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Marine methane seeps are globally distributed geologic features in which reduced fluids, including methane,
are advected upward from the subsurface. As a result of alkalinity generation during sulfate-coupled methane oxidation,
authigenic carbonates form slabs, nodules, and extensive pavements. These carbonates shape the landscape within methane seeps, persist long after methane flux is diminished, and in some cases are incorporated into the geologic record. In
this study, microbial assemblages from 134 native and experimental samples across 5,500 km, representing a range of habitat substrates (carbonate nodules and slabs, sediment, bottom water, and wood) and seepage conditions (active and low
activity), were analyzed to address two fundamental questions of seep microbial ecology: (i) whether carbonates host distinct microbial assemblages and (ii) how sensitive microbial assemblages are to habitat substrate type and temporal shifts
in methane seepage flux. Through massively parallel 16S rRNA gene sequencing and statistical analysis, native carbonates
are shown to be reservoirs of distinct and highly diverse seep microbial assemblages. Unique coupled transplantation and
colonization experiments on the seafloor demonstrated that carbonate-associated microbial assemblages are resilient to
seep quiescence and reactive to seep activation over 13 months. Various rates of response to simulated seep quiescence and
activation are observed among similar phylogenies (e.g., Chloroflexi operational taxonomic units) and similar metabolisms
(e.g., putative S oxidizers), demonstrating the wide range of microbial sensitivity to changes in seepage flux. These results
imply that carbonates do not passively record a time-integrated history of seep microorganisms but rather host distinct,
diverse, and dynamic microbial assemblages.

ABSTRACT

IMPORTANCE Since their discovery in 1984, the global distribution and importance of marine methane seeps have become in-

creasingly clear. Much of our understanding of methane seep microorganisms—from metabolisms to community ecology— has
stemmed from detailed studies of seep sediments. However, it has become apparent that carbonates represent a volumetrically
significant habitat substrate at methane seeps. Through combined in situ characterization and incubation experiments, this
study demonstrates that carbonates host microbial assemblages distinct from and more diverse than those of other seep habitats. This emphasizes the importance of seep carbonates as biodiversity locales. Furthermore, we demonstrate that carbonateassociated microbial assemblages are well adapted to withstand fluctuations in methane seepage, and we gain novel insight into
particular taxa that are responsive (or recalcitrant) to changes in seep conditions.
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M

arine methane seeps serve as islands of diverse and dense
deep-sea life, with food webs extending from microorganisms to varied megafauna, including clams, mussels, and tube
worms (1–3). Distinct habitats associated with methane seeps include sediments, bottom water, loosely consolidated carbonate
protoliths (herein called “nodules”), fully lithified carbonate
blocks and pavements (herein called “carbonates”), and, occasionally, wood. Marine methane seep microbial communities and
corresponding geochemistry within sediments have been intensively investigated and have been found to frequently be dominated by microbial taxa performing anaerobic oxidation of methane (AOM), notably, anaerobic methane-oxidizing archaea
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(ANME) and deltaproteobacterial sulfate-reducing bacteria
(SRB) (4–6). More broadly, seep sediments are biologically diverse locales that host microorganisms spanning many phyla and
are often rich in Epsilonproteobacteria and Gammaproteobacteria
in addition to the canonical AOM-associated taxa (6–9). A distinct “seep microbiome,” rich in Deltaproteobacteria, Methanomicrobia, and candidate divisions Hyd24-12 and JS1, is apparent
when seep sediment- and nodule-associated microbial assemblages are compared to other marine environments (10).
Authigenic carbonates, which are believed to form as a result of
increased alkalinity associated with AOM metabolism, constitute the
most pervasive solid habitat substrate at methane seeps but are his-
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torically less well sampled than sediments. Carbonates are known to
host lipid (11, 12) and ribosomal DNA (9, 11, 13) biomarkers, as well
as record carbon isotopic compositions reflective of microbial AOM
processes (14, 15). Seep carbonates have recently been shown to host
viable autoendolithic (organisms whose metabolism induces selfentombing mineral formation) Archaea and Bacteria capable of
methane oxidation (16, 17), as well as metazoan communities (18).
Carbonates themselves occur in a variety of sizes, morphologies, and
mineralogies. These include millimeter- to centimeter-scale poorly
consolidated precipitates, termed “nodules” or “concretions,” occurring within seep sediments (19–21). Seep-associated carbonates are
also frequently found exposed at the seafloor in isolated blocks with
sizes from centimeters to tens of meters and continuous pavements
(22, 23), often extending both laterally and vertically from the site of
contemporary methane seepage (24, 25). Observations of carbonates
at sites lacking contemporary seepage provide evidence that carbonates can outlive seepage processes on the seafloor, supported by the
recovery of demonstrably seep-associated carbonates from geologic
outcrops as old as 300 million years (26). Diversity relationships between microbial assemblages associated with seep sediments, nodules, and carbonates have just recently begun to be explored (9, 19).
Seepage flux can increase and decrease, as well as shift spatially, on
a scale of days (27) to weeks (28) to centuries (27, 29). Microbial
assemblages presumably adapt to spatial and temporal changes in
seepage flux, but the extent and rate of response in situ remain uncharacterized. Contemporary seepage activity is often defined categorically based on the presence or absence of diagnostic seafloor chemosynthetic communities within methane seeps. Active sites are
defined, in this study and elsewhere (18, 27, 30, 31), as hosting sulfuroxidizing bacterial mats, clam beds, dense snail colonies, and/or
methane ebullition, while low-activity areas lack those diagnostic indicators of contemporary seepage. Notably, low-activity sites are of-

ten within ⬍102 m of active sites, frequently host carbonates, and can
still exhibit microbial activity, including AOM, at reduced rates (16).
Diversity surveys using conventional cloning and sequencing have
shown that seep-associated archaeal assemblages, in which only a
fraction of the taxa were ANME subgroups, differed based on local
seepage activity. The same trend was not apparent in bacterial assemblage composition, which instead was more influenced by habitat
substrate (sediment vs. nodule vs. carbonate) (9). Lipid biomarker
profiles from seep sediment and microbial mat samples have been
shown to be differentiated partially by sulfate reduction rate, which is
likely in turn correlated with seep activity (32). Off-seep sites host
microbial assemblages that are distinct from both active and lowactivity sites, further indicating the existence of a seep microbiome (6,
9, 10).
Here, a combined comparative and experimental in situ approach
was applied to characterize the relationship between seep microbial
assemblages, habitat substrata (carbonate vs. sediment vs. nodule vs.
bottom water vs. wood), and varying seep activity (active vs. lowactivity stations). By coupling a massive sampling effort of native,
unperturbed seep carbonates to in situ transplantation and colonization experiments, we can leverage these compatible datasets to address two fundamental microbial ecology questions. (i) Do seep carbonates host distinct microbial assemblages? (ii) How sensitive are
microbial assemblages to habitat substrate type and availability and
temporal shifts in methane seepage flux?
RESULTS AND DISCUSSION

Carbonates host distinct and diverse seep microbial assemblages. Ordination of the sample set reveals the microbial assemblages to be most strongly differentiated by habitat substrate (i.e.,
carbonate, sediments and nodules, bottom water) (Fig. 1A) (R ⫽
0.49; P ⬍ 0.001; all analysis of similarity [ANOSIM] results are

FIG 1 Nonmetric multidimensional scaling ordination of microbial assemblages in this study. Each point represents the entire recovered microbiological assemblage
from one sample; samples plotting closer to each other are more similar in microbial composition. Lower stress values indicate better representation of the intersample
(dis)similarities in two dimensions. (A) Native, unperturbed samples of sediment, nodule, bottom water, and carbonate habitat substrates. Sample C2693 (orange arrow)
represents a nodule-hosted microbial assemblage recently determined to be a biological outlier among sediment and nodules (19). (B) Ordination of only carbonate
samples, representing the native, transplantation, and colonization treatments. (C) Ordination of only colonization samples, representing carbonate and wood substrates
at active and low-activity stations. We cannot rule out the possibility that in panel A, bottom water microbial assemblages could be different from those of sediments,
nodules, and carbonates because they were extracted by a different method (see “Genomic DNA extraction and 16S rRNA gene sequencing and processing”); the same
could be true for the observed difference between carbonate- and wood-hosted assemblages in panel C.
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FIG 2 Collector’s curves of estimated Chao1 OTU97 richness. Error bars show 1 standard deviations. (A) Native microbial assemblages associated with
carbonates, sediments, and nodules plus the two bottom water samples. Sediments and nodules were binned as one group because their associated microbial
assemblages were indistinguishable according to ANOSIM tests (see Table S2 in the supplemental material). (B) Carbonate samples in this study, separated by
treatment category. (C) Carbonate and wood colonization samples. Standard deviations are not given for bottom water and transplant-to-active sample groups,
due to the low number of analyzed samples. Raw OTU rarefaction curves are given in Fig. S2A to C in the supplemental material.

presented in Table S2 in the supplemental material). Habitat substrate is also the most significant factor associated with microbial
assemblages as determined by distLM, accounting for 25% of the
intersample variability. Furthermore, carbonates exhibit higher
operational taxonomic unit (OTU) richness than the other substrates included in this study (Fig. 2A) (Chao1 estimates are given
in the text; raw OTU rarefactions are given in Fig. S2 in the supplemental material). These trends are also observed in the macrofauna recovered from seep carbonates (18), confirming that carbonates host diverse benthic life across multiple trophic levels.
Overall microbial assemblages of sediments and nodules are not
statistically differentiable, as determined from ANOSIM tests, indicating that sediment-hosted nodules and exhumed seafloor carbonates behave as separate, distinct habitat substrates for microbial habitation (Fig. 1A; also, see Table S2 in the supplemental
material). Sediments, nodules, and carbonates have recently been
shown to host different bacterial, but not archaeal, assemblages in
16S clone library surveys (9), while recent examination of a subset
of our iTag data demonstrated similar microbial communities
inhabiting nodules and adjacent sediments, especially in active
seep settings (19).
Examination the top thirty most abundant OTUs in our data
set reveals a variety of Archaea and Bacteria comprising the samples (Fig. 3A), including taxonomies common to methane seep
settings (e.g., ANME subgroups and Deltaproteobacteria). The
higher relative abundance of ANME-1 in sediments and nodules
than carbonates is in agreement with previous clone library observations at Hydrate Ridge, while the recovery of epsilonproteobacterial sequences from sediments, nodules, and carbonates is in
contrast to previous findings in which they were almost exclusively recovered from sediments (Fig. 3A) (9). Data from sequencing of mock communities suggest a slight bias for ANME-1 and a
stronger bias against the recovery of ANME-2 sequences by the
modified Earth Microbiome Project (EMP) protocol (David H.
Case and Victoria J. Orphan, unpublished data). Thus, we note the
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relative abundance of these groups may in reality be slightly lower
(ANME-1) or higher (ANME-2) than recovered in our iTag data
set. However, the intersubstrate trends, which are similar for
ANME-1 and ANME-2, should be unaffected. Abundance patterns of ANME and other taxa are discussed in detail in the sections below, in the context of results from our experimental manipulations.
Intersubstrate differences in microbial assemblage are the cumulative result of contributions from many OTUs, with no single
OTU accounting for more than 2% of the total intersubstrate
differences. Nonetheless, several OTUs can be identified which are
strongly associated with one habitat type (Fig. 3B). Notably, taxa
previously identified as diagnostic of the “seep microbiome” (i.e.,
JS1 archaea and Deltaproteobacteria [10]) are observed in our data
set to be characteristic of sediments and nodules but not carbonate
habitats (Fig. 3B). In determining the “seep microbiome,” Ruff et
al. (10) examined methane seep sediments and nodules exclusively; our data thus corroborate their results but also further
demonstrate that seep carbonates host distinct microbial assemblages. Carbonates, to the exclusion of other habitat substrates, are
observed to host an OTU associated with the gammaproteobacterial JTB255 Marine Benthic group (Fig. 3B). The physiology of this
group remains undetermined, though uncultured members have
been recovered from a variety of marine sediments (33, 34), including methane seeps (35). OTUs associated with the deltaproteobacterial SAR324 clade and thaumarchaeal Marine Group 1 are
particularly abundant in the bottom water samples (Fig. 3B), although we note that a separate thaumarchaeal Marine Group 1
OTU is more abundant on carbonates than on other substrates
(Fig. 3A). This exemplifies the potential for OTUs of similar phylogeny to be differentially distributed in the environment.
The Shannon diversity index (H=), which measures evenness in
addition to richness, is higher in the carbonates than either the
sediments/nodules or the bottom waters (see Fig. S2D in the supplemental material). Carbonate-associated assemblages may ex-
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FIG 3 Boxplot of OTU relative abundances from the 82 native samples in this study. Sediments and nodules are binned as one group because ANOSIM tests
revealed their associated microbial assemblages to be statistically indistinguishable. Boxplot centerline represents the median (50th percentile [Q50]). The top and
bottom hinges represent Q75 and Q25 quartiles, respectively. The upper and lower whiskers correspond to the highest and lowest data points within 1.5 times the
interquartile range (Q75 minus Q25) from the median. Any data points outside that range are identified by gray dots. The same plotting format is applied to Fig. 5.
(A) Relative abundances of the top 30 most abundant OTUs in the data set, grouped by taxonomy. The full data set contains 1,057 OTUs, but the top 30 OTUs
account for 1%, 67%, and 43% of the sequences recovered from bottom water, sediment/nodule, and carbonate substrates, respectively. (B) Relative abundances
of OTUs revealed to be strongly associated with particular habitat substrates. Intersubstrate differences in microbial assemblages are a cumulative result of
contributions from many OTUs; even OTUs strongly associated with a particular habitat substrate only contribute several percent to the total intersubstrate
variability. Note that the JS1 OTU is the same in panels A and B—it is both highly abundant and strongly associated with sediments and nodules. The Marine
Group 1 OTU in panels A and B is different—there is one Marine Group 1 OTU highly abundant in the data set in panel A and another Marine Group 1 OTU
strongly associated with bottom water samples (panel B). This highlights the variable distribution of phylogenetically similar OTUs. The y axis of panel A also
applies to panel B. Raw OTU data used to generate this plot are available in Table S3 in the supplemental material.

hibit distinct microbial molecular signatures due to either geochemical (i.e., preferential adsorption of metabolites to the
carbonate matrix [36]), physical (i.e., a site for microbial biofilm
attachment), or historic (i.e., formation within or above the sediment column [37]) factors. Examination of the OTU overlap
among native habitat substrates (Fig. 4A) demonstrates that carbonates share more OTUs with sediments and nodules than bottom waters, supporting the hypothesis of formation within the
sediments, followed by subsequent exhumation and exposure at
the seafloor (14, 37). However, bottom waters share more OTUs
with carbonates than sediments or nodules, revealing that a subset
of bottom water microorganisms do passively or actively inhabit
carbonates exposed at the seafloor (Fig. 4A).
Close overlap in assemblage composition is observed between
some of the carbonates (~10 of 57, all from active seep stations)
and sediments/nodules (Fig. 1A; also note the 10 carbonates highlighted in Fig. S3A in the supplemental material). It is possible that
carbonate samples hosting microbial assemblages similar to sediments/nodules may have contained excess sediment entrained in
the rock matrix upon recovery (37); alternatively, nodules in the
overlapping region may have been sufficiently lithified to begin
hosting carbonate-like microbial assemblages (e.g., nodule C2693
in Fig. 1A), though this does not necessarily explain similarity of some
sediment samples. The compositional overlap between ~10 active-
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station carbonate assemblages and sediment/nodule assemblages is
not derived from geographic proximity, as the sediments/nodules
from HR do not exclusively plot in close proximity to the carbonate
samples, which are dominantly from HR (see Fig. S3A in the supplemental material), nor are the overlapping carbonates unified by
seafloor station, mineralogy, or collection year.
Demonstration of microbial variability within seep carbonates. The high total OTU richness of carbonates (Fig. 2A), combined with OTU overlap between carbonates and other substrates
(Fig. 4A) could indicate that carbonates represent a passive repository of preserved and extant microorganisms. We tested this possibility by first examining in detail the native carbonate samples
(n ⫽ 57), which allows inference of the environmental indicators
associated with differences between carbonate-hosted microbial
assemblages. We then coupled these interpretations to the in situ
transplantation (n ⫽ 6) and colonization (ncarbonate ⫽ 20; nwood ⫽
26) experiments, respectively (see below).
On their own, native carbonate-associated microbial assemblages demonstrate clear differentiation according to seep activity
(R ⫽ 0.45; P ⬍ 0.001) (Fig. 1B; also, see Table S2 in the supplemental material), mineralogy (R ⫽ 0.44; P ⬍ 0.001) (see Fig. S4
and Table S2 in the supplemental material), and seafloor station
(Ractive stations ⫽ 0.31, Pactive stations ⫽ 0.002; Rlow-activity stations ⫽
0.27, Plow-activity stations ⫽ 0.037) (see Table S2 in the supplemental
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FIG 4 Comparison of OTU97 overlap among various samples and treatments. In order to ensure equal depth of sampling across each substrate type, two
representative samples of each substrate were chosen randomly (sample numbers are given). The number in each region denotes the number of OTUs, and text
size is proportional to OTU count (as is circle size for panels D to I). (A) OTU overlap between the four native seep habitat substrates examined in this study:
sediments, nodules, carbonates, and bottom water. In order to minimize geographic bias in the analysis, samples were chosen from active stations at Hydrate
Ridge south (the only exception was bottom water sample 5472, which was from an HR-South low-activity station). Note that carbonates host the richest OTU
diversity (see the collector’s curve in Fig. 2A), including a large number of OTUs which are distinct to carbonates. Carbonates share more OTUs with sediments
and nodules than with bottom waters, possibly indicative of an origin within the sediment column and subsequent exhumation and exposure at the seafloor.
Bottom waters contribute more OTUs to carbonates than to either sediments or nodules— consistent with the recovery of our carbonates from directly on the
seafloor. (B and C) OTU overlap of active and low-activity control carbonates, and transplant-to-low-activity carbonates, for the HR-3/-4 and HR-7/-8
transplant experiments. Transplant-to-active carbonates were not included due to their low sample number (n ⫽ 1 each for HR-3/-4 and HR-7/-8). (D to I)
OTUs observed in native carbonate samples versus colonized carbonate samples as a function of Hydrate Ridge Station. Stations were included only if they
received colonization carbonate deployments and we had recovered native carbonates from the same station (these criteria excluded HR-1, HR-2, HR-6, HR-11,
and the Southeast Knoll). Left column (red [D to F]) are active stations, right column (blue [G to I]) are low-activity stations. In each case, the darker color
represents the native carbonates and the lighter color represents the colonized carbonates. In most cases, the majority of recovered OTUs from colonization
carbonates were also present in native carbonates.

material). The similar parsing of native carbonate-hosted assemblages by seep activity and mineralogy is partially explained by our
observation of a qualitative relationship between seep activity and
carbonate mineralogy, with a higher proportion of aragonitebearing carbonates recovered from low-activity stations (see
Text S1 and Fig. S4 in the supplemental material). This suggests
that seep activity and carbonate mineralogy are not independent
environmental factors in our data set. The biogeographic differences between stations (~102 to 104 m) are in agreement with
previous observations of within-seep microbial and geochemical
heterogeneity (6, 38) and recent findings that sediment-associated
microorganisms in seeps exhibit “global dispersion and local diversification” (10). A distance-decay curve demonstrated that if a
biogeographic effect on microbial similarity exists on a 105- to
106-m scale, it is masked by other environmental factors (see
Fig. S5 in the supplemental material). We frame our further dis-

November/December 2015 Volume 6 Issue 6 e01348-15

cussion in terms of seep activity because it is strongly associated
with differences between carbonate-hosted assemblages, and importantly, our sample collection and in situ transplantation and
colonization experiments were explicitly performed in order to
test biological variability as a function of seep station activity.
However, we emphasize that seep activity is a qualitative environmental indicator that may be correlated with other environmental
factors, such as carbonate mineralogy.
With regard to standard ecological metrics of OTU richness
and evenness (Fig. 2B; also, see Fig. S2B in the supplemental material), seep activity does not differentiate the native carbonateassociated microbial assemblages. This indicates that while carbonates at low-activity stations host distinct assemblages, they are
not less diverse than microbial assemblages from carbonates at
active stations. Active-station carbonates are particularly rich in
OTUs associated with putative sulfur-oxidizing organisms be-
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FIG 5 Boxplot of carbonate-associated relative abundance data of selected key OTUs identified by SIMPER, representing notable taxonomic groups. Note that
data for some groups are combined from several OTUs (OTU data are reported individually in Table S3 in the supplemental material). Although in all cases a
minority of the OTUs were identified for presentation (e.g., 3 of 8 for ANME-1), these generally represented the majority of the total sequences recovered from
each taxonomic group (e.g., 95% of all sequences for ANME-1). When generated with all OTUs associated with each taxon, this plot does not change substantially
(data not shown).

longing to the epsilonproteobacterial and gammaproteobacterial
families, Helicobacteraceae and Thiotrichaceae, respectively, compared to carbonates from low-activity stations (Fig. 5; also, see
Table S3 in the supplemental material). These organisms are likely
supported by high sulfide concentrations produced by sulfatecoupled AOM at active seep stations. Among seep sediments in
the Mediterranean Sea, epsilonproteobacterial Helicobacteraceae
were found to be an indicator taxon for seepage (6), which our
data corroborate. Data from hydrothermal vent systems also exhibit clear differences in abundance of putative sulfur-oxidizing
Epsilonproteobacteria between active and low-activity (or inactive)
sites, with increased abundance at active vent sites where delivery
of reduced fluids is high (39). Furthermore, Epsilonproteobacteria
have been observed in time-resolved experiments to rapidly respond to geochemical heterogeneity and experimental perturbations (i.e., colonization of fresh substrate) in hydrothermal vent
systems (39–41). Physiologies of specific groups of the Gammaproteobacteria often include oxidation of either sulfur or methane
(42, 43), both of which are common at settings with increased
delivery of reduced fluids.
ANME-1 archaea, which are the most abundantly recovered
ANME in the entire iTag data set, exhibit wide ranges of relative
abundance in both active and low-activity seep stations, with
higher average relative abundance at low-activity stations, in
agreement with previous clone library observations (Fig. 5) (9).
Similarly, the deltaproteobacterial family Desulfobacteraceae does
not exhibit a clear difference in observed relative abundance as a
function of seep activity (Fig. 5). It thus appears that some
ANME-1 and deltaproteobacterial OTUs may be relatively insensitive to seepage level. This was unexpected, as these are key taxa
involved in the AOM process and therefore hypothesized to occur
at higher relative abundance in methane-replete, presumably “active” seep stations. ANME-1 may perform methanotrophy even
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within carbonates at low-activity stations, consistent with recent
reports of AOM associated with carbonates on the periphery of
active seepage (16). Alternatively, relic DNA from AOMassociated organisms may be preserved within carbonate rocks, as
the carbonate precipitation process causes self-entombment, potentially sealing off inhabited pores (9, 11, 13, 17). Evidence for
biomarker preservation within carbonates has been described for
lipids, which are more recalcitrant to degradation than DNA (11,
12, 37).
Demonstration of successional dynamics: transplantation
experiments. The “snapshot” view of carbonate-associated microbial ecology is augmented by the seafloor transplantation experiments, which allow us to observe in situ microbial successional patterns by simulating seep quiescence and activation. In
situ flux measurements at Hydrate Ridge have shown that seep
activity can shift on week- to month-long timescales (27, 28),
indicating our 13-month transplantation experiments are relevant to contemporary processes at Hydrate Ridge and potentially
in other methane seep regions.
The OTU composition of the four active-to-low-activity transplanted microbial assemblages are statistically differentiable from
both the native, active carbonate-associated microbial assemblages (R ⫽ 0.32; P ⫽ 0.008) and the native, low-activity
carbonate-associated assemblages (R ⫽ 0.88; P ⬍ 0.001) (Fig. 1B;
also, see Table S2 in the supplemental material). The four microbial assemblages transplanted from active to low-activity stations
are more similar to the native, active carbonate assemblages (i.e.,
where they originated) than to the native low-activity assemblages
(i.e., where they were transplanted) (Fig. 2B and ANOSIM results). The four transplanted carbonates exhibit approximately
30% lower overall OTU richness than native carbonates (Fig. 2B),
but in-depth analysis of OTU overlap between transplanted and
native carbonates reveals a level of fine structure to the microbial
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turnover and succession (Fig. 4B and C). At the paired HR-3/-4
and HR-7/-8 stations, 68% and 52%, respectively, of the OTUs
associated with native, active control carbonates were not recovered upon simulated seep quiescence after 13 months (see Table S3 in the supplemental material). The “lost” OTUs are supplanted by characteristic OTUs gained from the low-activity sites
(28 and 37 OTUs, representing 18% and 17% of the recovered
OTUs for HR-3/-4 and HR-7/-8 transplants, respectively) as well
as OTUs unique to the transplants and not recovered from native
carbonates (20 and 24 OTUs for HR-3/-4 and HR-7/-8, respectively) (see Table S3 in the supplemental material). Nearly half of
the OTUs recovered among the HR-3/-4 and HR-7/-8 transplants
were cosmopolitan OTUs that were also observed in both the native active and the native low-activity carbonates (Fig. 4B and C;
also, see Table S3 in the supplemental material). Thus, a loss of
over half the initial OTUs upon seep quiescence is masked by gain
of new OTUs, both unique and shared with the low-activity controls.
Combining the observation of overall similarity to native, active assemblages, diminished overall OTU richness, and specific
turnover among the carbonates transplanted to low-activity stations, we can begin to paint a picture of microbial succession upon
seep quiescence. Most major (i.e., highly abundant) constituent
members of carbonate-associated microbial assemblages are resilient to 1 year of quiescence (or their DNA does not degrade), as
evidenced by the fact that transplanted carbonates plot among the
native, active controls in Fig. 1B. Indeed, of the four carbonates
transplanted to low-activity sites, we observe that 49 to 90% of the
recovered sequences are from resilient OTUs shared with the
active-station controls (see Table S3 in the supplemental material). However, over the course of a year, low-abundance assemblage members are vulnerable to cessation of seep activity: the
average relative abundance of lost OTUs in the native, active controls upon simulated quiescence was ⬍0.5% (see Table S3 in the
supplemental material).
Examining specific taxa of interest, we find the gammaproteobacterial Thiotrichaceae OTUs remain at a relative abundance
similar to that of the native, active carbonates, consistent with
resilience to seep quiescence (Fig. 5). In contrast, epsilonproteobacterial Helicobacteriaceae OTUs that are highly abundant in native, active carbonates had mostly disappeared after 13 months of
simulated seep quiescence (Fig. 5). Thus, two putative sulfuroxidizing groups exhibit different 16S rRNA gene distribution,
highlighting the potential for variable response to environmental
change, even among taxa putatively belonging to the same guild.
ANME-1 OTUs were recovered at high relative abundance in the
carbonates transplanted to low-activity stations, consistent with
the trend observed in native, low-activity carbonates and suggesting an ability to respond over a period of time that may represent,
to ANME archaea, only a few generations (44–46).
The two carbonates which experienced simulated seep activation (transplanted from low-activity to active stations) host microbial assemblages different from those in low-activity, native
carbonates and somewhat similar to those in native, active assemblages (Fig. 1B), although this experimental set suffers from low
sample number as a result of technical difficulties in recovering
two of four originally transplanted carbonates. In juxtaposition to
seep quiescence, which demonstrated resilience of the bulk microbial assemblages, our simulation of seep activation indicates that
assemblages are relatively quick to respond to renewed seepage
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conditions. This is especially true among the epsilonproteobacterial Helicobacteraceae OTUs, which are recovered in high relative
abundance in the carbonates transplanted to active stations, despite low relative abundance in the low-activity carbonates
(Fig. 5). Other OTUs (for example, gammaproteobacterial Thiotrichaceae) clearly demonstrate a slower response to seep activation (Fig. 5). Examination of two OTUs of putatively heterotrophic Chloroflexi, the Anaerolineaceae and Caldilineaceae, also
reveals slow response to seep activation, despite their relatively
high recovery among native, active seep carbonates (Fig. 5). The
Anaerolineaceae OTU also exhibits markedly higher tolerance to
low-activity conditions than the Caldilineaceae OTU (Fig. 5),
highlighting the potential for different ecological expression
among groups of similar phylogeny.
The coupled transplant experiments provide strong evidence
that many carbonate-associated seep microbial taxa are adapted to
cycles of seep quiescence and activation. This may be ecologically
advantageous in an environment where fluid flow has a tendency
to fluctuate rapidly and frequently (27, 28). Recalcitrance to seep
quiescence is consistent with low but measurable AOM from carbonates at low-activity stations (16), and the physical buffering
provided by carbonate habitats has been proposed as a factor for
maintenance of microbial assemblage viability during periods of
diminished seepage (17). Alternatively, we note that 3 of the 4
carbonates transplanted from active to low-activity stations were
composed of a mix of calcite and dolomite—mineralogies more
common at active stations than low-activity stations (see Fig. S4 in
the supplemental material). If mineralogy significantly drives microbial composition, the observed recalcitrance to community
shift may be explained by the fact that the transplanted carbonates
bore mineralogies qualitatively associated with active-seep-type
microbial assemblages. In contrast, the two samples transplanted
from low-activity to active stations were aragonite/calcite mixes—a mineralogical composition regularly recovered from all
seep stations regardless of activity (see Fig. S4). Thus, the observed
shift to an active-seep-type community is more likely a function of
the seep activity shift than of mineralogy. The rapid microbial
rebound upon simulated seep activation may be analogous to previous observations of microbial community activation from deep
terrestrial and marine subsurface environments (44, 47). Species
richness in carbonates transplanted to active stations is higher
than the reciprocal transplants—though still lower than native
carbonates—further indicating microbial assemblage responsiveness to simulated seep activation (Fig. 2B). Diminished OTU richness upon transplantation (in either direction) is also evidence
against a “time-integrative” model of carbonate microbial assemblages: if carbonates were passive recorders of all historic seep
microbial DNA, OTU richness would not be expected to decrease.
Demonstration of successional dynamics: colonization experiments. Though our transplantation experiments best simulate the temporal variability of seepage for established microbial
assemblages, they are limited in scope. To increase the interpretative power of our data set, we supplemented the transplant experiments with carbonate (calcite and dolomite) and wood (fir and
pine) colonization experiments to address the successional patterns and responsiveness of seep microorganisms colonizing at the
seabed under conditions of differing seep activity and colonization substrate type.
Results from these experiments follow similar trends observed
in the survey of native microbial assemblages where both habitat
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substrate (Rcarbonate vs wood ⫽ 0.63, P ⬍ 0.001) and seep activity
(R ⫽ 0.38, P ⬍ 0.001) differentiate the recovered microbial diversity (Fig. 1C; also, see Table S2 in the supplemental material). In
contrast to the survey of native carbonates, mineralogy did not
contribute significantly to differences in total colonizing assemblage diversity (P ⫽ 0.109) (see Table S2 in the supplemental
material), further suggesting that the relationship between mineralogy and microbial diversity in the native carbonates may be due
to a qualitative link between mineralogy and seep activity (see
Fig. S4 in the supplemental material). Microbial assemblages colonizing carbonates exhibited higher OTU richness and evenness
than those colonizing wood (Fig. 2C; also, see Fig. S2C and D in
the supplemental material), substantiating the role of seep carbonates, specifically, as hosts of diverse microbial populations.
While hosting comparable OTU richness to the native carbonates (Fig. 2), the microbial assemblages colonizing the sterile carbonates at the seabed were, after 13 months, significantly different
from native microbial assemblages collected in this study (R ⫽
0.65, P ⬍ 0.001) (Fig. 1B; also, see Table S2 in the supplemental
material). This supports general trends in the transplant experiments, suggesting that more than 13 months is required to achieve
a mature successional phase if it is assumed that given enough
time the colonizing assemblages would eventually mimic the native assemblages. Alternatively, the colonization carbonates might
never host microbial assemblages completely similar to the native
carbonates, considering the different history of colonization carbonates (located at the seabed) and native carbonates (believed to
have formed within the sediment column and later to have been
exhumed). Notably, however, sterile carbonates incubated at the
seafloor share most of their observed OTUs with the native carbonates (Fig. 4D to I). The discrepancy between colonization and
native carbonates hosting quite different microbial assemblages
(Fig. 1B) and yet sharing many OTUs (Fig. 4D to I) implies that
assemblage differences are generally a function of differential
OTU relative abundance, not of the presence/absence of different OTUs themselves. Indeed, an ANOSIM test on presence/
absence-normalized data reveals a diminished, though still significant, strength of difference between native and colonized
carbonate microbial assemblages (R ⫽ 0.53, P ⬍ 0.001). In
further support, among the six colonization/native pairings
examined in detail (Fig. 4D to I), the majority (average 63%,
range 46 to 84%; ncolonization samples ⫽ 12) of the recovered colonization sequences were from OTUs shared between the colonization and native carbonates.
In-depth analysis of OTU overlap at station HR-9, chosen because of the wide array of habitat types and experimental samples
obtained there, reveals that of the various OTUs shared between
native and colonized carbonate assemblages, many are also shared
with sediment and nodule assemblages (see Fig. S6 in the supplemental material). This suggests some transference of sedimenthosted microbes onto the colonization carbonates. The mode of
transfer is currently not known but may be associated with direct
microbial motility (48, 49), macrofaunal grazing/bioturbation (2,
48), and/or advection from fluid flow or gas ebullition (50). At
station HR-9, where 376 OTUs were reproducibly recovered from
both colonization carbonates, 19% (n ⫽ 71), 3% (n ⫽ 11), and 4%
(n ⫽ 14) were exclusively sourced from carbonates, sediments/
nodules, and bottom waters, respectively. The bottom water samples associated with this station contained 1% to 2% relative abundance of an OTU associated with the gammaproteobacterial
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Colwelliaceae, which were also recovered at moderate relative
abundances from the colonization carbonates (⬍1% to 20%)
(Fig. 5; also, see Table S3 in the supplemental material) despite a
lack of detection on either native or transplanted carbonates. This
further indicates some transfer of bottom water microorganisms
onto carbonates during early-phase succession and is consistent
with common ecophysiology of Colwellia as generally marine,
psychrophilic, motile, chemoorganotrophic microorganisms
(42). Thus, OTU recovery from multiple nearby substrates, coupled to the observed difference between colonized carbonate and
wood microbial assemblages after 13 months (R ⫽ 0.63, P ⬍
0.001) (Fig. 1C), could be explained by two hypotheses: either (i)
OTUs are recruited from all surrounding habitats, followed by
assemblage differentiation according to habitat substrate (i.e., carbonates diverge from woods), or (ii) carbonate colonization is a
substrate-specific process from the very first microbial succession,
and then over time occasional passive capture of OTUs from other
habitat substrates occurs. In either case, the colonization data support the observation from native samples that carbonates host
distinct microbial assemblages. Furthermore, carbonate distinctiveness is not simply a product of time-integrated passive capture
of sediment-hosted microorganisms, nor does it depend on a history of burial in sediment.
Microbial diversity within the carbonate colonization experiments is almost wholly explained by seep activity differences, in
further support of observations from native carbonates (Fig. 1C)
(R ⫽ 0.81, P ⬍ 0.001). Indeed, OTUs associated with the epsilonproteobacterial Helicobacteraceae exhibit a wide range of relative
abundances in the colonization carbonates at active stations but
only a very minor amount of colonization at low-activity stations
(Fig. 5; also, see Table S3 in the supplemental material). The Thiotrichaceae OTUs also demonstrate colonization patterns reminiscent of distributions observed in the native carbonates, again indicating that putative sulfur-oxidizing OTUs are dynamic
responders to carbonate substrate availability in regions of seep
activity at the seabed. However, the specific Thiotrichaceae OTU
observed to most strongly colonize experimental carbonates was
different than the Thiotrichaceae OTU more frequently observed
in the native carbonates (see Table S3 in the supplemental material)— demonstrating the potential for within-group variability in
ecological expression. The recovery of Helicobacteraceae or Thiotrichaceae OTUs was not obviously tied to qualitative observations
of bacterial mats upon recovery of colonized carbonates from the
seafloor. Previous studies of microbial colonization in shallow
marine sediments and near hydrothermal vents have observed a
dominance of early-stage colonization by Epsilonproteobacteria
(40, 41, 48, 51), and similar ecological behavior appears to be
occurring in methane seeps. The rapid colonization by Epsilonproteobacteria in various marine settings has been attributed to both a
tolerance for rapidly changing physicochemical conditions and
motility within many members of the class (40, 48). We observe
that our key Helicobacteraceae OTUs were recovered in high relative abundance in methane seep sediments and low relative abundance in bottom water samples (see Table S3 in the supplemental
material); therefore, it appears likely the Helicobacteraceae recovered in the colonization experiments were inoculated from underlying sediments, in contrast to Colwelliaceae OTUs derived from
overlying bottom waters.
Colonization by the ANME-1-associated OTUs (the same
OTUs as recovered from native carbonates) on the sterile carbon-
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ates was observed at low levels at both active and low-activity
stations (Fig. 5). Any level of colonization by ANME-1 is intriguing for two reasons. First, ANME-1 are believed to have doubling
times on the order of several months, so the 13-month course of
the colonization experiments could reasonably be expected not to
have provided enough time for ANME-1 archaea to colonize and
become established on the fresh carbonate substrates (44–47).
Second, ANME-1 are obligate anaerobes typically associated with
highly reducing conditions located deeper within the sediment
column at seeps and near the sulfate-methane transition zone, not
at the sediment/water interface, where the colonization experiments were located (52). An exception to this are the Black Sea
“reefs,” composed partly of ANME-1; however, these grow into
permanently stratified bottom water of the euxinic Black Sea (53).
That ANME-1 OTUs are observed at significant levels in the sediment samples but at negligible levels in the aerobic bottom water
samples (Fig. 3) indicates that ANME-1 almost certainly colonize
the carbonates seeded by the underlying sediments. This highlights the complexity of potential mechanisms driving regional
and global between-seep dispersion of ANME-1 archaea and perhaps other ANME subclades, as previously observed (10) and perhaps accomplished through periodic sediment disturbance. In
contrast to our observations, Archaea were not observed as early
colonizers in hydrothermal vent colonization experiments, despite their presence within in situ vent communities (40). Our
experiments suggest that ANME-1 archaea may exhibit phenotypes thus far undiscovered in seep settings or may be distributed
by hydrological flow or macrofaunal movements (pumping, filtering, burrowing, defecation, etc.).
Wood-colonizing microbial assemblages at methane seeps in
the Mediterranean Sea have been observed to be different than
surrounding, off-seep sediment-hosted microbial assemblages
(54). Our data further demonstrate that even among active and
low-activity seep stations, wood-colonizing microbial assemblages differ after 13 months (Fig. 1C). The stark difference between carbonate- and wood-colonizing assemblages in our data
set highlights the importance of habitat substrate to deep-sea microbial assemblages. The mere presence of putative sulfuroxidizing Epsilonproteobacteria and Gammaproteobacteria in the
wood colonization experiments suggests that wood falls may act as
ephemeral sulfide-rich reducing habitats, possibly representing
stepping stones between seeps and vents for chemosynthetic communities, as has been hypothesized for metazoans and Bacteria
(54, 55). Our results are consistent with previous characterizations of native wood fall samples, as well as deep-sea benthic wood
colonization experiments, which yielded observations of phylogenetically diverse microbial assemblages, including, but not limited
to, the Bacteroidetes, Firmicutes, Spirochaetes, Epsilonproteobacteria, and Gammaproteobacteria (54, 56, 57), but very limited recovery of methanogenic and methanotrophic archaeal taxa (57). The
lack of significant ANME colonization in the wood experiments
(see Table S3 in the supplemental material) indicates that AOMrelated archaeal taxa may have more difficulty spreading geographically via wood substrates than many Bacteria. That AOMrelated archaeal taxa appear to be able to colonize carbonate
substrates, even on relatively short timescales, indicates a possible
mode of wide geographic dispersion. Other hypotheses have included transportation in the guts of deep-sea metazoans or distribution during ocean anoxic events (10), both of which may complement the apparent suitability of carbonate habitats for ANME.
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In summary, the deployment of in situ manipulation experiments, coupled to an extensive characterization of native microbial assemblages in association with various seep habitat substrates, has enabled unique insights into the ecology of seep
microorganisms. Microbial assemblages associated with carbonates at methane seeps are distinct from, and more diverse than,
other habitat substrates examined in this study: sediments, nodules, and bottom waters. Further, bulk carbonate-associated microbial assemblages are adapted to resist seep quiescence and
poised to respond to seep activation over 13 months. OTUs associated with the epsilonproteobacterial Helicobacteraceae are particularly sensitive to seep activity. Colonization experiments corroborate the idea that carbonates host distinct and diverse
microbial assemblages, and recovery of ANME-1 OTUs associated
with the carbonates suggests more dynamic physiologies and/or
distribution processes for these organisms than previously hypothesized.
The difference in the microbial assemblages associated with
native active and low-activity carbonates, coupled to the dynamics
and decreased OTU richness observed in the transplant experiments, suggests that upon the final quiescence of a historic methane seep, the genomic microbial signatures recorded in carbonates
could differ from those microbes which were present during active
seepage. Investigation of our same research questions should be
applied to lipid profiles, to investigate whether trends observed at
the genomic level are likely to be preserved in the rock record and,
in particular, whether microbial signatures in the rock record
merely reflect the final, low-activity period of seep activity rather
than the biological assemblage present during the most active
phases of seepage and AOM.
MATERIALS AND METHODS
Sample collection and deployment of experiments. The majority of samples in this study (114 out of 134) (see Table S1 in the supplemental
material), including all transplantation and colonization treatments (see
below), are from an extensively studied natural laboratory of methane
seepage, namely, the northern and southern promontories of Hydrate
Ridge (HR), on the Cascadia margin in Oregon, USA (HR-North:
44°40=N, 125°6=W, ~600 m below sea level [MBSL]; HR-South; 44°34=N,
125°9=W, ~800 MBSL) (see Fig. S1A, B, and D to H in the supplemental
material) (31, 58–62). Active and low-activity stations were identified by
the presence (or absence) of benthic chemosynthetic communities
throughout HR and given sequential names for experimental purposes
(stations spaced 101 to 104 m apart on the seafloor) (see Fig. S1D and E and
Table S1 in the supplemental material). Our active and low-activity station designations were confirmed by pore water sulfide concentrations
from 0- to 3-cm-below-seafloor horizons of sediment cores collected
within active stations (1 to 14 mM range, 6 mM average; n ⫽ 9) and
low-activity stations (0 to 0.9 mM range, 0.2 mM average; n ⫽ 5) (for
more details, see Text S1 in the supplemental material). Of 114 HR samples, 110, including carbonates, sediments, nodules, bottom water, and
woods, were collected from these stations, with four additional carbonate
samples obtained from a seep promontory approximately 20 km SSE of
HR (Southeast Knoll; 44°27.0=N, 125°7.8=W, ~620 MBSL). Of the remaining 20 samples in this study, 10 carbonates were collected from seeps
off the Costa Rica coast: Mound 11, Mound 12, Quepos Mound, and Jaco
Scarp (see Fig. S1C in the supplemental material) (25, 63, 64). As a point
of comparison to sediments and nodules collected at HR, we also included
ten sediment and nodule samples from Eel River Basin (ERB; 40°48.7=N,
124°36.7=W, 517 MBSL) (30, 65). Recently published sequencing data
from 18 sediment and nodule samples (13% of our 134-sample data set)
provide valuable context for this study regarding habitat substrate and are
indicated in Table S1 in the supplemental material (19).
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Among all the collected samples, 82 out of 134 represent native, unperturbed microbial assemblages associated with a variety of habitat substrates (ncarbonate ⫽ 57; nnodule ⫽ 10; nbottom water ⫽ 2; nsediment ⫽ 13) and
seep activity levels (nactive ⫽ 52, nlow-activity ⫽ 28, noff seep ⫽ 2). Samples
were collected in 2006, 2009, 2010, and 2011 during R/V Atlantis cruises
AT15-11, AT15-44, AT15-68, and AT18-10, respectively. Upon shipboard
retrieval, subsamples were immediately frozen at ⫺80°C and transferred
to an onshore lab for downstream processing. Mineralogy of carbonate
samples was examined by powder X-ray diffraction (see Text S1 in the
supplemental material).
Six transplanted carbonate and 46 introduced carbonate and wood
(ncarbonate ⫽ 20, nwood ⫽ 26) samples represent microbial assemblages
after 13 months of incubation on the seafloor. Transplantation experiments were conducted using the DSV Alvin in August 2010 by moving
seafloor carbonates at HR-North from active to low-activity stations (n ⫽
4) and vice versa (n ⫽ 2), followed by collection and freezing in September
2011 using the ROV Jason II. Colonization experiments were conducted
with fir and pine woods (n ⫽ 26) and autoclaved, aseptically stored calcite
and dolomite seep carbonates (n ⫽ 20) deposited at selected seafloor
stations, including those of the transplantation experiments, in August
2010 (AT15-68) and recovered in September 2011 (AT18-10). More
methodological details regarding the transplantation and colonization experiments can be found in Text S1 in the supplemental material.
Genomic DNA extraction and 16S rRNA gene sequencing and processing. Onshore, the carbonates, sediments, and nodules were separately
ground into powder with a sterile porcelain mortar and pestle. The nodules, which were only loosely consolidated and thus could have contained
sediment-phase contamination, were preprocessed in order to thoroughly remove sediment as previously described (19), with the exception
of nodule 5118N (see Table S1 in the supplemental material). Genomic
DNA was extracted following the general procedure of the MoBio PowerSoil kit (MoBio, St. Louis, MO) (see reference 5 for variations from
default protocol), using ~400 mg powder. For wood samples, a sterile
razor blade was used to collect shavings from the exterior, avoiding the
bark and any observed animals (e.g., shipworms) whenever possible.
DNA from wood samples was extracted using the MoBio PowerPlantPro
kit’s recommended protocol, with 40 l of phenolic separation solution
and ~70 mg wood shavings. Bottom water samples from nearby station
HR-9 (see Fig. S1 in the supplemental material) were collected on a
0.2-m filter and extracted by phenol-chloroform followed by CsCl density gradient centrifugation (66).
Preparation for sequencing of the V4 region of the 16S rRNA gene was
performed with universal primers according to the protocol recommended by the EMP (iTag sequencing [67]) (http://www.earthmicrobiome.org/emp-standard-protocols/16s/) (68, 69), with minor modifications as previously described (19). Raw sequences were generated on an
Illumina MiSeq platform at Laragen, Inc. (Los Angeles, CA). In-house
data processing was completed in QIIME1.8.0 and included joining
paired ends, quality trimming, chimera checking, 97% OTU clustering,
singleton removal, PCR contaminant removal, 0.01% relative abundance
threshold removal, and rarefaction to 16,051 sequences per sample (see
Text S1 in the supplemental material). Taxonomic assignments were generated according to an appended version of the Silva 115 database (for
details, see reference 19).
Diversity analyses. Alpha diversity calculations (Shannon diversity
index [H=], observed OTUs, and Chao1) were carried out in QIIME1.8.0
(alpha_diversity.py). Nonmetric multidimensional scaling (NMDS)
analyses were carried out in the R environment (70) after application of a
square root transformation to the relative abundance data. For all analysis
of similarity (ANOSIM) tests, P values of ⬍0.05 were considered significant. R values are reported only for tests which yielded significant results.
Examples of the R commands, including options used, are given in
Text S1 in the supplemental material. Distance-based linear modeling
(distLM) was applied with Primer-E software to complement the ANOSIM testing (71). The similarity percentage (SIMPER) test was applied in
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R to identify specific OTUs which demonstrate different relative abundances between sample groups; key OTUs were selected for presentation
and usually represented the majority of sequences associated with each
taxonomy (Fig. 3 and 5; also, see Table S3 in the supplemental material).
Sequence accession numbers. Raw sequences are available in the Sequence Read Archive under accession numbers SRP055767 and
SRP049675.
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