. Microbial diversity was
correspondingly low, possibly because the high concentrations of sulfide found throughout the
sediment column can be prohibitive to many microbial metabolisms (51). The community at
Chincoteague Seep is highly similar to those found at methane seeps on continental margins
globally, including those that are known to experience ephemerality on short timescales
(11,52,53). This suggests either that Chincoteague Seep experiences undocumented ephemerality
in its seepage, or that ephemerality against a background of long-term, intense seepage does not
significantly impact microbial communities.
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By contrast, the community around the SMTZ in Hudson Canyon does not appear to have
come to equilibrium with geochemical conditions following the disturbance event. ANME,
primarily ANME-1a, contributed 0.2% of the archaeal community around the SMTZ and the
sulfate reducing bacteria population was composed primarily of Desulfarculaceae and
Desulfobacteraceae rather than Seep-SRB1. Meanwhile, the concentrations of ANME-116S and
mcrA genes exhibited peaks around 392 cmbsf and the relative abundance of ANME was higher
in the MEZ than at the SMTZ (Figs. 3.3, 3.5). Considering that the turnover time for microbial
communities in sediments can be on the order of hundreds to thousands of years (54), this lag
between microbial community composition and geochemical changes is reasonable. However,
these results also suggest that disturbance can drive differences in microbial community structure
between seemingly similar geochemical environments.
Importantly, the low abundance of ANME at the SMTZ in Hudson Canyon suggests that
ANME alone cannot account for the observed methane oxidation. Given the observed AOM rate
of 6 nmol CH4 cm-3 d-1, assuming a single 16S copy per ANME cell (55), and estimating that
ANME-1 represent 65% of the total ANME cells in Hudson Canyon (Fig. 3.6), the per-cell AOM
rate in these sediments can be estimated at 0.02 pmol CH4 d-1. By comparison, the per-cell AOM
rate in one of the most highly active AOM samples known, from sediments underlying a
Beggiatoa mat at Hydrate Ridge, can be conservatively estimated at 0.002 pmol CH4 d-1 (56,57).
Meanwhile, Bathyarchaeota and Thermoplasmatales contribute 39% and 33%, respectively, of
the archaeal community at the SMTZ, compared to 0.3% and 8% in Chincoteague Seep
sediments. Both of these lineages have been implicated in degrading detrital proteins (58,59),
and so may be adapted to the high organic matter content of Hudson Canyon sediments.
However, Bathyarchaeota and Thermoplasmatales have also been implicated in methane cycling
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(12,59,60) and a pathway for AOM by the former has been proposed (61). While the dataset
presented here does not provide information about the activity of these organisms or the genetic
potential of the particular strains observed, the possibility cannot be discounted that archaeal
lineages other than ANME are contributing to the observed AOM rates in Hudson Canyon under
conditions of temporally variable methane fluxes.

Organic carbon scarcity drives community structure
Sediments from Accomac Canyon and the Tiki Line exhibited subsurface SMTZs several
meters below seafloor and low concentrations of pore water methane and DIC. Methane isotopic
depletion was consistently < -100‰, suggesting that methanogenesis within the sediment
column is coupled to highly recycled organic matter degradation (6). These geochemical findings
indicate that microbial carbon cycling within these sites may be limited by the availability of
organic carbon.
The microbial communities in Tiki Line and Accomac Canyon sediments suggest the
prevalence of dissolved organic carbon scarcity. The abundance of bacterial cells at these sites is
approximately two orders of magnitude lower than at all other sites sampled on the US Atlantic
Margin. The bacterial community harbors high relative abundances of Aminicenantes, which has
been implicated in organic matter degradation under low-energy conditions (62). Members of the
Hadesarchaea contribute 34% of the microbial community, compared to 0.2% in all other sites.
These organisms have been found to have streamlined genomes, an adaptation to starvation
conditions, and are thought to couple oxidation of CO to dissimilatory nitrite reduction to
ammonium (63). Although sources of CO in marine sediments are not well constrained (64), CO
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may be produced via abiological degradation of recalcitrant organic matter (65) or fermentation
(66).

Microbial community heterogeneity across methane seep sediments
Microbial communities inhabiting methane seep sediments on the US Atlantic Margin are
highly heterogeneous, in line with previous findings that microbial communities inhabiting
methane seeps exhibit high endemicity on regional and global scales (10,11). However, this
microbial diversity does reflect systematic changes in biogeochemistry. For example, diversity
was lowest among Tiki Line and Chincoteague Seep communities, where, respectively, organic
carbon scarcity may have restricted niche availability and sulfide concentrations may have
limited livability. On the other hand, diversity was highest among Baltimore and Hudson Canyon
communities where the presence of high-energy electron acceptors likely enabled diversified
metabolic niches (45) and geochemical disturbance resulted in an ongoing community shift.
Given this disparity in biogeochemistry between each of the sampled sites, it is reasonable that
only a small fraction of the OTUs detected on the margin were shared among all sites.
Importantly, the geochemical factors suggested here as driving microbial community
structure on the US Atlantic Margin – electron acceptor availability, stability, and organic carbon
scarcity – are necessarily correlative. However, since methane seep communities do not appear
to be restricted by microbial dispersal (52), correlations between microbial community structure
and sediment geochemistry are likely indicative of environmental selection processes. As a result
it is likely that correlation in this case provides insight into causation, although further controlled
experimentation is required to demonstrate that the constraints identified on the US Atlantic
Margin are truly drivers of microbial community structure.
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Conclusion
Analysis of microbial communities inhabiting methane seep sediments on the US
Atlantic Margin revealed the presence of distinct communities across sites. These communities
appear to be structured predominantly by the availability of oxygen and nitrate as high-energy
electron acceptors for organic carbon degradation and methane oxidation, long-term seep
stability, and the availability of sufficient labile organic matter as an energy source for
microorganisms. These findings provide further insight into the geochemical factors driving
microbial heterogeneity in methane seep sediments and suggest a need for further combined
microbiological and geochemical surveys to understand microbial community structure.
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Fig. 3.1. Map of coring sites on the US Atlantic Margin. See Supplementary Table 1 for more
information. PC, piston core; MUC, multicore. The gravity core used to trigger PC-16 (TC-16)
was also analyzed in this study.
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Fig. 3.2. Geochemical measurements for selected cores. Panel 1: Pore water sulfate (●), sulfide (▲), and methane (■). Panel 2: Bulk
sediment total carbon content (●), organic carbon content (▲), inorganic carbon content (■), and δ13C-CH4 (♦). Panel 3: Pore water
nitrate (X), nitrite (+), and ammonium (▲). For Hudson Canyon, sulfate, sulfide, and methane measured in the trigger core (TC-16)
are displayed in the inset for higher resolution. Additional geochemical measurements and geochemistry for remaining cores are given
in Supplementary Dataset 2.
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Fig. 3.3. Copy numbers of bacterial 16S rRNA (●), ANME-1 16S rRNA (■), dsrAB (○), and mcrA (□) genes determined by ddPCR in
cores TC/PC-16 (Hudson Canyon), MUC-5 (Chincoteague Seep), MUC-11 (Baltimore Canyon), and PC-11 (Tiki Line). The latter two
were chosen as representative of results from all cores from Baltimore Canyon and the Tiki Line for which concentrations of these
genes were measured. Bacterial 16S dsrAB (■) ANME-1 16S (□) mcrA.
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Figure. 3.4. Non-metric multidimensional scaling ordination of total microbial communities
(non-metric stress 0.10). Circles indicate SRZ communities, squares indicate SMTZ
communities, and triangles indicate MEZ communities. Ellipses represent hulls around
communities that significantly cluster together via similarity profile analysis. Vectors indicate
the direction of increase of measured physical, geochemical, and microbiological parameters;
only parameters with Spearman correlation ≥ 0.4 to the ordination are shown. In the case of
isotopic measurements, the direction of increase corresponds to less depletion (i.e. a less negative
value).
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Fig. 3.5. Relative abundance of bacterial and archaeal families that contribute ≥ 5% of the observed within-cluster similarity or
between-cluster dissimilarity via similarity percentages analysis. Bacterial families were identified from the total microbial
community, while archaeal families were identified from the archaeal-specific community. Error bars represent standard error on the
mean abundance within each cluster of communities.
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Fig. 3.6. Phylogenetic tree of the 26 most abundant mcrA OTUs detected in this study and
selected representative sequences. Abundances are relative to total mcrA sequences.

88

4. DIVERSE METABOLIC POTENTIAL IN METHANE SEEP SEDIMENTS ON THE
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Abstract
Microbial communities inhabiting methane seep sediments are highly heterogeneous on both
regional and global scales, yet it is unclear whether shifts in community composition are linked
to changes in metabolic potential. Here, we used metagenomic sequencing to investigate the
carbon, nitrogen, and sulfur cycling potential of six microbial communities from methane seeps
in Hudson Canyon and Baltimore Canyon and at Chincoteague Seep on the US Atlantic Margin.
The metagenomes revealed significant differences in the abundances of and taxa contributing to
essential genes involved in anaerobic methane oxidation (AOM) and sulfate reduction, key
biogeochemical processes within seep sediments, across communities. mcrA was contributed
primarily by ANME-1 and -2 and varied in abundance by seven-fold across Chincoteague and
Baltimore Canyon seeps, while dsrAB abundance varied similarly but was contributed primarily
by Desulfbacteraceae and Desulfobulbaceae in Baltimore Canyon and by Desulfobacteraceae
and Desulfovibrionaceae in Chincoteague Seep sediments. In addition, Baltimore Canyon and
Chincoteague Seep harbored high potential for nitrogen fixation mediated by ANME, while
Hudson Canyon harbored potential for a complex nitrogen cycle involving ammonia oxidation
by Thaumarchaeota and denitrification by a diverse array of sulfate-reducing bacteria and
uncultivated Omnitrophica. Overall, these results demonstrate that distinct methane seep
communities harbor divergent metabolic and biogeochemical potentials.
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Introduction
Methane seeps on continental margins are hotspots of biogeochemical cycling on the
seafloor (1–3). Multiple overlapping redox zones occur in close vertical succession in these
sediments as a result of microbial activity (4). These zones are typically defined by the rapid
depletion of oxygen and nitrate as electron acceptors in surface sediments, followed by a sulfatereplete zone (SRZ), a sulfate-methane transition zone (SMTZ) where both sulfate and methane
are consumed by the anaerobic oxidation of methane (AOM), and ultimately a sulfate-depleted
methanogenic zone (MEZ). The formation of these geochemical zones enables heterogeneous
communities with distinct carbon, nitrogen, and sulfur metabolisms to develop over small spatial
scales (5–7). These elemental cycles and the microorganisms that mediate them are of great
interest to biogeochemists and microbial ecologists because they drastically impact the
remineralization and storage of buried carbon (8), the local and global carbon (9) and nitrogen
(10) balance in benthic environments, and the cycling of redox-active compounds between
biological and abiological processes (11, 12).
Microbial communities in methane seep sediments have been examined extensively by
marker gene surveys. Marker genes can provide information about the microbial lineages
present, in the case of the 16S rRNA gene, or about the taxa potentially mediating a specific
metabolic process (13, 14). Thanks to these surveys, patterns in community composition across
seeps have begun to emerge (15–17). Diverse lineages of anaerobic methanotrophic archaea
(ANME) and sulfate-reducing bacteria, which together mediate AOM (18–21), typically
dominate SMTZ sediments (5, 6), while fermentative lineages such as Atribacteria are
commonly found in both the SMTZ and MEZ of seep sediments (22,23). In addition, methane
seeps themselves are highly heterogeneous and contain correspondingly heterogeneous
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communities on both regional and global scales (16). For example, methane seeps expelling
higher hydrocarbons in addition to methane (21,24), demonstrating varying seepage intensity
(25), or, occurring in regions of hydrothermal activity (26) are all known to harbor distinct
microbial communities.
While important as assays of community composition, marker gene surveys are limited in
the holistic information they provide about carbon, nitrogen, and sulfur cycling within methane
seep sediments. Inferring biogeochemical cycling from community composition remains tenuous
as only a small minority of microbial lineages commonly found at methane seeps have cultured
representatives and the number of sequenced genomes of environmental strains remains small
despite recent advances (27). Recent findings that ANME may play a role in nitrogen fixation
(28,29) and methanogenesis (30,31), that lineages outside of the Euryarchaeota may mediate
methanogenesis (32), and that as yet unidentified taxa may play a role in remineralizing sulfur
within methanogenic sediments (12, 13) underscore the need for a better understanding of
elemental cycling and microbial metabolisms in methane seep sediments.
Shotgun metagenomics offers a powerful alternative to marker gene surveys by providing
direct information about the metabolic potential of microbial communities and the taxa
contributing specific metabolic functions. This technique has proven powerful for studying
microbial carbon, nitrogen, and sulfur cycling in both marine environments (32, 33) and methane
seep sediments in the Arctic Ocean (33).
In this study, we applied metagenomic sequencing to six communities from three distinct
methane seeps on the US Atlantic Margin. These communities were previously found by marker
gene surveys to diverge in composition across seeps, in concert with changes in seep stability
and the contribution of methane to the sedimentary carbon pool (15). However, it remains
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unclear whether changing community structure results in distinct metabolic potentials at distinct
seeps, or whether metabolic potential remains constant as the specific taxa contributing
metabolic functions changed. This metagenomic study demonstrated that while some
fundamental aspects of carbon, nitrogen, and sulfur cycling remain constant across seep
communities on the US Atlantic Margin, each community has a unique metabolic potential to
impact these elemental cycles.

Materials and Methods
Sample collection
Samples were collected from the northeastern US Atlantic Margin during expedition
HRS15-12 aboard the R/V Hugh R. Sharp in September, 2015 (Table C.1). Methane seeps were
identified using an EK60 echosounder and visualized with a high-resolution camera at Baltimore
Canyon and Chincoteague Seep, where sediments were collected via video-guided multicorer. At
Baltimore Canyon, we sampled highly sulfidic sediments directly underneath a bacterial mat;
pieces of the mat were visible at the surface of the recovered core. At Chincoteague Seep, we
sampled at 7 cmbsf, in the SRZ based on geochemical profiles, and at 13 cmbsf, at the base of
the SMTZ.
Sediments from Hudson Canyon were collected using a piston core and the immediately
adjacent trigger core. Pore water geochemistry profiles between the two cores indicate that they
represent a highly similar sedimentary environment (Graw et al., pers. obs.). All cores were
extruded and sub-sampled immediately upon retrieval in 2 cm (multicores) or 10 cm (piston and
trigger cores) intervals. Outer sediments were scraped away and samples were transferred to
Whirlpak bags (Nasco, Fort Atkinson, WI, USA), flash-frozen in liquid nitrogen, and stored at -
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80°C until analysis. Sampling for pore water and geochemical analyses are described in (15). For
molecular analysis, we sampled two sediment horizons 10 cm apart, at 72 and 82 cmbsf, that
were near the base of the SMTZ from the trigger core. From the piston core, we sampled one
horizon at 382 cmbsf in the MEZ where unexpected peaks in sulfate to 0.44 mM and sulfide to
4.7 mM were observed.

DNA extraction and sequencing
DNA for 16S rRNA gene amplicon sequencing was extracted from approximately 0.25 g frozen
sediment using a PowerSoil DNA Isolation Kit (MO BIO, Carlsbad, CA) according to the
manufacturer’s instructions. Polymerase chain reaction (PCR) was conducted using primer sets
targeting both bacterial and archaeal 16S rRNA genes (515F-GTGYCAGCMGCCGCGGTAA,
806R-GGACTACNVGGGTWTCTAAT; (36)) and archaeal-specific 16S rRNA genes (517FGCCTAAAGCATCCGTAGC, 958R-CCGGCGTTGANTCCAATT; (37)). PCR reactions were
conducted in technical triplicates using AmpliTaq Gold polymerase (ThermoFisher, Waltham,
MA). Reactions were amplified for 35 cycles at annealing temperatures of 50°C and 52°C for
universal and archaeal-specific 16S rRNA genes, respectively. PCR reactions were visualized on
agarose gels, pooled, and cleaned using the QIAquick PCR Purification Kit (Qiagen,
Germantown, MD) according to the manufacturer’s instructions. 2 x 250 paired-end sequencing
was performed on an Illumina MiSeq at the Center for Genome Research and Biocomputing at
Oregon State University. Controls with no sediment added to the extraction tube were extracted,
amplified, and sequenced alongside samples and did not exhibit contamination at any step.
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DNA for metagenomic sequencing was extracted from approximately 5 g of sediment
using a PowerMax Soil DNA Isolation Kit (MO BIO, Carlsbad, CA, USA) according to the
manufacturer’s instructions. Metagenomic library preparation was performed using a Nextera
XT Library Preparation Kit (Illumina, San Diego, CA, USA) and all samples were sequenced at
the Center for Genome Research and Biocomputing at Oregon State University. Baltimore
Canyon sediments were sequenced on a MiSeq with 2 x 250 paired-end chemistry (v.2), while all
other samples were sequenced on a HiSeq 3000 with 2 x 150 paired-end chemistry. This is
unlikely to affect our results as sample preparation was otherwise identical and reads were
assembled prior to annotation and abundance-normalized prior to analysis.

Sequence processing and analysis
16S rRNA gene sequences were processed as previously described (15). Briefly, we used mothur
(v.1.36.1) according to the mothur MiSeq SOP (38). Universal and archaeal-specific 16S rRNA
gene sequences were aligned to the Silva SSU Ref NR database (v.128) and clustered at 97%
similarity. Singleton OTUs were removed prior to analysis and the sequencing sets were rarefied
using 100 random iterations; universal 16S rRNA gene sequences to 16,950 sequences, archaeal
16S rRNA gene sequences to 5,840 sequences.
Paired-end metagenomic reads were trimmed and quality-controlled using Trimmomatic
(39), then assembled using SPAdes (v.3.7) in metagenomic mode (40). Contigs were annotated
using the Metagenome Annotation Pipeline (v.4) as previously described (41) and coding
sequences were assigned to KEGG Orthologs (KOs) where applicable (42). Reads were mapped
to assembled coding sequences using BBMap and reads per million were calculated for all
coding sequences (43). Phylogeny was assigned to coding sequences using the top USEARCH

95

(44) hits and the identity and phylogeny of genes discussed in detail below were confirmed by
nucleotide BLAST. Abundant mcrA genes from the SMTZ of Chincoteague Seep were further
aligned to selected references using MUSCLE and a phylogenetic tree was generated with
FastTree using 1,000 bootstraps.
Partial and complete 16S rRNA genes within the assembled contigs were identified
during the annotation process using hmmsearch (45) and were analyzed further using mothur (v.
1.39.5) as described above (38). Only contigs greater than 200 bases were included and reads
were aligned to the SILVA database (v.128) prior to clustering.

Results and Discussion
Site and sample descriptions
Hudson Canyon is a shelf-breaching submarine canyon with high levels of organic matter
deposition and point-source methane seepage (46). Although methane seepage was not detected
by echosounder at the time of sampling, active seeps have been observed in Hudson Canyon in
prior years (C. Ruppel, pers. comm.). At the site sampled in Hudson Canyon, immediately
adjacent to an active seep, sulfate depletion to the SMTZ at approximately 82 cmbsf was nonlinear with depth, indicating that sulfate diffusion from the sediment-water interface, methane
advection from below, and AOM activity at the SMTZ are out of geochemical equilibrium
(47,48). In addition, the SMTZ extended over 50 cm of the sediment column (15), rather than
over several cm as is normally observed for active seeps (17,49), and unexpected peaks in sulfate
to 0.44 mM and sulfide to 4.7 mM were observed in the MEZ around 382 cmbsf (Table C.1).
Pore water methane concentrations averaged 1.9 mM below the SMTZ. Sediments in Hudson
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Canyon appeared green in color upon core retrieval and contained on average 2.6 wt % organic
carbon (s.d. 0.15) throughout the core (15).
Chincoteague Seep is known to channel fluids through a deep fracture in Eocene rock (C.
Ruppel, unpublished data) and was observed to bubble vigorously both in prior studies and at the
time of sampling. Methane at this site, as at Hudson and Baltimore Canyons, is primarily
biogenic and does not contain significant levels of higher hydrocarbons (δ13C-CH4 < -70‰,
C1/C2 ratio 550) (50). Sulfate persists below the SMTZ at concentrations of greater than 1 mM
from 13 to 23 cmbsf and increased to 11.3 mM at 29 cmbsf, while sulfide concentrations
averaged 11.5 mM at all measured depths below the SMTZ. This is likely due to entrainment of
seawater as has been observed at similarly vigorous seeps (51–53). Below the SMTZ, pore water
methane concentrations averaged 4.9 mM.
Similar to Hudson Canyon, Baltimore Canyon is a shelf-breaching canyon (i.e. it extends
from the upper continental shelf to the continental slope) with active methane seepage. In
contrast to Hudson Canyon, Baltimore Canyon was much lower in organic carbon content
(average 0.4 wt % organic carbon) and video-guided multicoring identified a patchy distribution
of bacterial mats on the seafloor. We sampled highly sulfidic sediments directly underneath a
bacterial mat; pieces of the mat were visible at the surface of the recovered core. However, due
to the nature of multicoring and the high spatial heterogeneity of this environment, the adjacent
core utilized for measuring pore water chemistry did not contain visible mat and does not appear
to have sampled the same sediment conditions. 16S rRNA gene sequencing of surface sediments
multiple cores recovered from the same multicorer deployment indicated that the cores harbored
distinct surface communities (ANOSIM n = 5, r = 0.63, p = 0.067; Supplementary Fig. 1).
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Microbial community structure
Metagenomic sequencing yielded more than 15 million contigs after quality control and
assembly (Table C.2). On average, 28% of contigs from each community could be assigned to
KOs. In addition, 2,769 reads were identified as partial or complete 16S rRNA genes and
spanned 15 archaeal and 57 bacterial phyla. Only four reads were classified to Eukaryota and
were not analyzed further. Bacteria comprised more than 75% of the microbial community in all
sediments, and up to 98% of the community in the upper SMTZ at Hudson Canyon, consistent
with findings from PCR amplification of 16S rRNA genes from these samples (15).
The communities across the metagenomes were comprised of Dehalococcoides of the
GIF9 and vadinBA26 lineages, Phycisphaerales, Desulfobacterales, and Anaerolineales (Fig.
4.1). Desulfobacterales, which comprised 10% of the community at Baltimore Canyon, is
commonly found in methane seep sediments worldwide (16) and may act in concert with ANME
to mediate AOM (20). Sulfurovum and Sulfuromonas, which mediate sulfur oxidation (54), also
comprised 1.5% of the community in Baltimore Canyon. Phycisphaearales, which has been
implicated in degradation of algal detritus (55), was in higher abundance in the MEZs of Hudson
Canyon and Chincoteague Seep than in sulfate-bearing sediments.
Community composition in the upper SMTZ of Hudson Canyon diverged most from the
other communities. This community was dominated by Gammaproteobacteria and
Alphaproteobacteria, which respectively made up 26% and 22% of the community compared to
5% and 3% on average across all other samples. These bacteria were predominantly classified to
the orders Oceanospirillales, Cellvibrionales, and Flavobacteriales (Gammaproteobacteria); and
Rhizobiales, Rhodobacterales, and Rhodospirillales (Alphaproteobacteria). Although the latter
two orders are associated with photosynthetic purple non-sulfur bacteria, many species within
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these orders have been demonstrated to grow chemoorganotrophically or chemolithotrophically
in the dark under microaerophilic conditions (56). The high organic content of Hudson Canyon
may enable these lineages, which are associated with organic matter degradation in near-surface
sediments (48, 49), to dominate in this community.
Importantly, significant differences were found in microbial community structure when
comparing the communities identified by 16S rRNA gene sequencing and 16S rRNA genes
annotated within the metagenomes. Analysis of amplified 16S rRNA genes found that
communities among the three sites are significantly distinct from one another (ANOSIM r =
0.86, p = 0.017). However, no such distinction among sites was found within the metagenomes
(ANOSIM r = -0.09, p = 0.65).
16S rRNA gene sequencing and metagenomics also presented divergent profiles of
community composition (Fig. 4.1). Whereas the community in Chincoteague Seep appeared to
be comprised up to 80% of Seep-SRB, common partners of ANME mediating AOM (20), in the
SMTZ and 18% ANME in the MEZ by 16S rRNA gene sequencing, these taxa made up only 8%
and 3%, respectively, of the 16S rRNA gene sequences in the metagenomes. In addition,
Atribacteria, which are often found in methane-bearing sediments and are thought to provide
substrates for methanogenic archaea via organic carbon fermentation (23,59), were found to be
150-200-fold less abundant in the Chincoteague Seep SMTZ and Hudson Canyon MEZ
metagenomes. Instead, the communities were much more evenly distributed, both with Pielou’s
evenness indices of 0.99 (an index of 1 represents a community with all taxa represented equally
(60)). Notably, the recently named phylum Woesarchaeota, which has been implicated in organic
matter fermentation (61) and is commonly found in low abundance in methane seep sediments
(33), made up 3-10% of all communities and was not detected by 16S rRNA gene sequencing.
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The important differences in community structure and composition between the 16S
rRNA gene sequencing and metagenomics may be explained by several factors. First, 16S rRNA
gene sequences from the two methods are potentially representing different regions of the 16S
rRNA gene, and as a result were not aligned and clustered into OTUs together. This is likely to
bias estimates of diversity and could also influence taxonomic classification since 16S rRNA
gene databases are known to have differential taxonomic coverage of the gene’s hypervariable
regions (62). Although care was taken to reduce classification issues by using a single database,
this bias stems from the shotgun nature of metagenomics sequencing. 16S rRNA gene
sequencing also introduces biases of its own, particularly in representing the relative abundance
of specific organisms, due to amplification bias in the early stages of PCR. This has previously
been suggested as a cause of observed divergences in community profiles derived from 16S
rRNA gene sequences and metagenomics (33,63,64). Finally, metagenomic sequencing is not
limited in taxonomic coverage by primer sequences as is 16S rRNA gene sequencing. As a
result, metagenomics may detect lineages that are missed by 16S rRNA gene sequencing (e.g.
(65). In our study, this could explain why lineages that are abundant in the metagenomes, such as
Woesarchaeota, are absent in the 16S rRNA gene sequence results.

Carbon Cycling
Methane seeps are hotspots for carbon cycling in the subsurface as they generally have
high input levels of organic carbon as well as harbor highly active AOM communities (2). To
examine carbon cycling in methane-bearing US Atlantic Margin sediments, we considered the
abundances of marker genes related to autotrophic carbon fixation, heterotophic organic matter
degradation, and methane cycling.
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Genes encoding the Wood-Ljungdahl pathway for carbon fixation, and particularly the
acetyl-CoA synthase operon (acsBCD), were the most abundant marker genes for autotrophy
across all communities except the upper SMTZ of Hudson Canyon (Fig. 4.2). In Hudson Canyon
and the SRZ of Chincoteague Seep, these genes were contributed predominantly by bacterial
lineages, whereas in Baltimore Canyon and the SMTZ of Chincoteague Seep these genes were
mainly contributed by archaea. In the former, Proteobacterial lineages Syntrophobacterales and
Desulfobacterales contributed 14% and 11% of acs genes, respectively, while lesser abundances
were contributed by Aerophobetes (8%) and Thermoanaerobacterales (7%). In Baltimore
Canyon and the SMTZ of Chincoteague Seep, acs genes were predominantly classified to
Methanosarcinales (34% of acs genes), including both ANME and traditional methanogenic
lineages, and Desulfobacterales (22%), including both Desulfobacteraceae and
Desulfobulbaceae.
Multiple lines of genomic evidence suggest that aerobic microhabitats may be present
within the upper SMTZ of Hudson Canyon. This sediment horizon contained on average 5% of
the quantity of genes for the anaerobic Wood-Ljungdahl pathway for carbon fixation found in all
other sampled communities, yet contained on average 2.6 times as many genes encoding
RuBisCO enzymes. These genes had homology to functional Type II RuBisCO genes found in
facultatively anaerobic lineages Burkolderiales, Chromatiales, Rhizobiales, and Rhodobacterales
(56,66). The alkB gene for aerobic alkane degradation (67) was also prevalent in this community
(181 reads per million), while rare in all other communities (average 17 reads per million). In
addition, genes for oxidative nitrogen and sulfur cycling (discussed in more detail below) are
elevated within the upper SMTZ of Hudson Canyon. Although genomic potential for aerobic
processes does not indicate that these genes are actively transcribed or that the enzymes are
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functioning, these findings suggest the presence of aerobic microhabitats within the upper SMTZ
of Hudson Canyon.
Such an environment is surprising given that sulfate is nearly depleted at this depth and
that methane is present, but also elucidates several other findings. Pore water sulfate and
methane profiles in the first meter of the Hudson Canyon core indicate that the sediment
chemistry is out of equilibrium with respect to the SMTZ. The presence of oxygen in the upper
portion of the SMTZ could partially decouple sulfate reduction from methane oxidation, since
methane can also be oxidized aerobically in the presence of oxygen. Genes for particulate
methane monooxygenase (pmo) were not detected, although highly homologous genes for
ammonia monnoxygenase (amo) were found in high abundance in this community. It is possible
that given the short sequence lengths recovered (maximum recovered amoA length 651 bp),
some of these sequences have been misclassified and may encode methane monooxygenase (68).
Regardless, the presence of trace levels of oxygen also explains the rarity of ANME within this
community, as these organisms are known to be extremely sensitive to oxygen (18,69). The
presence of oxygen in these sediments thus may significantly alter the genetic potential for
carbon cycling within the microbial community and suggests that aerobic microhabitats may play
a more important role in organic-rich SMTZ sediments than previously appreciated.
Communities from all sampled sediments also demonstrated abundant genetic potential
for the heterotrophic degradation of carbohydrates and proteins. AmpH, which encodes a DDendopeptidase involved in the recycling of peptidoglycan from bacterial membranes (70), was
highly abundant in all communities and contributed on average 10% of protein degradation
genes. This likely reflects a high degree of remineralization of in situ or deposited biomass,
consistent with recent findings that heterotrophic archaea play an important role in sediments
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globally (30) and methane seep sediments in particular (71). Meanwhile, the composition of
genes encoding carbohydrate-degrading enzymes varied among communities. Genes encoding an
alpha-L-fucosidase comprised 15% of the genes for carbohydrate degradation in the upper
SMTZ and MEZ of Hudson Canyon, but only 7% in the lower SMTZ. In the latter, 17% of
carbohydrate degradation-related genes encoded a beta-glucosidase, compared to less than 9% in
all other communities. Lastly, endoglucanase-encoding genes were enriched in the SMTZ of
Chincoteague Seep (11% of carbohydrate degradation genes) relative to all other communities
(average 6%). These genes are involved in degrading different components of algal and bacterial
cell wells (72,73) and their differential abundances, particularly within the sediment column of
Hudson Canyon, suggests that substrate specificity for heterotrophic carbohydrate degradation is
shifting with changes in community structure.
While all sediment communities investigated in this study were impacted by methane, the
abundances of genes involved in methane cycling varied considerably. McrA, an essential gene
in hydrogenotrophic methanogenesis and AOM (18,74), was seven times more abundant in the
SMTZ of Chincoteague Seep than in Baltimore Canyon, the second most mcrA-rich community,
and was barely above detection limits in the upper SMTZ of Hudson Canyon (Fig. 4.2).
Phylogenetic analysis indicated that 9 of the 10 most abundant mcrA sequences in Chincoteague
Seep (representing 70% of detected sequences) are contributed by ANME-1 and -2c (Fig. C.2).
This supports prior amplicon-based sequencing of the mcrA gene in these sediments, which
found that ANME-2c and -1b dominated mcrA sequences in Chincoteague Seep (15). Both
analyses detected low abundances of traditional Euryarchaeotal methanogens, indicating that
methane production may be occurring within the SMTZ alongside AOM. In addition, previous
studies have suggested that ANME may be net producers of methane (31,75) and it is possible
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they mediate methanogenesis in addition to AOM in these sediments. Further geochemical
analysis is required to identify the sediment depth at which biogenic methane emitted from
Chincoteague Seep was produced, which could provide insight into the relative roles of ANME
and traditional Euryarchaeotal methanogens at this site.

Nitrogen cycling
Microbial communities play an active role in nitrogen cycling in marine sediments and
can modulate the availability of nitrogen for benthic communities (10,76). Components of the
nitrogen cycle are known to take place within methane seep sediments, including denitrification
(77), nitrogen fixation (28, 29), and anaerobic ammonium oxidation (annamox) (78). However,
differences in nitrogen cycling potential between seep sediments or within seeps have not been
fully explored.
Investigation of genes involved in key nitrogen cycling pathways on the US Atlantic
Margin revealed distinct modes of nitrogen availability and utilization between the sampled
communities. The nif operon, essential for nitrogen fixation, was 53 times more abundant in the
SMTZ of Chincoteague Seep than Hudson Canyon and nearly as abundant in Baltimore Canyon
(4.3). The most abundant nifH sequence, which contributed 40% of nifH sequences above the
SMTZ and 33% of sequences at the SMTZ in Chincoteague Seep, was 90% identical to nifH
from actively nitrogen-fixing ANME-2c (28). Although it is unknown whether ANME-2 in
Chincoteague Seep or Baltimore Canyon are actively fixing nitrogen, ANME-2 have been found
to non-constitutively fix nitrogen in methane seep sediments from Mound 12 on the Costa Rica
Margin (29) in the presence of moderate ammonium concentrations. These findings indicate that
methane seeps on the US Atlantic Margin are potentially fueling benthic nitrogen fixation at
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water depths that have traditionally been assumed to play no role in adding to the oceanic
nitrogen budget (79).
In contrast to Chincoteague Seep and Baltimore Canyon, microbes in Hudson Canyon
sediments had little genetic potential for nitrogen fixation and instead appear to rely on
assimilation of ammonium from pore waters via the glutamine synthetase-glutamate synthase
transport pathway (Fig. 4.3). Ammonium concentrations in Hudson Canyon are extremely high,
around 2.5 mM at the SMTZ and exceeding 10 mM in the MEZ, likely resulting from
degradation of abundant labile organic carbon at this site (> 2.5 wt. %). Absolute (15) and
relative abundances of ANME are lower in Hudson Canyon than in the other sites, which may
account for the decreased nitrogenase gene content of these sediments. However, it is also
possible that ANME communities living under conditions of extremely high ammonium
concentrations (10-40 times the average ammonium concentration in Costa Rica Margin seep
sediments (29)) have lost the nif operon over time.
Nitrification may also play an important role in Hudson Canyon, particularly at the upper
SMTZ where the presence of RuBisCo and alkB suggest the presence of microaeophilic niches.
Pore water chemistry reveals subsurface maxima in nitrate and nitrite concentrations at this
sediment horizon (Supplementary Table 3; (15)), and amoA gene abundance is 12.5 times higher
than at the base of the SMTZ where nitrate concentrations decrease sharply. Ninety-four percent
of the amoA sequences were classified to Marine Group I Thaumarchaeota (80), while the
remaining 6% were classified to the genus Nitrospira. This indicates that ammonia-oxidizing
archaea (AOA), rather than ammonia-oxidizing bacteria (AOB), are likely the predominant
nitrifiers in the SMTZ of Hudson Canyon in contrast to previous findings that AOB dominate in
both ammonium-rich sediments (81) and in methane seep sediments (82). However, recent
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studies suggest that niche separation between AOA and AOB also depends upon oxygen
availability and that AOA are better adapted to low-oxygen settings (83,84), which would
include the aerobic microhabitats that geochemical and metagenomic evidence suggest are
present within the SMTZ of Hudson Canyon.
Potential for nitrate reduction and denitrification was found in communities from the
upper SMTZ and MEZ of Hudson Canyon, the SRZ of Chincoteague Seep, and Baltimore
Canyon. Although potential for denitrification is generally low in methanogenic sediments due to
low concentrations of oxidized nitrogen species (33), a deep maximum in pore water nitrite was
observed in the MEZ of Hudson Canyon. Abundances of the nitrate reductase genes napA and
narG were roughly equal across all communities, but were contributed by different taxa. napA
sequences were classified predominantly to orders Campylobacterales (14% of napA sequences),
Desulfurobacterales (12%), Chromatiales (10%), Flavobacteriales (6%), and
Desulfuromonadales (5%). The community contributing to narG gene sequences diverged much
more among sites than for napA. In the upper SMTZ of Hudson Canyon, narG was contributed
primarily by Rhizobiales (14% of narG sequences), Rhodobacterales (13%),
Desulfuromonadales (9%), and Thermales (9%). Baltimore Canyon narG sequences were
dominated by Cytophagales (34%), while Omnitrophica were the primary source of narG genes
in the MEZ of Hudson Canyon (27%) and the SRZ of Chincoteague Seep (14%) and contributed
13% of narG in Baltimore Canyon.
The dominant role of these taxa in denitrification reflects previous metagenomic findings
in methane-bearing sediments from the Bothnian Sea (33), where a shift in the denitrifying
community with geochemical conditions was also noted. It is likely in this case that
microaerophilic conditions within the upper SMTZ of Hudson Canyon enable the persistence of
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a unique denitrifying community, since the presence of oxygen enables facultatively anaerobic
lineages such as Rhodobacterales to persist and denitrifying bacteria can benefit from active
nitrification by AOA. Cytophagales have been implicated in denitrification in sediments (33,85),
but the factors controlling the distribution and activity of this lineage with respect to
denitrification have not been explored and the conditions that enable them to dominate
denitrification potential in Baltimore Canyon are not clear. The metabolic potential of
Omnitrophica in methane-bearing sediments is still unclear as there are no cultivated
representatives of this phylum, but metagenomic evidence indicates that they are capable of at
least partial denitrification (86). Our finding that Omnitrophica may contribute the largest share
of narG sequences in both sulfate-reducing and MEZ sediments at distinct sites indicates that
this group may play a role in denitrification across a wide range of sediment geochemical
conditions and suggests a need for further characterization of the metabolic niche space and
range of members of this phylum.
The hzo gene, encoding a hydrazine dehydrogenase involved in annamox, was below
detection limits across all communities. This is surprising given the prior finding that hzo and
annamox-mediating Planctomycetes are abundant in methane seep sediments from the Sea of
Okhotsk (78), particularly since ammonium is plentiful in all sediment pore waters sampled on
the US Atlantic Margin. It is possible that nitrite limits annamox in anaerobic US Atlantic
Margin sediments, or may be related to the as-yet-unknown factors that drive heterogeneity in
methane seep communities on a global scale (16).

Sulfur Cycling
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Sulfur cycling in the seafloor is critical to sediment biogeochemistry as an estimated 29%
of organic matter is oxidized by sulfate-reducing bacteria globally (87), producing hydrogen
sulfide that may in turn be oxidized or mineralized. Sulfate is particularly important in methane
seep sediments where diverse lineages of sulfate-reducing bacteria with specific niche
preferences are involved in AOM (21), and recent findings have suggested that “cryptic” sulfur
cycling below the SMTZ may play an important and poorly understood role in methane
oxidation (11, 12). The process of dissimilatory sulfate reduction relies on the enzymes
adnenylyl-sulfate reductase and dissimilatory sulfite reductase, encoded by the genes aprAB and
dsrAB, respectively. Thus, it is possible to examine these genes through metagenomics to gain
insight into the abundance and types of sulfate-reducing bacteria present in sediments.
The highest abundances of aprAB and dsrAB operons were found in Baltimore Canyon
and the SRZ of Chincoteague Seep (Fig. 4.4). These genes encode enzymes essential to both
dissimilatory sulfate reduction and sulfide oxidation. Resolving the taxa that contribute these
genes to the community and the broader geochemical conditions is necessary to understand
which process is likely dominant (88). In Baltimore Canyon, sulfate-reducing
Desulfobacteraceae contributed 32% of aprAB genes and 55% of dsrAB genes, while additional
sulfate-reducing lineages Desulfovibrionaceae and Desulfobulbaceae respectively contributed
23% and 7% of aprAB genes and 4% and 14% of dsrAB genes. Taken together with the genetic
potential for AOM in these sediments and the low abundance of sulfide-oxidizing Sulfurovum
and Sulfuromonas, it is likely that aprAB and dsrAB genes are predominantly mediating
dissimilatory sulfate reduction rather than oxidation and may be involved in AOM. In
Chincoteague Seep, Desulfobacteraceae contributed 17% of aprAB and 38% of dsrAB genes,
while Peptococcaceae with similarity to the genus Desulfotomaculum also contributed 27% of
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aprAB and 19% of dsrAB genes. At both sites, the prevalence of Desulfobacteraceae is
consistent with findings that this is the dominant lineage of sulfate reducing bacteria at methane
seeps globally (21,89).
While Hudson Canyon sediments harbor a moderate abundance of sulfate reducing genes
at all sampled depths, the abundance of genes encoding the sox pathway for sulfur oxidation in
the upper SMTZ of Hudson Canyon was striking. Twenty-six percent of sox genes were
classified to Rhodobacterales, a lineage known to mediate the partial, stepwise, or complete
oxidation of sulfide to sulfate (56). Gammaproteobacteria, largely classified to
Ectothiorhodospiraceae and Haliaceae, together contributed 39% of sox genes in this
community. The former have a high tolerance for sulfide relative to Rhodobacterales and are
known to produce sulfur globules from sulfide oxidation (56). Thus, they may enable
Rhodobacterales to dominate in Hudson Canyon by keeping sulfide concentrations low and
providing elemental sulfur as a substrate for oxidation to sulfate.

Metabolic heterogeneity among methane seep communities
Microbial communities at methane seeps, including those on the US Atlantic Margin,
exhibit a high degree of heterogeneity on local and regional scales while retaining a core
microbiome globally (16). This heterogeneity appears to be related in part to the favorability of
biogeochemically significant metabolisms, including methanogenesis (90), AOM (49), nitrogen
fixation (29), and sulfur remineralization (11). However, as the core microbiome – including
ANME and associated sulfate-reducing bacteria – are responsible for the predominant
biogeochemical process at methane seeps, AOM, it has not previously been clear whether shifts
in microbial community composition at methane seeps are linked to broader differences in
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biogeochemical cycling between seeps. This is critical as previous efforts to link community
structure and function in, for example, fungal communities in soils found that metabolic potential
converges even as community composition changes radically (91).
This study demonstrates that shifts in microbial communities among methane seep
sediments on the US Atlantic Margin (15) are associated with concurrent shifts in metabolic
potential with respect to carbon, nitrogen, and sulfur cycling. While gene content is not an exact
predictor of actual metabolic activity, abundances of key functional genes have previously been
found to mirror biogeochemical processes (92,93). Furthermore, although these results are
limited to a single region, they are likely to hold true for seeps globally as the community
variance observed on the US Atlantic Margin is similar to that found in geographically diverse
seep fields from, for example, the Eel River Basin (94), the Mediterranean Sea (17), and the
Hikurangi Margin (95).
Our findings suggest that small changes in the abundance of peripheral taxa can have a
significant effect on carbon, nitrogen, and sulfur cycling. For example, Omnitrophica are present
only in low abundances in the lower SMTZ and MEZ of Hudson Canyon, yet their presence may
enable these sediments to play an important role in benthic denitrification. Importantly,
Omnitrophica is one of several lineages with few sequenced representatives found to contribute
to biogeochemical cycling on the US Atlantic Margin. The high intra-phylum metabolic diversity
of many uncultivated lineages found in methane seep sediments (32,61,96) leaves open the
possibility that seep sediments that appear taxonomically similar may host divergent metabolic
capacities.
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Conclusion
Methane seeps on regional and global scales host highly heterogeneous microbial
communities, although changes in the capability of communities for carbon, nitrogen, and sulfur
cycling between methane seeps have not been thoroughly investigated. Metagenomic sequencing
of seep communities on the US Atlantic Margin revealed potential for hallmark methane and
sulfate metabolisms, as well as for organic carbon degradation and complex nitrogen cycling.
Critically, the potential for biogeochemical cycling varied within and between methane seeps on
the US Atlantic Margin. Overall, our results indicate that microbial community heterogeneity at
methane seeps is tied to shifts in metabolic potential and biogeochemical cycling, and suggest
that poorly characterized lineages may play important metabolic roles.
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Fig. 4.1. Heatmap showing the relative abundances of the 15 most abundant classes found by
each of metagenomic sequencing and 16S rRNA marker gene sequencing. Classes that were
found to be abundant by both methods are not repeated, and phyla without named classes are
displayed at the phylum level.
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Fig. 4.2. Abundance of genetic potential for selected carbon cycling metabolisms and the
abundant orders contributing to these metabolic functions. Abundances displayed are normalized
to the number of genes included for each metabolism (Calvin Cycle: rbcL, rbcS, prkB; WoodLjungdahl: acsBCD; Alkane Degradation: alkB; Methanogenesis/AOM: mcrA).
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Fig. 4.3. Metabolic potential for nitrogen cycling in microbial communities on the USAM.
Bubbles represent the abundance of essential genes for the following pathways (genes): nitrogen
fixation (nifH), dissimilatory nitrate reduction to ammonium (DNRA; average of nrfA and nirB
abundances), nitrification (amoA), nitrite oxidation/nitrate reduction (average of napA and narG
abundances), and denitrification (average of nirK, nirS, norB, and nosZ abundances). Genes for
annamox were not detected in any community.
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Fig. 4.4. Abundance of essential genes for dissimilatory sulfate reduction/sulfide oxidation and
sulfur oxidation and the bacterial families primarily contributing to the metabolic potential for
these processes. Taxa for dsrAB are displayed at genus level. Abundances displayed are
normalized to the number of genes in each operon.
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5. CONCLUSION
This dissertation expands our knowledge of how microbial communities and
biogeochemical functions are structured in marine sediments. The objectives of this thesis were
to (1) characterize the microorganisms present in diverse marine sediment habitats; (2) identify
the geochemical, physical, and ecological drivers of microbial community structure in these
sediments; and (3) describe how changing microbial community composition impacts
biogeochemical potential.
Sediments from the South China Sea (SCS) and US Atlantic Margin (USAM) were
chosen to address these objectives because they represent a wide range of subseafloor
environments and exhibit particular biogeochemical and physical features that were hypothesized
to influence microbial community structure. Critically, sampling and analysis of microbial
communities was paired with comprehensive datasets on sediment physical properties and
geochemistry to enable testing specific theories about the drivers of microbial community
structure. In the SCS, this meant incorporating analyses of sediment lithology and organic matter
content to test the effects of sedimentology on microbial community structure. On the USAM,
sediment pore water and bulk sediments were analyzed exhaustively to provide information
about why microbial communities in ostensibly similar sediment habitats diverge in composition
and metabolic potential.
In the SCS, discussed in Chapter 2, the sediment column contains discrete layers of
differing sedimentological origins as a result of the geological history of the basin. Such
sedimentological differences were previously observed to be correlated with changes in
microbial community composition in the Sea of Okhotsk (1), yet the exact mechanism by which
sedimentology influences microbial communities and the universality of this finding remained
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unknown. The SCS also exhibited significant differences in sedimentation rates across the
sampled sites and the transition from sulfate-replete to methanogenic characteristic of marine
sediments. These features are known to be important drivers of microbial community structure
globally (2,3). Thus, using 16S ribosomal RNA gene sequencing of microbial communities from
multiple sites, geochemical zones, and sediment layers, I examined whether energetic potential
or sedimentology dominated in structuring microbial communities in the SCS. My results firmly
indicate that differences in sedimentation rates and electron acceptor availability, which partially
define the maximum potential energy available to microorganisms from the oxidation of organic
matter, drive microbial community differentiation in the SCS and that sediment lithology plays
no appreciable role.
In Chapter 3, I applied similar techniques to characterize microbial communities in
methane-bearing sediments from the USAM. Methane-bearing sediments, and methane seep
sediments in particular, exhibit high heterogeneity in microbial community composition on both
local and regional scales, and the factors driving this heterogeneity are not well constrained (4,5).
On the USAM, sediment habitats range from active methane seeps to non-seep diffusive
methane-bearing environments and there is high geochemical, geological, and geophysical
variability along the margin (6,7). Thus, combining microbial community characterization with
detailed geochemical measurements across these diverse habitats offered an opportunity to more
deeply probe the drivers of microbial community structure in methane-bearing sediments. My
results demonstrate the presence of distinct microbial communities along the margin that are
only partially heterogeneous across sites. Further analysis suggests that these communities are
differentiated primarily according to the presence or absence of oxygen and nitrate as highenergy electron acceptors, the occurrence of long-term, stable methane seepage, and the presence

126

of sufficient labile organic carbon as a source of energy in diffusive methane-bearing sediment
environments.
Finally, in Chapter 4, I applied metagenomic sequencing to explore whether changes in
microbial community composition across methane-bearing sediments on the USAM were
associated with changes in metabolic potential and, more broadly, carbon, nitrogen, and sulfur
cycling. In addition to the roles microorganisms play in organic carbon remineralization in
marine sediments broadly (8–10), microbial communities in methane-bearing sediments
specifically play critical roles in these biogeochemical cycles through the coupled processes of
anaerobic oxidation of methane (AOM), sulfate reduction, and nitrogen fixation (11–13). My
results identified the organisms involved in these biogeochemical processes on the USAM and
quantified the relative abundance of genes encoding the metabolic pathways involved in carbon,
nitrogen, and sulfur cycling. Importantly, these results demonstrated that metabolic potential
varies both across the margin and vertically within the sediment column in response to changing
geochemical conditions.
Across both the SCS and the USAM, physical and geochemical factors that influence the
energy available to microorganisms within the sediment column were the dominant drivers of
microbial community structure. Previous studies have suggested that the energy available to
microorganisms from electron donors (i.e., organic matter) and electron acceptors is strongly
related to microbial community structure. A global analysis previously identified a strong
relationship between sedimentation rates and microbial biomass (2), suggesting that higher
organic matter availability increases the carrying capacity of sediments. Additional evidence
from the Siberian continental margin extended this relationship to demonstrate that sediment
phytoplankton content, an indicator of labile organic matter availability, is strongly correlated
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with microbial diversity (14). Finally, sediment age, which serves as a proxy for the lability of
organic matter, has also been found to correlate with microbial diversity (15).
In both SCS and USAM sediments, microbial communities were differentiated in part
according to the seafloor location from which they were sampled. In the SCS, sampling sites
were known to differ significantly in sedimentation rates and sediment ages. Meanwhile, on the
USAM, the presence of submarine canyons and variability from large estuaries inshore of
southernmost samples to small rivers inshore of northernmost samples likely captured alongmargin gradients in sediment and organic matter deposition (16). In addition, bulk sediment
organic matter content varied significantly among sites on the USAM. Taken in the context of
previous findings described above, my results suggest that microbial community composition in
these regions and community metabolic potential on the USAM are influenced strongly by
organic matter availability.
Electron acceptor availability, which is a defining factor in the energy available to
microorganisms from organic matter remineralization, has also previously been found to
influence microbial community diversity and composition (17,18). This is particularly true in
methane seep sediments, in which electron acceptor availability can vary rapidly with depth
beneath the sediment-water interface (4,5,19). My results demonstrated shifts in microbial
community structure with changing electron acceptor availability in both the SCS and the
USAM. In the SCS, the primary shift observed was between sulfate-replete and methane-bearing
sediments, while on the USAM the primary shift was observed between sediments bearing
oxygen and nitrate and those bearing sulfate or methane. In addition, the community shift on the
USAM coincided with a change in community metabolic potential to high abundances of genes
involved in aerobic methane oxidation and both oxidative and reductive nitrogen cycling. These
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results are consistent with previous findings that electron acceptor availability, and by extension
the energy available from organic matter degradation, is a key driver of microbial community
structure and function across a wide range of marine sediment habitats.
However, when considering the role of electron acceptor availability in driving microbial
community structure, it is also important to account for sediment depth and age since all three
factors vary on vertical gradients within the sediment column. Communities from the SCS were
sampled from sediments tens to hundreds of meters below the seafloor aged hundreds of
thousands to millions of years (20), whereas communities from the USAM were sampled from
sediments centimeters to several meters below the seafloor deposited in the last several thousand
years (7,21). Thus, it is possible that the difference in how microbial communities change with
specific electron acceptors across the two sites, and the presence of genes involved in oxic and
suboxic biogeochemical cycling on the USAM, is related to the age and depth of the
communities as well as gradients in electron acceptor availability. Further sampling of microbial
communities targeting sediments of similar ages and depths, but with varying dominant electron
acceptors, may shed further light on this question.
While microbial communities on the whole shifted with geochemical zonation in the
sediment column, specific microbial taxa that have traditionally been associated with a single
zone were found to be more widely distributed than expected in both SCS and USAM sediments.
In particular, anaerobic methanotrophic archaea (ANME) thought to be involved in AOM
(11,12) were found not only in sulfate-methane transition zone sediments, where AOM
predominantly occurs, but also in methanogenic zone sediments. Several previous studies have
also identified ANME in methanogenic zone sediments and offer some insight as to what role
they may be playing in these sediments. Sulfur remineralization from barite, first detected in
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sediments from the Beaufort Sea, may enable ANME to persist by mediating AOM within the
methanogenic zone (22). Alternatively, evidence is mounting that ANME are capable of
subsisting as net methane producers (23,24). Whether either or both of these processes are
occurring in SCS and USAM sediments remains unclear, and warrants further study to determine
the global extent and activity of ANME in methanogenic sediments.
Another question raised by the findings presented here is the biogeochemical roles of
numerous poorly characterized microbial lineages inhabiting the sediments studied. For example,
microorganisms belonging to the phylum Aerophobetes and several classes of Dehaloccoidia
were prevalent in sediments from both the SCS and USAM. Both phyla are known to include
taxa with a wide metabolic range (25–27), yet little is known about the metabolic capabilities of
the specific strains found the sediments analyzed here. In addition, metagenomic sequencing of
USAM sediments identified Woesarchaeota and Omnitrophica as potentially important taxa in
organic matter degradation and denitrification, respectively. These phyla were not detected by
16S rRNA gene sequencing and their metabolic versatility and niche preferences remain unclear
despite recent efforts to characterize them (28,29). Future work focused on binning the
metagenomic sequences produced in these studies into composite genomes may enable
additional insight into the metabolic capabilities of these specific lineages.
Marine sediments are one of the largest habitats for microbial life on earth and
microorganisms in sediments play critical roles in global biogeochemical cycles. Yet, the drivers
of microbial community structure in sediments on local, regional, and global scales have
remained unclear despite decades of effort to characterize heterogeneous microbial communities
and their sediment habitats. Furthermore, microbial ecologists have only begun to identify the
metabolic roles that many abundant microbial taxa play, and metabolic versatility within
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phylum-level lineages remains a confounding factor in our understanding of biogeochemical
cycling. Increased application of gene-specific surveys and metagenomic sequencing have
dramatically enhanced the rate of discovery, and these techniques in combination with advances
in single-cell sequencing, long-read DNA sequencing, and sediment geochemical
characterization may ultimately provide answers about how microbial communities in sediments
work as a coherent whole to impact biogeochemical cycles.
Nevertheless, a persistent shortfall of DNA-based molecular techniques is that they
provide information only about metabolic potential rather than in situ metabolic activity.
Techniques targeting messenger RNA, which reflects the pool of genes being actively
transcribed my microorganisms, short-lived small molecules formed as intermediates during
specific metabolic pathways, or proteins hold promise for determining the metabolic activity of
microbial communities. However, these techniques, known respectively as metatranscriptomics,
metabolomics, and proteomics, have been met with limited success in marine sediments in part
due to difficulty preserving and extracting highly labile molecules in the sediment matrix.
Furthermore, combining information from these techniques to tackle complex questions remains
a challenge for microbial ecologists across disciplines (e.g. 30,31). My continuing work focuses
on honing these techniques and applying metatranscriptomic sequencing and metabolomic
profiling to microbial communities from USAM sediments to better characterize the active roles
microorganisms play in biogeochemical cycling.
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Appendix A: Chapter 2 Supplementary Material
TABLE A.1. Samples included in this study and associated sedimentological and geochemical attributes.
Site

Depth
(mbsf)

U1431

85.64

U1431

85.71

U1431

87.51

U1431

87.56

U1431

87.93

U1431

94.79

U1431

94.85

U1431

95.72

U1431

95.77

U1431

99.79

U1431

99.85

U1431 128.77
U1431 128.85

Sample name
U1431D 10H6
6-8cm
U1431D 10H6
13-15cm
U1431D 10H7
43-45
U1431D 10H7
48-50cm
U1431D 10H8
17-19cm
U1431D 11H5
9-11cm
U1431D 11H5
15-17cm
U1431D 11H5
102-104cm
U1431D 11H5
107-109cm
U1431D 12H2
9-11cm
U1431D 12H2
15-17cm
U1431D 15H3
27-29cm
U1431D 15H3
35-37cm

δ13-C
TOC

Sediment
Age (kya)

Lithology

[SO42-]
(mM)

[CH4]
(uM)

1712.8

Ash

14.84

3.43

b.d.

4.21

1.402

-25.880 15.07

1714.2

Lithogenic
Clay

14.84

3.43

b.d.

4.21

1.330

-24.569 10.14

1750.2

Ash

14.84

3.43

b.d.

4.21

1.188

-26.117 11.24

14.84

3.43

b.d.

4.21

1.489

-25.557 11.01

14.84

3.43

b.d.

4.21

1.370

-25.358 11.56

13.80

3.81

5.30

0.94

-

-

-

13.80

3.81

5.30

0.94

1.577

-25.072

9.31

1751.2
1758.6
1895.8
1897.0

Lithogenic
Clay
Calcareous
Ooze
Calcareous
Turbidite
Lithogenic
Clay

[NH4+] [PO43-]
(uM)
(mM)

TOC
(wt %)

C/N

1914.4

Ash

13.80

3.81

5.30

0.94

1.332

-25.231 12.88

1915.4

Calcareous
Ooze

13.80

3.81

5.30

0.94

1.095

-24.933 13.59

1995.8

Ash

11.52

3.1

9.90

0.54

1.231

-25.579 13.36

11.52

3.1

9.90

0.54

1.629

-25.699

9.71

6.65

2.22

252.9

1.19

-

-

-

6.65

2.22

252.9

1.19

1.492

-23.670

9.76

1997.0
2575.4
2577.0

Lithogenic
Clay
Calcareous
Turbidite
Lithogenic
Clay
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U1431 148.97
U1431 149.03
U1432

46.37

U1432

46.42

U1432

97.40

U1432

97.45

U1432 108.43
U1432 108.46
U1433

4.05

U1433

7.01

U1433

7.08

U1433

19.35

U1433

21.79

U1433

21.85

U1433

59.26

U1433

68.76

U1431D 17H4
132-134cm
U1431D 17H4
138-140cm
U1432C 6H1
47-49cm
U1432C 6H1
52-54cm
U1432C 11H5
40-42cm
U1432C 11H5
45-47cm
U1432C 12H6
43-44
U1432C 12H6
46- 47cm
U1433A 1H3
105-107cm
U1433A 1H5
101-103cm
U1433A 1H5
108-110cm
U1433A 3H1
95-97cm
U1433A 3H3
39-41cm
U1433A 3H3
45-47cm
U1433A 7H2
136-138cm
U1433A 8H2
136-138cm

2979.4
2980.6
386.4
386.8
811.7
812.1
903.6
903.8
20.3
35.1
35.4
96.8
109.0
109.3
296.3
343.8

Lithogenic
Turbidite
Lithogenic
Clay
Calcareous
Turbidite
Calcareous
Ooze
Lithogenic
Turbidite
Lithogenic
Clay
Lithogenic
Turbidite
Lithogenic
Clay
Lithogenic
Turbidite
Lithogenic
Turbidite
Lithogenic
Clay
Calcareous
Ooze
Lithogenic
Turbidite
Lithogenic
Clay
Lithogenic
Clay
Calcareous
Ooze

4.96

2.43

452.5

1.58

1.302

-25.348 16.55

4.96

2.43

452.5

1.58

1.812

-25.251 11.13

19.75

2.51

38.00

5.99

1.680

-25.286

19.75

2.51

38.00

5.99

1.572

-24.552 13.46

0.00

4681.3

1846.9

18.18

1.488

-25.386 10.97

0.00

4681.3

1846.9

18.18

1.378

-24.814

0.00

4748.75

1950.3

17.64

1.517

-25.465 11.09

0.00

4748.75

1950.3

17.64

1.574

-25.116

9.76

24.54

5.65

573.16

41.33

1.783

-23.842

9.36

19.04

5.65

766.30

54.47

2.125

-23.917 11.99

19.04

5.65

766.30

54.47

2.071

-24.505 11.96

6.19

3.35

1716.51

73.44

1.811

-23.950 11.05

6.19

3.35

1716.51

73.44

1.604

-25.086 12.40

6.19

3.35

1716.51

73.44

1.430

-25.329 10.55

0.73

40827.85 3011.38

37.61

1.685

-23.927 11.81

0.69

60743.7

19.77

-

3238.39

-

9.01

8.74

-
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U1433

92.00

U1433

92.04

U1433

99.69

U1433

99.74

U1433 109.55
U1433 109.62
U1433 117.06
U1433 117.11
U1433 124.13
U1433 124.18
U1433 153.57
U1433 153.63

U1433A 10H6
93-95cm
U1433A 10H6
97-99cm
U1433A 11H4
71-73cm
U1433A 11H4
76-78cm
U1433A 12H4
130-132cm
U1433A 12H4
137-139cm
U1433A 13H3
82-84cm
U1433A 13H3
87-89cm
U1433A 14H1
123-125cm
U1433A 14H1
128-130cm
U1433A 17H2
71-73cm
U1433A 17H2
77-79cm

460.0
460.2
498.5
498.7
547.8

Calcareous
Ooze
Siliceous
Ooze
Lithogenic
Turbidite
Lithogenic
Clay
Lithogenic
Clay

0.75

36868.38 3607.75

19.77

1.812

-23.590 13.89

0.75

36868.38 3607.75

19.77

1.582

-25.473 12.64

0.67

63571.43 3337.03

25.25

1.107

-25.524 10.65

0.67

63571.43 3337.03

25.25

-

-

-

0.68

60068.64 3587.19

17.28

1.773

-24.955

9.89

548.1

Ash

0.68

60068.64 3587.19

17.28

1.457

-24.318 10.93

585.3

Calcareous
Ooze

0.68

22236.2

3587.19

17.28

1.468

-24.387 12.05

585.6

Ash

0.68

22236.2

3587.19

17.28

1.354

-25.846

620.7

Ash

0.69

69198.71 3206.20

9.51

1.004

-26.157 13.28

0.69

69198.71 3206.20

9.51

1.408

-24.491 10.54

6.19

75147.39 1716.51

73.44

1.411

-24.805 13.25

6.19

75147.39 1716.51

73.44

1.699

-24.560 10.25

620.9
767.9
768.2

Calcareous
Ooze
Lithogenic
Turbidite
Lithogenic
Clay

9.11
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Table A.2. Results of fitting sedimentological and geochemical data to microbial community composition across subsets of samples.
Variables and r2 values in left-most column refer to the best model for predicting microbial community structure using the variables
presented here. Sites U1432 and U1433 were analyzed together since they hosted similar microbial communities and both sampled the
sulfate reduction and methanogenic zones.
Sediment
Depth

TOC

δ13-C TOC

[SO42-]

[CH4]

Alkalinity

[NH4+]

[PO43-]

All Samples
Depth, δ13-C TOC
r2 = 0.18

r2 = 0.23
p = 0.01

r2 = 0.16
p = 0.06

r2 = 0.08
p = 0.23

r2 = 0.05
p = 0.36

r2 = 0.00
p = 0.96

r2 = 0.12
p = 0.08

r2 = 0.07
p = 0.23

r2 = 0.23
p = 0.01

U1431
Alkalinity
r2 = 0.09

r2 = 0.02
p = 0.89

r2 = 0.26
p = 0.22

r2 = 0.21
p = 0.30

r2 = 0.04
p = 0.74

r2 = 0.12
p = 0.46

r2 = 0.16
p = 0.37

r2 = 0.03
p = 0.81

r2 = 0.06
p = 0.68

U1432/U1433
Depth, δ13-C TOC
r2 = 0.26

r2 = 0.31
p = 0.02

r2 = 0.39
p = 0.01

r2 = 0.55
p = 0.001

r2 = 0.41
p = 0.004

r2 = 0.21
p = 0.08

r2 = 0.05
p = 0.58

r2 = 0.35
p = 0.01

r2 = 0.17
p = 0.12

Sulfate reduction zone
Age
r2 = 0.22

r2 = 0.43
p = 0.004

r2 = 0.12
p = 0.30

r2 = 0.04
p = 0.68

r2 = 0.07
p = 0.51

n/a

r2 = 0.24
p = 0.07

r2 = 0.23
p = 0.07

r2 = 0.36
p = 0.02

r2 = 0.16
p = 0.27

r2 = 0.44
p = 0.03

r2 = 0.59
p = 0.01

n/a

r2 = 0.12
p = 0.41

r2 = 0.09
p = 0.50

r2 = 0.12
p = 0.42

r2 = 0.09
p = 0.50

Methanogenic zone
δ13-C TOC
r2 = 0.12
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Fig. A.1. Phylogenetic tree of all OTUs classified to anaerobic methanotrophic lineages and
selected representative sequences. Sequences from this study are in bold. Confidence values are
based on 1,000 resamplings.
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Fig. A.2. Phylogenetic tree of the 8 most abundant OTUs classified to known sulfate reducing
bacteria lineages and selected representative sequences. Sequences from this study are in bold.
Confidence values are based on 1,000 resamplings.
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Fig. A.3. Representative archaeal community profiles obtained for drilling fluid samples
collected from core barrels recovered during Expedition 349.
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Fig. A.4. Smear slide photomicrographs showing typical sediment characteristics for (a) volcanic
ash in plane polarized light, note angular glass shards; (b) calcareous ooze in cross polarized
light, note the dominance of calcareous nannofossils; (c) siliceous ooze in plain polarized light,
note the dominance of siliceous microfossil fragments; (d) lithogenic clay in plane polarized
light, note the lack of biogenic particles; and (e) lithogenic silt turbidite in cross polarized light,
note the dominance of mineral grains.
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Fig. A.5. Rank-transformed Bray-Curtis dissimilarity between microbial communities sampled
from adjacent sediment horizons of differing sediment types.
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Appendix B: Chapter 3 Supplementary Material
Table B.1. Description of cores analyzed in this study. MUC indicates that a mini-multicorer
was used for coring, while PC indicates that a piston corer was used. aThe gravity core used to
trigger PC-16 (referred to as TC-16) was also analyzed as 82 cm of sediment were recovered.
Site

Baltimore Canyon

Hudson Canyon

Accomac Canyon

Chincoteague Slope

Chincoteague Seep

Tiki Line

Core

Water Depth
(m)

Length
recovered (cm)

Location

MUC-3

380

16

38° 2.822 N 73° 49.596 W

MUC-11A

407

12

38° 3.011 N 73° 49.316 W

MUC-11B

407

13

38° 3.011 N 73° 49.316 W

MUC-12

405

18

38° 3.022 N 73° 49.312 W

MUC-14

538

35

TC-16a

541

82

PC-16

541

867

PC-1

591

423

MUC-10

366

18

PC-6

363

402

PC-8

550

240

MUC-5

1055

34

PC-10

613

665

PC-11

685

880

PC-12

507

943

PC-13

840

720

PC-15

755

665

39° 32.615 N
W
39° 32.607 N
W
39° 32.607 N
W
37° 53.046 N
W
37° 32.321 N
W
37° 32.110 N
W
37° 31.914 N
W

72° 23.972
72° 23.988
72° 23.988
73° 56.199
74° 17.910
74° 17.875
74° 16.661

37° 32.454 N 74° 6.127 W
39° 41.864 N
W
39° 41.138 N
W
39° 43.065 N
W
39° 39.783 N
W
39° 40.455 N
W

71° 44.506
71° 43.718
71° 45.761
71° 42.303
71° 43.005
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Table B.2. Primers used in this study for Illumina sequencing and digital droplet PCR.
Primer

Sequence

Target

Application

Annealing

Reference

515F
806R

GTG YCA GCM GCC GCG GTA A
GGA CTA CNV GGG TWT CTA AT

Universal
16S

Illumina
sequencing

50°C

Caporiso et al. 2012

517F
958R

GCC TAA AGC ATC CGT AGC
CCG GCG TTG ANT CCA ATT

Archaeal
16S

52°C

VAMPS (Archaeal v4v5;
Huse et al. 2010)

mlas-mod-F
mcrA-rev-R

GGY GGT GTM GGD TTC ACM CAR TA
CGT TCA TBG CGT AGT TVG GRT AGT

mcrA

Illumina
sequencing
Illumina
sequencing
ddPCR

55°C
53°C

Angel et al. 2012

Bact1369F
Prok1541R

CGG TGA ATA CGT TCY CGG
AAG GAG GTG ATC CRG CCG CA

Bacterial
16S

ddPCR

58°C

Suzuki et al. 2001

ANME-1-628F
ANME-1-830R

GCT TTC AGG GAA TAC TGC
TCG CAG TAA TGC CAA CAC

ANME-1
16S

ddPCR

58°C

Lloyd et al. 2011

Dsr1-F+
Dsr1-R

ACS CAC TGG AAG CAC GGC GG
GTG GMR CCG TGC AKR TTG G

dsrAB

ddPCR

58°C

Kondo et al. 2004
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Table B.3. Samples analyzed by Illumina sequencing or digital droplet PCR. Closed circles indicate that samples were successfully
sequenced. Open circles indicate samples that failed to amplify after multiple PCR attempts.

Site

Core

MUC-3

Depth
(cmbsf)

dsrAB
(copies/
g sed)

mcrA
(copies/g
sed)

-

-

-

-

7

SRZ

●

●

-

-

-

SRZ

●

●

●

3.23 x 108

1.88 x 105

SRZ

●

●

●

3.38 x 108

1.40 x 105

SRZ

●

●

●

3.64 x 108

2.10 x 105

SRZ

●

●

●

9.39 x 107

3.92 x 106

SRZ

●

●

●

8.21 x 107

5.28 x 106

SRZ

●

●

-

-

-

SRZ

●

●

-

7.57 x 107

-

SRZ

●

●

-

8.85 x 107

-

4.35 x
105
2.61 x
105
2.98 x
105
1.53 x
106
1.98 x
106
8.99 x
103
2.32 x
104

SRZ

●

●

-

3.39 x 107

-

SRZ

●

o

-

-

-

SRZ

●

●

o

1.14 x 107

-

SRZ

●

-

-

1.41 x 108

-

3

SRZ

●

●

-

-

-

2.69 x
107
1.94 x
107
3.01 x
107
6.65 x
106
5.46 x
106
1.80 x
107
2.22 x
107
5.52 x
106
1.21 x
106
6.87 x
106
-

11

SRZ

●

●

-

-

-

SRZ

●

●

-

4.48 x 108

-

2.83 x
107

2.76 x
104

5

1
3
7
9

13
1

MUC-14

ANME-1
16S
(copies/g
sed)

-

11

Hudson
Canyon

Bacterial 16S
(copies/g sed)

●

9

MUC-12

mcrAseq

●

7

MUC11B

Archaeal
16S-seq

SRZ

3

Baltimore
Canyon

Universal
16S-seq

1

1

MUC11A

Geochemical
Zone

1

5.03 x
104
8.02 x
103
-
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7
13
19
29
32.5
22
32
42
TC-16

52
62
72
82
22
62
122

PC-16

152
302
382
452

SRZ

●

●

-

2.80 x 108

5.33 x 103

3.33 x
107
4.67 x
107
4.06 x
107
3.37 x
107

SRZ

●

●

-

2.54 x 108

6.82 x 103

SRZ

●

●

-

3.08 x 108

b.d.

SRZ

●

●

-

2.28 x 108

3.74 x 103

SRZ

●

●

-

-

-

-

SRZ

●

●

o

1.86 x 108

1.64 x 103

SRZ

●

●

o

1.30 x 108

5.00 x 103

SRZ

●

●

o

1.51 x 108

3.26 x 103

SMTZ

●

●

o

1.07 x 108

8.80 x 103

SMTZ

●

●

o

6.20 x 107

3.27 x 103

SMTZ

●

●

●

7.03 x 107

1.93 x 105

SMTZ

●

●

●

8.45 x 107

9.24 x 104

SRZ

●

●

o

7.15 x 107

6.57 x 103

SMTZ

●

●

●

6.91 x 107

1.83 x 105

MEZ

●

●

●

6.61 x 107

3.79 x 105

MEZ

●

●

-

5.46 x 107

3.87 x 105

MEZ

●

●

-

6.33 x 107

3.90 x 105

MEZ

●

●

●

3.93 x 107

1.57 x 105

MEZ

●

●

●

3.54 x 107

1.16 x 106

3.19 x
107
2.20 x
107
1.48 x
107
1.00 x
107
5.80 x
106
5.96 x
106
5.53 x
106
6.24 x
106
5.40 x
106
3.22 x
106
3.05 x
106
8.32 x
105
1.94 x
106
1.11 x
106

7.99 x
104
4.62 x
104
4.13 x
104
2.92 x
104
4.44 x
104
8.21 x
103
2.35 x
104
2.04 x
104
4.50 x
104
3.18 x
104
1.98 x
105
1.05 x
105
2.22 x
104
6.52 x
104
2.04 x
105
8.76 x
103
2.11 x
104
2.90 x
104
8.12 x
104
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MEZ

●

●

●

3.61 x 107

1.38 x 106

MEZ

●

●

-

2.74 x 107

5.63 x 105

MEZ

●

●

●

3.02 x 107

1.67 x 105

-

SRZ

●

o

-

-

-

-

SMTZ

●

o

o

2.33 x 105

3.29 x 103

b.d.

MEZ

●

o

o

1.79 x 106

2.22 x 103

b.d.

0.5

SRZ

●

-

-

-

-

-

2.97 x
104
2.39 x
104
3.78 x
104
2.86 x
104
3.21 x
103
-

1.5

SRZ

●

●

-

-

-

-

-

5.5

SRZ

●

●

-

-

-

-

-

10.5

SRZ

●

-

-

-

-

-

-

11.5

SRZ

●

o

-

-

-

-

-

91

SRZ

●

●

-

-

-

-

-

193

SRZ

●

o

-

-

-

-

SRZ

●

-

-

-

7.50 x 103

-

MEZ

●

o

-

-

5.95 x 103

-

65

SRZ

●

o

-

-

-

145

SRZ

●

●

185

SMTZ

●

-

o

SRZ

●

●

SRZ

●

SMTZ

592
722
842
48
Accomac
Canyon

PC-1

308
388

MUC-10

Chincoteagu
e Slope
PC-6

317
377

PC-8

5
7
Chincoteagu
e Seep

MUC-5

11
13
15

8.00 x
105
4.98 x
105

-

6.25 x
103
2.12 x
104
-

5.68 x 10

3

-

-

-

4.55 x 10

3

-

●

6.03 x 107

7.82 x 106

●

-

7.39 x 107

1.36 x 107

●

●

●

2.14 x 107

2.73 x 106

SMTZ

●

●

o

4.63 x 107

5.30 x 106

SMTZ

●

-

●

4.65 x 107

6.54 x 106

7.86 x
105
2.49 x
106
2.07 x
105
4.29 x
105
4.26 x
105

-

-

4.39 x
106
2.82 x
106
5.86 x
106
9.15 x
106
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MEZ

●

●

●

1.85 x 106

3.77 x 105

b.d.

MEZ

●

●

-

3.40 x 107
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Fig. B.1. Boxplot of Shannon-Weiner diversity index across the identified clusters of microbial
communities. Whiskers indicate 1.5 times the interquartile range and points indicate outliers.
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Fig. B.2. Non-metric multidimensional scaling ordination of archaeal communities (non-metric
stress 0.11). Circles indicate SRZ communities, squares indicate SMTZ communities, and
triangles indicate MEZ communities. Ellipses represent hulls around communities that
significantly cluster together via similarity profile analysis. Vectors indicate the direction of
increase of measured physical, geochemical, and microbiological parameters; only parameters
with Spearman correlation ≥ 0.3 to the ordination are shown. In the case of isotopic
measurements, the direction of increase corresponds to less depletion (i.e. a less negative value).
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Fig. B.3. Non-metric multidimensional scaling plot of mcrA OTUs. Circles indicate SRZ
communities, squares indicate SMTZ communities, and triangles indicate MEZ communities.
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Appendix C: Chapter 4 Supplementary Material
Table C.1. Descriptions of samples and sampling sites included in this study. Note that while pore water geochemistry was collected
from Baltimore Canyon sediments nearby to those included in this study (see Graw et al., in prep.), these sediments did not appear to
sample the same conditions as those captured by the core analyzed here. The designation that this community represented SMTZ
conditions is based on observations of seafloor methane seepage, indicators of high sulfide concentrations during core retrieval, and
16S rRNA gene sequencing results. n.d., not determined; b.d., below detection. See Graw et al. (in prep.) for full geochemical profiles
of these cores.
Site

Coordinates

Hudson
Canyon

39° 32.607 N
72° 23.988 W

Chincoteague
Seep
Baltimore
Canyon

37° 32.454 N
74° 6.127 W
38° 3.011 N
73° 49.316 W

Water
Depth

541 m

1055 m
407 m

Sample
Location

Sediment
Depth

[SO42-]
(mM)

[CH4]
(mM)

Σ[HSx]
(mM)

Org.
Carbon
(wt. %)

[NH4+]
(µM)

[NO2-]
(µM)

[NO3-]
(µM)

72 cmbsf

4.2

0.49

8.8

2.68

2427

6.6

6.3

Upper
SMTZ
Lower
SMTZ
MEZ
SRZ
SMTZ

82 cmbsf

1.6

1.5

10.4

2.66

2726

3.7

4.4

382 cmbsf
6 cmbsf
13 cmbsf

0.4
20.7
3.7

1.3
0.25
3.5

4.7
7.7
11.4

2.79
0.52
0.55

4819
55.7
81.0

2.5
0.7
0.2

2.8
2.3
b.d.

SMTZ*

0.5 cmbsf

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.
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Table C.2. Results of metagenomic sequencing, assembly, and annotation. Number of sequences refers to the number of sequences
after quality control.

Sample
Hudson Canyon
Upper SMTZ
Hudson Canyon
Lower SMTZ
Hudson Canyon
MEZ
Chincoteague Seep
SRZ
Chincoteague Seep
SMTZ
Baltimore Canyon
SMTZ

# Sequences

# Contigs

Average Contig
Length (bp)

% Contigs
Assigned to KOs

# 16S rRNA Genes

48,399,287

4,657,641

330

28.53

716

39,723,920

4,178,601

335

23.03

671

44,016,645

5,421,201

307

26.03

949

35,544,293

1,713,658

276

27.75

398

45,990,888

3,144,922

393

27.34

601

6,900,925

965,106

468

34.04

351

175

Fig. C.1. Abundances of genes involved in carbohydrate degradation. Categories including
multiple enzymes are based on CAZy classifications and abundances are normalized by the
number of KOs included in the category.
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Fig. C.2. Phylogenetic tree of the 10 most abundant mcrA sequences detected in the
methanogenic zone of Chincoteague Seep. Sequences from this study are in bold. Values
indicate bootstrap support based on 1,000 replicates.
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