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In the Guaymas Basin, the presence at a few tens of kilometers of cold seeps and

hydrothermal vents coupled with comparable sedimentary settings and depths offer a

unique opportunity to assess and compare the microbial community composition of

these deep-sea ecosystems. The microbial diversity in sediments from three cold seep

and two hydrothermal vent assemblages were investigated using high-throughput 16S

rRNA-sequencing. Numerous bacterial and archaeal lineages were detected in both cold

seep and hydrothermal vent sediments. Various potential organic matter degraders (e.g.,

Chloroflexi, Atribacteria, MBG-D) and methane and sulfur cycling related microorganisms

(e.g., ANME and methanogenic lineages, sulfate-reducing lineages) were detected in

both ecosystems. This suggests that analogous metabolic processes such as organic

matter degradation and anaerobic methane oxidation coupled to sulfate reduction,

were probably occurring in these two contrasted ecosystems. These highlighted “core

microbiome” of the Guaymas Basin chemosynthetic ecosystems might therefore result

from the combined presence of up-rising fluid emissions and high sedimentary rates

of organic matter in the Basin. These results, coupled with the detailed ribotype

analysis of major archaeal lineages (ANME-1, ANME-2, and MBG-D), also suggest a

potential connectivity among deep-sea ecosystems of the Guaymas Basin likely due

to the sedimentary context and the absence of physical border. However, thermophilic

and hyperthermophilic lineages (e.g., Thermodesulfobacteria, Desulfurococcales, etc.)

were exclusively identified in hydrothermally impacted sediments highlighting the

strong influence of temperature gradients and other hydrothermally-related factors

such as thermogenic sulfate reduction and sulfide formation on microbial community

composition.
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INTRODUCTION

Deep-sea hydrothermal vents and cold seeps are characterized
by elevated microbial biomass and various faunal and microbial
assemblages (Van Dover et al., 2002; Jørgensen and Boetius,
2007). The complex food webs of these ecosystems are mainly
supported by microbial chemosynthetic primary production
based on percolating or emitting fluids (Van Dover et al.,
2002; Jørgensen and Boetius, 2007). Hydrothermal vents are
characterized by the presence of geothermally heated fluids
that spring through openings in the seafloor, especially along
active mid-ocean ridges (Van Dover et al., 2002). By contrast,
cold seeps are characterized by seafloor emissions of low-
temperature hydrocarbon-rich fluids along continental margins
(Sibuet and Olu, 1998). Diffusive and advective transports
of potential substrates in sediments establish a succession of
different redox zones allowing the presence of a large variety
of metabolisms (Jørgensen, 1977; Froelich et al., 1979; Engelen
and Cypionka, 2009; Orcutt et al., 2011). Indeed, chemosynthetic
microorganisms can use available electron donors (e.g., H2S,
H2, CH4, NH

+
4 ) and electron acceptors (e.g., O2, NO

−
3 , SO

2−
4 ),

provided by the fluid seepage and the seawater, as energy sources
to metabolize inorganic and organic carbon sources. Afterwards,
by- and end-products of these activities can be metabolized in
turn by secondary producers (Jørgensen and Boetius, 2007),
leading to the establishment of rich benthic communities at the
seafloor (Sibuet and Olu, 1998; Dubilier et al., 2008; Cambon-
Bonavita et al., 2009; Lloyd et al., 2010; Grünke et al., 2011;McKay
et al., 2012).

Biological assemblages exhibit a patchy distribution on
the seafloor of these chemosynthetic environments and are
mainly represented by symbiont-bearing invertebrates such
as Vesicomyidae clams, Mytilidae mussels, and Siboglinidae
tubeworms, but also by microbial mats usually formed by sulfur-
oxidizing filamentous bacteria (Tunnicliffe, 1991; Sibuet and Olu,
1998; Dubilier et al., 2008). This patchy distribution was found to
be correlated with the fluid composition and flow rate (Niemann
et al., 2006), reflecting distinct life requirements (required
substrates or sensibility toward toxic compounds present in the
fluids; Barry et al., 1997; Sibuet and Olu, 1998; Sahling et al., 2002;
Niemann et al., 2006; Lichtschlag et al., 2010; Pop Ristova et al.,
2012; Ruff et al., 2013).

Comparative studies of faunal and microbial community
structure between hydrothermal vent and cold seep ecosystems
demonstrated functional and phylogenetic similarities but also
numerous distinctive features (Sibuet and Olu, 1998; Tunnicliffe
et al., 1998; Bernardino et al., 2012; Portail et al., 2016). These
differences may arise from specific ecological niches related

to the nature of fluids. However, they may also be explained

by the existence of dispersal barriers between these usually

distant ecosystems (e.g., biogeographic barrier). The Guaymas
Basin in the Gulf of California (Mexico) has numerous unique
features. Indeed the Basin is characterized by the presence of
both active hydrothermal vents and hydrocarbon seeps in close
proximity and without biogeographic barriers, allowing testing
the influence of dispersal barriers on community compositions.
Furthermore, this Basin harbors similar sedimentary setting

(overlaid by 400–500m of sediments, Simoneit et al., 1990),
comparable water depths (ca 2,000m), and visually similar
surface biological assemblages (Simoneit et al., 1990; Otero et al.,
2003; Vigneron et al., 2013) in both hydrothermal and cold
seep areas. Therefore, the Guaymas Basin represents a unique
opportunity to directly compare hydrothermal vent and cold
seep ecosystems. Previous investigations on the sedimentary
microbial community compositions of the Guaymas Basin, from
either but not both of these ecosystems, suggested that analogous
microbial processes might occur, despite contrasted temperatures
(Teske et al., 2002; Dhillon et al., 2003; McKay et al., 2012;
Vigneron et al., 2013; Cruaud et al., 2015; Lever and Teske, 2015).
However, these results remain hardly comparable since different
methodologies were used.

Therefore, the aim of this study is to compare Guaymas
Basin cold seep and hydrothermal vent sedimentary ecosystems
functioning, through the analysis of the microbial community
composition. Diversity and spatial distribution of microbial
communities were investigated to determine to what extent the
microbial communities inhabiting seep and vent sediments are
comparable in the unique context of the Guaymas Basin. In this
light, we focused our work on the identification of the main
drivers explaining the highlighted singularities and/or similarities
between these two nearby ecosystems.

To answer these questions, sediment cores from three
cold seep sites (Vasconcelos BIG13, Ayala BIG14, and
Vasconcelos BIG18 sites) and two hydrothermal vent sites
(Morelos and MegaMat sites) in the Guaymas Basin, which
exhibited comparable surface assemblages (vesicomyid clams
or microbial mat, Figure 1) were investigated. At each site,
diversity and distribution of microbial communities from the
seawater/sediment interface down to 12 cmbsf, were explored
using 454-pyrosequencing coupled with geochemical analyses.
For a more accurate comparison, all the samples were collected
during the same oceanographic cruise and analyzed in identical
conditions, by the same experimenters and with the same
methodological approach.

EXPERIMENTAL PROCEDURES

Sampling Sites and Methods
Five contrasted sediment areas of the Guaymas Basin were
explored in this study. Three cold seep sites located at the Sonora
Margin and two hydrothermal vent sites located at the Southern
Trough were investigated. Sediment samples were collected using
20-cm long push cores operated by the manned submersible
Nautile during the “BIG” cruise (June 2010). Sampling sites were
selected according to visual observations of the seafloor and
methane plumes in the water column.

Two cold seep sites (Ayala and Vasconcelos BIG13) and
one hydrothermal vent site (Morelos) were colonized by
chemosynthetic vesicomyid bivalves (Figure 1, Table S1). The
Ayala site, located at 1,560m water depth, was covered by
abundant and scattered vesicomyid aggregates distributed on an
estimated area within a 10-m radius. The Vasconcelos BIG13 site,
located 1 km away from the Ayala site and at 1,570m water
depth, was characterized by vesicomyid populations surrounding
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FIGURE 1 | Bathymetric map of the Sonora Margin (cold seep area) and Southern Trough (hydrothermal vent area) in the Guaymas Basin. Localization and pictures of

the sampling sites.

a large and thin microbial mat. Finally, the Morelos site, located
at 2,007m water depth in the hydrothermal field, was colonized
by vesicomyid populations surrounding a large area of sediments
covered by a thin white layer, probably corresponding to a
microbial mat.

Two sites hosted thick microbial mats at the sediment
surface: the Vasconcelos BIG18 cold seep site and the MegaMat
hydrothermal vent site (Figure 1, Table S1). The Vasconcelos
BIG18 site, located 30m away from the vesicomyid Vasconcelos
BIG13 site, was colonized by a thick white Beggiatoa-like mat
(calledWM14 in Vigneron et al., 2013), whereas sediment surface
at theMegaMat site, located about 240m south from theMorelos
vesicomyid site, was covered with white and yellow microbial
mats near a hydrothermal mound overgrown by Riftia bushes.

At each location, sediment push cores were collected for
microbiological and geochemical analyses. At each cold seep site,
one core (10 or 12 cm length) was collected for microbiological
analyses (Table S1) whereas two cores of 12 cm length were
collected for microbiological analyses at the vent sites. AtMorelos
vesicomyid site, CT2 core was collected in a vesicomyid area close

to a microbial mat whereas CT8 core was collected ∼1m away
in the same vesicomyid area. At MegaMat site, sediment core
CT3 was collected in sediments covered by a white microbial mat
whereas GCT1 sediment core was collected in sediments covered
by a yellow microbial mat (Table S1). Porewater analyses were
performed as described in Vigneron et al. (2013). Temperature
measurements were performed in situ using an independent
thermal lance T-Rov (NKE Electronics, France) for cold seep
habitats or using the temperature sensor of the submersible for
hydrothermal vent sediments.

After recovering on board, sediment cores were immediately
transferred in cold room (∼8◦C) for sub-sampling. Sediment
cores were cut into 2-cm thick layers and then frozen at −80◦C
for further nucleic acid extractions.

DNA Extraction
In order to increase the diversity of extracted lineages, total
nucleic acids were extracted with two different methods for
each sample: 4 × 0.6 g of frozen sediments were extracted
using FastDNA R© SPIN Kit for Soil (Bio101 Systems, MP
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BiomedicalsTM) with some modifications (Webster et al., 2003;
Roussel et al., 2009) and 3 × 2.5 g of frozen sediments
were extracted using a modified method described in Zhou
et al. (1996) and detailed in Cruaud et al. (2014). Replicate
of crude DNA extracts were then pooled together whatever
the extraction method used and purified using the Wizard
DNA clean-up kit (Promega, Madison, WI) according to the
manufacturer instructions. Purified DNA extracts were stored at
−20◦C.

PCR Amplifications and Pyrosequencing
The 16S rRNA genes were amplified by PCR using archaeal
and bacterial targeted primers. Bacterial 16S rRNA genes were
amplified using SSU536F (Dufresne et al., 1996) and 907R (Yu
andMorrison, 2004) primers, targeting the V4–V5 hypervariable
regions whereas the V1–V2–V3 hypervariable regions of the
archaeal 16S rRNA genes were amplified with 27F (Fish et al.,
2002) and Arc518R (Sørensen and Teske, 2006) primers (Table
S2). The primers were fused to 5- to 10-nucleotide key tags
and to the 454 GS-FLX sequencing adaptor using the Lib-A
chemistry. To allow multiplex sequencing of the 22 different
samples (five sampling locations with the different sediment
sections), fusion primers were designed to minimize secondary
structures and following Roche recommendations (Table S3).
The 16S rRNA genes amplifications were performed under the
following conditions: 10min at 95◦C for denaturation, then 30
cycles for Bacteria or 35 cycles for Archaea with 30 s at 95◦C,
45 s at 58◦C, and 45 s at 72◦C followed by a final elongation
step of 6min at 72◦C. PCR amplifications were performed in
triplicate using Brilliant III Ultra-Fast SYBR R© Green QPCR
Master Mix (Agilent Technologies, Palo Alto, CA), 0.5µM of
each primer (Eurofins MWGOperon, Ebersberg, Germany), and
1 µL of purified DNA template. The final volume was adjusted
to 25 µL with sterile water. Absence of contaminations was
checked by negative controls. PCR products were pooled and
purified on TAE agarose gel (1.2%) using PCR clean-up Gel
extraction Nucleospin R© Gel and PCR clean-up kit (Macherey-
Nagel, Düren, Germany).

Microfluidic digital PCR (Fluidigm Corporation, San
Francisco, CA) was used to quantify nucleic acids in purified
amplicons. Amplicon products obtained for each PCR replicate
were mixed equimolarly (108 molecules per microliter of
each amplicon). Emulsion PCR and sequencing were then
performed on a 454 Life Sciences Genome Sequencer GS-FLX
(PicoTiterPlate divided in four regions; Roche Diagnostics,
Indianapolis, IN). Quantification, emulsion PCR and
sequencing were performed by the Biogenouest platform
(Rennes, France).

Pyrosequencing Data Analyses
To minimize the effect of random sequencing errors (Huse
et al., 2007; Kunin et al., 2010), pyrosequencing reads analyses
and filtering were performed from the sff file using the
Mothur pipeline (Schloss et al., 2009). Sequences (i) shorter
than 200 bp, (ii) containing homopolymers longer than 8
bp, (iii) that aligned to the incorrect region within the 16S
rRNA gene (Silva release 119, www.arb-silva.de), (iv) identified

as chimeras using Uchime algorithm (Edgar et al., 2011;
Schloss et al., 2011), and (v) affiliated to Archaea when
Bacteria was targeted and inversely were removed from the
dataset.

Using the tag combinations, sequences were assigned to
their respective sample. Sequences were pre-clustered using
the Mothur pipeline, as recommended to reduce potential
pyrosequencing errors (Schloss et al., 2009). Then samples
were normalized and all the following analyzes were performed
on the same number of sequences per sample for the
bacterial (1,096 sequences) and the archaeal (1,413 sequences)
regions.

Taxonomic assignments of the reads were performed as
previously described in detail in Cruaud et al. (2015) using
the Mothur version of the Bayesian classifier (Schloss et al.,
2009) on both SILVA database (release 119, 464,618 sequences
of Bacteria and 18,797 sequences of Archaea, www.arb-silva.de)
and an in-house database composed of deep-seamarine sediment
sequences from reference publications updated and completed
for this study using the SILVA database release 119, as described
in Cruaud et al. (2015) (2,860 bacterial and 978 archaeal
sequences, Table S4).

Statistical analyses were performed using the software
environment R (v. 3.4.0) with the RStudio toolkit (v. 1.0.143).
Venn diagrams were constructed using assigned sequences
independently at the genus and phylum levels using the
VennDiagram package (Chen and Boutros, 2011). Non-metric
multidimensional scaling (NMDS) (Kruskal, 1964) based on
the Bray-Curtis dissimilarity measure (Bray and Curtis, 1957)
and Redundancy Analysis (RDA) were carried out using the
Vegan package (Oksanen et al., 2007). RDA were performed
using relative abundances of taxa at the taxonomical level 6
(genus level) transformed with the Hellinger transformation and
standardized environmental data at zero mean and unit variance
(z-scores). To select the significant explanatory variables, we
performed a forward selection using the ordiR2step function of
the Vegan package using adjusted R2 as the stopping criterion
and 1,000 as the number of permutation in one step. Analyses
of similarity (ANOSIM) based on Bray-Curtis dissimilarity
measure were used to determine significant differences between
sampling locations using the Vegan package. SIMPER (Similarity
Percentages) analyses were used to determine the contribution of
each microbial groups to the Bray-Curtis dissimilarity (Clarke,
1993) using the Vegan package. Ribotype (representing 16S
rRNA sequences being identical at 99.6% similarity) distribution
within ANME-1, ANME-2, andMBG-D lineages were illustrated
by network analyses of the 16S rRNA gene sequences using
the ape and pegas packages (Paradis et al., 2004; Paradis,
2010).

Sequences have been assigned to a same taxonomical level
(phylum or genus) within an analysis. The sequences that could
not be assigned to the taxonomical level used were affiliated to
“Unclassified” followed by the lowest identified taxonomical level
(e.g., Unclassified Desulfobacteraceae).

The raw sequencing data have been submitted to the NCBI
database under BioProject accession numbers PRJNA278499 and
PRJNA394915.
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RESULTS

Geochemical Characterization
Although methane concentrations might have been
underestimated due to outgassing during core retrieval, methane
was detected in all sediment samples (Figure 2). Highest methane
concentrations were measured throughout the sediment cores
of the microbial mat habitats, with up to 1mM (min: 0.2mM,
max: 1mM, Average: 0.7mM) at Vasconcelos BIG18 cold seep
site and up to 0.9mM (min: 0.01mM, max: 0.9mM, average:
0.3mM) at the MegaMat vent site (Figures 2D,E). Methane
concentrations were lower in vesicomyid cold seep habitats with
0.013mM and 0.003mM at the Ayala and Vasconcelos BIG13
sites, respectively (Figures 2A,B), whereas up to 0.18mM of
methane were detected at 15 cmbsf in sediment core of Morelos
vesicomyid vent site.

Hydrogen sulfide porewater concentrations were higher in
sediments underlying cold seep microbial mats, increasing with
depth and reaching up to 40mM at the deepest layers of
the Vasconcelos BIG18 seep site (Figure 2D). By contrast, a
peak of hydrogen sulfide concentration was detected between
4 and 10 cmbsf in MegaMatvent site with up to 9.0mM
(Figure 2E). Peak of hydrogen sulfide was also detected at
15 cmbsf of Morelos vesicomyid vent site with concentration
up to 9.9mM (Figure 2C). Sulfide porewater concentrations
were below the technical detection limit [10µM] in cold seep
sediments colonized by vesicomyids (Ayala and Vasconcelos
BIG13, Figures 2A,B).

Dissolved sulfate concentrations in porewater mirrored the
hydrogen sulfide concentrations. In Vasconcelos BIG18microbial
mat seep site, porewater sulfate concentrations decreased with
depth from 26mM in surface layer down to 5mM at 15 cmbsf
(Figure 2D). At the MegaMat vent sites, inverted peak of sulfate

concentration was detected between 4 and 10 cmbsf with sulfate
concentration down to 15mM (Figure 2E). Sulfate depletion
was also measured at 11 cmbsf for the Morelos vesicomyid vent
sites with sulfate concentration down to 21.9mM (Figure 2C).
Sulfate concentrations at vesicomyid cold seep habitats remained
constant with 28mM throughout the sediment core (Ayala and
Vasconcelos BIG13, Figures 2A,B).

In situ temperature measurements at the cold seep sites
(Vasconcelos BIG18, Ayala and Vasconcelos BIG13) indicated
a constant temperature around 3◦C throughout the forty-first
centimeters of sediments. By contrast in the hydrothermal
vent area the temperature increased with depth. In Morelos
vesicomyid vent sediments, temperature increased from 3.2◦C at
5 cmbsf to 15.6◦C at 55 cmbsf whereas the temperature strongly
increased in MegaMat microbial mat vent sediments, reaching
55◦C at 10 cmbsf, 92.5◦C at 20 cmbsf, and up to 120.5◦C at 50
cmsbf below the white microbial mat and 113◦C at 10 cmbsf
and up to 123◦C at 50 cmbsf in sediment underlying the yellow
microbial mat (Figure S1).

All sediment cores had a limited oxygen depth penetration
ranging from 0.2 to 0.55 cmbsf.

Bacterial Community Composition
After sequence quality filtering, a total of 37,261 partial 16S
rRNA gene sequences were used for the bacterial community
composition analysis. Taxonomic affiliation of the sequences
highlighted different bacterial community structures according
to sampling sites (Figure 4 and Table S6).

Shared and unique bacterial phyla and genera were identified
in the different habitats (Figure 3). A high proportion of
bacterial phyla (68.8%) and genera (33.5%) was identified in
all habitats [e.g., Chloroflexi, SEEP-SRB1, Candidate divisions

FIGURE 2 | Geochemical profiles in sediments of the Guaymas Basin. Dissolved methane (cross), dissolved sulfate (full and empty diamond), and dissolved sulfide

(full and empty circle) concentrations in porewater sediments. White areas correspond to depth of sediment cores used for microbial community analysis. Sediment

cores were from vesicomyid habitats: (A) Ayala—cold seeps, (B) Vasconcelos BIG13—cold seeps, (C) Morelos—hydrothermal vent, and from microbial mat habitats:

(D) Vasconcelos BIG18—cold seeps and (E) MegaMat M27—hydrothermal vent.
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FIGURE 3 | Venn diagrams representing the proportion of shared bacterial and archaeal taxa at phylum and genus levels, across all investigated habitats. Numbers in

brackets correspond to the number of different lineages. Taxa indicated in black were selected as representative taxa of seep and vent sediment microbial

communities.

JS1 (Atribacteria), OP3 (Omnitrophica), OP8 (Aminicenantes),
MSBL8]. Around 80% of the detected phyla and 63.5% of the
detected genera were shared between at least one seep site and
one vent site. The large majority (up to 98% of the detected phyla
and 92.5% of the detected genera) of bacterial lineages identified
in cold seep sites were also detected in vent sites. By contrast,
7 phyla (16%; e.g., GBG/HotSeep-1) and 56 genera [28%; e.g.,
candidate div. OD1 (Parcubacteria)] were specific to vent sites
and 3 phyla (Thermodesulfobacteria, Thermotoga, and candidate
div. KB1) and 40 genera (e.g., Caldimicrobium) were only
detected in hydrothermal vent microbial mat sediments. At the
deepest sections (8–12 cmbsf) of the yellow mat, hydrothermal
sediment core (MegaMat-GCT1, in situ temperature 110◦C),
sequences affiliated to betaprotebacterial lineages were identified.
However, these lineages have been reported to be potential

contaminants from DNA extraction kits and other laboratory
reagents (Salter et al., 2014). Therefore, these betaproteobacterial
lineages are likely to be contaminants, sequenced due to the
potential low biomass present in these deep sections of the
sediments with extremely high temperature (no amplifiable DNA
in similar samples in McKay et al., 2016).

Whatever the surface assemblage (vesicomyid or microbial
mat), detected bacterial communities were significantly different
between cold seep sediments and hydrothermal vent sediments
(ANOSIM statistic R 0.777 and 0.421, p = 0.001 and 0.004 for
vesicomyid and for microbial mat habitats, respectively). RDA
analyses highlighted strong correlations between the bacterial
community composition and temperature and dissolved
sulfide porewater concentrations in the samples (p = 0.002
and 0.02, respectively, Figure 5). The difference between the
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FIGURE 4 | Relative abundance of bacterial and archaeal taxa (16S rRNA gene sequences affiliated to taxonomical level 6) detected in vesicomyid and microbial mat

habitats, both for cold seep and hydrothermal vent areas. Bacterial and archaeal groups represented <1% of the sequenced reads were clustered in “Other.”

bacterial community of hydrothermal vent and cold seep
mat sediments was mainly due to the relative proportion of
Thermodesulfobacteria (Caldimicrobium relatives) (explaining
14.1% of the dissimilarity; SIMPER) and GBG/HotSeep-
1 (8.6% of the dissimilarity), both exclusively detected in
hydrothermal vent sediments. The relative proportion of
Sulfurovum relatives (Epsilonproteobacteria) (5.5% of the
dissimilarity) and unclassified Desulfobacteraceae (4.6% of the

dissimilarity), mainly identified in cold seeps, also contributed
to the difference between hydrothermal vent and cold seep
microbial mat communities. In sediments colonized by
vesicomyids, various gammaproteobacterial groups frequently
identified in cold seep sediments (MHGSII, JTB255 marine
benthic group, BD7–8 and unclassified Gammaproteobacteria),
were the main lineages responsible for the difference of bacterial
community composition observed between vent and seep sites
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FIGURE 5 | Visualization of the results of the redundancy analysis (RDA) on triplots identifying the relationships between the bacterial and archaeal taxonomical

composition of the sedimentary microbial communities detected at each site and environmental geochemical parameters as explanatory variables. Diamond-shaped

dots correspond to microbial community for each sampling site (dark red: MegaMat microbial mat vent site, yellow: Morelos vesicomyid vent sites, blue: Vasconcelos

BIG18 microbial mat cold seep sites, light blue: Ayala and Vasconcelos BIG13 vesicomyid cold seep sites). Black dotted vectors correspond to the explanatory

variables (temperature and sulfate, sulfide, methane porewater concentrations). Round-shaped dots correspond to bacterial and archaeal taxa (16S rRNA gene

sequences affiliated to taxonomical level 6). Emblematic taxa of seep and vent sediments discussed in the text are highlighted in colored dots (dots color coded as in

Figure 4). The environmental variables explained 57.4 and 62.9% of the variance in archaeal and bacterial community composition, respectively, and the RDA models

were significant (p = 0.001).

(30.7% contribution of the dissimilarity) (Figures 4,5, Figure S2,
and Table S6).

In both hydrothermal and cold seep environments,
bacterial community composition was significantly different
between sediments colonized by vesicomyid assemblages
and sediments underlying microbial mats (Figures 4, 5

and Figure S2) (ANOSIM statistic R 0.529, p = 0.001).
SIMPER analyses highlighted that Thermodesulfobacteria
(Caldimicrobiumrelatives) (13.6% contribution) and
GBG/HotSeep-1 (Guaymas Basin Group) (9.5% contribution),
predominantly identified in sediments underlying microbial
mats, were the main lineages responsible for the differences
between vesicomyid and microbial mat habitats in
hydrothermal area (Figures 4, 5 and Figure S2). By contrast,
gammaproteobacterial lineages (21% contribution), mainly
detected in sediments colonized by vesicomyids, and
Desulfobacteraceae (6.7% contribution) and Sulfurovum relatives
(9.2% contribution), mainly detected in sediments underlying
microbial mats, were the major lineages responsible for the
difference between vesicomyid and microbial mat habitats in
cold seep area (Figure 4, Figure S2, and Table S6).

Archaeal Community Composition
After sequence quality filtering, a total of 48 042 partial 16S rRNA
gene archaeal sequences were analyzed to explore the archaeal
community composition (Figure 4 and Table S5).

A high proportion of taxa were shared among sites, while
unique taxa were detected primarily in hydrothermally active
sites (Figure 3). Up to 50% of phyla and 27% of genera were
shared between all sites; e.g., ANME-1, MBG-D, MBG-B,
MCG (Bathyarchaea). Most of the taxa were found both in
cold seep and hydrothermal vent sediments (78% of the taxa
and 57% of the genera were shared between at least two
different habitats). All the detected phyla and 94% of the
detected genera in seep sites have also been detected in vent
sites. By contrast, 3 phyla (21.4%; Korarchaeota, Aigarchaeota,
and Crenarchaeota) and 19 genera (37%; e.g., ANME-1
Guaymas, Methanopyrales, Thermoproteales) were specific
to vent sites and 1 phylum (Korarchaeota) and 8 genera (e.g.,
Thermoproteales,Archaeoglobales,Methermicoccaceae) were only
detected in hydrothermal microbial mat site (Figure 3). Various
potential methanogenic lineages (Unclassified Methanocellales,
unclassified Methanomicrobiales, Methermicoccaceae,
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FIGURE 6 | Network representing ribotype (16SrRNA sequences being identical at 99.6% similarity) distribution among the ANME-1 (A), ANME-2 (B), and MBG-D

(C) lineages according to the sampling sites. Each circle represents a ribotype and diameter of the circles represents the number of sequences included in each

ribotype (keys to the node size represent the highest number, the lowest number and an intermediate value, for each of the three lineages). Color of the circles

illustrates the proportion of the sequences detected in each sampling site (blue and light blue: microbial mat and vesicomyid cold seep sites, red and light red:

microbial mat and vesicomyid hydrothermal vent sites). Singletons were removed for this analyses to make the graphs more readable. The three lineages represented

were selected as representative taxa of chemosynthetic ecosystems detected in hydrothermal vent sites as well as cold seep sites in our study.

Methanosaetaceae, Methanopyraceae) were detected in small
proportions in all sampled habitats (Figure 3 and Table S5).

Statistical analysis of community composition highlighted
distinct archaeal community compositions between the different
habitats (Figures 4 and Figure S2). RDA analyses indicated
that temperature and dissolved sulfide porewater concentration
were the main environmental parameters shaping the archaeal
community composition in the samples (p= 0.002, Figure 5).

In both vesicomyid and microbial mat habitats, archaeal
community compositions were significantly different between
cold seep and hydrothermal vent habitats (ANOSIM statistic R
0.779 and 0.616, p = 0.001 for vesicomyid and for microbial mat
habitats, respectively). In sediments associated with microbial
mat habitat, ANME-2 (16.1% contribution) and DHVE-8 (9.5%
contribution), mainly identified under the cold seep mats,
and Thermoprotei (10.2% contribution) and ANME-1 Guaymas
(9.7% contribution), mainly detected under hydrothermal vent
mats (Figures 4 and Figure S2), were the major lineages
responsible for the difference between hydrothermal vent and
cold seep mats. In sediments colonized by vesicomyid, MBG-
D (31% contribution), detected as predominant (up to 58%)
Archaea in cold seep sediments, and MG-I (31.7% contribution),
detected as predominant (up to 53%) in hydrothermal sediments,
were the major lineages responsible for the difference between
hydrothermal vent and cold seep vesicomyid habitats (Figure 4,
Figure S2, and Table S5).

Archaeal communities observed in sediments colonized by
vesicomyid assemblages were also significantly different from
those detected in sediment underlyingmicrobial mats (Figure S2)
(ANOSIM statistic R 0.55, p= 0.001). SIMPER analyses indicated
that relative proportion of MBG-D (15.8% contribution) and
MG-I (14.5% contribution), largely represented in vesicomyid
habitats (respectively, up to 58 and 53% of the sequences
in vesicomyid sediment push cores, Figure 4, Figure S2,
and Table S5) as well as Thermoprotei (8.3% contribution),
ANME-1 Guaymas (7.8% contribution), and ANME-2 (5.2%),
predominant in sulfide-rich microbial mat habitats (up to 54,
82, and 53%, respectively), were mainly responsible for the
differences between the vesicomyid and microbial mat habitats
(Figure 4, Figure S2, and Table S5).

As major archaeal lineages responsible for the difference
between sites, ANME-1, ANME-2 and MBG-D lineages were
selected for detailed ribotype analyses. A ribotype represented
several 16S rRNA sequences being identical at 99.6% along
the sequenced DNA fragment (sequences that are within 2 bp
of a more abundant sequence have been merged to reduce
sequencing errors). Network constructions revealed distinct
identity, composition and diversification patterns depending on
the analyzed lineage and the sampling sites (Figure 6). The
network analysis performed on the ANME-1 related sequences
showed a site-dependent distribution with a clear dichotomy
between hydrothermal and cold seep sediments (Figure 6A).
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Analysis of ANME-2 16S rRNA gene sequences indicated
a different pattern with a larger ribotype diversity and no
clear dichotomy between hydrothermal and cold seep habitats
(Figure 6B). Likewise, network analyses performed on the MBG-
D sequences exhibited a high ribotype diversity without clear
dichotomy between vent and seep sediments (Figure 6C). Up to
16% of the MBG-D ribotypes, representing 70% of the MBG-D
16S rRNA gene sequences, were detected in both cold seep and
hydrothermally-influenced sediments.

DISCUSSION

The Guaymas Basin is a unique environment which harbors not
only hydrothermal chimneys, mounds (Callac et al., 2015) and
hydrothermally impacted sediments (i.e., sediments percolated
by hydrothermal fluid) (Teske et al., 2002) but also cold seep
sediments (Vigneron et al., 2013; Cruaud et al., 2015), within
few kilometers. In this study, area of hydrothermally impacted
sediments and cold seep sediments were investigated to compare
the microbial community compositions and potential functions
present in these contrasted ecosystems in absence of physical
borders and in a similar geochemical context characterized by the
accumulation of organic-rich sediments.

Sedimentary Context Leads to Similar
Microbial Communities
Comparable features were observed between hydrothermal
and cold seep sediments. First, analogous surface assemblages
were observed on the seafloor with either microbial mats
or vesicomyids assemblages (Figure 1, Table S1). Then,
similar geochemical features were measured in the sediments.
Indeed, presence of sulfate to methane transition zones
and high hydrogen sulfide concentrations were detected
in sediments underlying microbial mats. Moreover, low
methane concentration increasing with depth and steady
sulfate concentrations were detected in sediments colonized by
vesicomyids (Figure 2). Additionally, comparable temperature
conditions were also detected at the seawater/sediment interface
(Figure S1). These common features are likely due to the unusual
sedimentary context of the Basin.

Bacterial and archaeal 16S rRNA gene pyrosequencing
analyses revealed that a large proportion of the microbial taxa
(69% of bacterial phylum, 50% of archaeal phyla and about 30%
of bacterial and archaeal genera) was shared between all the sites
(Figure 3), constituting the “core microbiome” of the Guaymas
Basin chemosynthetic areas. This “core microbiome” was mainly
represented by Thermoplasmatales relatives (e.g., MBG-D),
previously detected in marine sediments and deep biosphere
(Ruff et al., 2015), Miscellaneous Crenarchaeotic Group (MCG,
Bathyarchaeota), which are widespread in marine environments
(Kubo et al., 2012), Chloroflexi and candidate division JS-1
(Atribacteria), also frequently detected in hydrocarbon-rich and
subsurface marine sediments (Blazejak and Schippers, 2010), and
ANME and SEEP-SRB lineages, frequently detected in methane-
rich sediments (Ruff et al., 2015) (Figures 3, 4, and Tables
S5, S6). These lineages also align with the concept of “seep

microbiome” identified in Ruff et al. (2015) that gather microbial
lineages systematically identified in seep sediments. Moreover, up
to 92% of the bacterial and archaeal lineages detected in cold
seep sediments were also identified in hydrothermally altered
sediments (Figure 3). Consistently, nearly similar ribotypes
of ANME-2 and MBG-D lineages were detected between
hydrothermal and cold seep sites (Figures 6B,C). This supports
a potential continuity within these ecosystems and the possible
occurrence of contemporary exchanges among neighboring seeps
and vents within the Basin potentially through the hydrosphere
dispersion of microorganisms, as previously suggested (Hoshino
et al., 2017). However, these common lineages and ribotypes
were mainly detected at the surface sediment layers of the
hydrothermal sediments (0–2 cmbsf, Figure 4). This suggests
that the presence of a comparable shallow microbial community
in both cold seep and hydrothermal sediments was likely allowed
by the seawater cooling of the hydrothermal sediments (<20◦C
at 5 cmbsf; Figure S1).

Although predicting functional profiles from 16S rRNA data
and related known lineages can be misleading, some potential
metabolic capacities can be hypothesized from the community
composition identified in the sediments.

Candidate divisions JS-1 (Atribacteria), OP3 (Omnitrophica),
and OP8 (Aminicentantes), Chloroflexi and MBG-D lineages
were detected in all investigated habitats. Based on genome-
centric metagenomic, members of these taxa have been
proposed as potential degraders of organic matters in marine
sediments, degrading aromatic compounds (Wasmund et al.,
2016), scavenging dead cells (Lloyd et al., 2013; Robbins et al.,
2016; Lazar et al., 2017) or fermenting various carbohydrates
(Nobu et al., 2016). These heterotrophic microbial communities
identified in both cold seep and hydrothermal sediments
might be supported by the high sedimentary rates and the
important microbial andmeiofaunal biomass (Portail et al., 2015)
likely generating the important organic carbon concentrations
measured in the Guaymas Basin seafloor (Lin et al., 2017). Thus,
these potential organic matter degraders might represent an
important proportion of the “core microbiome” of the Guaymas
Basin chemosynthetic areas.

ANME lineages were also detected in all investigated
habitats (Figures 3, 4, and Tables S5, S6). These lineages
have been previously associated with anaerobic oxidation of
methane (AOM) process, forming large consortia with sulfate
reducing SEEP-SRB1 and -SRB2 lineages (Kleindienst et al.,
2012; Vigneron et al., 2014), or GBG/HotSeep-1 lineage for
ANME-1 Guaymas (Holler et al., 2011). Consistently, these
sulfate-reducing lineages were also detected in large proportion
in the sediment samples (Figures 4, Figure S2, and Table
S5). Occurrence of AOM associated with sulfate reduction
in hydrothermally affected and cold seep sediments is also
supported by the geochemical measurements of the porewater
that highlighted a sulfate to methane transition zone in both
ecosystems (Figure 2), suggesting concomitant sulfate reduction
and methane oxidation processes. These results are consistent
with previous molecular data and in vitro incubation studies
(Holler et al., 2011) as well as FISH observations of Guaymas
Basin sediment samples (Kleindienst et al., 2012; Vigneron et al.,

Frontiers in Marine Science | www.frontiersin.org 10 December 2017 | Volume 4 | Article 417

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles


Cruaud et al. Microbial Communities of the Guaymas Basin

2014) and support that AOM coupled to sulfate reduction can
be an important process in both hydrothermal and cold seep
sediments of the Guaymas Basin (Holler et al., 2011; Vigneron
et al., 2013). Noteworthily, ANME community composition in
the hydrothermal sediments changed with depth and therefore
with temperature. At surface sediments, hydrothermal vent
ANME community was comparable to the ANME community
identified in cold seep sediments with ANME-2 and ANME-1
Archaea groups (Figures 4, Figure S2, and Table S5). However,
with increasing sediments depth and temperature, ANME-1
Guaymas lineage became prevalent in hydrothermal vent sites
(Figure 4, Figure S2, and Table S5), as previously observed
(Holler et al., 2011; Biddle et al., 2012; Kellermann et al.,
2012). This result aligns with previous activity measurements
and cultivation efforts of ANME-1 Guaymas lineage that
demonstrated an active anaerobic methane oxidation at higher
temperature than any other ANME lineages and suggested an
adaptation to extreme temperatures (Wegener et al., 2015).

Numerous potential sulfate reducers such as the SEEP-
SRB3 and four lineages and Desulfatiglans relatives were also
identified in the sediments (Figure 4, Figure S2, and Table
S6), as previously observed by microscopy (Kleindienst et al.,
2012) and sulfate reducing genes surveys (Dhillon et al., 2003).
These microorganisms have been previously suspected to be
associated with hydrocarbons (methane and/or short chain
alkanes) oxidation (Kleindienst et al., 2012), suggesting that
despite different origins and probably compositions (Portail
et al., 2016), hydrocarbons of the seepages might sustain similar
microbial functions in these two ecosystems.

Potential methanogenic related lineages were detected in all
sampled habitats (Figure 3 and Table S5), which is consistent
with previous functional gene survey (Dhillon et al., 2005) and
enrichment cultures (Vigneron et al., 2015). However, taxonomic
affiliation of the sequences suggests a strong site specificity
of these potential methanogenic lineages with various taxa
detected only in a single habitat (Figure 3 and Table S5). This
indicates that, despite the specificity of each habitat that probably
leaded to the selection of different lineages (e.g., temperature,
composition of the fluid, presence of macrofauna, different
level of competition with sulfate-reducers, etc.), potential
methanogenic populations occur in shallow sediments and are
likely to contribute to the methane production in the seafloor
(Vigneron et al., 2015).

Together, these results suggest that a common “core
microbiome” occurs in the seepage-influenced sediments and
that major microbial functions associated with organic matter
recycling, hydrocarbon degradation as well asmethane and sulfur
cycles are potentially sustained in both hydrothermally impacted
and cold seep sediments. These processes probably generate the
high concentrations of hydrogen sulfide measured in porewaters,
and might fuel the surface assemblages such as mat-forming
sulfur-oxidizing giant bacteria (Lloyd et al., 2010; Grünke et al.,
2011; McKay et al., 2012) or the sulfur-oxidizing symbionts of the
invertebrates living at the sediment surface (Sibuet andOlu, 1998;
Dubilier et al., 2008; Cambon-Bonavita et al., 2009), resulting in
visually similar landscape on the seafloor.

Hydrothermal Influence Leads to
Contrasted Microbial Community
Despite these similarities, hydrothermally influenced sediments
harbored numerous endemic lineages (seven bacterial and
three archaeal phyla—Figure 3) with members of the ANME-1
Guaymas, Thermoprotei, Archaeoglobales, Thermotogales,
GBG/HotSeep-1 and Thermodesulfobacteraceae, previously
detected in hydrothermal chimneys (Callac et al., 2015)
and sediments of the Guaymas Basin (Teske et al., 2002).
Supporting the positive correlation between these lineages
and the temperatures measured in the sediments (Figure 5
and Figure S1), cultivated representatives of these lineages
are thermophiles, growing at temperatures from 50 to 90◦C
(Amend and Shock, 2001). A higher level of endemism was
detected in the deepest microbial mat sediment layers where
the highest in situ temperatures were measured, as previously
reported (Mackay et al., 2011). Furthermore, analysis of
ANME-1 sequences revealed specific ribotypes associated with
hydrothermal sediments, suggesting a distinct evolutionary
history. Since these ANME-1 sequences were detected in
the higher temperature sediments of the microbial mat
vent site (Figure 4, Figure S1, and Table S5), the detection
of these hydrothermal ANME-1 lineages probably reflect
the selective pressure exerted by the high temperatures
measured in vent sediments rather than an absence of
continuity between cold seep and vent areas. Altogether,
this indicates that presence of endemic lineages in hydrothermal
vent sediments is likely correlated with high temperatures
(Figure 5).

Metabolic features of cultivated representatives of the
microbial lineages exclusively identified in hydrothermally
impacted sediments suggest that additional metabolisms might
occur in these habitats. Indeed, cultivated representatives
of the hyperthermophilic Caldimicrobium relatives
(Thermodesulfobacteria), Thermotogales, Desulfurococcales,
and Archaeoglobales identified in hydrothermal sediments
(Figure 4 and Table S5) have metabolic potentials mainly based
on sulfur compounds utilization. Various lineages affiliated
to Thermotogales and Desulfurococcales can use elemental
sulfur and polysulfide as electron acceptor (Erauso et al.,
1993; González et al., 1998; Adams et al., 2001; Huber and
Stetter, 2006; Gorlas et al., 2015) whereas Caldimicrobium,
identified in large proportion in the deepest sediment layers
(Figure 4 and Table S5), can disproportionate elemental sulfur
and generate sulfate and hydrogen sulfide as described for
Caldimicrobium thiodismutans sp. nov (Kojima et al., 2016).
Polysulfide and elemental sulfur are likely to be abundant in
the hydrothermal fluid where dissolved sulfide can abiotically
react with iron or manganese, detected in the Guaymas Basin
hydrothermal fluid (Von Damm et al., 1985). Potential elemental
sulfur disproportionation by Caldimicrobium relatives in the
deepest sediment layers is also consistent with the high sulfate
porewater concentrations measured in the same sediment
horizons (Figure 2). Presence of these potential metabolisms
only in hydrothermal sediments was therefore likely due to
the hydrothermal context where substrates for these activities
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were generated by abiotic reactions allowed in high temperature
conditions (Von Damm et al., 1985; Boyd and Druschel, 2013).
These metabolisms could therefore provide additional sulfate
and sustain Archaeoglobales metabolism, mainly based on
sulfate or iron reduction (Brileya and Reysenbach, 2014), as
well as the other potential sulfate reducing lineages identified in
these sediments (e.g., GBG/HotSeep-1, SEEP-SRB, Desulfatiglans
relatives, etc.).

Cold seep and hydrothermal vent sediments colonized by
vesicomyids harbored comparable in situ temperature at the
time of sampling (5◦C at 10 cmbsf). Sequences of microbial
communities potentially involved in AOM (ANME and SEEP-
SRB) were detected in minority in both hydrothermal vent and
cold seep sediment samples colonized by vesicomyids (Figures 4
and Tables S5, S6). This feature has been previously observed
in similar environments and might be due to deeper sulfate
to methane transition zone probably due to a lower fluid
flow and/or bioturbation activity of the animals settled in the
sediments (Barry et al., 1997; Fischer et al., 2012). However,
different microbial community compositions were detected
between seep and vent sediments colonized by vesicomyids
(Figure 4 and Figure S2). Indeed, the archaeal community in
vesicomyid cold seep sediments was dominated by members
of the Thermoplasmatales (MBG-D) (Figure 4, Figure S2,
and Table S5). These Archaea have been previously proposed
to be involved in organic matter degradation (Lloyd et al.,
2013) and might thrive in cold seep sediments by degrading
vesicomyid exudates (Joye et al., 2010; Pop Ristova et al., 2012;
Cruaud et al., 2015). By contrast, thermophilic lineages (e.g.,
Methanopyrales, Thermoprotei) were detected in hydrothermal
vent sediments colonized by vesicomyids (Table S5), confirming
that this site was fueled by a hydrothermal fluid. Nonetheless,
the archaeal community in hydrothermally influenced sediments
was dominated by members of the Thaumarchaeota (MG-
1) (Figure 4, Figure S2, and Table S5), previously identified
in water column (DeLong, 1992) and detected in sediments
outside seepage area of the Guaymas Basin (Vigneron et al.,
2013; Cruaud et al., 2015). One hypothesis to explain the
difference between microbial community of vent and seep
vesicomyids habitats would be that the hydrothermal sampling
site could not be continuously colonized by the bivalves but
only be a transition zone for vesicomyids. Indeed, numerous
vesicomyids movement paths were observed on the seafloor
(Figure 1) and some vesicomyids were also observed within
microbial mats. Furthermore, sulfur storage capacity have been
observed for the vesicomyid species found in the Morelos
site (Archivesica gigas) (Cruaud et al., unpublished), suggesting
that hydrothermal vesicomyids could explore the seafloor and
potentially exploit sulfide-rich areas, such as microbial mats,
and then move away from those zones when/where sulfide
concentrations and/or temperature conditions are not adapted
to vesicomyid requirements (Vetter et al., 1991; Barry and
Kochevar, 1998; Sahling et al., 2002). Indeed, substantial
thermal fluctuations and fluid flow variations have been
reported on the scale of hours or days in microbial mat areas
(McKay et al., 2016), potentially allowing transient crossing of

vesicomyids. Therefore, the sampled sediments in the Morelos
site might be not sufficiently influenced by the metabolism
of the bivalves (exudates, bioturbation) and the difference
of microbial community composition between vesicomyid-
colonized sediments might also be due to an influence of the
hydrothermal fluid on vesicomyids behavior.

CONCLUSION

In this study, microbial community structure in sediment cores
sampled in both cold seep and hydrothermally influenced
sediments of the Guaymas Basin were explored and compared.
Our results revealed that the sedimentary environment, by the
presence of geochemical gradients and similar substrates (organic
matter, sulfate, methane, hydrogen sulfide, and hydrocarbon),
likely influences the microbial community composition and
potential activities. This might explain the detection in
both ecosystems of similar microbial lineages associated
with analogous metabolic processes as well as comparable
surface assemblages. Therefore, the “core microbiome” of the
Guaymas Basin, identified in this study, might result from
the influence of both deep-rising fluid emissions and organic
matter inputs from the highly productive water of the Basin
(Calvert et al., 1992).

Nonetheless, the proportion of endemic microorganisms was
correlated with temperature, confirming that this parameter
might be one of the key constraints on the spatial extent,
physiological and phylogenetic diversity, and biogeochemical
function in marine sediment microbial communities (Teske
et al., 2014). Furthermore, more than high temperature
conditions specific to the hydrothermal vent area, other
hydrothermal activity-related features, such as abiotic
reactions and vesicomyids behavior toward hydrothermal fluid
emission, might shape the sedimentary microbial community
composition and associated metabolisms and might also be
likely responsible for the differences observed between these two
environments.

Finally, the existence of similar microbial populations in
the surface sediments of the two ecosystems and the potential
continuity revealed by ribotype network analyses of archaeal
lineages support the hypothesis of a potential connectivity
among deep-sea ecosystems (Portail et al., 2016). In absence of
physical borders, microorganisms might be dispersed globally
across the seafloor or the hydrosphere and environmental
conditions (temperature, specific compounds associated with
hydrothermal fluids) might then select specific and highly
adapted microorganisms.
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