




















Graw et al.

Microbial Communities in the South China Sea

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 the microbial community.
This was unexpected given that sediments in which both sulfate
and methane were present, the geochemical niche at which
these organisms are thought to thrive (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,
12 = 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 100 m over those timescales are highly
unlikely. Alternatively, AOM mediated 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). This may have impacted
the content of turbidites and calcareous oozes both prior to
deposition and during early diagenesis, resulting in divergent
processes affecting sediments of the same origin deposited during
different eras. In the case of ashes, alteration in the water column
under different oceanographic conditions may have also played
a role in reducing the physio-chemical homogeneity of ash
deposits.

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

Frontiers in Microbiology | www.frontiersin.org

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

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 r? = —0.11, p = 0.72; 313-C TOC r? = —0.05, p = 0.48;
methanogenic zone: TOC 1? = 0.30, p = 0.12; 8!3-C TOC r? =
—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 organic matter in marine sediments. Sedimentation
rate has previously been demonstrated to exert a primary control
on microbial biomass and its decay with depth in marine
sediments globally (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.
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