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FIGURE 2 | Pore water chemistry, TOC content, and sedimentology of cores in this study. 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.

FIGURE 3 | Non-metric multidimensional scaling plot of microbial community composition across (A) all 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.

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 and are thought to ferment
organic matter and provide substrate for methanogens (Carr
et al., 2015). 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
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FIGURE 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.

(Wilcoxon rank-sum p = 0.28; Figure 5A). Members of the
Dehalococcoidia, which are commonly observed in anoxic
sediments and mediate reductive dehalogenation and potentially
sulfate reduction (Kaster et al., 2014; Wasmund et al., 2014,
2016) were most abundant within sulfate-replete sediments in
the SCS. While Dehaloccoidia have previously been found to co-
occur with Atribacteria in methanogenic sediments (Jorgensen
et al., 2012), their abundance did not correlate with that of
Atribacteria (Figure 5B). The abundance of Atribacteria was
positively correlated with ammonium, methane, phosphate,
and TOC concentrations and negatively correlated with sulfate
concentration, but the abundance of Dehalococcoidia was not
predicted by any measured environment variables.

ANME of the ANME-1 clade, which mediate AOM in
consortia with sulfate-reducing bacteria (Knittel and Boetius,
2009), made up a significant portion of themicrobial 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 (Knittel and Boetius,
2009; Ruff et al., 2015), were not sampled 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. Meanwhile, 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 (Muyzer and Stams, 2008). 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. 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 Desulfobacterales, a lineage
of sulfate-reducing bacteria that have previously been detected
in methane seep sediments in the presence of ANME (Roalkvam
et al., 2011; Timmers et al., 2015), and their abundance was
strongly correlated with that of ANME (Spearman p < 0.001,
r2 = 0.62; Figure 5B). 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 (Peketi et al., 2012). However, DNA
turnover in marine sediments occurs on timescales of several
months (Corinaldesi et al., 2008) and changes in the depth of
the SMTZ of greater than 100m over those timescales are highly
unlikely. Alternatively, AOMmediated within the methanogenic
zone by sulfate reducing bacteria and ANME has previously
been observed and linked to sulfur cycling below the SMTZ
(Holmkvist et al., 2011; Treude et al., 2014). Pyrite and barite have
been proposed as sources of sulfate in methanogenic sediments
(Berner, 1970; Treude et al., 2014). 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. Within
the sulfate reduction zone, it is possible that active AOM
is consuming pore water methane to below detectable levels;
however, 16S rRNA gene surveys do not provide insight into the
metabolic activity of these cells. Lastly, several lines of evidence
suggest that ANME may function as methanogens under the
thermodynamic conditions of methanogenic zone sediments
(House et al., 2009; Lloyd et al., 2011). 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 fermentation of
a subset of the organic matter pool and provide substrates to
ANME for methanogenesis in the process.

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
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FIGURE 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. Only the lower triangular of the heatmap is displayed;

heatmap colors indicates the r-values of the Spearman correlations.

inhabiting SCS sediments were not significantly conserved
within a single sediment type nor significantly different across
varying sediment types (PERMANOVA df = 6, 34, 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, 17, pseudo-F = 1.23, p = 0.24;
methanogenic zone: PERMANOVA df = 4, 13, pseudo-F =

0.16, p = 0.20). Considering broader classifications of sediment
lithologies, for example grouping all turbidites, did not alter this
result (PERMANOVA df = 4, 36, pseudo-F = 1.13, p = 0.32).
Furthermore, no correlation was observed between community
similarity and the vertical distance between communities within
the sediment column 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). These results contrast a previous study of
microbial communities in the Sea of Okhotsk, a marginal sea
similar to the SCS, which found that communities inhabiting
layered ash and clay sediments in a single core were distinct
between sediment types (Inagaki et al., 2003). However, several
key differences between the sediment environment in the Sea of
Okhotsk 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 column (1,225m) and a high sedimentation rate
(100 cm/kya). 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 thought to prefer eutrophic coastal sediments

rather than oligotrophic abyssal sediments (Durbin and Teske,
2012) 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 paleoceanographic
history of the SCS, it is likely that the conditions under which
the sediments examined in this study were deposited varied
greatly (Expedition 349 Scientists, 2014). Thismay 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.

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, 10, 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, 10, 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 in sites U1432 and U1433. The average
dissimilarity between communities from adjacent sediment
horizons was higher among communities in the methanogenic
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zone than among those in the sulfate reduction zone (Wilcoxon
rank-sum p = 0.023; Figure S4). Furthermore, the dissimilarity
between adjacent communities was unrelated to the sediment
types they inhabited (ANOVA df = 6, 11, F = 0.53, p =

0.77). In addition, neither the difference in TOC content nor
isotopic depletion between interfacing sediments 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.

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 (Liu et al., 2015; Keuter and Rinkevich, 2016). In
contrast, microbial communities in the SCS varied significantly
between sampled 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
(Pop Ristova et al., 2015). 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 organicmatter inmarine sediments. Sedimentation
rate has previously been demonstrated to exert a primary control
on microbial biomass and its decay with depth in marine
sediments globally (Kallmeyer et al., 2012). 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 measured bulk
sediment TOC does not reflect the amount of organic carbon
remineralized by microorganisms (Tyson, 2001). Sedimentation
rate, meanwhile, varied strongly across the SCS from 5 cm/kya
at site U1431 to 12 cm/kya at site U1432 and 20 cm/kya at
site U1433. Increased organic matter delivery to the seafloor
at the latter would increase the total energy available to
heterotrophic microorganisms in 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 (Westrich and Berner, 1984). Aged sediments
containing a larger recalcitrant fraction may have less energy
available via organic matter degradation, thus limiting metabolic
niche space (Evans et al., 2005) and the ability of heterotrophic
microorganisms to co-exist (Srivastava and Lawton, 1998;
Bienhold et al., 2012). Accordingly, sediment age has previously
been correlated with decreasing microbial richness (Walsh
et al., 2016) 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, such as Atribacteria, Aerophobetes,
Dehalococcoidia, and Nitrospira, were negatively correlated with
sediment age across the SCS (Figure 5B). Thus sediment age,
in conjunction with sedimentation rate, may play an important
role in structuring microbial communities across sites within the
SCS.

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. However, this is counterbalanced by the finding
that changes in community composition were not correlated
with the vertical distance between communities, which suggests
that dispersal is not a limiting factor for microbial community
distribution within the sediment column or that the community
is under such a high degree of connectivity that vertical patterns
are lost. Disturbance, which has been found to play a significant
role in structuring macrofaunal communities (Supp and Ernest,
2014), did not appear to structure deep marine sediments
even though the sampled lithostratigraphic transitions reflect
previously disturbed environments. 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
(Smith et al., 1997) also did not 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 changes in electron acceptor availability and
sediment age with increasing burial depth, appeared to dominate
community assemblage within these sediments (McCook, 1994).
In addition, community composition was significantly different
between the three sites, potentially reflecting differences in
sedimentation rates and labile organic carbon availability across
the SCS. These results suggest that within the deep marine
subsurface an ecological model incorporating electron acceptor
and sedimentation rate or sediment age is the most suitable for
predicting microbial community assemblage.

Frontiers in Microbiology | www.frontiersin.org 9 April 2018 | Volume 9 | Article 729

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Graw et al. Microbial Communities in the South China Sea

AUTHOR CONTRIBUTIONS

MG, AT, CZ, HL, and FC contributed to study conception
and design. GD and MB performed DNA extraction and
amplification. JJ performed sedimentological characterization
and TOC measurements. MG, GD, MB, and AT performed
statistical analysis. MG, AT, JJ, HL, and FC contributed sections
to themanuscript. All authors contributed tomanuscript revision
and read and approved the submitted version.

ACKNOWLEDGMENTS

This research used samples and data provided by the
International Ocean Discovery Program (IODP) resulting

from Expedition 349 (South China Sea Tectonics). The authors

wish to thank the shipboard crew and scientific members of

Expedition 349 for their essential contributions in collecting
these samples. The authors also thank Sarah Turner and
Elizabeth Weidner (UNH) for assistance with smear slide and
TOC sample preparation. The manuscript was improved thanks
to the contributions of reviewers. Funding for this research
was provided through a Post-Expedition Award from the U.S.
Science Support Program to FC and by a Center for Dark Energy
Biosphere Investigations (C-DEBI) grant to FC and AT. Support
for this research was also provided by the Deep Life Community,
a part of the Deep Carbon Observatory.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2018.00729/full#supplementary-material

REFERENCES

Berner, R. A. (1970). Sedimentary pyrite formation. Am. J. Sci. 268, 1–23.

doi: 10.2475/ajs.268.1.1

Bienhold, C., Boetius, A., and Ramette, A. (2012). The energy–diversity

relationship of complex bacterial communities in Arctic deep-sea sediments.

ISME J. 6, 724–732. doi: 10.1038/ismej.2011.140

Boetius, A., Ravenschlag, K., Schubert, C. J., Rickert, D., Widdel, F., Gieseke, A.,

et al. (2000). A marine microbial consortium apparently mediating anaerobic

oxidation of methane. Nature 407, 623–626. doi: 10.1038/35036572

Brown, B. L., Swan, C. M., Auerbach, D. A., Campbell Grant, E. H., Hitt, N.

P., Maloney, K. O., et al. (2011). Metacommunity theory as a multispecies.

Multiscale framework for studying the influence of river network structure on

riverine communities and ecosystems. J. North Am. Benthol. Soc. 30, 310–327.

doi: 10.1899/10-129.1

Burdige, D. J. (2006). Geochemistry of Marine Sediments. Princeton, NJ: Princeton

University Press.

Caporaso, J. G., Lauber, C. L., Walters, W. A., Berg-Lyons, D., Huntley,

J., Fierer, N., et al. (2012). Ultra-high-throughput microbial community

analysis on the Illumina HiSeq and MiSeq platforms. ISME J. 6, 1621–1624.

doi: 10.1038/ismej.2012.8

Carr, S. A., Orcutt, B. N., Mandernack, K. W., Spear, J. R. (2015). Abundant

Atribacteria in deep marine sediment from the Adélie Basin, Antarctica. Front.

Microbiol. 6:872. doi:10.3389/fmicb.2015.00872

Corinaldesi, C., Beolchini, F., and Dell’anno, A. (2008). Damage and

degradation rates of extracellular DNA in marine sediments: implications

for the preservation of gene sequences. Mol. Ecol. 17, 3939–3951.

doi: 10.1111/j.1365-294X.2008.03880.x

Costello, E. K., Stagaman, K., Dethlefsen, L., Bohannan, B. J.-M., and Relman, D.

A. (2012). The application of ecological theory toward an understanding of the

human microbiome. Science 336, 1255–1262. doi: 10.1126/science.1224203

D’Hondt, S., Jørgensen, B. B., Miller, D. J., Batzke, A., Blake, R., Cragg, B. A.,

et al. (2004). Distributions of microbial activities in deep subseafloor sediments.

Science 306, 2216–2221. doi: 10.1126/science.1101155

Durbin, A. M., and Teske, A. (2012). Archaea in organic-lean and organic-rich

marine subsurface sediments: an environmental gradient reflected in distinct

phylogenetic lineages. Front. Microbiol. 3:168. doi:10.3389/fmicb.2012.00168

Evans, K. L., Warren, P. H., and Gaston, K. J. (2005). Species-energy relationships

at the macroecological scale: a review of the mechanisms. Biol. Rev. 80, 1–25.

doi: 10.1017/S1464793104006517

Expedition 349 Scientists (2014). South China Sea tectonics: opening of the South

China Sea and its implications for southeast Asian tectonics, climates, and

deep mantle processes since the late Mesozoic. International Ocean Discovery

Program Preliminary Reports 349.

Froelich, P. N., Klinkhammer, G. P., Bender, M. L., Luetke, N. A., Heath, G. R.,

Cullen, D., et al. (1979). Early oxidation of organic matter in pelagic sediments

of the eastern equatorial Atlantic: suboxic diagenesis. Geochim. Cosmochim.

Acta 43, 1075–1090. doi: 10.1016/0016-7037(79)90095-4

Gorley, R. N., and Clarke, K. R. (2006). PRIMER V6: User Manual-Tutorial.

Plymouth: Plymouth Marine Laboratory.

Hinrichs, K.-U., Hayes, J. M., Sylva, S. P., Brewer, P. G., and DeLong, E. F. (1999).

Methane-consuming archaebacteria inmarine sediments.Nature 398, 802–805.

doi: 10.1038/19751

Hoehler, T. M., and Jørgensen, B. B. (2013). Microbial life under extreme energy

limitation. Nat. Rev. Microbiol. 11, 83–94. doi: 10.1038/nrmicro2939

Holmkvist, L., Ferdelman, T. G., and Jørgensen, B. B. (2011). A cryptic

sulfur cycle driven by iron in the methane zone of marine sediment

(Aarhus Bay, Denmark). Geochim. Cosmochim. Acta 75, 3581–3599.

doi: 10.1016/j.gca.2011.03.033

House, C. H., Orphan, V. J., Turk, K. A., Thomas, B., Pernthaler, A.,

Vrentas, J. M., et al. (2009). Extensive carbon isotopic heterogeneity

among methane seep microbiota. Environ. Microbiol. 11, 2207–2215.

doi: 10.1111/j.1462-2920.2009.01934.x

Huang, W., and Wang, P. (2006). Sediment mass and distribution in the South

China Sea since the Oligocene. Sci. China Ser. D Earth Sci. 49, 1147–1155.

doi: 10.1007/s11430-006-2019-4

Inagaki, F., Suzuki, M., Takai, K., Oida, H., Sakamoto, T., Aoki, K., et al.

(2003). Microbial communities associated with geological horizons in coastal

subseafloor sediments from the Sea of Okhotsk. Appl. Environ. Microbiol. 69,

7224–7235. doi: 10.1128/AEM.69.12.7224-7235.2003

Johnson, P. T. J., Hoverman, J. T., McKenzie, V. J., Blaustein, A. R., and

Richgels, K. L. D. (2013). Urbanization and wetland communities: applying

metacommunity theory to understand the local and landscape effects. J. Appl.

Ecol. 50, 34–42. doi: 10.1111/1365-2664.12022

Jørgensen, B. B., and Boetius, A. (2007). Feast and famine—microbial life in the

deep-sea bed. Nat. Rev. Microbiol. 5, 770–781. doi: 10.1038/nrmicro1745

Jorgensen, S. L., Hannisdal, B., Lanzén, A., Baumberger, T., Flesland, K., Fonseca,

R., et al. (2012). Correlating microbial community profiles with geochemical

data in highly stratified sediments from the ArcticMid-Ocean Ridge. Proc. Natl.

Acad. Sci. U.S.A. 109, E2846–E2855. doi: 10.1073/pnas.1207574109

Kallmeyer, J., Pockalny, R., Adhikari, R. R., Smith, D. C., and D’Hondt,

S. (2012). Global distribution of microbial abundance and biomass in

subseafloor sediment. Proc. Natl. Acad. Sci. U.S.A. 109, 16213–16216.

doi: 10.1073/pnas.1203849109

Kaster, A. K., Mayer-Blackwell, K., Pasarelli, B., Spormann, A. M. (2014).

Single cell genomic study of Dehalococcoidetes species from deep-sea

sediments of the Peruvian Margin. ISME J. 8, 1831–1842. doi: 10.1038/ismej.

2014.24

Frontiers in Microbiology | www.frontiersin.org 10 April 2018 | Volume 9 | Article 729

https://www.frontiersin.org/articles/10.3389/fmicb.2018.00729/full#supplementary-material
https://doi.org/10.2475/ajs.268.1.1
https://doi.org/10.1038/ismej.2011.140
https://doi.org/10.1038/35036572
https://doi.org/10.1899/10-129.1
https://doi.org/10.1038/ismej.2012.8
https://doi.org/10.1111/j.1365-294X.2008.03880.x
https://doi.org/10.1126/science.1224203
https://doi.org/10.1126/science.1101155
https://doi.org/10.1017/S1464793104006517
https://doi.org/10.1016/0016-7037(79)90095-4
https://doi.org/10.1038/19751
https://doi.org/10.1038/nrmicro2939
https://doi.org/10.1016/j.gca.2011.03.033
https://doi.org/10.1111/j.1462-2920.2009.01934.x
https://doi.org/10.1007/s11430-006-2019-4
https://doi.org/10.1128/AEM.69.12.7224-7235.2003
https://doi.org/10.1111/1365-2664.12022
https://doi.org/10.1038/nrmicro1745
https://doi.org/10.1073/pnas.1207574109
https://doi.org/10.1073/pnas.1203849109
https://doi.org/10.1038/ismej.2014.24
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Graw et al. Microbial Communities in the South China Sea

Keuter, S., and Rinkevich, B. (2016). Spatial homogeneity of bacterial and archaeal

communities in the deep eastern Mediterranean Sea surface sediments. Int.

Microbiol. 19, 109–119. doi: 10.2436/20.1501.01.269

Knittel, K., and Boetius, A. (2009). Anaerobic oxidation of methane:

progress with an unknown process. Ann. Rev. Microbiol. 63, 311–334.

doi: 10.1146/annurev.micro.61.080706.093130

Kozich, J. J., Westcott, S. L., Baxter, N. T., Highlander, S. K., and Schloss, P. D.

(2013). Development of a dual-index sequencing strategy and curation pipeline

for analyzing amplicon sequence data on the MiSeq Illumina sequencing

platform.Appl. Environ. Microbiol. 79, 5112–5120. doi: 10.1128/AEM.01043-13

LaRowe, D. E., and Van Cappellen, P. (2011). Degradation of natural organic

matter: a thermodynamic analysis. Geochim. Cosmochim. Acta 75, 2030–2042.

doi: 10.1016/j.gca.2011.01.020

Leibold, M. A., Holyoak, M., Mouquet, N., Amarasekare, P., Chase, J.

M., Hoopes, M. F., et al. (2004). The metacommunity concept: a

framework for multi-scale community ecology. Ecol. Lett. 7, 601–613.

doi: 10.1111/j.1461-0248.2004.00608.x

Liu, J., Liu, X., Wang, M., Qiao, Y., Zheng, Y., and Zhang, X.-H. (2015). Bacterial

and archaeal communities in sediments of the North Chinese Marginal Seas.

Microb. Ecol. 70, 105–117. doi: 10.1007/s00248-014-0553-8

Liu, J., Steinke, S., Vogt, C., Mohtadi, M., De Pol-Holz, R., Hebbeln, D. (2017).

Temporal and spatial patterns of sediment deposition in the northern South

China Sea over the last 50,000 years. Palaeogeogr. Palaeoclimatol. Palaeoecol.

465, 212–224. doi: 10.1016/j.palaeo.2016.10.033

Lloyd, K. G., Alperin, M. J., and Teske, A. (2011). Environmental evidence

for net methane production and oxidation in putative ANaerobic

MEthanotrophic (ANME) archaea. Environ. Microbiol. 13, 2548–2564.

doi: 10.1111/j.1462-2920.2011.02526.x

Lozupone, C., Hamady, M., and Knight, R. (2006). UniFrac – an online tool for

comparing microbial community diversity in a phylogenetic context. BMC

Bioinformatics 7:371. doi: 10.1186/1471-2105-7-371

Magurran, A. E. (ed.). (1988). “Diversity indices and species abundance models,”

in Ecological Diversity and Its Measurement (London: Springer), 7–45.

Marsaglia, K., Milliken, K., and Doran, L. (2013). IODP Digital Reference for Smear

Slide Analysis of Marine Mud. Part 1: Methodology and Atlas of Siliciclastic and

Volcanogenic Components. IODP Technical Note 1.

Martiny, J. B., Bohannan, B. J., Brown, J. H., Colwell, R. K., Fuhrman, J. A., Green,

J. L., et al. (2006).Microbial biogeography: puttingmicroorganisms on themap.

Nat. Rev. Microbiol. 4, 102–112. doi: 10.1038/nrmicro1341

Mazzullo, J., Meyer, J., and Kidd, R. (1988). “New sediment classification scheme

for the Ocean Drilling Program,” in Handbook for Shipboard Sedimentologists,

ODP Technical Note 8, eds J. Mazzullo and A. G. Graham (College Station, TX:

Ocean Drilling Program), 45–67.

McCook, L. J. (1994). Understanding ecological community succession:

causal models and theories, a review. Plant Ecol. 110, 115–147.

doi: 10.1007/BF00033394

Moilanen, A., and Nieminen, M. (2002). Simple connectivity measures

in spatial ecology. Ecology 83, 1131–1145. doi: 10.1890/0012-

9658(2002)083[1131:SCMISE]2.0.CO;2

Morono, Y., and Inagaki, F. (2016). Analysis of low-biomass microbial

communities in the deep biosphere. Adv. Appl. Microbiol. 95, 149–178.

doi: 10.1016/bs.aambs.2016.04.001

Muyzer, G., and Stams, A. J. M. (2008). The ecology and biotechnology of sulphate-

reducing bacteria. Nat. Rev. Microbiol. 6, 441–454. doi: 10.1038/nrmicro

1892

Nunoura, T., Takaki, Y., Shimamura, S., Kakuta, J., Kazama, H., Hirai, M., et al.

(2016). Variance and potential niche separation of microbial communities in

subseafloor sediments off Shimokita Peninsula, Japan. Environ. Microbiol. 18,

1889–1906. doi: 10.1111/1462-2920.13096

O’Malley, M. A. (2008). ‘Everything is everywhere: but the environment

selects’: ubiquitous distribution and ecological determinism in microbial

biogeography. Stud. Hist. Philos. Biol. Biomed. Sci. 39, 314–325.

doi: 10.1016/j.shpsc.2008.06.005

Oksanen, J., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., O’Hara, R. B.,

et al. (2013). Package ‘vegan’. Community ecology package, version 2(9).

Orsi, W. D., Edgcomb, V. P., Christman, G. D., and Biddle, J. F.

(2013). Gene expression in the deep biosphere. Nature 499, 205–208.

doi: 10.1038/nature12230

Peketi, A., Mazumdar, A., Joshi, R. K., Patil, D. J., Srinivas, P. L., Dayal, A. M.

(2012). Tracing the paleo sulfate-methane transition zones and H2S seepage

events in marine sediments: an application of C-S-Mo systematics. Geochem.

Geophys. Geosyst. 13:Q10007. doi: 10.1029/2012GC004288

Phillips, S. C., Johnson, J. E., Miranda, E., and Disenhof, C. (2011). Improving

CHN measurements in carbonate-rich marine sediments. Limnol. Oceanogr.

Methods 9, 194–203. doi: 10.4319/lom.2011.9.194

Pielou, E. C. (1966). The measurement of diversity in different types of biological

collections. J. Theor. Biol. 13, 131–144. doi: 10.1016/0022-5193(66)90013-0

Pop Ristova, P., Wenzhöfer, F., Ramette, A., Felden, J., and Boetius, A.

(2015). Spatial scales of bacterial community diversity at cold seeps (Eastern

Mediterranean Sea). ISME J. 9, 1306–1318. doi: 10.1038/ismej.2014.217

Price, M. N., Dehal, P. S., and Arkin, A. P. (2010). FastTree 2 – approximately

maximum-likelihood trees for large alignments. PLoS ONE 5:e9490.

doi: 10.1371/journal.pone.0009490

Roalkvam, I., Jørgensen, S. L., Chen, Y., Stokke, R., Dahle, H., Hocking,

W. P., et al. (2011). New insight into stratification of anaerobic

methanotrophs in cold seep sediments. FEMS Microbiol. Ecol. 78, 233–243.

doi: 10.1111/j.1574-6941.2011.01153.x

Ruff, S. E., Biddle, J. F., Teske, A. P., Knittel, K., Boetius, A., Ramette, A. (2015).

Global dispersion and local diversification of the methane seep microbiome.

Proc. Natl. Acad. Sci. U.S.A. 112, 4015–4020. doi: 10.1073/pnas.1421865112

Rykiel, E. J. (1985). Towards a definition of ecological disturbance.Aust. J. Ecol. 10,

361–365. doi: 10.1111/j.1442-9993.1985.tb00897.x

Salter, S. J., Cox, M. J., Turek, E. M., Calus, S. T., Cookson, W. O.,

Moffatt, M. F., et al. (2014). Reagent and laboratory contamination can

critically impact sequence-based microbiome analyses. BMC Biol. 12:87.

doi: 10.1186/s12915-014-0087-z

Smith, D. C., Spivak, A. J., Fisk, M. R., Haveman, S. A., and Staudigel, H. (2000).

Tracer-based estimates of drilling-inducedmicrobial contamination of deep sea

crust. Geomicrobiol. J. 17, 207–219. doi: 10.1080/01490450050121170

Smith, T. B., Wayne, R. K., Girman, D. J., and Bruford, M. W. (1997). A role

for ecotones in generating rainforest biodiversity. Science 276, 1855–1857.

doi: 10.1126/science.276.5320.1855

Srivastava, D. S., and Lawton, J. H. (1998). Why more productive sites have more

species: an experimental test of theory using tree-hole communities. Am. Nat.

152, 510–529.

Supp, S. R., and Ernest, S. K. M. (2014). Species-level and community-level

responses to disturbance: a cross-community analysis. Ecology 95, 1717–1723.

doi: 10.1890/13-2250.1

Teske, A. P. (2006). Microbial communities of deep marine subsurface

sediments: molecular and cultivation surveys. Geomicrobiol. J. 23, 357–368.

doi: 10.1080/01490450600875613

Timmers, P. H. A., Gieteling, J., Widjaja-Greefkes, H. C. A., Plugge, C.

M., Stams, A. J. M., Lens, P. N. L., et al. (2015). Growth of anaerobic

methane-oxidizing archaea and sulfate reducing bacteria in a high-pressure

membrane capsule bioreactor. Appl. Environ. Microbiol. 81, 1286–1296.

doi: 10.1128/AEM.03255-14

Treude, T., Krause, S., Maltby, J., Dale, A. W., Coffin, R., and Hamdan, L. J.

(2014). Sulfate reduction and methane oxidation activity below the sulfate-

methane transition zone in Alaskan Beaufort Sea continental margin sediments:

implications for deep sulfur cycling. Geochim. Cosmochim. Acta 144, 217–237.

doi: 10.1016/j.gca.2014.08.018

Tyson, R. V. (2001). Sedimentation rate, dilution, preservation and total organic

carbon: someresults of a modelling study. Org. Geochem. 32, 333–339.

doi: 10.1016/S0146-6380(00)00161-3

Walsh, E. A., Kirkpatrick, J. B., Pockalny, R., Sauvage, J., Spivack, A. J., Murray,

R. W., et al. (2016). Relationship of bacterial richness to organic degradation

rate and sediment age in subseafloor sediment. Appl. Environ. Microbiol. 82,

4994–4999. doi: 10.1128/AEM.00809-16

Wang, P., Prell, W. L., and Blum, P. (2000). Proc. ODP, Init. Repts., 184. College

Station, TX: Ocean Drilling Program. doi: 10.2973/odp.proc.ir.184.2000

Wasmund, K., Cooper, M., Schreiber, L., Lloyd, K. G., Baker, B. J., Petersen, D. G.,

et al. (2016). Single-cell genome and group-specific dsrAB sequencing implicate

marine members of the class Dehalococcoidia (Phylum Chloroflexi) in Sulfur

Cycling.MBio 7, e00266-16. doi: 10.1128/mBio.00266-16

Wasmund, K., Schreiber, L., Lloyd, K. G., Petersen, D. G., Schramm, A.,

Stepanauskas, R., et al. (2014). Genome sequencing of a single cell of the widely

Frontiers in Microbiology | www.frontiersin.org 11 April 2018 | Volume 9 | Article 729

https://doi.org/10.2436/20.1501.01.269
https://doi.org/10.1146/annurev.micro.61.080706.093130
https://doi.org/10.1128/AEM.01043-13
https://doi.org/10.1016/j.gca.2011.01.020
https://doi.org/10.1111/j.1461-0248.2004.00608.x
https://doi.org/10.1007/s00248-014-0553-8
https://doi.org/10.1016/j.palaeo.2016.10.033
https://doi.org/10.1111/j.1462-2920.2011.02526.x
https://doi.org/10.1186/1471-2105-7-371
https://doi.org/10.1038/nrmicro1341
https://doi.org/10.1007/BF00033394
https://doi.org/10.1890/0012-9658(2002)083[1131:SCMISE]2.0.CO;2
https://doi.org/10.1016/bs.aambs.2016.04.001
https://doi.org/10.1038/nrmicro1892
https://doi.org/10.1111/1462-2920.13096
https://doi.org/10.1016/j.shpsc.2008.06.005
https://doi.org/10.1038/nature12230
https://doi.org/10.1029/2012GC004288
https://doi.org/10.4319/lom.2011.9.194
https://doi.org/10.1016/0022-5193(66)90013-0
https://doi.org/10.1038/ismej.2014.217
https://doi.org/10.1371/journal.pone.0009490
https://doi.org/10.1111/j.1574-6941.2011.01153.x
https://doi.org/10.1073/pnas.1421865112
https://doi.org/10.1111/j.1442-9993.1985.tb00897.x
https://doi.org/10.1186/s12915-014-0087-z
https://doi.org/10.1080/01490450050121170
https://doi.org/10.1126/science.276.5320.1855
https://doi.org/10.1890/13-2250.1
https://doi.org/10.1080/01490450600875613
https://doi.org/10.1128/AEM.03255-14
https://doi.org/10.1016/j.gca.2014.08.018
https://doi.org/10.1016/S0146-6380(00)00161-3
https://doi.org/10.1128/AEM.00809-16
https://doi.org/10.2973/odp.proc.ir.184.2000
https://doi.org/10.1128/mBio.00266-16
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Graw et al. Microbial Communities in the South China Sea

distributed marine subsurface Dehalococcoidia, phylum Chloroflexi. ISME J. 8,

383–397. doi: 10.1038/ismej.2013.143

Westrich, J. T., and Berner, R. A. (1984). The role of sedimentary organic matter in

bacterial sulfate reduction: the G model tested. Limnol. Oceanogr. 29, 236–249.

doi: 10.4319/lo.1984.29.2.0236

Whiticar, M. J., Faber, E., and Schoell, M. (1986). Biogenic methane

formation in marine and freshwater environments: CO2 reduction vs. acetate

fermentation—isotope evidence. Geochim. Cosmochim. Acta 50, 693–709.

doi: 10.1016/0016-7037(86)90346-7

Wu, J., and Loucks, O. L. (1995). From balance of nature to hierarchical

patch dynamics: a paradigm shift in ecology. Q. Rev. Biol. 70, 439–466.

doi: 10.1086/419172

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2018 Graw, D’Angelo, Borchers, Thurber, Johnson, Zhang, Liu

and Colwell. This is an open-access article distributed under the terms of

the Creative Commons Attribution License (CC BY). The use, distribution

or reproduction in other forums is permitted, provided the original author(s)

and the copyright owner are credited and that the original publication in

this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Microbiology | www.frontiersin.org 12 April 2018 | Volume 9 | Article 729

https://doi.org/10.1038/ismej.2013.143
https://doi.org/10.4319/lo.1984.29.2.0236
https://doi.org/10.1016/0016-7037(86)90346-7
https://doi.org/10.1086/419172
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

