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Topic Editors:
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Anna-Louise Reysenbach, Portland State University, USA

Hydrothermal Chimneys with Microbial Mats in Guaymas Basin, a sedimented spreading center in the
Gulf of California. The yellow and orange-colored bacterial mats overgrowing the chimneys are sulfur-
oxidizing, filamentous Beggiatoaceae, which form luxuriant microbial mats on hydrothermal hot spots.
Image by: Woods Hole Oceanographic Institution, Woods Hole, MA, USA, used with permission.

The papers in the “Hydrothermal Vent” e-book cover a range of microbiological research in deep
and shallow hydrothermal environments, from high temperature “black smokers,” to diffuse flow
habitats and episodically discharging subsurface fluids, to the hydrothermal plumes. Together
they provide a snapshot of current research interests in a field that has evolved rapidly since the
discovery of hydrothermal vents in 1977. Hydrothermally influenced microbial habitats and
communities represent a wide spectrum of geological setting, chemical in-situ regimes, and biotic
communities; the classical examples of basalt-hosted black smoker chimneys at active mid-ocean
spreading centers have been augmented by hydrothermally heated and chemically altered sedi-
ments, microbiota fueled by serpentinization reactions, and low-temperature vents with unusual
menus of electron donors. Environmental gradients and niches provide habitats for unusual or
unprecedented microorganisms and microbial ecosystems. The discovery of novel extremophiles
underscores untapped microbial diversity in hydrothermal vent microbial communities. Different
stages of hydrothermal activity, from early onset to peak activity, gradual decline, and persistence
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of cold and fossil vent sites, correspond to different colonization waves by microorganisms as
well as megafauna. Perhaps no other field in microbiology is so intertwined with the geological
and geochemical evolution of the oceans, and promises so many biochemical and physiological
discoveries still to be made within the unexhausted richness of extreme microbial life.
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The papers in the “Hydrothermal Vent” research topic cover a range of microbiological research in
deep and shallow hydrothermal environments, from high temperature “black smokers,” to diffuse
flow habitats and episodically discharging subsurface fluids, to the hydrothermal plumes. Together
they provide a snapshot of current research interests in a field that has evolved rapidly since the
discovery of hydrothermal vents in 1977.

The topic opens with a review by Dick et al. (2013) on hydrothermal plumes and their microbial
communities in the deep sea. The review synthesizes recent advances in the microbial ecology,
physiology, and genomics of the mostly chemosynthetic bacteria that have adapted to the supply
of carbon and energy sources in the turbulently mixed vent plume. These pelagic communities are
distinct from those in hydrothermal chimneys, sediments and the subsurface, yet they show some
taxonomic and physiological linkages. This review is followed by four papers that shed new light
on microbial ecosystems in mixed vent fluids. The high-flow example is represented by sulfide-
rich subsurface vent fluids discharging in “snow blower” bursts dominated by sulfur-oxidizing,
microaerobic, and often moderately thermophilic Epsilonproteobacteria (Meyer et al., 2013a).
Similar epsilonproteobacterial communities, dominated by the chemosynthetic, sulfur-oxidizing
genera Sulfurimonas and Sulfurovum, were also found in cool, diffusive flow at the same location,
Axial Seamount on the Juan de Fuca Ridge (Akerman et al., 2013). The authors proposed that both
diffuse flow and episodic high-flow events tap into the same subsurface community of microaerobic
sulfur oxidizers. Epsilonproteobacteria accounted again for most of the microbial taxa found in
diffuse flow samples from the basalt-hosted vent sites of 9°N East Pacific Rise, but not in similar
habitats in the organic-rich hydrothermal sediments of Guaymas Basin in the Gulf of California,
where other bacterial groups and hyperthermophilic archaea predominated (Campbell et al., 2013).
Changing flow paths and reservoirs for subseafloor mixed fluids and their microbiota can also
change the composition of venting microbial communities over time as reported by Kato and
colleagues. At Suiyo Seamount in the Izu-Bonin Arc within the Western Pacific, a hot and reducing
subsurface reservoir accessed by drilling underwent increasing seawater in-mixing over several
years. Consequently, the crustal fluid community of sulfur-oxidizing chemolithotrophs changed
to a mixed assemblage harboring abundant marine heterotrophic bacteria (Kato et al., 2013).

While deep-sea hydrothermal vent sites are difficult to access and to sample, shallow
water hydrothermal vents that can be reached by scuba divers provide an accessible
alternative environment to study. Perhaps the best-investigated of these shallow-water vents
are found on the coast of the Greek island Milos in the Aegean Sea, where hot, briny,
reducing, CO;-rich vent fluids permeate the sandy seafloor sediments of Paleochori Bay.
Giovannelli et al. (2013) show that in the surficial sediments the microbial community is
dominated by Epsilonproteo-bacteria (genus Sulfurovum) similar to those seen in deep-sea
vents; however proteobacterial lineages that are distinct from those of deep-sea vents were
also detected. In contrast, in the deeper sediment layers of this sample vent field, Price
et al. (2013) find Epsilonproteobacteria, but also Firmicutes, Planctomycetes, and Bacteroidetes
coexisting with thermophilic archaea. In addition, arsenite-oxidizing bacteria were identified by
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functional gene analysis in these arsenite-rich sediments. Site-
specific adaptations of vent communities are also the focus of
Bayraktarov et al. (2013), as they examine the pH preferences
of sulfate-reducing microbial communities in the Milos vent
sediments. In the proximity of CO,-rich, low-pH fluids, the
sulfate-reducing microbial communities show maximal activities
at a distinctly lower pH range than at less acidic control sites not
impacted by CO;-rich vent fluids.

Among deep-sea vent sites, the sediment-covered Guaymas
Basin hydrothermal vents in the central Gulf of California
is unusual; the buried organic matter in these sediments
are hydrothermally processed to petroleum compounds, low-
molecular weight organic acids, short-chain alkanes, methane
and ammonia. These substrates sustain a unique microbial
ecosystem that combines the characteristics of communities
from hydrocarbon seeps and mid-ocean ridge hydrothermal
vents. Meyer and colleagues demonstrate that the microbial
populations in Guaymas sediments show a high degree of
microbial connectivity and population overlap within an area
of a few 100m—a consequence of vigorous venting, rapid
dispersal via bottom currents, and closely spaced hydrothermal
features (Meyer et al., 2013b). Abundant aromatic and aliphatic
hydrocarbons in Guaymas Basin sediments and chimneys enrich
for microbial specialists—especially sulfate-reducing bacteria—
that utilize hydrocarbons, remineralize them to CO;, or
assimilate them into microbial biomass; these communities
feature prominently in metagenomic analyses of hydrocarbon-
rich Guaymas chimneys (He et al., 2013). The ammonia-rich and
methane-rich hydrothermal fluids at Guaymas sustain ammonia-
oxidizing bacteria (anammox) and methane- oxidizing archaea
(ANME) in the surficial sediments. The anammox bacteria
combine ammonia and nitrite to N2, and are usually better
known from marine oxygen minimum zones and stratified
water columns (Russ et al., 2013). A recently identified, high-
temperature tolerant clade of the cosmopolitan seep methane-
oxidizing archaeal lineage ANME-1 is widespread at Guaymas
Basin. The “ANME_1Guaymas” have been enriched using in-
situ colonization chambers that were placed into surficial
hydrothermal sediments on the seafloor (Callac et al., 2013).
One of the relatively few analogous environments to Guaymas
Basin, the alkane-rich hydrothermal sediments of the Middle
Valley vent field on the northern Juan de Fuca ridge, provide
the opportunity to study similar microbial communities and
processes. In anaerobic batch reaction incubations, short alkanes
(ethane, propane, butane) were consumed within a mesophilic
to thermophilic temperature range, probably by sulfate-reducing
bacteria (Adams et al., 2013).

Hydrothermal vents are suitable model systems to explore
microbial biogeography because they are island habitats in
the deep sea; their thermophilic, chemosynthetic or special
substrate-adapted microbial inhabitants likely cannot survive,
and certainly cannot thrive in the cold, oxidized sediments
and bottom waters of the deep sea that separate hydrothermal
hot spots. In this volume several papers evaluate the controls
of microbial community structure, geographic distance vs.
environmental selection pressures in different habitats such as
tubeworm trophosomes, sulfides, and ferric iron hydroxides.
Sulfur-oxidizing endosymbionts of vestimentiferan tubeworms,

which thrive in seep and vent habitats, showed a clear separation
into different Gulf of Mexico and Mediterranean genotypes
by 16S rRNA gene, mitochondrial cytochrome C oxidase,
and functional genes of the two coexisting CO, assimilation
pathways that coexist in the endosymbiont, the Calvin-Benson-
Bassham and the reverse TCA cycle (Thiel et al., 2012). Mino
et al. (2013) use multi-locus sequence analysis to show that
isolates of the chemosynthetic thermophilic genus Persephonella
from different vent sites in the Okinawa Trough and in the
distant Southern Mariana Trench in the western Pacific undergo
sympatric speciation. Similarly, Wagner et al. (2013) use multi-
locus sequence analysis to demonstrate genetic differentiation
among strains of the thermophilic fermenting Firmicute,
Thermoanaerobacter uzonensis, from different terrestrial hot
spring locations within the Uzon Caldera in Kamtchatka. In
this case, genetic divergence did not correlate with geographic
separation on these short distances of mostly a few 100 m. Sylvan
et al. (2013) describe how the biogeographical boundary of the
north-south transition from basalt-hosted to andesite-hosted
vents on the Eastern Lau spreading Center and Valu Fa ridge,
appears to select for distinct bacterial taxa on silicate rocks,
whereas inactive sulfides show major differences in bacterial
community structure between the surface and the interior
sulfide mineral matrix. Members of the Zetaproteobacteria,
including the microaerobic and chemolithotrophic iron oxidizer
Mariprofundus ferrooxidans, fall into different 16S rRNA
phylotypes of Zetaproteobacteria from the Southern Mariana
Arc, the Hawaiian hot spot, and from the Vai'lulu/Tonga Arc/East
Lau Spreading Center/Kermadec Arc. This study shows that the
Zetaproteobacteria from these sites form mutually intertwined
microclusters on the 16S rRNA gene level, suggesting more
detailed genomic analyses to explore their biogeography in fine
resolution (Singer et al., 2013).

This research topic includes methodological assessments.
Molecular surveys of biogeographic patterns and dominant
microbial populations depend critically on the molecular tools
used. To document inherent methodological biases, Hoshino
and Inagaki (2013) perform a comparative molecular analysis
of bacterial populations in hydrothermal sediments of Yonaguni
Knoll in the Southern Okinawa Trough. By comparing the
phylotypes recovered by conventional reverse-transcription
PCR with domain-specific primers and by previous poly-A
tailing of the extracted rRNA, they find different clades of
Deltaproteobacteria and detect unusual archaea in the poly-A
tailing assay that may escape detection by conventional PCR or
RT-PCR using domain-specific primers.

The last two contributions to this research topic discuss
microbial groups that are not commonly considered as
components of hydrothermal microbiota, marine heterotrophic
bacteria and pelagic marine archaea. When cosmopolitan,
heterotrophic marine bacteria appear in molecular diversity
surveys of hydrothermal vents or other extreme habitats,
they are regarded as “hitchhikers” or potentially contaminants
from entrainment of seawater. Handley and Lloyd (2013)
examine the cosmopolitan marine genus Marinobacter and find
that these versatile bacteria—commonly regarded as aerobes
or fermenters—include nitrate-reducing and metal-reducing
representatives from low-temperature vents, marine sediments
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and mid-ocean ridge basalts. This genus is therefore well-
suited to colonize aerobic- to-anoxic gradients in most marine
environments, including hydrothermal vents. Likewise, the
Thaumarchaeota—marine archaea that are ubiquitous in the
cold and oxic marine water column—have been found in
surficial marine sediments, hydrothermal plumes, and hot
spring sediments. Ragon et al. (2013) report a new phylotype
within the terrestrial hot spring branch of the Thaumarchaeota,
detected in deep hot (60°C) spring waters in Naica Mine,
Chihuahua, Mexico. Thus, the Thaumarchaeota emerge as
one of the most adaptable archaeal lineages that inhabit
marine and terrestrial, oxic and anoxic, cold, and hydrothermal
habitats.

These papers represent a sampler of ongoing microbiological
research in hydrothermal environments, and demonstrate the
wide multidisciplinary context of this field. Hydrothermal
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vents are not disconnected in time and space from the wider
deep-sea ecosystem, without geological and biogeographical
context. The research papers assembled here integrate geology,
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systematics across spatial scales that zoom in and out depending
on the research question at hand. Perhaps no other field is so
intertwined with the geological and geochemical evolution of the
oceans, and promises so many biochemical and physiological
discoveries still to be made within the unexhausted richness of
extreme microbial life.
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INTRODUCTION

Hydrocarbon gases, including methane (C, ), ethane (C,), propane
(C3), and n-butane (Cy4), are produced via thermogenic and
biogenic processes in the deep subsurface and are substantial com-
ponents of the organic carbon pool across marine and terrestrial
ecosystems (Joye etal., 2004; Milkov, 2005; Cruse and Seewald,
2006; Hinrichs etal., 2006; Savage etal., 2010). Over the past
decade, studies focused on the anaerobic oxidation of methane
(AOM) revealed the functional potential, ecological physiology,
and diversity of microorganisms mediating this process and the
global distribution of AOM as an effective benthic filter that
reduces methane emissions into the oceans and atmosphere (for
reviews, see Conrad, 2009; Knittel and Boetius, 2009; Valentine,
2011). In contrast, the anaerobic oxidation of long-chain alkanes
(>Cg) and aromatics has also been studied extensively resulting
in the isolation of several bacteria, such as sulfate-reducing bacte-
ria (SRB) that oxidize crude oil anaerobically (Van Hamme et al.,
2003). There is a gap in our understanding of the metabolism

Short-chain alkanes play a substantial role in carbon and sulfur cycling at hydrocarbon-
rich environments globally, yet few studies have examined the metabolism of ethane
(Cy), propane (Cg), and butane (C4) in anoxic sediments in contrast to methane (C).
In hydrothermal vent systems, short-chain alkanes are formed over relatively short
geological time scales via thermogenic processes and often exist at high concentrations.
The sediment-covered hydrothermal vent systems at Middle Valley (MV, Juan de Fuca
Ridge) are an ideal site for investigating the anaerobic oxidation of C1—C4 alkanes, given
the elevated temperatures and dissolved hydrocarbon species characteristic of these
metalliferous sediments. We examined whether MV microbial communities oxidized
Cq1-Cy4 alkanes under mesophilic to thermophilic sulfate-reducing conditions. Here we
present data from discrete temperature (25, 55, and 75°C) anaerobic batch reactor
incubations of MV sediments supplemented with individual alkanes. Co-registered alkane
consumption and sulfate reduction (SR) measurements provide clear evidence for C1—C4
alkane oxidation linked to SR over time and across temperatures. In these anaerobic batch
reactor sediments, 16S ribosomal RNA pyrosequencing revealed that Deltaproteobacteria,
particularly a novel sulfate-reducing lineage, were the likely phylotypes mediating the
oxidation of Co—C4 alkanes. Maximum C1—C4 alkane oxidation rates occurred at 55°C, which
reflects the mid-core sediment temperature profile and corroborates previous studies of
rate maxima for the anaerobic oxidation of methane (AOM). Of the alkanes investigated,
Cs was oxidized at the highest rate over time, then C4, Cy, and Cq, respectively. The
implications of these results are discussed with respect to the potential competition
between the anaerobic oxidation of C,—Csalkanes with AOM for available oxidants and
the influence on the fate of Cy derived from these hydrothermal systems.

Keywords: hydrothermal vent, metalliferous sediments, Juan de Fuca Ridge, short-chain alkanes, sulfate reduction

and fate of non-methane, short-chain (C,—C4) alkanes in deep sea
sediments. Furthermore, there is growing interest in determin-
ing the extent to which microorganisms mediate the anaerobic
oxidation of C,—C4 alkanes, as many studies have indicated that
the degradation of these aliphatic hydrocarbons may be linked to
global biogeochemical cycles (Lorenson et al., 2002; Formolo et al.,
2004; Sassen et al., 2004; Milkov, 2005; Bowles et al., 2011; Quistad
and Valentine, 2011).

Recently, SRB from hydrocarbon seep sediments of the Gulf of
Mexico and Guaymas Basin — both of which are environments rich
in short-chain alkanes — were documented to oxidize short-chain
alkanes to CO, anaerobically (Kniemeyer etal., 2007). Different
temperature regimens (12, 28, and 60°C) along with multiple sub-
strates were tested and a pure culture (deemed BuS5) was isolated
from mesophilic enrichments with C3 or C4 as the sole exogenous
carbon source. Through comparative sequence analysis, strain
BuS5 was determined to cluster with the metabolically diverse
Desulfosarcina/Desulfococcus (DSS) cluster, which also contains the
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SRB found in consortia with anaerobic methanotrophs (ANME)
in seep sediments. Enrichments from a terrestrial, low tempera-
ture sulfidic hydrocarbon seep corroborated the biodegradation
mechanism of complete C3 oxidation to CO, with most bac-
terial phylotypes surveyed belonging to the Deltaproteobacteria,
particularly within the family Desulfobacteraceae (Savage etal.,
2010). Cold adapted C3 and Cy4, sulfate-reducing cultures have
also been obtained from Gulf of Mexico and Hydrate Ridge sed-
iments with maximum rates of SR between 16 and 20°C and
dominant phylotypes allied to the DSS cluster including BuS5
(Jaekel etal., 2012). In the study by Kniemeyer etal. (2007) Cq4
alkane degradation linked to sulfate reduction (SR) was not quan-
tified at thermophilic temperatures, buta Guaymas Basin sediment
enrichment with Cs at 60°C was dominated by Gram positive bac-
teria most closely allied to the Desulfotomaculum. Moreover, there
was no evidence for C,degradation in mesophilic (28°C) or ther-
mophilic (60°C) enrichments or C,-linked SR (albeit, there was
very slow C,-dependent SR in Gulf of Mexico enrichments at 12°C
after >200 days).

The Middle Valley (MV) hydrothermal vent field — located on
the northern Juan de Fuca Ridge — is an ideal environment for
investigating mesophilic to thermophilic anaerobic oxidation of
C,—Cy alkanes, given the elevated temperatures and dissolved
hydrocarbon species characteristic of these sediments (Goodfel-
low and Blaise, 1988; Davis and Fisher, 1994; Cruse and Seewald,
2006). Deep sea hydrothermal vents are complex and dynamic
habitats characterized by steep thermal and chemical gradients,
a diverse array of carbon and energy sources, and high con-
centrations of dissolved volatiles (Butterfield etal., 1990, 1994;
Von Damm etal,, 1995). In the MV system, hydrothermal vent
fluids interact with overlying sediments and the thermal alter-
ation of sedimentary organic matter results in the production
and/or release of a number of carbon sources, including short-
chain alkanes (Cruse and Seewald, 2006; Cruse et al., 2008; Cruse
and Seewald, 2010). These hydrothermally influenced sediments
also contain high concentrations of reduced compounds, such
as H, and hydrogen sulfide (H,S; Ames etal., 1993; Rushdl and
Simonelt, 2002), and metals and metal sulfides at various reduced
and oxidized states (Goodfellow and Blaise, 1988; Ames et al., 1993;
Wankel etal., 2012). In contrast to the extremely organic-rich
sediments of other sedimented hydrothermal systems, e.g., the
Guaymas Basin hydrothermal vent fields in the Gulf of California
(% OC = 2-4), MV represents a system that is more typical of
mid-ocean ridge hydrothermal vents worldwide (% OC = 0.3—
0.5; Wankel etal., 2012). Such environments could support the
coupling of C;—Cy alkane degradation to SR in addition to alter-
native electron acceptors, such as metal oxides, particularly when
the organic carbon load and associated SR rates are low (Wankel
etal., 2012).

We studied the anaerobic oxidation of C;—C4 alkanes in
metalliferous, organic-poor MV hydrothermal sediments across
environmentally relevant temperature gradients. This biogeo-
chemical investigation aimed to determine: (i) the temperature
range over which hydrothermal sediment communities oxidize
C;—Cy4 alkanes, (ii) the degree to which the anaerobic oxidation of
these alkanes is coupled to SR, and (iii) the putative microbial phy-
lotypes mediating C;—Cy4 alkane oxidation. To address these aims,

a series of incubations were conducted using slurries of sediments
collected from the MV system. These anaerobic batch reactors
enabled the quantification and direct comparison of C;—Cy4 alkane
oxidation and SR rates in a closed system across a broad range of
discrete temperatures (25, 55, and 75°C). Archaeal and bacterial
community dynamics were investigated via pyrotaq sequencing in
select batch reactor sediments that exhibited the greatest alkane
oxidation activity over the incubation time course. The over-
all objective of this study was to advance our understanding of
the nature and extent of the anaerobic oxidation of short-chain
alkanes in hydrothermal systems and to ascertain the potential
influence of these processes on other biogeochemical cycles. The
data presented herein shed light on the relative contribution of
the anaerobic oxidation of C,—Cy4 alkanes at different temper-
ature regimes, the potential influence on AOM and the sulfur
cycle, and the phylotypes most likely allied to the observed
metabolisms.

MATERIALS AND METHODS

STUDY SITE AND SAMPLE COLLECTION

Sediments were collected during an expedition with the DSV Alvin
and R/V Atlantis in July 2010 from the Chowder Hill hydrother-
mal vent field in MV (48°27.44 N, 128°42.51W) at 2413 m depth.
Intact sediment cores were recovered with polyvinylchloride core
sleeves (20-30 cm height, 6.35 cm ID, 0.32 cm sleeve thickness).
Sediment sampling sites were selected based on in situ temper-
ature depth profiles collected with DSV Alvin, the presence of
chemoautotrophic microbial mats atop the sediments, and shim-
mering water from the diffuse flow sediments. At all sites, sediment
temperature profiles were collected using the RTD probe, while
dissolved alkanes and other gases were quantified using an in situ
mass spectrometer (or ISMS; data not shown; Wankel etal., 2011).
Pushcores were collected from areas where sediments tempera-
tures ranged from 5-55°C in the upper 15 cm and 57-75°C at
30 cm sediment depth. Upon retrieval, cores were sealed and
refrigerated for transport to the laboratory. Upon return to the
lab, the overlying water in the sediment cores was replaced weekly
with fresh, filter-sterilized anoxic seawater prior to initiation of the
experiments.

ANAEROBIC BATCH REACTORS WITH C;—C4 ALKANES

In an anaerobic chamber (Coy Laboratory Products), 50 ml of
homogenized whole core sediment and 50 ml of sterile, anaerobic
artificial “diffuse vent fluid” were aliquoted into 200 ml glass auto-
claved serum vials for each treatment. The artificial vent fluid
was modified from Widdel and Bak (1992) to include 1 mM
Na;,S to ensure that sediments remained at reducing conditions,
50 mM Na2so§; to reduce the possibility of sulfate limitation,
and the pH adjusted to 6 to mimic the diffuse vent fluids. For each
incubation temperature, the headspace was pressurized to slightly
above 1 atm with the respective alkane (C;—Cy) or nitrogen (N;)
gas in duplicate batch reactors to avoid alkane limitation in the
aqueous phase during the incubation time series. The reactors
were incubated at temperatures reflecting the sea water-sediment
interface (25°C), the mid-depth average temperature (55°C),
and the highest temperatures measured at the deepest depth
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(75°C). Flasks were shaken daily to ensure homogeneity in the
slurry.

GEOCHEMICAL MEASUREMENTS

Concentrations of the dissolved C;, C,, Cs3, and C4 alkanes were
determined after allowing the incubations to reach room temper-
ature and by vigorously shaking samples to transfer gas from the
anaerobic seawater media to the batch reactor headspace. Then, a
0.5 ml sample of the headspace was injected into a gas chromato-
graph equipped with a flame ionization detector (Hewlett Packard
5890 Series IT) and a packed column (RestekRt-XL) to quantify all
alkanes. Injections of chemically pure alkanes (Airgas East, >99%
purity) were used to generate standard curves.

Sulfate reduction rates were determined by quantifying changes
in sulfate and sulfide concentrations via ion chromatography and
colorimetric assays, respectively (Cline, 1969; Joye etal., 2004).
After shaking and allowing the sediment to settle, a 1 ml fluid
sub-sample was collected with a syringe from each reactor, filter-
sterilized (0.2 pwm) and transferred into a vial, preserved with
10 pl HNOs3, and stored at 7°C until analysis. Concentrations
of sulfate were determined using a Dionex ion chromatography
system (Dionex Corp. Sunnyvale, CA, USA) at the University of
Georgia, and NaBr, a conservation tracer in the batch reactors,
was measured simultaneously. A 1 ml headspace sub-sample was
collected and mixed with an equal volume of 20% zinc acetate
to quantify gaseous H,S. Concentrations of H,S were then deter-
mined colorimetrically as per Cline (1969). The reported values
were corrected for HS™dissolved in the aqueous phase and reflect
both sulfide species in the serum vial headspace and sediment
slurry.

DNA EXTRACTION, MASSIVELY PARALLEL SEQUENCING, AND
PHYLOGENETIC ANALYSIS

At the conclusion of each incubation, sediments were sub-sampled
in an anaerobic chamber, and ~15 g of sediment slurry from
each batch reactor was transferred directly into a 15 ml cryovial,
flash frozen in liquid nitrogen and stored at —80°C until further
molecular analyses. A time zero Ty sub-sample was collected at
the start of the incubations to represent the initial community
after homogenization, but prior to inoculation of the batch reac-
tors. Total genomic DNA was extracted using phenol-chloroform
(Barns etal., 1994; Dojka etal., 1998; Elshahed et al., 2004) modi-
fied to prevent nucleic acid loss and eliminate potential inhibitors
of downstream PCR (as described in Webster et al. (2003)). Briefly,
0.5 g of sediment per batch reactor was washed with 5% HCI and
then DNA was extracted with addition of 200 pg of poly adenylic
acid (poly A) during the lysis step followed by incubation with
lysozyme and proteinase K, multiple freeze-thaw cycles with 5%
SDS, addition of hot phenol, extraction with phenol-chloroform,
and elution in 50 pl TE buffer (10 mM Tris hydrochloride, 1 mM
EDTA, pH 8.0). The concentration of extracts was determined
using the Quant-iT™ dsDNA high sensitivity Assay (Invitrogen,
Carlsbad, CA, USA).

DNA extracted from the 55°C incubations, which represented
the highest rates of activity, was subjected to massively parallel
sequencing of the 16S ribosomal RNA (rRNA) gene using the
primer pairs 27F/519R and 340F/806R for the bacterial V1 — V3

and archaeal V3 — V4 regions, respectively (Dowd etal., 2008;
Acosta-Martinez etal., 2010). All pyrosequence data were submit-
ted to the NCBI Sequence Read Archive under accession number
SRA066151. The resulting reads were checked for sequence qual-
ity, trimmed, filtered, and analyzed in the software MOTHUR
(Version 1.28.0; Schloss etal., 2009). Sequences were first filtered
by the presence of sequence ambiguities, long homopolymers,
and quality scores. The PyroNoise algorithm was then imple-
mented in MOTHUR (i.e., shhh.flows) to remove sequences
likely generated by pyrosequencing error (Quince etal., 2009).
After selection of unique sequences, chimeras were identified and
removed using UCHIME (http://www.drive5.com/uchime/). The
resulting archaeal and bacterial reads were then aligned to the
SILVA SEED Bacterial and Archaeal databases, containing 14,956
and 2,297 sequences, respectively.

For sequence classification, bootstrap values were set to nodes
that had >80% support in a bootstrap analysis of 100 repli-
cates, and operational taxonomic units (OTUs) were defined
as sequences sharing 97% nucleotide sequence identity for fur-
ther community analyses. A phylogenetic tree of representative
Deltaproteobacteria (50 unique sequences selected in Mothur, i.e.,
sub.sample) was then generated with FastTree 2.0.0 (Price etal,,
2010) using minimum-evolution subtree-pruning-regrafting and
maximum-likelihood nearest-neighbor interchanges. Local sup-
port values shown are based on the Shimodaira-Hasegawa
(SH) test with 1,000 resamples. Only values >80% are shown
on the branches as black circles. The tree was rooted to the
16S rRNA sequence of Archaeoglobus profundus DSM 5631
(NR_074522).

RESULTS

C1—-C4 ALKANE OXIDATION AS A FUNCTION OF TEMPERATURE IN
BATCH REACTORS

Batch reactor incubations were conducted using MV sediment
slurries with one alkane gas (C;, C,, Cs, or Cy) as the sole exoge-
nous hydrocarbon, and incubated in the laboratory at 25, 55, and
75°C to reflect the range of temperatures measured in situ. Tem-
perature affected the time required to detect alkane consumption,
the percent of available substrate consumed, and the absolute
rates of the anaerobic oxidation of C;—Cy. In batch reactors at
55°C, alkane consumption, defined as 10% of pool consump-
tion, was evident after 71 days of incubation (Figure 1, top). In
contrast, alkane consumption was detectable in 25°C batch reac-
tors after 105 days for C;—Cy. In 75 °C batch reactors, substantial
C,—C4 consumption was apparent after 105 days; however, C; con-
sumption was evident after a much shorter time period (30 days)
at 75°C.

Examining the fraction of available alkane consumed during
the entire experiment (169 days), the greatest total consumption
of C;—C4 occurred in the 55°C batch reactors (~93, 75, 93, and
77% of C;, Cy, Cs, and Cy, respectively). In addition, C; was
nearly depleted in the 75°C batch reactors by the end of the time
series (with >90% substrate consumed). With the exception of
C; at 75°C, less than half of the available short-chain alkane pool
was consumed during the incubation time course in 25 and 75°C
batch reactors (32, 44, 37, and 46% of C;, C,, C3, and C4 at
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FIGURE 1 | Time course of the anaerobic oxidation of short-chain alkanes
(top), consumption of sulfate (middle), and production of sulfide
(bottom) in anaerobic batch reactors of Middle Valley hydrothermal
sediments incubated with methane (A), ethane (B), propane (C), and
butane (D) at three discrete temperatures (25, 55, and 75°C). Each time
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point represents the average of duplicate reactors with bars indicating the
data range. For sulfate and sulfide measurements, the control in each panel
represents the average sulfate consumption and sulfide production in the
batch reactors with nitrogen for each incubation temperature as described in
the text.

25°C, respectively, and 35, 31, and 27% of C,, C3, and Cy4 at 75°C,
respectively).

Absolute rate measurements of the batch reactor sedi-
ments revealed that maximum C;—C, oxidation occurred at 55°C
(~42, 36, 54, and 23 nmol cm_3day_1 for Cq, Gy, Cs, and Cy,
respectively, n = 2; Table 1). Substantially lower rates of the anaer-
obic oxidation of C,—Cywere observed in all 25 and 75°C batch
reactors (~21, 16, and 8 nrnolcm_3day_1 for C,, Cs, and C4 at
25°C, respectively, n=2,and ~17, 17,and 8 nmolcm_3day_1 for
C,, Cs,and Cy at 75°C, respectively, n = 2). In contrast to the other
short-chain alkanes, maximal rates of AOM were also observed at
75°C (~42 nmolcm_3day_1, n = 2), while rates decreased to less
than half of these AOM maxima at 25°C (14 nmolcm_3day_1,
n=2).

SULFATE REDUCTION COUPLED TO C;—C4 ALKANE OXIDATION ACROSS
TEMPERATURE REGIMES

In addition to a dependence on short-chain alkane length, temper-
ature constrained SR in the anaerobic batch reactors, influencing
quantified changes in porewater sulfate and total sulfide. Decreases
in sulfate concentration were observed in all batch reactors across
time and temperature regimes, consistent with trends for the
anaerobic oxidation of C;—C4 alkanes. Analogous to alkane
consumption dynamics, sulfate consumption was appreciable
(defined as >10% substrate consumption) after 71 days of incu-
bation in C;—Cy batch reactors at 55°C (Figure 1, middle). In
contrast, there was a lag of ~105 days in C,, Cs, and C4 batch
reactors prior to substantial sulfate consumption at both the lowest
(25°C) and highest (75°C) incubation temperature. Over the span

Table 1 | Volume-specific rate measurements of the anaerobic
oxidation of methane, ethane, propane, and butane and sulfate
reduction in batch reactors incubated at 25, 55, and 75°C.

Anaerobic oxidation Sulfate reduction

nmol cm™3 day™’ nmol cm™3 day™’

Methane - 25°C 14.33 +£ 2.88 15.01 £2.31
Methane - 55°C 4145 + 1.17 55.83 + 4.91
Methane - 75°C 42.22 £1.91 68.03 £ 5.01
Ethane — 25°C 21.39 £ 4.77 53.61 + 6.53
Ethane — 55°C 36.03 £ 4.46 99.30 £ 8.48
Ethane — 75°C 1722 £ 3.59 4794 + 3.65
Propane - 25°C 19.93 £+ 2.81 71.96 £ 725
Propane - 55°C 53.66 + 2.52 238.36 + 10.77
Propane - 75°C 1726 £ 1.26 60.37 £6.18
Butane - 25°C 12.84 £+ 2.81 55.27 + 8.68
Butane - 55°C 23.07 £5.13 113.46 £+ 15.37
Butane - 75°C 8.01 +£ 1.13 34.22 +£2.39

Rates were determined from the consumption of alkanes and sulfate over the
incubation time course. Each point represents the average of duplicate reac-
tors with the standard error. To account for background sulfate reduction (due to
autochthonous carbon, etc.), the rates measured in the alkane treatments have
been corrected via subtraction of those measured in the control (nitrogen) batch
reactors.
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of the incubation time series (169 days), the greatest reduction in
sulfate concentration was at 55°C (~30, 45, 92, and 49% of total
sulfate consumed in the C;, C;, C3, and Cy4 reactors, respectively).
Sulfate consumption was also observed in the N;-control batch
reactors, albeit to a much smaller extent (~8, 11, and 2% at 25, 55,
and 75°C, respectively). SR was also assessed by quantifying the
production of gaseous and dissolved sulfide in the batch incuba-
tions (Figure 1, bottom). In all reactors, sulfide concentrations at
the end of each incubation time period accounted for greater than
90% of the initial total sulfate plus sulfide concentration; there-
fore, these mass balance estimates were within 10% of the total
sulfur species observed initially.

Concomitant with the anaerobic oxidation of C,—C4 rates,
maximum SR rates were observed at 55°C for the non-
methane short-chain alkanes (~99,238, and 113 nmolcm ~3day~!
for C;, Cs3, and C4, respectively, n = 2) (Table 1).
However, maximum SR rates associated with AOM occurred
at 75°C (~68 nmolcm_3day_1), with lower rates at 55°C
(~55 nmolcm_3day_1, n = 2) and even more modest rates at
25°C (~15 nmolem~3day~!, n = 2). In comparison to maxi-
mal SR rates at 55°C, SR rates linked to C,—C4 oxidation were
lower at both 25 and 75°C (~54, 72, and 55 nmolcm_3day_1
for Cy, C3, and C4 at 25°C, respectively, n = 2, and ~48, 60,
and 34 nrnolcrn’3day’1 for C,, Cs, and Cy at 75°C, respectively,
n=2).

The observed ratio (mol/mol) of C;—C, oxidation to SR in
the batch reactors was then compared to the predicted stoichio-
metric ratio assuming the sulfate-dependent complete oxidation
of C;—Cy4 alkanes to CO;, (from Kniemeyer etal., 2007). These
ratios are corrected for the consumption of sulfate in the control
(N,) batch reactors as an estimate for SR linked to non-alkane
organic carbon donors present in the sediment. The ratio of mol
alkane consumed per mol sulfate reduced was 1.42, 1.11, and
0.93 mmol of C; mmol~! sulfate; 0.59, 0.54, and 0.54 mmol of C,
mmol~! sulfate; 0.42, 0.34, and 0.43 mmol of C3 mmol~! sulfate;
and 0.35, 0.31, and 0.35 mmol of C4 mmol~! sulfate at 25, 55,
and 75°C, respectively (Table 2). These ratios closely mirror the
predicted stoichiometric ratios of 1, 0.5, 0.4, and 0.3 for C;—Cy,
respectively.

PHYLOGENETIC DIVERSITY AND DISTRIBUTION IN SEDIMENTS FROM
BATCH C4-C4 REACTORS

After sequence processing and denoising as previously described, a
total of 5783, 6562, 5307, 6985, and 8796 bacterial sequences were
analyzed from sediments incubated with N3, Cy, C;, C3, and Cy
alkane, respectively, and 7965 bacterial sequences from the Ty sed-
iment. There were substantial shifts at the phyla level between the
communities incubated with different alkane substrates in com-
parison to the control batch reactor and T sediment community
(Figure 2). From the initial sediment community, sequences allied
to the Bacteroidetes and Fusobacteria decreased from ~9 and 40%
of Ty sequences respectively, to less than 0.5% of sequences in
all batch reactor libraries. In turn, sequences allied to the Pro-
teobacteria, Firmicutes, Candidate Division OP8, Chloroflexi, and
Actinobacteria increased in batch reactor libraries compared to Ty
sequences. Notably, the Proteobacteria, which comprised ~36% of
Ty sequences, increased in representation in the N,, C;, C;, and

Table 2 | The predicted and calculated stoichiometric ratios for the
anaerobic oxidation of methane, ethane, propane, and butane
coupled to the reduction of sulfate to sulfide.

Stoichiometric Observed Ratio

Ratio (mol/mol) (mol/mol)

Methane — 25°C 1 1.42
Methane — 55°C 1 1.1

Methane — 75°C 1 0.93
Ethane — 25°C 0.5 0.59
Ethane — 55°C 0.5 0.54
Ethane — 75°C 0.5 0.54
Propane — 25°C 0.4 0.42
Propane — 55°C 0.4 0.34
Propane — 75°C 0.4 0.43
Butane — 25°C 0.31 0.35
Butane — 55°C 0.31 0.31
Butane - 75°C 0.31 0.35

From closed system batch reactors, the mol alkane lost was calculated per mol
sulfate reduced at 25, 55, and 75°C, respectively. To account for background
sulfate reduction (due to autochthonous carbon, etc.), ratios have been corrected
via subtraction of those measured in the control (nitrogen) batch reactors.

Cs sequence libraries (~49, 58, 41, and 46%, respectively). The
Firmicutes also increased substantially from the Ty composition
(~4%) in N, C,, C3, and C4 sequences (~11, 12, 12, and 59%,
respectively).

Among the Proteobacterial sequences allied to known sulfate-
reducing Deltaproteobacteria, there was a substantial increase
from Ty sequences (~15%) in the N, C;, C;, C3, and C4
sequence libraries (~39, 87, 70, 88, and 86%, respectively).
Concurrently, there was a substantial decrease in the represen-
tation of Epsilonproteobacteria in the N,, C;, C,, C3, and Cy4
sequence libraries (~39, 3, 17, 7, and 9%, respectively). Within
the putative sulfate-reducing phylotypes, the C; library was com-
prised primarily (>92%) of sequences allied to Desulfobulbus, as
shown in a previous study of MV sediment communities asso-
ciated with AOM (Wankel etal., 2012). Analysis of 16S rRNA
gene libraries revealed that a distinct lineage of SRB are the pre-
dominant Deltaproteobacterial phylotypes in the C,—Cy4 reactor
communities, comprising ~93, 91, and 95% of C,, C3, and Cy
sequences, respectively (Figure 4). The most closely related phy-
lotypes (93-99% nucleotide sequence identity) were previously
recovered in two 16S rRNA-based surveys of sulfate-reducing
anaerobic enrichments of Guaymas Basin sediments with C4 at
60°C (Butane60-GuB, accession no. EF077228) and with C; at
37°C (Guaymas_Bac9 clone, accession no. FR682643; Kniemeyer
etal., 2007; Kellermann etal., 2012).

A total of 1290, 1724, 1540, 1916, 1780, and 2846 Eur-
yarchaeotal sequences were further analyzed from the N, Ci,
C,, Cs, and C4 batch reactors and T( sediments, respectively
(Figure 3). There were notable shifts in the sequences allied to
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FIGURE 2 | Relative abundance (percentage) of bacteria determined from
massively parallel sequencing of DNA recovered from anaerobic batch
reactor sediments incubated with methane, ethane, propane, butane,
and nitrogen at 55°C and pre-incubation (T) sediments. Left and right
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FIGURE 3 | Relative abundance (percentage) of archaea determined
from massively parallel sequencing of DNA recovered from anaerobic
batch reactor sediments incubated with methane, ethane, propane,
butane, and nitrogen at 55°C and pre-incubation (Tg) sediments.

Left and right side panels show the taxonomic breakdown of sequences at
the class and order level, respectively. Legend indicates operational
taxonomic units (OTUs), defined as sequences sharing 97 % nucleotide
sequence identity.
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the predominant Euryarchaeotal phyla — Archaeoglobi, Halobacte-
ria, Methanomicrobia, Thermococci, and Thermoplasmata — from
the initial sediment community and across the different alkane
batch incubations. Over 40% of sequences were allied to the
Halobacteria in Ty sediments, decreasing to comprise <0.5-29%
of batch reactor sequences. In contrast, Archaeoglobi sequences
increased from ~2% of T sequences to ~14, 12, 19, 36, and 29%
of N, C;, Gy, C3, and Cy4 sequences, respectively. Other trends
in Euryarchaeotal community structure included an increase
in Methanomicrobia from 27% of T sequences to 40% of C;
sequences.

Within the Methanomicrobia, there were also substantial
changes in sequences allied to known methanogens and methane-
oxidizing phylotypes. Methanosarcinales comprised >97% of Ty
sequences and ~19, 36, 84, 75, and 80% of N, C;, Cy, Cs,
and C4 sequences, respectively. In contrast, Methanobacteriales
increased from <0.5% of T sequences to ~35, 9, and 26% of N,
Cy, and Cs sequences (there was no substantial increase in C, or
C4 sequences). For the putative methane-oxidizing communities,
over 40 and 12% of C; and C; sequences were allied to ANME-1
ribotypes.

DISCUSSION

The microbial degradation of short-chain alkanes under oxic con-
ditions and the anaerobic oxidation of methane and other heavier
hydrocarbons have been extensively studied in diverse terrestrial
and marine environments. Despite studies indicating short-chain
alkane degradation in anoxic deep sea sediments (Sassen etal.,
2004; Mastalerz et al., 2009; Quistad and Valentine, 2011) and the
abundance of short-chain alkanes in hydrocarbon-rich ecosystems
(Milkov, 2005; Cruse and Seewald, 2006), relatively little is known
about the biogeochemical importance of these processes or the
diversity of anaerobic short-chain alkane degrading microorgan-
isms in marine hydrothermal sediments. The data here provide a
deeper glimpse into the anaerobic oxidation of C,—Cy4 in met-
alliferous hydrothermal sediments and reveal that rates of the
anaerobic oxidation of C,—Cy alkanes in hydrothermal vent sed-
iment are heavily influenced by temperature and coupled to SR,
though the rates presented herein are derived from conditions not
likely to be present in situ, and as such care should be taken when
extrapolating these rates to natural processes. In batch reactor
sediments that exhibited the most substantial activity, changes in
the representation of phylotypes in libraries generated via high
throughput sequencing implicate Deltaproteobacteria in C;—Cy
alkane degradation, and shifts in microbial community compo-
sition indicate that other members of the community respond
to the presence of short-chain alkanes (though the mechanisms
underlying this response remain unknown).

These data revealed a preferential consumption of Cy—Cy4
at 55°C, suggesting that the active alkane degraders in these
hydrothermal vent sediments are thermophilic. Furthermore,
these ex situ calculated rates for the anaerobic oxidation of C,—
C4 were in the same range (nmolcm3day~!) as the recently
reported anaerobic oxidation of Cs in marine hydrocarbon seep
sediments and as AOM rates measured in organic-rich coastal
sediments at the sulfate-methane transition zone (Alperin etal.,
1988; Hoehler et al., 1994; Girguis et al., 2003; Wegener et al., 2008;

Quistad and Valentine, 2011). Based on lag time and total alkane
degraded over time, C3 appeared to be the preferred substrate in
the 55°C incubations, followed by C;, C4, and C,, respectively.
Similar trends in the biodegradation of short-chain alkanes have
been found in stable isotopic studies of hydrocarbon reservoirs
at temperatures below 60°C with a preference for Cs followed
by C4 and then C; (Boreham etal.,2001; Wenger et al., 2002; Larter
etal., 2005).

Various physicochemical and biotic parameters may impact
the degree of C,—Cy consumption in ex situ studies and in the
natural environment. Notably, the gaseous alkanes were main-
tained at above saturation conditions for the liquid phase of the
batch incubations until the end of the time series to ensure sub-
strate availability (dissolved concentrations of ~1.42, 1.89, 0.91,
and 1.05 mM for C;, Cy, C3, and Cy, respectively). Under ele-
vated hydrostatic pressure in the deep sea, hydrothermal vent
fluids at MV reach C; concentrations of ~20 mM, while the other
short-chain alkanes are an order of magnitude lower (~220, 55,
and 6 M for C,, Cs, and Cy, respectively; Cruse and Seewald,
2006). Although C; is most likely more abundant than C3 in MV
hydrothermal sediments, the in situ rates of C3 degradation may
be appreciable due to the inherent reactivity of secondary C-H
bonds (Schink and Friedrich, 1994; Rabus et al., 2001; Van Hamme
etal., 2003).

Our results also suggest that, at the highest incubation tem-
peratures, AOM in MV sediments occurs at higher rates than
the anaerobic oxidation of C,—Cy4 alkanes. In the higher tem-
perature (75°C) incubations, C; consumption was evident after
30 days and reached near deplete concentrations (90% substrate
consumed), while there was a much longer lag period until
C,—C4 degradation (105 days) and much less of the substrates
were consumed by the completion of the time series (27-35%;
Figure 1, top). In contrast, a greater proportion of C, and
Cs4 (44 and 46%, respectively) were consumed than C; and C;
(32 and 37%, respectively) in the lower temperature incuba-
tions (25°C). The increased AOM activity at the higher end of
the temperature range in MV sediments is consistent with our
previous observations of AOM in these metalliferous sediments
(Wankel etal., 2012), and is also consistent with the growth tem-
peratures of archaeal communities (such as ANME phylotypes)
from hydrothermal vents, which indicate that many archaea live at
their maximum growth temperature in situ (Kimura etal., 2013).
Another line of evidence for thermophilic AOM was also provided
in a recent 16S rRNA based-study identifying a putatively high
temperature-adapted ANME subgroup in both hydrothermal sed-
iments from Guaymas Basin and diffuse vent fluids from Axial
Volcano and the Endeavor Segment of Juan de Fuca Ridge (Merkel
etal., 2013).

Notably, the anaerobic oxidation of C;—-C4 was coupled
to SR across temperature gradients in MV sediment batch
reactors. Sulfate loss (~2-6 mM) was also observed over
the time series in alkane-free control batch reactors (Figure 1,
middle). In comparison to SR linked to the oxidation of short-
chain alkanes, this modest sulfate consumption relates to the
oxidation of endogenous substrates, particularly organic carbon,
by the sediment communities (Gieg etal., 1999). The sedi-
ment organic carbon pool of MV sediments (% OC = ~0.5
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in this study) is low in comparison to the high amounts of
organic matter that characterize other deep sea environments with
known short-chain alkane degraders, such as the organic-rich
Guaymas Basin hydrothermal sediments (Jorgensen etal., 1992;
Kniemeyer etal., 2007). The observed SR rates in C;—C4 batch
reactors of MV sediments demonstrate the potential for organic
carbon-poor, high temperature mid-ocean ridge systems to sup-
port the anaerobic oxidation of short-chain alkanes coupled
to SR.

Our results further indicate that short-chain alkane
degradation linked to SR might considerably influence sulfate
cycling at these sedimented hydrothermal vents. In accordance
with the observed stoichiometries, SR coupled to the anaero-
bic oxidation of C,, Cs3, and C4 proceeded at a faster rate than
AOM at mesophilic and thermophilic temperatures (25 and 55°C,
respectively). However, the SR rates in anaerobic batch reac-
tors were observed under sulfate-replete conditions, while the
sulfate pool in situ depends on the downward advection of sea-
water and the activity of sulfide-oxidizing microbial communities
(Bowles etal., 2011). Sulfate availability will become limiting at
greater sediment depths from the seawater surface. Therefore,
the C;, Cs;, and C4-degrading, sulfate-reducing microbial
communities likely compete for available sulfate and might indi-
rectly limit AOM in the temperature range from ~25-55°C. As
previously discussed, the anaerobic oxidation of these aliphatic
hydrocarbons coupled to the reduction of sulfate to sulfide yields
greater energy per unit substrate than AOM. Such processes could
constrain methane release from the deep-sea with a critical impact
on the global carbon cycle and climate. Furthermore, if AOM
activity peaks at greater sediment depths and higher temper-
atures in situ as predicted by rate measurements, then sulfate
will most likely have been depleted in these sediment horizons.
Sulfate limitation may thus result in the coupling of AOM to
alternative electron acceptors (i.e., iron oxides), as indicated in
previous studies of MV high temperature sediment incubations
(Wankel etal., 2012).

Comparison of bacterial communities in batch reactor sedi-
ments with maximum rates of C;—Cy4 degradation, via massively
parallel pyrosequencing, suggests that members of the sulfate-
reducing Deltaproteobacteria mediate the anaerobic oxidation
of short-chain alkanes in MV hydrothermal vent sediments
(Figure 2). As these sequence data are based on PCR amplification
of 16S rRNA genes and are semi-quantitative, an order of mag-
nitude difference in phyla should represent shifts in community
composition. Within the Proteobacteria, there was a substantial
increase of Deltaproteobacteria in C;—Cy4 sequences compared to
the initial Ty bacterial composition dominated by Epsilonpro-
teobacteria. Phylogenetic analyses revealed a novel subgroup of
SRB that comprised >90% of these Deltaproteobacteria in C;—Cy
batch reactor sequences (Figure 4). This lineage of Deltaproteobac-
teria is most closely related to C4-degrading SRB from Guaymas
Basin, and therefore, may be a thermophilic short-chain alkane
degrader group (Kniemeyer etal., 2007). Intriguingly, the pre-
dominant phylum in C4 batch reactor sequences is the Firmicutes,
which contains sulfate-reducing members of previous enrich-
ments with C3 and C4 (Kniemeyer et al., 2007; Savage et al., 2010).
However, the majority of Firmicutes sequences were most closely

related (98-99%) to uncultured Bacillus clones from hydrocarbon-
contaminated soils (Wang etal., 2011). The greater proportion of
this uncharacterized Bacillus group in comparison to SRB may
have also affected the lower rates of the anaerobic oxidation of C4
in comparison to Cy or C3 in batch incubations. Future studies
should determine if this putative thermophilic short-chain alkane
degrader group of SRB is widespread in other hydrothermally
influenced environments.

Amongst the batch reactor sediment communities, shifts in
archaeal phylogenetic composition were also revealed via 16S
rRNA pyrosequencing. There was a substantial increase of Metha-
nomicrobia sequences in C; -incubated sediments compared to the
initial community and C,—C4 batch reactor sediments, with an
order of magnitude enrichment of ANME-1 phylotypes within
the Methanomicrobia (Figure 3). The microbes known to cat-
alyze AOM form three phylogenetically distinct Euryarchaeaota
clusters (ANME-1, ANME-2, and ANME-3) that often appear
to live in consortia with SRB (Hoehler etal., 1994; Boetius etal.,
2000; Orphan etal., 2001). However, ANME-1 phylotypes are
also found as single cells in sediments, and recent studies have
shown that AOM can occur in the absence of SR and that some
ANME are not directly dependent on SRB activity (Beal et al., 2009;
Milucka et al., 2012; Wankel et al., 2012). There was also a notable
increase in Archaeoglobus sequences in C; — C4 batch reactors
from the initial community composition (Figure 3), which contain
hyperthermophilic species known to mediate SR (Shen and Buick,
2004). Based on microbial isolates and enrichments from both
deep sea and terrestrial ecosystems, no evidence to date indicates
that non-methane short-chain alkanes are anaerobically oxidized
by microbial consortia or sulfate-reducing archaea (Kniemeyer
etal., 2007; Savage etal., 2010; Jaekel etal., 2012). The data pre-
sented herein lack the resolution to conclusively address whether
archaeal phylotypes directly mediate or are members of consortia
that perform the anaerobic oxidation of short-chain alkanes other
than AOM.

The collective results presented here shed light on the potential
anaerobic metabolism of short-chain alkanes linked to SR in the
hydrothermal vent sediments of MV, Juan de Fuca Ridge. Sub-
stantial oxidation of C;—C4 occurs up to 75°C. The coupling of
C,—C4 with SR over the in situ temperature range may impact
AOM and the oxidation of other hydrocarbons, as highlighted by
the preferential degradation of Cs at 55°C. Such microbial com-
munities may play a substantial role in carbon and sulfur cycling
at hydrothermal systems on a global-scale. Future studies should
expand upon other environmental conditions that may regulate
the anaerobic oxidation of C,—C, alkanes in hydrothermal sedi-
ments and should further characterize the in situ abundance and
activity of the putative thermophilic alkane-degrader SRB lineage.
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Microorganisms throughout the dark ocean use reduced sulfur compounds for
chemolithoautotrophy. In many deep-sea hydrothermal vents, sulfide oxidation is
quantitatively the most important chemical energy source for microbial metabolism both
at and beneath the seafloor. In this study, the presence and activity of vent endemic
Epsilonproteobacteria was examined in six low-temperature diffuse vents over a range of
geochemical gradients from Axial Seamount, a deep-sea volcano in the Northeast Pacific.
PCR primers were developed and applied to target the sulfur oxidation soxB gene of
Epsilonproteobacteria. soxB genes belonging to the genera Sulfurimonas and Sulfurovum
are both present and expressed at most diffuse vent sites, but not in background seawater.
Although Sulfurovum-like soxB genes were detected in all fluid samples, the RNA profiles
were nearly identical among the vents and suggest that Sulfurimonas-like species are
the primary Epsilonproteobacteria responsible for actively oxidizing sulfur via the Sox
pathway at each vent. Community patterns of subseafloor Epsilonproteobacteria 16S rRNA
genes were best matched to methane concentrations in vent fluids, as well as individual
vent locations, indicating that both geochemistry and geographical isolation play a role in
structuring subseafloor microbial populations. The data show that in the subseafloor at
Axial Seamount, Epsilonproteobacteria are expressing the soxB gene and that microbial
patterns in community distribution are linked to both vent location and chemistry.

Keywords: sulfur oxidation, hydrothermal vent microbiology, 16S rRNA, functional genes, subseafloor,

Epsilonproteobacteria

INTRODUCTION

Sulfur is an abundant, multi-valent element in deep-sea
hydrothermal vent systems. Large metal sulfide chimneys and
biofilms containing filamentous sulfur are often present, and
hydrogen sulfide concentrations are typically in the millimolar
range (Sievert et al., 2008a). The high concentrations of hydro-
gen sulfide (H,S) at deep-sea vents are produced mainly via
high-temperature seawater-rock interactions in the subseafloor
hydrothermal reaction zone (Jannasch and Mottl, 1985). Other
partially reduced sulfur compounds, such as thiosulfate, poly-
sulfide, and elemental sulfur, are generated when hydrothermal
vent fluids mix with oxygenated seawater (Yamamoto and Takai,
2011). At deep-sea hydrothermal vent systems, the microbially-
mediated oxidation of reduced sulfur compounds is a key
chemolithotrophic process that provides a substantial primary
energy source for higher organisms (Jannasch and Mottl, 1985;
Sievert et al., 2008a). Thermodynamic modeling studies show
that sulfide oxidation is the major energy source at most non-
peridotite, basalt-hosted deep-sea hydrothermal vent systems
(Amend et al., 2011), including Axial Seamount on the Juan de
Fuca Ridge (Butterfield et al., 2004). Microbial sulfate reduc-
tion also occurs across a range of temperatures in hydrothermal
discharge areas (Bonch-Osmolovskaya et al., 2011). Even away

from hydrothermal vents, it is clear that reduced inorganic sul-
fur compounds play an important role in chemolithoautotrophic
metabolism throughout the dark ocean (Walsh et al., 2009; Orcutt
et al., 2011; Swan et al., 2011).

Many bacteria and some archaea have the capability of oxidiz-
ing sulfur or sulfide to sulfate. In bacteria, there are two different
sulfur oxidation pathways: the reverse sulfate reduction pathway,
which uses the Dsr, Apr, or Sat enzymes (Kappler and Dahl, 2001),
and the sulfur oxidation Sox multienzyme system (Friedrich et al.,
2001, 2005). The Sox system contains four protein components,
SoxYZ, SoxXA, SoxB, and SoxCD, for the complete oxidation
of sulfide and thiosulfate to sulfate (Friedrich et al., 2005). The
SoxB protein, encoded by the soxB single copy gene, has been
identified as the sulfate thiol esterase in the Sox system, and
the soxB gene is used as a marker gene to survey sulfur oxi-
dizing bacteria (Friedrich et al., 2005). Homologous proteins to
SoxB have not been found in the domain Archaea (Friedrich
et al., 2001). Polymerase chain reaction (PCR) primers target-
ing the soxB gene have previously been developed; these sets
are based on Chlorobia and Alphaproteobacteria sequences and
were refined using additional Alphaproteobacteria and Aquificales
sequences (Petri et al., 2001). The primers have been exten-
sively tested and found to amplify the soxB gene from mostly
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photo- and chemotrophic sulfur oxidizing species, including the
Gammaproteobacteria (Meyer et al., 2007), with additional exam-
ples from the Epsilonproteobacteria (Hiigler et al., 2010). However,
some of the primer sets developed by Petri et al. (2001) are
degenerate primers that result in multiple PCR amplicons of
approximately the same size, which can give ambiguous sequenc-
ing results, and some key phylogenetic groups may also be missed
when applied to diverse habitats (Petri et al., 2001; Meyer et al.,
2007; Headd and Engel, 2013).

The purpose of this study was to design and test soxB PCR
primers specific to the Epsilonproteobacteria to evaluate the
presence, diversity, and gene expression of sulfur-oxidizing
Epsilonproteobacteria at deep-sea hydrothermal vent systems.
Chemolithoautotrophic Epsilonproteobacteria are often the most
abundant group of bacteria detected in both the free-living and
symbiotic microbial communities at deep-sea vents (e.g., Huber
et al., 2003; Nakagawa et al., 2007; Nakagawa and Takai, 2008;
Sievert et al., 2008a). Epsilonproteobacterial isolates from vents
include Sulfurimonas autotrophica DSM16294, Sulfurovum sp.
NBC37-1, and Nitratiruptor sp. SB155-2. All recently had their
genomes sequenced (Nakagawa et al., 2007; Sikorski et al., 2010),
along with a closely related coastal wetland isolate S. denitrificans
DSM1251 (Sievert et al., 2008b), and all have the capability of
oxidizing reduced sulfur compounds using the sulfur oxidation
Sox multienzyme system (Yamamoto and Takai, 2011). This
new genomic information was used to develop and test soxB
gene PCR primers specific to the Epsilonproteobacteria at diffuse
vents from Axial Seamount, where Epsilonproteobacteria are
known to dominate many low-temperature vent fluids (Huber
et al., 2003; Sogin et al., 2006; Huber et al., 2007; Opatkiewicz
et al., 2009). After primer optimization and testing, six low-
temperature diffuse hydrothermal vent samples that span a range

Table 1 | Characteristics of vent fluid and seawater samples.

of temperature, pH, sulfide, and geological settings were screened
using both 16S rRNA 454 pyrosequencing and the new soxB gene
primers to evaluate the presence, diversity, and gene expression of
sulfur-oxidizing Epsilonproteobacteria at deep-sea hydrothermal
vent systems.

EXPERIMENTAL PROCEDURES

SAMPLE SITE

Axial Seamount (46°55" N; 130°00° W) is an active underwa-
ter volcano located approximately 250 nautical miles west of
the Oregon/Washington coast at the intersection of the Juan
de Fuca Ridge and the Cobb-Eickelberg Seamount Chain. The
caldera of Axial Seamount is oriented northwest-to-southeast
and is 3 x 8 km, with hydrothermal vent fields associated with
the north and south rift zones and near the caldera boundary
fault in the southern half of the caldera (Embley et al., 1990;
Butterfield et al., 2004). All samples in this study were collected
from hydrothermal sites along the southern caldera boundary
fault.

SAMPLE COLLECTION

Hydrothermal fluid samples were collected in August and
September 2010 using the ROV Jason II and the Hydrothermal
Fluid and Particulate Sampler (HEPS) (Butterfield et al., 2004).
The titanium intake nozzle with in-line temperature probe was
inserted into the vents, with the tip generally penetrating into
the seafloor. Filtered and unfiltered fluids were sampled after a
steady in-line temperature was found and the sampling pump
was then turned on to collect fluids at the rate of ~150 ml/min.
Temperature was monitored and recorded throughout sampling
and the maximum and average temperatures for the samples
are reported (Table1). Three liters of fluid was filtered onto

Gollum Marker 33 Marker 113
Vent type Basalt Basalt Basalt
Cells/ml 5.1 x 10° 6.3 x 10% 6.7 x 10°
Trmax, °C 223 39.0 29.1
Tavg, °C 214 38.3 279
pH 5.7 5.5 6.0
Avg Alk, Mea/kg 2.77 1.62 2.46
Avg Si, pmol/kg 815 2857 326
Mg, mmol/kg 50.7 41.8 50.4
% Seawater? 96 79 95
HyS, uM 84 929 748
NH3z, pM 5.19 6.05 4.68
HoS/Heat? 1 6.3 6.9
Ho/Heat? 0.00 0.12 0.00
CHg4/Heat? 0.09 0.13 0.38
Fe/Heat? 0.01 0.02 0.01
Fe/Mn 0.03 0.03 1.52
Mn/Heat? 0.21 0.59 0.01

Pompeii Escargot 9m Seawater
Sulfide Sulfide Sulfide

4.8 x 10° 3.8 x 10° 3.6 x 10° 1.8 x 10*
33.8 22.7 51.3 2

31.1 20.6 49.7 2

5.4 5.0 4.8 78

2.21 2.32 2.03 2.43
1568 1575 2169 155

46.7 48.1 44.4 52.9

88 91 84 100

452 554 1626 0

3.74 4.95 10.64 <0.6

4 6.6 8.6 0

0.17 0.10 0.29 0

0.05 0.1 0.06 0

0.03 0.07 0.36 0

0.17 0.35 1.36 0

0.18 0.21 0.26 0

2% Seawater calculated as Mgys/Mgsw x 100. Subscripts: vf, vent fluid; sw, seawater.

bRatios to heat, reported in nmol/J, calculated as [Cyt — Csw VTt — Tew) x Cpl where Cy, is the heat capacity of water (4.15J g '°C" for the temperature and

pressure in this study).
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Sterivex filters (Millipore) or 47-mm flat filters (Millipore) for
DNA analysis and RNA analysis, respectively. For the 47 mm fil-
ters, a McLane “pancake” style filter assembly was used and filled
with RNALater (Life Technologies), so that immediately after fil-
tration, RNALater diffused over the filter surface and remained
until ROV recovery (Cowen et al., 2012). A background seawa-
ter sample outside of the Axial Seamount caldera was collected
via CTD at ~1500 m depth, and ~3 L of seawater was filtered
onto a flat filter on board the ship. Sterivex filters were flooded
with RNALater, sealed with Male/Female Luer Caps, and stored in
50-mL sterile Falcon tubes, while flat filters were stored in 5-mL
sterile plastic tubes filled with RNALater. All filters were stored
at 4°C for 24 h before being stored at —80°C until nucleic acid
extraction in the laboratory. Fluid samples for chemistry were
analyzed shipboard for pH, alkalinity, hydrogen sulfide, ammo-
nia, methane and hydrogen following the methods of Butterfield
etal. (2004). Major cations and anions were analyzed by ion chro-
matography and iron and manganese were analyzed by atomic
absorption and/or ICP-MS on shore. Fluid samples were pre-
served in formaldehyde for cell enumeration using epifluores-
cence microscopy with DAPI as described previously (Huber
et al., 2002).

DNA EXTRACTION

Genomic DNA was extracted from Sterivex filters following the
procedure outlined in Sogin et al. (2006) and Huber et al. (2002),
with the following minor modifications. RNALater was removed
from the filter via pushing the liquid out with a 3 ml syringe.
1.85 mL of DNA extraction buffer (0.1 M Tris-HCl [pH 8], 0.1 M
Na,-EDTA [pH 8], 0.1 M NaH,POy4 [pH 8], 1.5M NaCl, and 1%
cetyltrimethlammonium bromide) was then added to the filter.
Sterivex filters were then re-capped and the extraction method
of Huber et al. (2002) with modifications in Sogin et al. (2006)
followed. Successful DNA extraction was verified via PCR using
bacterial 16S primers 8F (5-AGA GTT TGA TCC TGG CTC
AG-3) and 1492R (5'-GGT TAC CTT GTT ACG ACT T-3')
and visualized under UV light on a 1% agarose gel stained with
ethidium bromide.

RNA EXTRACTION AND REVERSE TRANSCRIPTION PCR

RNA filters were allowed to thaw at room temperature in
their 5-mL storage tubes. Total RNA was extracted using the
RNAqueous-4PCR kit (Ambion), with the following adapta-
tions. First, RNALater was discarded from the 5-mL tube, and
500 pl of lysis/binding solution was added directly to the tube.
Tubes were vortexed at high speed for ~2 min. The lysis/binding
solution was removed from the tube and placed in a 2-mL col-
lection tube. An additional 500 pl of lysis/binding solution was
added to the 5-mL tube, and the vortex and collection steps
were repeated. The protocol was then followed per manufac-
turer’s instructions, including the DNase 1 treatment step. The
final elution volume was 120 pl. RNA was quantified using the
Quant-iT RiboGreen RNA Reagent and Kit (Invitrogen) and
a Turner Biosystems Spectrophotometer. Approximately 30 ng
of total RNA was reverse transcribed using the High Capacity
RNA-to-cDNA Kit (Applied Biosystems) according to the man-
ufacturer’s instructions.

soxB GENE PRIMER DESIGN AND PCR OPTIMIZATION USING
SULFURIMONAS DENITRIFICANS

Primers were designed using multiple alignments of soxB genes
from Epsilonproteobacterial species Nitratiruptor sp. SB155-2,
Sulfurovum sp. NBC-37, and Sulfurimonas denitrificans DSM
1225 (Table 2). Initial primer sequences were created using the
soxB nucleotide sequences in Primaclade (Gadberry et al., 2005)
and PriFi (Fredslund et al., 2005), and the amino acid sequences
in iCODEHOP (Boyce et al., 2009). Sequences were then manu-
ally adjusted based on the initial bacterial sequences. CODEHOPs
are hybrid primers that consist of a 5 nondegenerate clamp, fol-
lowed by a 3" degenerate core sequence (indicated in lowercase
nucleotides) that stabilizes hybridization (Rose, 2003). Primers
were manufactured by Invitrogen (Carlsbad, CA).

Sulfurimonas denitrificans
DSM 1251 was obtained from the DSMZ culture collection
and grown using DSMZ Medium 113, with an additional 10
g/L NaCl and substituting trace element solution 141 (from
DSMZ Medium 141) for trace element solution SL-4. DNA was
extracted from S. denitrificans using the UltraClean Microbial
DNA Isolation Kit (MoBio Laboratories, Inc.), using 3 mL of
culture and an initial extended centrifugation time (8 min).
Optimal annealing conditions for the primers were
determined via gradient PCR using S. denitrificans DNA as
template. Primers were tested in the following pairs (Table 2):
sox190F/sox1198R,  sox527F/sox1198R,  sox523F/sox1210R,
s0x523F/sox1292R, and sox523F/F-34R. Gradients were 42-51°C
for sox190F/sox1198R, and 52-60°C for all other primer sets.
Annealing temperatures of 45°C for sox190F/sox1198R, 46°C
for sox527F/sox1198R, and 52°C for sox523F/sox1210R and
s0x523F/s0x1292R were chosen based on visual inspection of
the gradient PCR results on a 1% agarose gel stained with
ethidium bromide and photographed under UV light. The

Table 2 | soxB primers designed and PCR settings used in this study.

Primer Sequence Target
nucleotide
position?

sox190F 5-TGGAGRGAGCCWTCAAC-3' 190-206

sox527F 5-TGGTWGGWCAYTGGGAATTTA-3 527-547

sox523F 5-GTGATGGTTGGACAytgggartwya-3’ 523-547

sox1198R 5-AGAANGTATCTCKYTTATAAAG-3' 1198-1177

sox1210R 5-CGAAGGTGGAGTAGAANgtrtctckytt-3'  1210-1183

sox1292R 5-GTCGTTCCCCATckrtancengg-3/ 1292-1270

F34R 5-CTCAAAGGTGTAAACGtynggatakgt-3’

Primer Annealing Amplicon

combinations temperature (°C) length (bp)

sox190F/sox1198R 45 1009

soxb27F/sox1198R 46 672

soxb23F/sox1210R 52 688

soxb23F/sox1292R 52 770

2Using S. denitrificans numbering.
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PCR reaction mixture consisted of 1X buffer (Promega), 4 mM
MgCl,, 0.2 mM of each deoxynucleoside triphosphate (ANTP),
0.6 M of each primer, 1U GoTaq polymerase (Promega),
1 nL DNA template, and DEPC H,O to 25 L. Thermocycling
conditions on an Eppendorf thermal cycler consisted of an initial
denaturation step at 94°C for 3 min, followed by 35 cycles at
94°C for 30s, applicable annealing temperature for 45s, and
72°C for 1 min, followed by a final extension at 72°C for 5 min.
Using these PCR conditions, all primer sets yielded a single
band amplicon of the predicted size, which ranged from ~670
to 1000 bp depending on the primer set. PCR products were
verified to be the correct size on a 1% agarose gel stained with
ethidium bromide and photographed under UV light. PCR
products were cleaned using the MinFElute PCR Purification Kit
(Qiagen) following the manufacturer’s instructions and directly
sequenced on an Applied Biosystems 3730XL sequencer. DNA
sequences were compared to sequences in the NCBI database
via BLAST and in all cases were the soxB gene of S. denitrificans
DSM 1251.

soxB GENE CLONING, SEQUENCING, AND ANALYSIS

Each of the 4 primer sets were used with appropriate PCR set-
tings as outlined above on DNA and cDNA from all fluid samples.
PCR was visualized by UV light on ethidium bromide-stained 1%
agarose gels. While multiple primer sets were tested on each sam-
ple, only amplicons from primer pair sox527F/1198R were cloned
and sequenced. For the background seawater sample, only primer
pair sox 523F/1292R amplified, thus it was cloned and sequenced.
PCR products were purified using the MinElute PCR Purification
Kit (Qiagen) and the products analyzed on 0.8% agarose gel.
Products were gel excised, purified, cloned, and sequenced bi-
directionally as described in Huber et al. (2009). Primer sequences
were trimmed from nucleotide sequences and translated into
amino acids using EMBOSS Transeq (Rice et al., 2000). A pro-
tein distance matrix was calculated in ProtDist (Felsenstein, 1989)
and operational taxonomic units (OTUs) constructed in mothur
(Schloss et al., 2009). Phylogenetic relationships of representa-
tive 85% amino acid identity OTUs to other soxB genes were
determined using MEGAS5 (Tamura et al., 2007). Sequences are
deposited in GenBank under the following Accession Numbers:
KC793341-KC793868.

454 PYROSEQUENCING AND ANALYSIS

Amplicons targeting the V4V6 rRNA hypervariable region were
generated for each DNA and cDNA sample following Filkins et al.
(2012). A custom bioinformatic pipeline was used to remove
low quality reads according to Filkins et al. (2012). The algo-
rithm GAST assigned taxonomy to each unique read (Huse
et al., 2008). All high quality reads that passed initial processing
were further analyzed and trimmed to the V5 region based on
high error rates at the V4 end, resulting in ~350bp reads, and
UCLUST (Edgar, 2010) identified operational taxonomic units
(OTUs) with 96% sequence identity. Singletons were removed
from all subsequent reported analyses. The resulting matrix of
OTUs shared between samples was used to construct taxonomic
summaries and compare background seawater and vent sam-
ples. The OTU matrices were normalized to total and trans-
formed via square root and used to calculate a distance matrix

with the Morisita—Horn measure (Horn, 1966). Distance matri-
ces were imported into PRIMER-E (Clarke and Gorley, 2006)
for a variety of analyses, including hierarchical cluster analy-
sis, principal component analysis (PCO), analysis of similarity
(ANOSIM), and nonmetric multidimensional scaling (MDS)
analysis. The entire chemical dataset was also included for PCA
and Spearman correlation analyses. To predict which OTUs
were active or inactive, the top OTUs that occurred greater
than 0.1% of the total sequences in either the RNA or DNA
fraction for both the Epsilon- and Gammaproteobacteria were
examined. Each OTU was scored as active or inactive based
on its recovery in DNA and RNA samples (Jones and Lennon,
2010). Data is accessible via vamps.mbl.edu under project name
JAH_AXV_Bv6v4.

RESULTS

AXIAL SEAMOUNT FLUID SAMPLES

Fluid samples were collected from basalt- or sulfide-hosted diffuse
flow venting sites with varying physical and chemical param-
eters, as well as from background seawater (Table1). Gollum,
Marker 33, and Marker 113 sites discharge vent fluids directly
from basalt, while Pompeii, Escargot, and 9 m sites discharge vent
fluids from the sides of metal-sulfide chimneys. Fluids at Pompeii
were emanating from a large clump of tubeworms. These sam-
ples span a range of sulfide to heat ratios (calculated using the
measured H,S concentration and the average in-line temperature
of individual samples, Table 1), reflecting different concentra-
tions of hydrogen sulfide in end-member hydrothermal fluids and
variable sulfide oxidation (Butterfield et al., 2004). The site with
the lowest sulfide/heat ratio of 1.0 nmol/] was Gollum, the mid-
range site Pompeii had a ratio of 4, and the other four sample sites
had ratios between 6 and 9. Average temperatures ranged from
20.6 to 49.7°C. The measured temperatures and magnesium con-
tent of the collected samples indicate that the fluids are 79-96%
seawater (4—21% hot hydrothermal end-member) overall, but this
percentage does not tell us their mixing history or subseafloor
residence time.

soxB GENE DATA

Primers that specifically target the Epsilonproteobacteria soxB
gene were designed by comparing conserved regions of the
Sulfurimonas denitrificans DSM 1225, Sulfurovum sp. NBC37-1,
and Nitratiruptor sp. SB155-2 soxB genes (Nakagawa et al., 2007;
Sievert et al., 2008b). The primers are not capable of identi-
fying Arcobacter-like sequences. The Arcobacter soxB sequences
cluster in a different clade (Hugler et al., 2010), and homolo-
gous regions for primer annealing could not be identified across
all Epsilonproteobacteria genera, while excluding other groups.
The primers were tested and PCR settings were optimized using
DNA extracted from a pure culture of S. denitrificans. Three for-
ward and three reverse primers were used in four combinations
(Table 2). The sequences were translated to amino acid residues
and checked via BLASTP and alignment to verify amplification of
the soxB gene. The four different primer sets amplified soxB gene
fragments ranging in size from 672 to 1009 bp. The primer sets
were additionally tested on environmental DNA samples and were
shown to be capable of amplifying Sulfurovum-, Sulfurimonas-,
and Nitratiruptor-like soxB sequences (Meyer et al., 2013).
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The four soxB primer sets were used to amplify soxB from the
DNA and RNA fractions of the six Axial Seamount hydrothermal
vent fluid samples and the background seawater sample. Positive
amplicons were obtained from six of the seven DNA fractions,
with the exception of Pompeii. In the RNA fractions, amplicons
were not obtained from Pompeii, 9 m, and the background sea-
water sample. A total of 480 clones were sequenced across the nine
DNA and RNA vent fluid samples and the one DNA background
seawater sample (Table 3).

All hydrothermal vent soxB clones were most closely related
to the Sulfurimonas (Slms) and Sulfurovum (Sfvm) genera in
the Epsilonproteobacteria and represented 10 different phylotypes
at an 85% amino acid identity level (Figures 1, 2). Of the 405
clones from the nine hydrothermal libraries, all but 37 fell into
3 main OTUs. The most common OTU, Slms-1, represented
~80% of all the clones and was detected at all positively ampli-
fied hydrothermal samples in both the DNA and RNA fractions.
The other two most common clone sequences were Sulfurovum-
like phylotypes Sfvm-A and Sfvm-B, which represented 6 and
4%, respectively, of all hydrothermal clones. Sfvm-A was detected
in the DNA fraction of all sites, but only in the RNA frac-
tion at Gollum. Sfvm-B was only detected in the DNA fractions
at Gollum and Marker 33 and in none of the RNA fractions
(Figure 2).

Overall, only one Sulfurovum-like soxB gene was found in the
RNA fraction (Gollum). Instead, Slms-1 was the only soxB gene
detected in all of the RNA fractions (Figure 2) and was also the
most abundant soxB gene in all DNA fractions, except for Gollum.
At Gollum, the composition of the DNA and RNA libraries dif-
fered, with the DNA library dominated by Sulfurovum-like soxB
gene sequences and the RNA fraction almost completely com-
posed of Slms-1. No comparisons could be made between the

Table 3 | Sequencing statistics for 16S rRNA and soxB gene

sequences.

Nucleic Total tag Total % Epsilons Total soxB

acid sequences? epsilon tag sequences®

sequences

Gollum DNA 14866 7000 471 47

RNA 11128 157 1.4 48
Marker 33 DNA 156773 8117 515 45

RNA 11166 248 2.2 45
Marker 113 DNA 14820 3998 270 38

RNA 14451 2870 19.9 46
Pompeii DNA 16538 6699 40.5 -

RNA 10475 694 6.6 -
Escargot DNA 15457 6174 39.9 46

RNA 98143 18453 18.8 46
9m DNA 17570 3241 18.4 44

RNA 10256 407 4.0 -
Seawater  DNA 11682 0 0 75
Total - 262325 58058 - 480

@ No singletons.
b Primer set 527F/1198R was used for all vent samples; 523F/1292 for seawater.

DNA and RNA fractions of the 9m site since soxB was not
amplified from the RNA fraction.

In the background seawater sample, a total of five phylo-
types were found, with the two most dominant OTUs represent-
ing 94% of the background clones. All phylotypes were most
closely related to Alphaproteobacteria, although these BLASTP
matches were made at approximately 67% identity rather
than the 90-99% identity of the Epsilonproteobacteria BLASTP
hits in the libraries from the venting fluids (Figure 1). These
Alphaprotoebacteria-like sequences were not found in the vent
samples.

16S rRNA GENE 454 PYROSEQUENCING

454 pyrosequencing of the bacterial 16S rRNA gene from both the
DNA and ¢cDNA from all samples resulted in 262,325 high-quality
non-singleton tag sequences across the hydrothermal and back-
ground seawater sites (a DNA library only was constructed for
the background seawater sample, Table 3). Epsilonproteobacteria
(58,058 sequences) were present in all 12 hydrothermal vent fluid
libraries (Table 3, Figure 3). Epsilonproteobacterial sequences
were not detected in background seawater, even before singletons
were removed (Table 3, Figure 3). The background seawater sam-
ple was mostly composed of Alpha- and Gammaproteobacteria
(Figure 3). Within the Epsilonproteobacteria, sequences of the
genera Sulfurimonas and Sulfurovum dominated most libraries
(Figure 4), although at Pompeii, Escargot, and 9 m, numer-
ous Caminibacter sequences were also detected (Figure4). The
only other major group within the Epsilonproteobacteria was
Arcobacter, which comprised almost 9% of the DNA fraction
at Marker 33. In all cases, Epsilonproteobacteria sequences were
more abundant in DNA fractions than RNA fractions for each
individual vent (Figure4). Comparison of rRNA profiles of
the most abundant OTUs for Epsilonproteobacteria shows most
Epsilonproteobacteria were inactive in the sampled vent fluids.
Out of 164 Epsilonproteobacteria OTUs considered, only 22 were
scored as active (Table 4).

To distinguish vent-specific microbial communities from
background seawater communities that mix with venting flu-
ids at the seafloor, all 16S rRNA gene OTUs as well as
only Epsilonproteobacterial 16S rRNA gene OTUs were ana-
lyzed separately. SIMPROF tests of all OTU datasets indicated
there is significant community structure among the individ-
ual samples (= 6.48, P value < 0.001 for all OTUs. & =
8.46, P value < 0.001 for Epsilonprotoebacterial OTUs). One-
Way ANOSIM (analysis of similarity) tests with a variety of
factors resulted in significant global R values for individual
vent sampled and type of vent (basalt or sulfide) for both
all OTUs and only Epsilonprotebacterial OTUs; values were
higher for Epsilonproteobacteria (R = 0.84, P value < 0.001
for Epsilonproteobacteria and individual vent; R = 0.55, P value
= 0.004 for Epsilonproteobacteria and type of vent). The type
of nucleic acid analyzed (RNA or DNA) was significant only
when all OTUs were considered (R = 0.39, P value = 0.006).
Principal coordinates analysis of all OTUs showed a clear dis-
tinction between DNA and RNA fractions (Figure5) that was
not seen when only Epsilonproteobacterial OTUs were analyzed
in the same manner (Figure6). BEST analysis [Biota and/or
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Escargot 9m Seawater

Environmental matching (Clarke and Gorley, 2006)] was used to
match multivariate patterns of OTUs to chemical variables mea-
sured in the vent fluids (Table 1). For both all OTUs and only
Epsilonproteobacterial OTUs, the most significant R value was
with CH4/Heat (R = 0.69, P value = 0.003, Figure 6).
Gammaproteobacterial sequences were also treated sepa-
rately due to their relatively high abundance in all RNA
fractions (Figure 3). They were detected in all 12 hydrother-
mal vent fluid libraries, as well as background seawater.
Within the Gammaproteobacteria, sequences belonging to the
SUPO5 clade were most frequently recovered, as well as those
sequences related to animal endo- and ecto-symbionts (Figure 7,
labeled “Unknown y 27). Principal coordinates analysis of

all Gammaproteobacterial OTUs showed a clear distinction
between DNA and RNA fractions (data not shown), similar
to that seen for all OTUs. Gammaproteobacterial sequences
were more abundant in RNA fractions than DNA fractions
(Figure 7). Comparison of RNA and DNA profiles of the
most abundant OTUs for Gammaproteobacteria shows high
activity of Gammaproteobacteria in most vent fluids. Out of 67
Gammaproteobacteria OTUs considered, 56 were scored as active
(Table 4).

DISCUSSION

Low-temperature diffuse vent samples represent combined hot
hydrothermal vent fluid and deep seawater that mix and react
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Table 4 | Predicted percent activity based on 16S rRNA gene data.

Epsilonproteobacteria Gammaproteobacteria

Site Total OTUs? Active OTUsP % Active Total OTUs? Active OTUsP % Active
Gollum 94 0 0 25 18 72
Marker 33 79 0 0 39 35 89.7
Marker 113 41 17 415 13 13 100
Pompeii 47 0 0 14 10 714
Escargot 61 3.3 18 I 61.1

9Im 37 3 8.1 19 9 474

@Number of OTUs that occur >0.1% of all sequences in either RNA or DNA fraction.

bNumber of OTUs that were scored as active if the RNA relative recovery was greater than its recovery from DNA.

beneath the seafloor. Mixing begins beneath the seafloor and con-
tinues as fluids vent and are diluted by ambient seawater as they
rise up into the water column. By controlled pumping of fluids
into a sampler intake that is inserted into the vents, the mixing
that occurs with ambient seawater is controlled. However, even
if dilution of the vent fluids with ambient seawater during sam-
pling is not completely avoided, it is both possible and likely that
seawater is entrained into the fluid along shallow mixing path-
ways in the subseafloor. Similarly, the microbial composition of
the fluids reflects both seawater and subseafloor communities,
which means that detection of vent-specific microbial processes
can be challenging. By removing sequences from seawater organ-
isms detected in background seawater from the vent fluid sample
sequences, the analysis can focus on the diversity, distribution,
and gene expression of vent-endemic subseafloor microbes. For
this study, Epsilonproteobacteria that were not detected in back-
ground seawater were targeted to analyze their diversity, distribu-
tion, and sulfur-oxidizing gene patterns in the subseafloor.

The soxB gene primers were designed to screen for the
hydrothermal vent sulfur-oxidizing Epsilonproteobacteria belong-
ing to the genera Sulfurimonas, Sulfurovum, and Nitratiruptor. In
particular, Sulfurimonas and Sulfurimonas are frequently detected
at high abundances in diverse marine environments where
strong gradients of oxygen and sulfide exist, including cold seep
sediments (Roalkvam et al., 2011), waters of redoxclines (Grote
et al., 2007), coastal marine sediments (Hoor, 1975), and both
shallow and deep hydrothermal vents (Huber et al., 2010; Zhang
etal., 2012). The primers do not detect Arcobacter, a genus within
the Epsilonproteobacteria that also uses the Sox pathway. The 454
16S rRNA gene data in this study suggests Arcobacter are not dom-
inant in most hydrothermal vent fluids at Axial Seamount, and
while they are sometimes seen in high abundance (Huber et al.,
2007), a single primer set to capture all Epsilonprotebacteria that
use the Sox pathway was not possible to design due to the distant
relationship in the soxB gene between the different genera (Meyer
and Kuever, 2007; Headd and Engel, 2013).
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FIGURE 5 | Principal coordinates analysis of all 96% 16S rRNA gene OTUs.

The soxB gene OTUs observed as Sulfurovum-like in this study
generally shared the most identity with Sulfurovum sp. NBC37-
1, which was isolated from a deep-sea hydrothermal vent and is
capable of both hydrogen and sulfur oxidation, as well as deni-
trification (Nakagawa et al., 2007; Yamamoto et al., 2010). Two
other members of this genus have been isolated; one from a
hydrothermal vent (S. lithotrophicum) and one from marine sed-
iments (Candidatus S. sediminum). Both are also described as
sulfur oxidizers, although neither has been shown to be capa-
ble of hydrogen utilization like NBC37-1 (Inagaki et al., 2004;
Park et al., 2012). The soxB gene OTUs observed as Sulfurimonas-
like in this study were closely related to cultivated species of
Sulfurimonas. Sulfurimonas autotrophica was originally isolated
from hydrothermal sediments (Inagaki et al., 2003), and other
members of the genus have been identified associated with vent
animals (Takai et al., 2006), in the redoxcline of the Baltic Sea
(Grote et al., 2012), and in coastal marine sediments (Hoor,
1975; Sievert et al., 2008b). Genomic sequencing of some of these
isolates shows multiple functional genes for different metabolic
pathways such as sulfur oxidation, nitrate reduction, and hydro-
gen oxidation, highlighting their metabolic flexibility and simi-
larity to members of the Sulfurovum (Sievert et al., 2008a; Grote
et al., 2012). A key trait of all known isolates of both genera is
that they cannot grow at 100% oxygen saturation; they are all
described as facultative anaerobes (Inagaki et al., 2004; Takai et al.,
2006). These two closely-related genera of Epsilonproteobacteria
are likely occupying the same subseafloor habitat, but the soxB

gene data suggests dominance of Sulfurimonas in active sulfur
oxidation via the Sox pathway.

The soxB gene was not successfully amplified from either the
DNA or RNA fraction of the Pompeii site. 16S rRNA profiles show
Sulfurimonas and Sulfurovum are present at this site (Figure 4),
and the geochemical conditions are within the range of growth of
these organisms, therefore it is not clear why soxB did not amplify
from these samples. In addition, the examination of Sulfurimonas
and Sulfurovum 16S rRNA gene OTUs did not reveal any patterns
specific to these populations at Pompeii and the reason for the
lack of soxB detection at this site remains unknown.

At 9 m, the soxB gene was not amplified from the RNA frac-
tion, although soxB was detected in the DNA library. This is likely
attributed to the high temperature (maximum 51.3°C) of this
metal-sulfide chimney site. Above ~40°C, sulfur oxidation is not
favored due to severe oxygen limitation (McCollom and Shock,
1997; Butterfield et al., 2004), and known growth optima of all
known cultures within Sulfurimonas and Sulfurovum are below
40°C (Inagaki et al., 2004; Takai et al., 2006). This site also had
the lowest pH (4.8), which is still within the range of growth
for Sulfurovum lithotrophicum (Inagaki et al., 2004), but out-
side of the range of growth for Sulfurimonas paralvinellae (Takai
et al., 2006). A combination of low pH and high temperature
likely contributes to the lack of soxB gene transcripts detected at
this site.

At Gollum, the soxB genes and gene transcripts from the DNA
and RNA fractions had very different signatures, with diverse
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Sulfurovum-like OTUs dominating the DNA fraction and a single
Sulfurimonas-like OTU comprising almost the entire RNA frac-
tion. In fact, the RNA profiles of soxB gene transcripts were nearly
identical among the four vent fluid samples where soxB ampli-
fied and suggest that Sulfurimonas-like species are out-competing
Sulfurovum in actively oxidizing sulfur via the Sox pathway in the
subseafloor beneath each vent (Figure 2). Significant correlation
between sulfide and proportions of Sulfurovum has previously
been seen in diffuse fluids based on 16S rRNA gene sequencing
(Perner et al., 2013), but here there were no statistically significant
correlations in this genus with chemistry from either the 454 16S
rRNA or soxB gene data. However, Gollum has the lowest concen-
tration of hydrogen sulfide (84 LM, Table 1), as well as the lowest
H,S/Heat ratio, suggesting low sulfide levels may favor the pres-
ence of Sulfurovum carrying the soxB gene. But given that all RNA
profiles are dominated by Slms-1, there does not appear to be any
correlation with respect to expression of soxB genes and sulfide to
heat ratios or any other chemical variables.

Unlike recent work in terrestrial springs on sulfur oxidation
genes (Headd and Engel, 2013), there is no evidence of niche
partitioning in the active communities of Epsilonproteobacteria
expressing the soxB gene. However, when examining all of the
Epsilonproteobacteria 16S rRNA gene sequences (Figure 6), there
was significant groupings related to the individual vent sam-
pled and the type of vent (basalt or sulfide), highlighting the
importance of physical isolation in helping to maintain stable
microbial communities in the subseafloor (Huber et al., 2006,
2010; Opatkiewicz et al., 2009). There were also significant group-
ings of samples that correlated with chemical variables. The most
significant correlation was with methane. Those vents high in
methane are often conversely low in hydrogen (Figure 6, Table 1),
suggesting hydrogen is being drawn down and methane gen-
erated by hydrogen-utilizing methanogens (Butterfield et al,
2004; Ver FEecke et al., 2012). At Marker 113, where the
highest methane concentrations were seen, methanogenic archaea
belonging to the genera Methanocaldococcus, Methanococcus, and
Methanothermococcus were detected with the universal bacterial
primer set, consistent with previous work at Marker 113 that
showed hydrogenotrophic methanogens are abundant and active
at this site (Ver Eecke et al., 2012).

There are no known Epsilonproteobacteria that use or generate
methane, but many use hydrogen as an electron donor, includ-
ing Caminibacter and Nautilia within the Nautiliaceae (Campbell
et al., 2006). A higher relative abundance of tag sequences corre-
sponding to these two genera were detected at Pompeii, Escargot,
and 9 m, and these samples were all collected from the sides
of sulfide chimneys that had among the highest hydrogen con-
centrations (Table 1, Figure 4), suggesting the combination of
geological structure and chemistry may favor these thermophilic,
hydrogen-utilizing, sulfur-reducing Epsilonproteobacteria. This
probably reflects the different niches these organisms occupy.
Sulfurimonas and Sulfurovum are likely living in the more shal-
low, cool subseafloor where microaerobic niches exist, whereas
members of the Nautiliaceae are likely residing further beneath
the seafloor or in walls of sulfide chimneys in warm, anaero-
bic niches with enriched hydrogen. However, despite the overall
structuring of the Epsilonproteobacterial microbial community

revealed by 16S rRNA gene sequencing, no patterns of the
functional soxB gene were seen, suggesting that different lin-
eages at each vent may be carrying out similar metabolic
functions.

In addition to examining community patterns and gene
expression of subseafloor Epsilonproteobacteria, the side-by-side
comparison of 16S rRNA gene patterns from DNA and RNA
revealed that Gammaproteobacteria were present and active at
all Axial Seamount vent sites (Table4). The most abundant
and active OTU belonged to the SUP05 clade, a ubiquitous
group of bacteria frequently found in symbiotic association with
hydrothermal vent animals (Newton et al., 2007) as well as in
hydrothermal plumes, non-plume deep-sea water (Sunamura
et al., 2004; Anantharaman et al., 2013; Dick et al., 2013), and
oxygen minimum zones (Lavik et al., 2009; Walsh et al., 2009).
Recent quantitative PCR data in low-temperature diffuse vents
from Axial Seamount and Endeavour Segment also indicates
SUPO5 constitute up to 38% of all bacteria in some vent flu-
ids (Bourbonnais et al., 2012; Anderson et al., 2013). There are
no SUPO5 from the deep sea in culture, but metagenomic and
metatranscriptomic datasets indicate they are obligate autotrophs
capable of sulfur and hydrogen oxidation, nitrate reduction, as
well as storage of sulfur in globules (Walsh et al., 2009; Wright
et al.,, 2012; Anantharaman et al., 2013). Active transcripts of
multiple sulfur oxidation genes have even been detected in back-
ground seawater (Anantharaman et al., 2013), and while one
metagenomic study suggests they are facultative anaerobes or
strict anaerobes (Walsh et al., 2009), another suggests they can
use oxygen in both fully aerobic and microaerobic conditions
(Anantharaman et al., 2013).

There were a small number of sequences belonging to the
SUPO5 clade in the background seawater sample, and they
were highly enriched in vent fluid samples, particularly the
RNA fractions. However, when the Gammaproteobacterial 16S
rRNA gene OTUs were analyzed, there were similar patterns
to those seen when all OTUs were considered (Figure 5). This
suggests that SUP05 are not vent-endemic or living in the sub-
seafloor, but instead originate from background seawater and are
enriched where the oxygen-rich deep seawater mixes with hydro-
gen sulfide-rich vent fluids in the very shallow subseafloor or as
they exit the seafloor at the point of sampling. In contrast, the
Epsilonproteobacteria sampled are being entrained into vent flu-
ids from beneath the seafloor, where microaerobic and anaerobic
pockets exist. Because the samples are being fixed immediately
after filtration, those organisms active closer to the point of sam-
pling will be over-represented in the RNA fraction. Organisms
abundant within the seafloor will also be captured, but their activ-
ity will likely not be as representative of their in situ activity, given
the unknown length of time for fluids and their resident microbes
to travel from their particular subseafloor niche to the seafloor.

Many challenges remain in elucidating the subseafloor micro-
bial ecosystem, but the coupled phylogenetic and functional gene
analysis of DNA and RNA from low temperature diffuse vent flu-
ids allows for a fuller picture of what may be occurring both atand
within the seafloor at deep-sea hydrothermal vents. The detection
of soxB gene transcripts shows there are active sulfur-oxidizing
Epsilonproteobacteria within the subseafloor at Axial Seamount,
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mostly belonging to the genus Sulfurimonas. The 16S rRNA data
suggests SUP05 are extremely active in the shallow subseafloor or
at the seafloor where fluids are exiting from the crust and mixing
with background seawater, the likely habitat of these organisms.
Within the seafloor, it is predicted that Epsilonproteobacteria are
the main sulfur oxidizers, given their ability to tolerate very low
oxygen concentrations and use sulfur compounds as both elec-
tron acceptors and donors (Inagaki et al., 2004; Yamamoto and
Takai, 2011). These results are consistent with previous work by
Yamamoto and Takai (2011) and Anderson et al. (2013) sug-
gesting that Gammaproteobacteria dominate when both oxygen
and reduced sulfur compounds are steadily supplied but once
oxygen begins to disappear, Epsilonproteobacteria have greater
physiological and metabolic flexibility and potential to occupy
diverse vent niches, especially in the subseafloor. Targeted func-
tional approaches that focus on activity and expression of par-
ticular metabolic pathways, such as the primers developed here
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Microbial sulfate reduction (SR) is a dominant process of organic matter mineralization in
sulfate-rich anoxic environments at neutral pH. Recent studies have demonstrated SR in
low pH environments, but investigations on the microbial activity at variable pH and CO»,
partial pressure are still lacking. In this study, the effect of pH and pCO, on microbial activity
was investigated by incubation experiments with radioactive 3°S targeting SR in sediments
from the shallow-sea hydrothermal vent system of Milos, Greece, where pH is naturally
decreased by CO5, release. Sediments differed in their physicochemical characteristics with
distance from the main site of fluid discharge. Adjacent to the vent site (T ~40-75°C, pH
~b), maximal sulfate reduction rates (SRR) were observed between pH 5 and 6. SR in
hydrothermally influenced sediments decreased at neutral pH. Sediments unaffected by
hydrothermal venting (T ~26°C, pH ~8) expressed the highest SRR between pH 6 and 7
Further experiments investigating the effect of pCO, on SR revealed a steep decrease in
activity when the partial pressure increased from 2 to 3 bar. Findings suggest that sulfate
reducing microbial communities associated with hydrothermal vent system are adapted to
low pH and high CO,, while communities at control sites required a higher pH for optimal
activity.

Keywords: sulfate reduction, sulfate reduction rate, shallow-seahydrothermal vents, pH effect, pCO, effect,

Sciences, University of Southern
California, Los Angeles, CA,
USA.

INTRODUCTION

Microbial sulfate reduction (SR) is a dominant process for the
anaerobic degradation of organic material in marine sediments
where organic carbon or hydrogen gas serve as the electron donors
and are oxidized to CO, and water, while sulfate is reduced to
hydrogen sulfide (Jorgensen, 1982). SR also plays an important
role in deep-sea hydrothermal vent microbial processes, and has
a significant impact on sulfur biogeochemistry at high tempera-
tures (Jorgensen etal., 1992). The influence of temperature on SR
is well documented (Isaksen et al., 1994; Knoblauch and Jorgensen,
1999; Finke and Jorgensen, 2008; Hubert etal., 2009). However,
our understanding of the effects of pH and CO,, two impor-
tant parameters that significantly impact microbial community
structure and function is limited.

Submarine hydrothermal vents are well known for the extreme
geochemical conditions that they impose on their inhabiting
microbiota. Important selecting factors are low pH, high tem-
peratures and high metal and sulfide concentrations in the
hydrothermal fluids (Jannasch and Mottl, 1985; Frank etal.,
2013). Furthermore, steep temperature gradients demand adapta-
tions to variable temperature regimes. Cultivation-based studies
have shown that sulfur compounds are important substrates for

microbial activity, extreme environment

microbes in hydrothermal vent systems (Jannasch and Mottl,
1985).

Most studies of sulfate reducing bacteria (SRB) have focused on
environments at circumneutral pH including marine and freshwa-
ter sediments (Widdel, 1988; Hao etal., 1996). However, there is
now increasing evidence for SR to occur also in low pH habitats,
such as acidic lakes and rivers, acidic soils, peat lands, acid rock, or
mine tailings (Koschorreck, 2008 and references therein). SR was
also observed in hydrothermal systems where the pH is lowered
due to CO; venting (Amend etal., 2004) but further knowledge
on the activity of these microbial communities is limited. SR has
a low yield of metabolic energy (Widdel, 1988). However, sur-
prisingly SRB are active under acidic conditions where additional
energy requirements to keep an elevated intracellular pH (Mar-
tin, 1990; Lowe etal., 1993), the toxicity of metabolic products
(e.g., HyS or protonated fatty acids, Hao etal., 1996) and com-
petition with other more resistant microbes (e.g., iron reducing
bacteria or methanogens) may inhibit SR to occur (Koschorreck,
2008). Below a pH of 5, the metabolic product of SR is exclu-
sively present in its undissociated form H,S which is considered
as the most toxic form of sulfide (Moosa and Harrison, 2006).
As uncharged gas, H,S permeates the cell membrane where it
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can react with free metal ions and metal containing functional
groups of the electron carrier system of the cell (Hao etal., 1996),
amino acids and metabolic coenzymes inhibiting the functional-
ity of the microbial cell (Koschorreck, 2008). Volatile fatty acids
(VFA) are fermentation products of organic carbon and repre-
sent typical substrates of sulfate reducers. VFA exist as protonated
organic acids under low pH. In their protonated form they can dif-
fuse through the cytoplasmic membrane and act as “uncouplers”
(Bruun etal., 2010) leading to a collapse of the membrane poten-
tial (Baronofsky et al., 1984). In addition, protonated organic acids
decrease the pH of the cytoplasm upon entering by diffusion. Free
intracellular protons can impair processes such as DNA transcrip-
tion, protein synthesis, and enzyme activities (Baker-Austin and
Dopson, 2007). In nature, intermediates of fermentation, e.g., VFA
and H;, are generally maintained at low concentrations, showing
a close coupling of terminal oxidation to fermentation (Finke and
Jorgensen, 2008) counteracting an accumulation of acid and a
subsequent decrease in pH.

In addition, SR at low pH is of special interest because this
process can be applied for biogenic neutralization of acid rock
drainage environments and for bioremediation (Kaksonen and
Puhakka, 2007). The investigation of CO, venting hydrothermal
sediments is of particular interest, as they represent a system in
which the degassing-effects of previously sequestered CO; can be
investigated (Shitashima etal., 2008). Based on all these implica-
tions further knowledge is necessary to understand the biological
and chemical dynamics in acidified sediments.

This study was conducted on sediments collected from a shal-
low submarine hydrothermal vent system in the Aegean Sea near
the island of Milos (Greece), and focuses on the effect of pH and
pCO; on the activity of SRB. By incubation experiments involving
the addition of electron donors and at different pH and pCO»,
SR activities of hydrothermally influenced sediments were com-
pared to activities in control sediments with higher pH and no
CO; venting.

MATERIALS AND METHODS

STUDY SITE

The study site (36° 40" 25N, 24° 30" 58E; Figure 1A) was located
~1 m from an active gaseous hydrothermal vent system at 4.5 m
water depth in Paleochori Bay, Milos Island, Greece. The bay
is situated at the southeastern coast of Milos in the Aegean Sea
(Figure 1B). Free gases sampled from the site (collected in 2011)
had a mean gas composition of 92.5% CO3, 0.13% O3, 0.67% N,
7 ppm He, 11450 ppm Hj, 0.7 ppm CO, and 916 ppm CHy (Price
etal., 2013, this issue). These free gas values can be used as an
approximation for the discharged gases of the seep. The vent sites
displayed a characteristic zonation of colored surface deposits sur-
rounding the gas outlets (Figure 2). The sediment next to the vent
was covered by a layer of bright yellow-orange deposits contain-
ing the arsenic sulfide minerals similar to orpiment (Price etal,,
2012). A zone covered by white flocculent material on top of black
sediment termed “white zone” surrounded this area. The white
precipitate consists of a mixture of amorphous silica and native
S (Fitzsimons etal., 1997). It is assumed that this precipitate is
associated with microbial mat communities (Dando etal., 1995;
Fitzsimons et al., 1997). The white zone was surrounded by an area
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FIGURE 1 | (A) Location of Milos Island and other calc-alkaline volcanoes
(shaded) along the Aegean Island Arc (dotted line). (B) Milos Island and the
location of Palaesochori Bay. Stippled offshore areas around the island are
mapped gas emissions by echo sounding (Dando etal., 1995). Maps
modified from Price etal., 2012.

of gray sediment referred to as the “transition zone” and a brown
background zone called the “brown zone” with hydrothermally
unaffected sediment characteristics such as ambient temperature
and pH. Sediments from the brown zone were used as a control.

SAMPLING

Sampling was carried out along a transect through different sed-
iment zones by SCUBA diving in August 2010. Sediments at
increasing distance (ca. 1, 2, and 5 m) from the gas emis-
sion zone were sampled underwater with 1 L preserving jars
(Figure 2; J. WECK GmbH & Co. KG, Wehr, Germany) contain-
ing a butyl rubber stopper which prevented the contamination of
the sample with oxygen. Samples were maintained dark and cold
during shipping. Temperature measurements were conducted in
situ at a sediment depth of ~10 cm with a digital thermome-
ter in a custom underwater housing (Fisher Scientific, Germany).
The pH measurements integrated over 60 mL of sediment pore
water. Measurements were performed ~1 h after sampling from
a 10 cm sediment depth at the main sampling locations using
60 mL syringes elongated by tubing connected to long perforated
pipette tips. Pore water from the white zone was sampled down
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FIGURE 2 | Transect through the different zones of Paleochori Bay
marked with sample bottles. Zones were divided in yellow-orange, white,
transition, and brown. The yellow-orange zone was located adjacent to the
venting site.

to 12 cm sediment depth at 2 cm resolution for analysis of sul-
fide, sulfate, alkalinity and pH using rhizon soil moisture samplers
(5 and 10 cm rhizons, pore size: 0.1 m, Rhizon core solution
sampler (CSS), Rhizosphere Research Products, The Netherlands).
For sulfide analysis, pore water samples were fixed with an equal
volume of 50 mmol L ™! zinc acetate (ZnAc) solution.

PHYSICOCHEMICAL MEASUREMENTS

Pore water sulfide fixed with ZnAc was analyzed spectrophoto-
metrically according to Cline (1969). Concentrations of SOff
were measured on a Metrohm Compact 761 ion chromato-
graph equipped with a Metrohm Metrosep A column. The eluent
was a 3.2 mmol L™! Na,CO3/1 mmol L~! NaHCO3 solution
and the flow rate was 0.7 mL min~!. The standard deviation
of repeated measurements was always below 2% of the mea-
sured concentration. Prior to measurement, samples were diluted
100-fold with distilled water. Blanks were used for background
corrections.

MEDIUM

Artificial seawater medium for SRB (modified from Widdel, 1988)
contained (mmol per liter): KBr (0.756), KCl (8.05); CaCl,*2 H,O
(10); MgCly*6 H,O (27.89); MgSO4*7 H,O (11); NaCl (451);

NH,4CI (4.67) and KH,POy4 (1.47) and was prepared without the
addition of NaHCO3 as buffering solution to allow for easier pH
adjustment. For incubation experiments the pH was adjusted to
values of 3, 4, 5, 6, and 7 with sterile 1 mmol L~! phosphoric
acid (H3POy4) or NaHCO3; (Widdel, 1988) before sterilization for
25 min at 121°C and re-adjusted if necessary. Prior to sterilization,
needles were inserted into the butyl stoppers of each medium bot-
tle to allow escape of oxygen from the liquid at high temperature.
The 75°C hot medium was allowed to cool down under constant
stirring and flushing the headspace of the bottle with a mixture of
N,/CO; at a 9/1 ratio(v/v). The salinity of the SRB-media was 33.

SULFATE REDUCTION RATE MEASUREMENTS

To determine sulfate reduction rates (SRR) for the different
incubation experiments, 20 WL of 3*S-sulfate tracer containing
100 kBq were injected into 15 mL Hungate tubes containing 2 mL
homogenized sediment and 3 mL of SRB medium in 1:1.5 (v/v).
Samples were incubated at 40 or 75°C. Per experiment, three
killed controls were prepared by transferring the sediment and
the medium directly to Hungate tubes containing 5 mL of 20%
(w/v) ZnAc solution in centrifuge tubes. The tubes were shaken
and tracer was added to the killed slurries. Every sample was pre-
pared in triplicate. Incubations were stopped by transferring the
sediment slurries into centrifuge tubes containing 5 mL of a 20%
(w/v) ZnAc solution.

Reduced inorganic sulfur compounds were removed from the
fixed samples by single step cold acidic chromium distillation
method as described by Fossing and Jorgensen (1989) and fur-
ther modified by Kallmeyer etal. (2004). The 3>S incorporated
into the pool of total reduced inorganic sulfur was recovered as
zinc sulfide in traps containing 7 mL of a 5% (w/v) ZnAc solution
and finally counted in a scintillation counter (Packard Tri-Carb
Liquid Scintillation Counter, MA, USA). SRR were determined as
described in Kallmeyer etal. (2004). The porosity of each sedi-
ment type was determined by differential weighting of wet and
dry sediment after drying for 2 days at 80°C to constant weight.

INCUBATIONS

All collected sediment samples were used for experiments on resid-
ual sulfate reducing activity 52 days after sampling as this was the
time required for shipping of sampled material and installation
of experimental setup. A pre-incubation for 18 h without tracer
was followed by tracer incubation for 35 h. Incubations were per-
formed either at 40 or 75°C. A SRB medium with 11 mmol L~}
of sulfate and pH 5.3 was used to mimic the in situ characteristics
of the white zone sediment.

A device for anaerobic slurry preparation and simultaneous
pH measurement was constructed of sterilized material (15 min at
121°C). Slurry of 1:4 (v/v) ratio of sediment to medium was pre-
pared and the pH was adjusted with phosphoric acid or NaHCOs.
After pH adjustment, 5 mL of slurry were transferred into pre-
flushed oxygen-free Hungate tubes. The headspace of each tube
was flushed with a mixture of N, and CO; at a 9/1 ratio (v/v) and
the tube was sealed with a butyl rubber stopper and kept in place
by a screw cap.

For experiments on stimulated SR, a mix of VFA (Widdel,
1988) was supplied to the sediment samples as additional electron

www.frontiersin.org

May 2013 | Volume 4 | Article 111 | 36


http://www.frontiersin.org/
http://www.frontiersin.org/Extreme_Microbiology/archive

Bayraktarov etal.

pH and CO, effect on sulfate reduction

donors. It contained formate, acetate, propionate, butyrate
and succinate in equal-molar amounts providing a total fatty
acid concentration of 1 mol L™!. The mixture of VFA was
added with a N»/CO,-flushed 1 mL syringe through the butyl
stopper of the slurry bottles to produce a final slurry con-
centration of 1 mmol L™! VFA. The pH was re-adjusted for
each slurry bottle after fatty acid addition. For each experi-
ment with VFA-supplemented slurries, three incubations were
prepared as killed controls. All experiments were carried out in
triplicates.

For pH experiments, samples were incubated for 16-18 h at
40°C after a short pre-incubation. Pre-incubation time was calcu-
lated as the time required for pH adjustment and the distribution
of slurry into Hungate tubes prior to incubation with radioactive
tracer. Sample preparation was conducted at room temperature
and was completed in less than 4 h. For all incubation experiments,
the surface sediment fractions (0-5 cm) of white and transition
zone sediments and a deeper fraction (5-10 cm) of the brown zone
sediment were used. For incubation experiments at pH of 3, 4, 5, 6,
and 7, the phosphate buffering system, with pKa values 2.15, 6.87,
and 12.33 (Perrin, 1972) was appropriate. Before and after each
incubation experiment, the pH of each tube was measured after
gentle mixing. For pH measurement prior to incubation, 200 pL
of the liquid were removed with a needle and a N,/CO;-flushed
1 mL syringe through the butyl stopper of the tube. The pH was
measured after the incubation by inserting the pH electrode into
each tube after gentle shaking. All pH values were determined in
triplicates. The pH changed during the incubation between =+ 0.1
and = 0.5 pH units (horizontal error bars in Figure 4).

Additionally, incubation experiments were conducted to inves-
tigate the combined effects of pH and pCO; on SR. Therefore,
different CO, partial pressures in the range of 0, 1, 2, and 3 bar
were applied after a pre-incubation for 12 h at 40°C. Prior to incu-
bation experiments, CO; partial pressures were adjusted to the gas
phase of tubes (10 mL headspace in a total volume of 15 mL) using
a pressure reducer.

STATISTICAL ANALYSES

Arithmetic means and standard errors were calculated for each
triplicate set of experiments and are represented by vertical error
bars in the activity diagrams (Figures 4 and 5). Statistical analy-
sis was performed with SigmaPlot, 12.0, Copyright © 2011 Systat
Software, Inc. A One-Way-ANOVA was used to test for statis-
tically significant differences between the groups considering a
triplicate at a certain pH value (3, 4, 5, 6, and 7) or CO; partial
pressure (0, 1, 2, and 3 bar) as a group. The dependent vari-
able was SRR. Only values above the reported detection limit of
0.04 nmol SOi_ cm~3 d~! were taken into account and values
below this limit were set to 0. Degree of freedom df, F factor, and
P-value (df, F, and P) are given. A Two-Way ANOVA was applied
to test for differences between groups and treatment (untreated or
supplemented sediment).

RESULTS

GEOCHEMICAL CHARACTERIZATION

In situ measurements of temperature and ex sifu determination
of pH demonstrated that the shallow-sea hydrothermal vent site

constituted an extreme environment. The pH decreased with
increasing proximity to the gas vent reaching values of 5.3 in the
white and 7.6 in the pore water of brown zone sediment (zonation
displayed in Figure 2). Temperatures measured at 10 cm sediment
depth were 75°C in the white and 26°C in the brown zone sed-
iment. Temperature and pH measurements were not conducted
in the transition zone sediment. The pore water concentration of
hydrogen sulfide increased from 553 wM at a sediment depth of
2 cm to 608 WM at 4 cm; concomitantly, the sulfate concentration
decreased from 11.3 to 10.5 mmol L~! at the same depth.

The bulk seawater pH was 8.0 and the alkalinity 3.6 mmol kg ~!.
The pH in the white zone depth profile was between 5.2 and 5.3.
Alkalinity decreased with depth from 2.1 to 1.1 mmol kg~! in
white sediment pore water (Price etal., 2012).

SULFATE REDUCTION RATE MEASUREMENTS

Sulfate reduction rates determined at 40°C in sediments that were
collected close to the main venting site (white zone) were below
1 nmol SOi_ cm™3 d~!. At this temperature, SRR increased
with distance from the gas discharge zone, reaching 24 nmol
SO?{ cm™3 d7! in surface sediment of the transition zone
(Figure 3A). The highest activity at 40°C was found within the
brown zone sediment (control) with 35 nmol SOi_ cm~2d~ 1. SR
was mostly inhibited at 75°C (Figure 3B). However, SR was mea-
surable in brown zone sediment at 75°C, with a SRR of 2.4 nmol
SOi_ cm™3 d~!, which is approximately 15 times less than the
rate measured at 40°C. As SRR were below the detection limit of
our method at 75°C, all further incubation experiments were con-
ducted at an intermediate temperature of 40°C, which represents
approximately the average found in hydrothermally influenced
sediments.

THE pH EFFECT ON SULFATE REDUCTION

The SRR increased with pH until they reached a pH opti-
mum (pHopt) defined as the pH at which the highest SRR was
measured (Figures 4A—C). The different sediment types of Pale-
ochori Bay varied in the level of SR activity, its pH dependence
and pHopt.

Among all tested sediments, the white zone sediment showed
the lowest SR activity. The rates were statistically different for pH
values between 3 and 7(df=4, F=17.47, P < 0.001). Highest rates
were measured at pH 6.3 with an arithmetic average of 0.2 nmol
SOi* cm~3 d~! (Figure 4A). At pH 7 SRR were below the detec-
tion limit. This was also the case at pH < 4. At pH of 4.7 the
rates were close to detection limit. The addition of 1 mmol L~! of
VFA to white zone sediment samples decreased SRR to below the
detection limit at pH values < 4.5. The pHyp remained at pH 6.4
but the corresponding SRR showed an increasing trend from 0.2
to 0.3 nmol SOi_ cm™3 d~ ! after VFA addition. SR activity could
also be detected at pH 7.3 with a rate of 0.1 nmol SOi_ cm3d7!
after VFA addition. In summary, the white zone sediment showed
the highest SRR at pH values between 6.3 and 6.4 in treatments,
both with and without VFA-amendment.

The transition zone sediments showed significantly different
SRR for all pH values (df = 4, F = 19.89, P < 0.001; Figure 4B).
The highest rate was measured between pH 5.5 and 6.3 with rates
of 6.5 nmol SOi_ cm~3 d~!. The SRR measured at pHopt were
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FIGURE 3 | Residual sulfate reduction rate of Paleochori Bay sediments
after incubation for 35 h at a temperature of (A) 40°C and (B) 75°C.

40 times higher in the transition zone as compared to the highest
rates in white zone sediments. Furthermore, measurable rates at
pH < 5 were found with 1.9 nmol SOi_ cm~2 d~! at a pH 4.6.
At a pH < 4 the rates were below the detection limit. At pH 7.3
SRR were four times lower than at pHop. After VFA-addition an
increase in SRR could be identified as compared to the untreated
slurries (df=1, F=5.02, P=0.037) and the highest rates increased
significantly from 6.5 nmol SOT cm~3 d~! (-VFA) to 9.0 nmol
SO;” em™3 d~! (+VFA) at pHop of 6.1. The SRR at pH < 5.5
was slightly increased from 6.5 nmol SOi_ cm~3 d~!atapH of
5.5 to a rate of 7.6 nmol SOi_ cm~3 d~! at pH 5.2 after amend-
ment. At pH < 4, SR could no longer be detected. At pH > 7
the SRR were only increased from 1.6 nmol SOi_ cm™3 47!
without amendment to 2.4 nmol SOi_ cm~3 d~! after addition
of VFA.

Sulfate reduction rates in the brown zone sediment were
2.3 nmol SOT cm ™2 d7! at pHopt of 6.0 (Figure 4C). Rates
were significantly different between the tested pH values (df = 4,
F=213.73, P < 0.001). At pH 7.2 SRR showed a decrease from 2.4
to 1.6 nmol SOf cm™2 d~ . In these sediment samples a steep
decrease in SRR was observed at pH values < 6, reaching 0.7 nmol
SOﬁ_ cm—3d~!atpH 5.5and 0.1 nmol SOi_ cm~3d~latpH5.0.
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FIGURE 4 | Sulfate reduction rates after incubations for 16 h of
Paleochori Bay, white, transition, and brown zone sediment incubated
in not amended and VFA-supplemented media as a function of pH.
Incubation temperature was 40°C. Horizontal error bars show development
of pH value over time of incubation. Vertical error bars show the standard
errors of rates (n = 3). (A) White zone sediment. (B) Transition zone
sediment. (C) Brown zone sediment.

At pH < 5, SRR were below the detection limit. VFA amendment
resulted in a significant increase (df= 1, F = 26.06, P < 0.001) and
adifferent response as compared to the other sediments. The pHopt
was 6.1 as was the case in the non-amended samples and the SRR
increased from 2.3 nmol SOﬁ_ cm™3 d~! with no amendment
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to 5.9 nmol SO~ cm~3 d~! after VFA-addition. At pH 7 only
a slight increase in SRR from 1.6 nmol SO3~ cm~3 d~! without
amendment to 2.3 nmol SOi_ cm™3 d~! at after amendment was
observed.

THE pCO, EFFECT ON SULFATE REDUCTION

The different pCO, partial pressures resulted in different pore
water pH values in sediment samples obtained from the Paleochori
Bay sites. In all sediment types a decreasing trend in SRR was
observed with increasing pCO; (Figures 5A-C). A stimulation of
SRR upon VFA amendment was observed for all sediment types
at a pCO; of 1 bar. However, the rates decreased with increasing
pCO; after VFA addition and were significantly different for the
transition (df = 2, F = 31.51, P < 0.001) and the brown zone
sediment (df = 2, F = 19.68, P = 0.002). We observed a steep
decrease of SRR in all samples after the CO, gas pressure was
increased from 2 to 3 bar even though the pH only decreased
slightly, from 4.8 to 4.7 for the white zone sediment, from 4.7 to
4.6 for transition zone sediment and from 5.5 to 5.4 for the brown
zone sediment (Figures 5A-C).

The sediment samples showed different buffering capaci-
ties, which were expressed as the relation between pCO; and
subsequent pH decrease (Figure 6). The pore water of white
zone sediment had an intermediate buffering capacity expressed
by a pH decrease from 5.6 to 4.7 after addition of 3 bar of
pCO;. The pore water of transition zone sediment had the
lowest buffering capacity since the pH decreased from 5.5 to
4.4 after addition of 3 bar pCO;. The highest pH value and
buffering capacity was found in samples from the brown zone
sediment which decreased from 6.1 to 5.2 after pCO, adjustment
(Figure 6).

DISCUSSION

In this study, the highest SRR without VFA amendment were mea-
sured in the brown zone sediment with 35 nmol SOi_ cm™3d1
SRR determined in these control sediment samples were close
to rates reported from temperate regions. For example, Jor-
gensen and Bak (1991) reported SRR between 5 and 20 nmol
SOE_ cm™? d~! from marine sediments of Kattegat, Denmark.
Dando etal. (1995) studied a neighboring hydrothermal vent site
in Paleochori Bay at a water depth of 10 m and determined SRR
of between 5 and 80 nmol SOi_ cm™3 d~! applying a radio-
tracer method (Dando etal., 1991) immediately after sampling.
SRR peaked at 2 cm sediment depth with maximal rates of up to
of 80 nmol SOi_ cm™3 d~1, which were probably supported by
residual organic carbon (Dando etal., 1995) and/or hydrogen gas
from the vent fluids. The overall lowered rates in our sediment
samples were most likely a consequence of electron donor limita-
tion as the experiments could not be performed immediately after
sampling. Intermediate activity was found in surface samples of
transition zone sediment with a SRR of 24 nmol SOi_ cm~3d1
SRR in brown and transition zone sediment were in the range
of SR determined in deep-sea hydrothermal vent sediments (19—
61 nmol SOi_ ecm™3 d~1) with in situ temperatures > 100°C
(Jorgensen etal., 1992) but below the rates measured for the
Logatchev hydrothermal field at the Mid Atlantic Ridge with 122—
136 nmol SOi_ cm~3 d~! at temperatures between 65 and 100°C
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FIGURE 5 | Sulfate reduction rates after incubations for 16 h of
Paleochori Bay, white (A), transition (B), and brown zone sediment (C)
incubated in not amended and VFA-supplemented media as a function
of changing pCO,. Incubation temperature was 40°C. Vertical error bars
show the standard errors of rates (n = 3). Symbols represent different
pCO, conditions, starting with circles for no pCO, triangles for 1 bar,
squares for 2 bar, and diamonds for 3 bar.

(Schauer etal., 2011). The lowest SRR was measured in the white
zone sediment. There, SRR were below 1 nmol SOi_ cm™> 4!
after incubation at 40°C and below detection limit when the sam-
ples were incubated at 75°C, which is the in situ temperature at
10 cm sediment depth. The low SRR in the white zone may be due
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FIGURE 6 | Buffering capacity of white, transition, and brown
sediment depicted by the pH of each sediment type to the
corresponding pCO5 value.

to substrate limitation, in particular lack of hydrogen gas from
venting fluids.

The SRB are found in several phylogenetic groups, but mostly
belong to the Deltaproteobacteria (e.g., 23 out of 60 genera), fol-
lowed by the Firmicutes (Muyzer and Stams, 2008; Barton and
Fauque, 2009). It is possible that the low SRR, especially in the
white zone sediments, may be due to a smaller population size
of SRB, at least relative to our other sediment types. Sievert etal.
(1999) found mainly Cyanobacteria and sulfur oxidizing Thiomi-
crospira spp in a hydrothermal vent system that is located close to
our study site. Our sediments were collected from a slightly higher
temperature, 75°C at 10 cm depth, whereas the white zone tem-
peratures for Sievert etal. (1999) study reached only 50°C at 5 cm
sediment depth. Even if polymerase chain reaction (PCR) biases
cannot be excluded, the elevated numbers of 16S rRNA sequences
affiliated with the Deltaproteobacteria, to which most SRB belong,
found in the transition and brown zone sediments (Sievert et al.,
1999) are in agreement with our results as we found the highest
SRR in these sediments.

In a more quantitative study, 16S rRNA clone libraries and
phylogenetic data were obtained for samples collected in the same
area and temperature as this study (Price et al., 2013, this issue). In
the white zone with equivalent temperatures to our study, 7 out of
51 clones were obtained for the Deltaproteobacteria in a 0—1.5 cm
sediment depth, whereas none were found in the deeper 3—4.5 and
9-10.5 cm layers. Four out of those seven clones were affiliated
with the order Desulfobacterales, one of the major groups known
for SR (Muyzer and Stams, 2008). Price etal. (2013, this issue)
also reported that members of the Firmicutes phylum became
dominant in the deeper sediments, but were exclusively associated
with Bacillus sp (at ~100% ID). In a pooled 0—6 cm sample from
a lower temperature (~45°C) white zone at the same site as this
study, 24 out of 119 clones were affiliated with Deltaproteobacteria,
12 of which were associated with the Desulfobacterales order. In
pooled 0—6 cm sample from a nearby background brown area, 10
out of 97 clones were affiliated with Desulfobacterales. Thus, in

pooled samples of brown zone sediment, about 10 % of the clones
in the clone libraries affiliate with groups with the most potential
for SOi_ reduction, while 10% affiliated with SRBs in white zone
sediments. In the 0-1.5 cm sediment sample, the contribution of
16S rDNA affiliated with SRB was 8%. Due to the small size of
the libraries we do not consider the ratios to significantly different
among sites. In future studies the microbial diversity in general and
that of sulfate reducers should be addressed with next generation
sequencing methods (Frank etal., 2013).

A possible explanation for the low SRR in white zone sediment
could also be its high spatial instability due to transport of gas,
venting and mixing in combination with oxygenation of the sed-
iment layers which could lead to a removal of microorganisms.
Mixing might also disturb the coupling between fermenters and
sulfate reducers, which thrive on oxidizing fermentation prod-
ucts such as VFA and H;. Finke and Jorgensen (2008) observed
that temperature had an effect on the coupling between fermen-
tation and SR in sediment samples from Svalbard and Wadden
Sea as fermentation products accumulated in incubations above
a critical temperature of 40°C. The authors concluded that tem-
perature is a factor that might disturb the metabolic link between
both process types because sulfate reducers were inhibited at a
lower critical temperature than fermenters (Finke and Jorgensen,
2008). In our study, a higher threshold for negative temperature
effects is expected as the natural temperatures of the hydrother-
mal vent system ranged from 26 to 75°C. Effects that reduce SRR
can most likely be attributed to low pH leading to a protona-
tion of acid anions, which short-cuts proton gradients in the cells
and disrupts adenosine triphosphate (ATP) synthesis (Baronofsky
etal., 1984).

THE pH EFFECT ON SULFATE REDUCTION

Based on cell culture studies, it was suggested that SR may pref-
erentially occur at pH between 6 and 8 (Widdel, 1988; Hao etal.,
1996). However, Dando etal. (1995) have documented that SR
can take place at high rates in shallow submarine hydrothermal
vent systems with low pH. Our results are in line with those
reported by Dando etal. (1995), and demonstrate that hydrother-
mal sediments with lower pH and increased temperature harbor
populations of SRB that respond distinctly to different pH condi-
tions. In addition, our data indicate that hydrothermal sediments
had different pH optima than SR populations of sediments with
low temperature and neutral to slightly alkaline pH characteristics.
We observed SR at pH < 5 in hydrothermally influenced, CO,—
vented sediments. However, optimal pH of SR was found between
pH 5 and 6 for the hydrothermally influenced white and transition
zone sediments but between pH 6-7 for brown zone sediment that
served as control.

Sulfate reducing activity under low pH conditions is often
explained by the existence of microenvironments with more
reduced and alkaline conditions than the acidic surroundings
(Fortin, 1996). Koschorreck (2008) argued against the existence
of neutral microniches formed by the alkalinity produced during
SR. He calculated that a SRR of 1.8 x 10% nmol SOi_ ecm3dtis
required to maintain circumneutral pH in a sphere with 100 pm
diameter while the pH in the surrounding is 3. Applying this
calculation to the hydrothermal vent sediments of Paleochori Bay,
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a SRR of 1.6 x 10°® nmol SOE_ cm™3 d~! would be needed
to maintain the center of the sphere at pH 6 when the pH of
the surrounding pore water was 5. This rate exceeds the SRR in
the hydrothermal vent system of Paleochori Bay by five to six
orders of magnitude and supports our argument that SRB popu-
lations are adapted to low pH rather than the presence of neutral
microsites.

In previous studies, it was suggested that sulfate reducers are
more susceptible to high VFA concentrations than methanogens
(James etal., 1998), which might result in a shift from SR to
methanogenesis at low pH (Koschorreck, 2008). A study on
methanogenesis in a bioreactor at pH of 4.5 showed a 30% increase
of methane yield as compared to neutral conditions, after a slow
acclimation of the methanogens to lowered pH (Taconi etal,
2008). A competition between sulfate reducers and methanogens
due to diluted sulfate concentrations by the vent outflow and
higher susceptibility of the sulfate reducing community to low
pH, can be excluded as the abundance of Archaea as well as their
diversity was low in white and brown zone sediments (Nitzsche,
2010; Price etal., 2013, this issue).

THE EFFECT OF VOLATILE FATTY ACIDS ON SULFATE REDUCTION AT
LOW pH

Protonated short-chained fatty acids diffuse through the cell mem-
brane and consequently act as protonophores and as uncoupling
agents (Kell etal., 1981). This is not the case for their conju-
gate anions, which are excluded by their physical properties and
charged head groups of lipids from the biological bilayer. Small
fatty acids turn lipophilic under acidic conditions depending on
their dissociation constant pKa, pass through membranes by pas-
sive diffusion and destruct the gradients (pH gradient, ApH and
membrane potential AW) necessary for ATP synthesis and trans-
port function. In addition, they acidify the intrinsic circumneutral
cytoplasm of the cell by dissociation and proton release. The
reduced cytoplasmic pH inhibits cellular reactions and energy
conservation triggered by proton-motive force (Baronofsky etal.,
1984). With the formula:

[Ac] / [HAc] = 10PH —PKa

where [Ac] equals the total acid concentration and [HAc] the
amount of protonated acid at a certain pH and the pKa values
of a total concentration of 1 mmol L~! VFA (formate, acetate,
propionate, butyrate, and succinate) with pKa values of 3.75;
4.76; 4.87; 4.81; 4.16 (Perrin, 1972) in the slurry we can calculate
the concentration of protonated fatty acids (Bruun etal., 2010)
at pH values from 3 to 7. The total concentration of protonated
organic acids of the VFA in the slurry is 43.3 mmol L=! at pH of
3; 4.3 mmol L~! at pH 4, 0.4 mmol L1 at pH 5; 0.01 mmol L!
at pH 6 and negligible for a pH 7 (0.004 mmol L™'). In this
study, only the protonated fatty acid concentration at pH val-
ues of 3 and 4 might become harmful to SRB (Baronofsky etal,,
1984). This is consistent with our pH-experiment data in which the
SRR of the VFA-amended slurry is lower than the rate measured
in unamended sediment of white and transition zone sediment
at pH < 5. At pH 6.4, the SRR measured after VFA addition
to white zone sediment (0.3 nmol SOi_ cm~ 3 d71) exceeded

the SRR (0.2 nmol SOi_ cm™? d71) at a similar pH (pH 6.3)
without addition. In brown zone sediment slurries, the limit for
VFA stimulation was equal to unamended sediment at pH 5.5.
The SRR at pH 6.2 of 2.3 nmol SOi_ cm™3 d~! was stimulated
by VFA amendment to a rate of 5.9 nmol SOﬁ_ cm™3 d7L A
SRR increase was also observed at neutral pH for brown zone
sediments: here SRR increased from 1.6 nmol SOif cm3 47!
without amendment to 2.3 nmol SO;~ cm™> d~! in amended
slurries. Since VFA were added as a mixture to the slurries, no
further differentiation between the individual fatty acids on SRR
was possible. The presented results are consistent with stud-
ies on activity inhibition caused by organic acids at artificially
lowered pH (Ottosen etal., 2009) and fresh water seep systems
(Bruun etal., 2010).

THE EFFECT OF pCO, ON SULFATE REDUCTION

The content of CO; correlates with pH. Dissolved CO, reacts
with water to form carbonic acid (H,COs3), which immediately
dissociates to bicarbonate (HCO3 ™) and protons (H™). HCO3™
and H* can further dissociate to CO§_ and H* decreasing the
pH in the solution. In this context, “carbonic acid” encom-
passes the species CO,, H,CO3;, HCO3~, and CO? (Zeebe
and Wolf-Gladrow, 2001). The existence of the different car-
bonic acid species depends on their concentrations, dissociation
constants and pH as described by the Bjerrum plot (Zeebe and
Wolf-Gladrow, 2001).

In this study, the relation between pH and SRR relative to
different pCO;, was examined. This is of particular interest in
order to understand microbial functioning in CO; — venting sed-
iments which are perfect natural laboratories for studies focused
on CO; sequestration in which carbon dioxide is removed from
the atmosphere and stored in sediments that should serve as long-
term reservoirs (Shitashima etal., 2008). After adjustment of the
CO;, partial pressure to 0, 1, 2, and 3 bar, we found that a pCO,
increase resulted in different pH values among the sediment types.
This may be a consequence of different chemical and biological
buffering capacities of the sediment (Heijs et al., 1999). The min-
eral characteristics of the sediment (e.g., silicate, carbonate) and
the bicarbonate content of the seawater dictate chemical buffer-
ing capacity of the sediment. The addition of CO; results in a
decrease in pH (Zeebe and Wolf-Gladrow, 2001). SR produces
bicarbonate alkalinity and consequently counteracts a decrease
of pH. The data obtained from pCO, incubation experiments
provide a rough indication of the buffering capacity of the Pale-
ochori Bay sediments: the brown zone sediment has the highest
buffering capacity followed by white and finally transition zone
sediments. This was also obvious from the amounts of phospho-
ricacid needed to decrease the pH in the pH experiments (data not
shown).

Sulfate reduction rates responded to increase in pCO; with a
decrease in activity in nearly all experiments although effect of
an increase in pCO; from 2 to 3 bar on pH was negligible. A
pCO; increase from 1 to 2 bar reduced SRR from 0.2 to 0.1 nmol
SOi_ cm~? d~! in the white zone sediment slurries, from 4.3 to
3.2 nmol SOi_ cm~> d~! in transition zone slurries and from
1.5 to 0.6 nmol SOi_ cm~? d~! for the brown zone sediment
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slurries. The increase in pCO,was accompanied by pH changes
from 4.8 to 4.7, 4.8 to 4.6 and 5.5 to 5.4 in the three sediments,
respectively. The effect of SRR reduction upon pCO; increase was
even stronger after VFA were added to the slurries (Figure 5).
In our experiments we observed similar effects as in Debs-Louka
etal. (1999) concluding that the reduction in pH due to increas-
ing pCO; was not sufficient to account for antimicrobial activity.
In this study microbial inactivation depended strongly on CO,
partial pressure (tested for 15-55 bar), exposure time, the decom-
pression time and water content of the sample. A sudden increase
in pCO;, was observed to provoke cell ruptures and lead to reduced
bacterial numbers (Debs-Louka etal., 1999). Additionally, it can
be suggested that the content of CO, in the form of carbonic acid
has a negative effect on the cell as it can permeate the membrane
and dissociate in COg_ and H™ in the circumneutral cytoplasm,
decreasing the intrinsic pH of the cell.

CONCLUSION

We observed a significant difference between SR in hydrothermally
influenced and background sediments suggesting that microbial
communities are adapted to low pH in the hydrothermal sedi-
ments of Milos. Sulfate reducing communities in hydrothermal
sediments showed pH activity optima between 5 and 6. In con-
trast, SR in sediments with no hydrothermal influence exhibited

pH optima between 6 and 7. The shallow-sea hydrothermal vent of
Paleochori Bay, Milos (Greece) with pH between 5 and 7, tempera-
ture range of 26-90°C and a high content of dissolved arsenic and
sulfide in the sediment pore water, represents an extreme environ-
ment in which SR may play an important role in the degradation
of organic material. This study suggests that marine microbial SR
communities that are specifically adapted to a life at high pCO,
and low pH do exist.
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INTRODUCTION

Oceanic basalts host diverse microbial communities with various metabolisms involved
in C, N, S, and Fe biogeochemical cycles which may contribute to mineral and glass
alteration processes at, and below the seafloor. In order to study the microbial colonization
on basaltic glasses and their potential biotic/abiotic weathering products, two colonization
modules called AISICS (“Autonomous in situ Instrumented Colonization System”) were
deployed in hydrothermal deep-sea sediments at the Guaymas Basin for 8 days and 22
days. Each AISICS module contained 18 colonizers (including sterile controls) filled with
basaltic glasses of contrasting composition. Chemical analyses of ambient fluids sampled
through the colonizers showed a greater contribution of hydrothermal fluids (maximum
temperature 57.6°C) for the module deployed during the longer time period. For each
colonizer, the phylogenetic diversity and metabolic function of bacterial and archaeal
communities were explored using a molecular approach by cloning and sequencing.
Results showed large microbial diversity in all colonizers. The bacterial distribution was
primarily linked to the deployment duration, as well as the depth for the short deployment
time module. Some 16s rRNA sequences formed a new cluster of Epsilonproteobacteria.
Within the Archaea the retrieved diversity could not be linked to either duration, depth
or substrata. However, mcrA gene sequences belonging to the ANME-1 mcrA-guaymas
cluster were found sometimes associated with their putative sulfate-reducers syntrophs
depending on the colonizers. Although no specific glass alteration texture was identified,
nano-crystals of barite and pyrite were observed in close association with organic
matter, suggesting a possible biological mediation. This study gives new insights into the
colonization steps of volcanic rock substrates and the capability of microbial communities
to exploit new environmental conditions.

Keywords: colonization module, basalt alteration, Guaymas basin, organic-rich sediment, hydrothermal systems

also demonstrated that seafloor basalts harbor diverse microbial

Alteration of the oceanic crust by seawater is one of the most
important processes controlling the global fluxes of many ele-
ments at mid-oceanic ridges and ridge flanks (e.g., Staudigel and
Hart, 1983; Wheat and Mottl, 2000) and the mineralogical and
chemical composition of the aging oceanic crust (Alt, 1995). Since
sub-seafloor basaltic crust represents the largest habitable zone
by volume on Earth, microbes may play a significant role in the
alteration process (Bach and Edwards, 2003). Microorganisms
exploiting these reactions are known from basalt exposed at the
seafloor, where the oxidation of reduced sulfur (S) and iron (Fe)
compounds from basalt with dissolved oxygen and nitrate from
seawater supports high microbial biomass and diversity (Mason
et al., 2008; Santelli et al., 2008a; Orcutt et al., 2011b). It has been

www.frontiersin.org

communities either on the rock surfaces (epilithic microorgan-
isms) or inside the rocks (endolithic microorganisms; Mason
et al., 2007; Santelli et al., 2009).

Seafloor hydrothermal systems are also complex environments
with highly diverse and active microbial communities (Schrenk
etal., 2003; Edwards et al., 2005; Nakagawa et al., 2006; Page et al.,
2008; Flores et al., 2011) fueled by steep physical and chemical
gradients in the mixing zone between oxygenated cold seawa-
ter and reduced metal-rich high temperature hydrothermal fluid.
Likewise, seafloor hydrothermal chimneys and hydrothermally-
affected sediments provide specific habitats hosting a wide range
of microorganisms involved in key biogeochemical reactions
related to carbon, sulfur, nitrogen, and iron cycles (Burggraf
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et al., 1990; Kashefi et al., 2002; Teske et al., 2002; Dhillon
et al., 2003; Francis et al., 2007; Byrne et al., 2009; Biddle et al.,
2012; Bowles et al., 2012). Hence, microorganisms interact with
their environment in many ways, and, in turn, could affect fluid
composition, and promote mineral dissolution or precipitation
(Edwards et al., 2003a, 2005; Houghton and Seyfried Jr, 2010).
Evidence for microbial alteration of basaltic glasses is also increas-
ing, and includes the alteration textures of volcanic glass (Furnes
etal., 2001; Einen et al., 2006) as well as putative presence of DNA
revealed by high C, N, and P contents in altered glass (Thorseth
et al., 1992). The light isotopic composition of C and §S in altered
basalts also demonstrates potential organic C cycling and sulfate
reduction within volcanic basement (Furnes et al., 2001; Rouxel
et al., 2008b).

Hydrothermally heated sediments covering oceanic basalts are
present in the Guaymas Basin, one of the semi-closed basins
of the Gulf of California (Mexico). The Guaymas Basin is cov-
ered by a thick layer of organic and diatomaceous-rich sediments
(100-500 m) due to a high sedimentation rate (up to 2 mm per
year) and biological productivity in the upper ocean (Simoneit
and Lonsdale, 1982; Von Damm et al., 1985b; De La Lanza-Espino
and Soto, 1999; Dean et al., 2004). In the Southern Trough area,
where crustal accretion takes place (Lonsdale and Becker, 1985),
the seafloor is exposed to high-temperature hydrothermal activ-
ity. The circulation of hydrothermal fluids results in both the for-
mation of sulfide and carbonate-rich chimneys and profoundly
affects sediment geochemistry. Diagenetic interactions between
the ascending hydrothermal fluids and sediments result in the
pyrolysis of organic matter and precipitation of metal-sulfide
minerals in subsurface (e.g., pyrrhotite FeS). Products of pyrolysis
include light hydrocarbons, short-chain organic acids, particulate
organic matter, ammonia and methane (Welhan, 1988; Martens,
1990) which provide unique conditions for sustaining uncom-
mon and diverse microbial life (Teske et al., 2002). Likewise,
microbial communities within microbial mats at Guaymas Basin
have been extensively studied in term of their physiological
and phylogenetical diversity, using both cultural and molecular
approaches (Teske et al., 2002; Dhillon et al., 2005; Holler et al.,
2011; Biddle et al., 2012; Bowles et al., 2012; Mckay et al., 2012).

The colonization of mineral substrates in hydrothermal envi-
ronments or their vicinity has been already studied using diverse
approaches in order to assess both prokaryotic and micro-
eukaryotic diversity. Many microbial colonization systems (e.g.,
vent caps, TRAC, ISCS, vent catheters, growth chamber, ther-
mocouples) were previously deployed on various hydrothermal
areas (Reysenbach et al., 2000; Corre et al., 2001; Takai et al,,
2003; Alain et al., 2004; Higashi et al., 2004; Page et al., 2008;
Rassa et al., 2009). Those studies generally showed that the
Epsilonproteobacteria were dominant, and that the microbial
diversity can vary both in terms of structure and size, depend-
ing on environmental conditions, mineral substrate composi-
tion, and deployment duration. More recently, rock substrates
were deployed directly in boreholes (Orcutt et al., 2010, 2011a;
Edwards et al., 2011) using the FLOCSs (Flow-Trough Osmo
Colonization Systems). So far, microbial or/and abiotic alteration
of basaltic glasses were investigated at low (i.e., 3-4°C; Mason
et al., 2007; Santelli et al., 2009) to medium temperatures (i.e.,

Frontiers in Microbiology | Extreme Microbiology

40 and 60°C; Orcutt et al., 2010, 2011a) in organic-matter poor
volcanic environments. However, little is known about micro-
bial colonization processes and basaltic glass alteration under
hydrothermal conditions and in an organic-matter rich system,
especially in term of the carbon and energy sources for micro-
bial life and impact on basaltic glass alteration. Here, the AISICS
“Autonomous in situ Instrumented Colonization System” con-
taining basaltic substrata was deployed for 8 and 22 days into the
sediments underlying microbial mats and exposed to hydrother-
mal conditions in the Guaymas Basin. Since basaltic glass sub-
strates exposed to in situ conditions may be affected by both
biological and inorganic (i.e., fluid/rock) interactions, coloniza-
tion experiments were systematically performed in the presence
of abiotic controls. The microbial diversity of the samples was
analyzed using 16S rRNA and functional gene sequencing, and
fluids were recovered to determine their chemical composition.
Moreover, glass alteration and secondary mineral precipitation
were investigated under both biotic and abiotic conditions.

MATERIALS AND METHODS

SITE DESCRIPTION

Deployments were conducted by the research submersible Nautile
(Ifremer) during the BIG (Biodiversité et Interactions a Guaymas)
oceanographic cruise (RV L'Atalante) that took place in the
Guaymas Basin in June 2010. AISICS deployments were per-
formed at the Mat Mound site (N27°00.388, W111°25.471;
2004 m depth, BIG1 Marker) on the Southern Trough (Figure 1).
This site consists of a small sulfide- and carbonate-rich active
hydrothermal mound emerging above the sediment at the
seafloor. The mound and surrounding sediments are covered by
thick, white and orange microbial mats. The macrofauna is dom-
inated by dense Riftia worm bushes at the top of the mound,
and Alvinellids and Polynoids around the mound (Figure 1). The
choice of this site was guided by the occurrence of abundant white
and orange microbial mat. The colonizers were deployed within
a 20 cm? area located on the edge of a white microbial mat at the
base of the mound. Temperatures of 36.5, 68, 84.5, and 103°C
were measured at 10, 20, 30, and 40 cm depth below seafloor,
respectively. The deployment and recovery of the AISICS mod-
ule were carried out one after the other, in order to minimize
sediment and fluid flow disturbance.

DESCRIPTION OF THE AUTONOMOUS in situ INSTRUMENTED
COLONIZATION SYSTEM

The AISICS system is an autonomous instrumented microbial
colonizer. It consists of the incubator itself and the instrumented
module (Figurel) (Sarrazin et al., 2006). The incubator is a
titanium cylindrical chamber, perforated by numerous apertures
0.5cm in diameter. A central titanium sheath, also perforated
with 0.5 cm holes, hosts a Micrel™ temperature sensor and a
titanium sampling pipe (0.5 cm diameter) both connected to the
instrumented module by a 1 m long sampling tube. The AISICS
instrumented module contains the electronic control card and
battery for the pumping system encased in a watertight cylin-
der. The temperature probe electronics and four 100 mL sampling
bags (PVC pouch, Baxter Clinic) are connected to a four-ways
pump device for fluid collection (Sarrazin et al., 2006). The
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FIGURE 1 | Schematic diagram illustrating the deployment of the in situ
AISICS module at Mat Mound site. (1) Bathymetric map showing the
location of Mat Mound site in the Southern Trough of the Guaymas Basin;

(2) Mat Mound site exhibiting microbial mats and macro-fauna dominated by
Riftia tub tube worms (Siboglinidae); (photo taken with the submersible
Nautile during the BIG cruise, Dive 1745); (3) AISICS module covered by its lid
before its deployment; (4) AISICS module without its lid before its
deployment; (5) Diagram illustrating the internal structure of the incubator
with biotic (a) and abiotic (B) mini-colonizers distributed per floor; the central

] 3¢ level

2™ level

7] 1% level

© liremer Campagne BIG 2010

titanium sheath containing the Micrel temperature sensor (y) and the fluid
sample probe (3) hosted in a titanium sheath are placed in the middle of the
incubator and are connected to the instrumented base; (6) The deployment
site of AISICS1 and 2; (7) The deployed AISICS1 (photo was taken with the
submersible Nautile during the BIG cruise, Dives 1745); (8) The deployed
AISICS2 (photo was taken with the submersible Nautile during the BIG
cruise, Dives 1763); (A) instrumented module; (B) cylindrical insulated
chamber; (C) sampling pipes and temperature probe; (D) incubator; (E)
sampling pouches, and (F) electronics.

pump speed was set to a low flow rate (3.3 mL min~!) in order
to minimize environmental perturbation. The insulated cham-
ber was designed for aseptic transportation of the incubator by
the means of o-rings at the top and bottom. The temperature
probe was computer-encoded before deployment to record the
temperature at regular time intervals. The four-way valve and
fluid pumping device was also programmed on board to set
the trigger time for fluid sampling. Within each AISICS mod-
ule, a total of 18 mini-colonizers were placed around the central
sheath, and stacked over three layers (i.e., six per floor; 4 biotic,
2 abiotic). A perforated Teflon disk separated each layer from
the other and allowed fluid circulation through the coloniz-
ers, (Figure 1). For the biotic experiments, the mini-colonizers
consisted of a set of 2mL polypropylene microtubes with caps
(SX-8G IP-Star® Compact), both perforated with 1 mm holes
(Figure 1). For abiotic controls, the mini-colonizers also con-
sist of a set of 2mL polypropylene microtubes (SX-8G IP-Star®
Compact) with the cap replaced by a 0.22 um filter cellulose
membrane (Millipore; Figurel). The apertures of the incu-
bator, Teflon disk and mini-colonizer tubes and caps, ensure
fluid exchange throughout the different compartment of the
mini-colonizers.

www.frontiersin.org

SUBSTRATA, INSTRUMENTAL SETTING, AND DEPLOYMENT
Synthetic basaltic glasses were prepared using a mixture of pure
element oxide and carbonate powder leading after synthesis to
typical composition of tholeiitic basalt (with proportion in weight
%: Si0,, 48.68; Al,03, 15.7; CaO, 11.2; MgO, 7.7; FeO, 12.5;
Na, 0, 2.7; K»0, 0.2; TiO3, 1.39). One batch of synthetic basaltic
glass was prepared using >’ Fe-enriched Fe;O3 powder obtained
from Oak Ridge National Laboratory. Before mixing in agate mor-
tar, powders were dried at 150°C for at least 24 h. Two different
furnaces were used to prepare glass beads: a Carbolite™ 1700
muffle furnace with a maximum temperature of 1600°C with
manual quenching under ambient atmosphere conditions, and
a vertical furnace, mounted at Geomaterials laboratory (Univ.
Marne La Vallée, France), with automatic quench system under
controlled atmosphere (H; or O;). The glass beads were prepared
according to the following scheme: a temperature ramp up to
600°C for 30 min to 2h, decarbonation at 600°C for 45 min to
1h, another temperature increase up to 1600°C from 45 min to
3 h, followed by 60 min at 1600°C and immediate quenching.

A sample of natural basaltic glass was obtained by separating
the chilled margin of a pillow basalt (sample Bat09-ROC22) from
the Mid-Atlantic Ridge recovered during the Bathyluck cruise
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(2009) at Lucky Strike hydrothermal field. Glass composition
(wt%) has been determined: SiO;, 51.74; Al,O3, 14.96; CaO,
12.18; MgO, 8.1; Fe, 03, 9.95; Na,0, 2.28; K, 0, 0.16; TiO,, 1.05;
MnO, 0.18; P,0s5, 0.12. All natural and synthetic glasses were
crushed in an agate mortar to obtain fragments of less than 2 mm
in size. Chips were subsequently cleaned in an ultrasonic bath in
ethanol and then air-dried.

Each mini-colonizer was filled with about 0.6 mL of glass
fragments, and sterilized by autoclaving during 30min at
121°C, then by UV for at least 1h. All titanium parts
(i.e., incubator and the central titanium sheath) and Teflon-
disks were rinsed five times with deionized water (MilliQ™
18 m2), cleaned up using Desibac HPC® solution, rinsed
again with deionized water then with Ethanol 96% and finally
UV-treated for at least 1h. The cylindrical insulated cham-
ber was also cleaned using Desibac HPC®, deionized water,
and Ethanol 96% then filled with sterilized seawater prior to
deployment.

AISICS1 AND 2

The AISICS1 module was deployed in the sediment at 40 cm
depth below a thick white microbial mat (Figure 1). The maxi-
mum temperature reached at this depth was measured at 57.6°C
over the 22 days of deployment. The AISICS1 mini-colonizers
were filled with three different basaltic glass types: two synthetic
glasses including one doped with >’ Fe (noted, respectively, Bsyn
and Bsyn*), and the basaltic glass (noted Bnat). Each of the three
layers contained 1 biotic mini-colonizer with Bsyn, 1 biotic mini-
colonizer with Bsyn, 2 biotic mini-colonizers with Pnat, 1 abiotic
mini-colonizer with Bsyn and 1 abiotic mini-colonizer with Bnat.
The temperature measurement frequency was fixed every 30s.
The fluid pumping system was programmed to collect three fluid
samples at 48 h intervals.

The AISICS2 module was deployed for 8 days, at the junc-
tion between a white and orange microbial mat, at a distance of
5-10cm from the location of AISICS1 module (Figure 1). Each
of the three layers contained two biotic mini-colonizers filled
with Bnat and two others with Bsyn* and one abiotic tube for
each substrate. Because of the short duration of deployment of
this module, the temperature measurement frequency was set for
every second and the fluid pumping system was programmed to
collect fluids every 48 h after deployment.

SAMPLE PROCESSING

Immediately after on board recovery, each glass sample from
the mini-colonizers was aseptically split into five fractions. Two
fractions were stored for molecular diversity analysis by freezing
one at —80°C and storing the other at —20°C in 96% ethanol.
One fraction was stored directly at —20°C for Scanning Electron
Microscopy (SEM) and RAMAN spectroscopy analysis; one frac-
tion was fixed for 2 h in 2% formaldehyde (prepared with sterile
seawater), rinsed 3 times with sterile seawater and stored in 96%
ethanol at —20°C for further Fluorescent in situ Hybridization
(FISH) experiments and SEM analysis, as the last fraction directly
stored in 50% ethanol—phosphate-buffered saline pH 7.2 (PBS)
1x solution (1:1) at —20°C. During processing of the mini-
colonizers located in the 3rd level of the AISICS1 module, biotic

Frontiers in Microbiology | Extreme Microbiology

Pnat and Psyn™ samples were accidently mixed but nevertheless
treated, and referred as fmix.

DNA EXTRACTION

Total genomic DNA was extracted from the two fractions
of basaltic glasses for molecular diversity analysis, using the
FastDNA® Spin Kit for Soil (Biol01 Systems, MP Biomedicals),
following the protocol modified by Webster et al. (2003). The
DNA extractions of each sample were done independently for
each type of storage and the extraction products were then pooled
prior to PCR amplification.

16S rRNA GENE AMPLIFICATION

The 16S rRNA gene was amplified using the specific archaeal
or bacterial domain primer combinations of A8F and ARC915R
(Casamayor et al., 2000; Kolganova et al., 2002) and E8F and
U907R (Lane et al., 1985; Lane, 1991), respectively (Table 1). Both
archaeal and bacterial 16S rRNA gene amplification reactions
were performed in 50 pul reaction mixtures containing: 10 pul of
5x GO Taq® DNA polymerase buffer (Promega), 5l of 25 mM
MgCl, solution (Promega), 1 pul of 10 mM dNTPs (Eurogentec),
0.2 l of each primers at 100 LM and 0.24 pl of 5 U.nl~! GO Taq®
DNA polymerase (Promega). All amplifications were conducted
in 30 cycles of denaturation at 94°C for 1 min, annealing for 1 min
30s at 58°C or 52°C for the archaeal or bacterial 16S rRNA gene,
respectively, and extension at 72°C for 7 min. All PCR reactions
were carried out using a GeneAmp® PCR system 9700 (Applied
Biosystems) thermal cycler, and PCR products were visualized
using gel electrophoresis.

PCR AMPLIFICATION OF FUNCTIONAL GENES

The presence of sulfate-reducers was highlighted with the amplifi-
cation of dsrAB gene targets [coding for the (di)sulfite reductase],
with a DSR1F and DSR4R primer combination (Wagner et al.,
1998) (Table 1). The presence of methanogens was investigated
with the amplification of mcrA gene (coding for the alpha subunit
of the methyl-coenzyme M-reductase) using ME1 and ME2 as
coupled primers (Hales et al., 1996) (Table 1). Each amplification
reaction was performed in 50 L] reaction mix containing: 10 pl of
5x GO Taq® DNA polymerase buffer (Promega), 5l of 25 mM
MgCl, solution (Promega), 1 il of 10 mM dNTPs (Eurogentec),
0.2 w1 of each primer at 100 wM and 0.24 11 of 5 U.ul~! GO Taq®
DNA polymerase (Promega). All amplifications were conducted
in 30 cycles of denaturation at 94°C for 1 min, annealing for 1 min
30 s and extension at 72°C for 7min. The annealing temperature
was set at 55 and 50°C for dsrAB gene and mcrA gene, respectively.

CLONING, SEQUENCING OF 16S rRNA AND FUNCTIONAL GENES,
PHYLOGENETIC AND STATISTICAL ANALYSIS

Prior to cloning, positively amplified PCR products were purified
using NucleoSpin® Gel and PCR Clean-up kit (Macherey Nagel)
according the manufacturer’s instructions.

All of the 16S rRNA clone libraries were carried out with the
TOPO XL cloning kit (Invitrogen) and functional gene clone
libraries with the pGEM®-T cloning kit (Promega), both follow-
ing the manufacturer’s recommendations. Positive clones were
processed for sequencing at GATC Biotech (Konstanz, Germany)
using M13F primers. Sequences were imported into the BLAST
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Table 1 | List of the PCR primers used during the study.

Primers Target Sequence (5'-3') Tm°C References

A8F Archaeal 16S rRNA CGG-TTG-ATC-CTG-CCG-GA 58 Kolganova et al., 2002
ARC915R CTG-CTC-CCC-CGC-CAA-TTC-CT Casamayor et al., 2000
E8F Bacterial 16S rRNA AGA-GTT-TGA-TCA-TGG-CTC-AG 52 Lane, 1991

U907R CCG-TCA-ATT-CMT-TTG-AGT-TT Lane et al., 1985
DSR1F dsrAB gene ACIC/G]-CAC-TGG-AAG-CAC-G b5 Wagner et al., 1998
DSR4R GTG-TAG-CAG-TTA-CCG-CA

ME1 mcrA gene GCM-ATG-CAR-ATH-GGW-ATG-TC 50 Hales et al., 1996

ME2 TCA-TKG-CRT-AGT-TDG-GRT-AGT

nucleotide search program through the National Center for
Biotechnology Information (NCBI website: http://www.ncbi.
nlm.nih.gov/BLAST) to find closely related sequences within the
GenBank database. The clone library 16S rRNA sequences were
aligned, edited and analyzed using Bioedit version 7.1.3 software.
Phylogenetic trees were constructed using the MEGA 5 program
(Kumar et al., 2008). The robustness of the inferred topologies
was tested using 1000 bootstrap resampling of the trees calculated
on the basis of neighbor-joining algorithm (Saitou and Nei, 1987)
using the Kimura two-parameter correction matrix (Kimura,
1980). All sequences more than 97% similar were considered to
belong to the same phylotype (OTU) and were clustered together
in the alignment (Schloss and Handelsman, 2004).

The sequence data reported in this study have been submitted
to GenBank nucleotide sequence databases under accession num-
bers KC901750 to KC901834 and KC901560 to KC901725 for the
Archaea and Bacteria gene sequences, respectively, and KC901726
to KC901749 for the mcrA gene sequences and KC901835 to
KC901870 for the dsrAB gene sequences.

To examine the influence of the deployment time, depth
or substrata type on both archaeal and bacterial diversity, we
used the UniFrac computational tool (Lozupone et al., 2006).
The habitats (defined by: the duration of incubation, the
depth of incubation and the type of substrata) were clustered
using the jackknife environment clusters analysis tool with 100
permutations.

GEOCHEMICAL ANALYSIS

Interstitial fluids from the colonization modules and deep seawa-
ter above the Mat Mound site (Dive 1770) were sub-sampled and
stored as follows: 10 mL of fluid was used to measure pH at room
temperature. For the analysis of dissolved major and trace ele-
ments, 30 mL of sample was filtered through 0.22 um (Sterivex™,
Millipore) membrane and stored at 4°C. For hydrogen sul-
fide analysis, 10 mL was filtered through a 0.45 um (Sterivex™,
Millipore) membrane and precipitated as ZnS in 25 mL evacu-
ated septum vials containing 0.1g of Zinc Acetate (Sigma-Aldrich)
and stored at 4°C. In the AISICSI module pouch number 1,
two immiscible fluids were recovered: a small amount of a buoy-
ant liquid (about 5mL) overlying a saline, seawater-like liquid
(around 60 mL). Only the denser phase was treated as described
above while the lighter phase, likely composed of hydrocarbons,
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was not processed further. Concentration of major elements was
measured using Inductively Coupled Plasma-Atomic Emission
Spectrophotometry (ICP-AES, Ultima 2, Horiba JobinYvon)
while the concentration of trace elements was measured using
High-Resolution ICP Mass Spectrometer (HR-ICP-MS, Element
2, ThermoFisher), both operated at the Pole Spectrometry Ocean
Brest (PSO, Brest). Prior to elemental analysis, samples were
acidified at least 1 month in advance to 0.28 mol.L~! HNO;
prepared from ultra-pure reagent grades. Solutions for ICP-AES
and ICP-MS analysis were diluted 100-fold with 0.28 mol.L ™!
HNOs;. Three water solution standards (Slew 3, Cass 4 and Nass 5
from the National Research Council of Canada) were also pre-
pared along with the samples. For both ICP-AES and ICP-MS
analysis, two sets of calibrating standards were used by adding
multi-elemental standard solutions either with pure Milli-Q™
water or with 100-fold diluted Cass 4 in 0.28 mol.L™' HNOs.
Dissolved hydrogen sulfide was measured using spectrophoto-
metric method using the protocol described by (Cline, 1969).

SCANNING ELECTRON MICROSCOPY: SEM

Scanning electron microscopy (SEM) was carried out at the
“Service Commun de Microscopie Electronique a Balayage”
(UPMC, Paris, France) using a Zeiss SUPRA® 55VP Field
Emission Scanning Electron Microscope (FE-SEM). The variable
chamber pressure capability (2-133 Pa) permits the examina-
tion of both uncoated and Au- or C-coated samples. Three
secondary electron detectors (Everhart-Thornley for high volt-
age mode, VPSE used for variable pressure mode and InLens for
low voltage mode) and a backscattered electron detector enable
the acquisition of high-spatial resolution images using analytical
conditions that varied from 3-30kV, 10 pA-1nA , and 30-133 Pa
with a 3.3-7.2 mm working distance. We also performed elemen-
tal microanalysis using an Energy Dispersive X-ray spectrometer
(PGT Sahara).

CONFOCAL RAMAN SPECTROSCOPY

RAMAN spectra were obtained at IPGP (Paris, France) on resin
free samples using a Renishaw InVia spectrometer. A 514 nm
argon laser (20 mW) was focused through an Olympus BX61
microscope equipped with an x50 objective (numerical aper-
ture 0.75). This configuration yields a planar resolution of about
1 wm, with a power delivered at the sample surface of 0.5 mW.
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An integration time of 100s was used to ensure that the deliv-
ered radiation didn’t damage the organic matter. The signal was
dispersed using a holographic grating with 1800 grooves.mm™!
coupled for the detection with a RENCAM CCD (charge-coupled
device) detector. The acquired RAMAN spectra were then pro-
cessed using the WiRE 3.3 Renishaw software and compared to
the RRUFF database (http://rruff.info/).

RESULTS

FLUID GEOCHEMISTRY

About 60 mL of fluids were successfully recovered in each pouch
of AISICS1, whereas very low quantities of fluid were pumped in
AISICS2, probably due to clogging of the inlet. Hence, H,S and
pH determinations were not performed for AISCIS2.

During the AISICS1 deployment, the average fluid temper-
ature was 44.3°C with minimum and maximum values of 36
and 57.6°C, respectively. The fluid exhibited a near neutral pH
(7.6) and low dissolved H,S concentrations (below 5 M). For
AISICS2, the average temperature was 42.9°C with a minimum at
36.9°C and a maximum at 46.3°C (Table 2). In general, the con-
centrations of major cations (Ca, K), trace metals (Mn, Fe), and Si
were higher in AISICS1 compared to AISICS2 (Table 2), reflecting
a higher contribution of hydrothermal fluids in the AISICS1 colo-
nization module. This is consistent with the lower concentration
of Mg in the AISICS1, which is typically depleted in hydrothermal
vent fluids (Von Damm et al., 1985a,b). In general, fluids recov-
ered from AISICS2 had chemical compositions quite similar to
the overlying seawater (Table 2).

Sulfate concentrations, determined as total dissolved sul-
fur on acidified and filtered sample (i.e., devoid of H,S) in
AISICS1 and AISICS2 were close to seawater values, albeit slightly
lower for AISICS1, consistent with the higher contribution of
sulfate-depleted hydrothermal fluid. Additional evidence that
the AISICS2 incubator was deployed under seawater dominated
conditions comes from Mo concentrations (Table2). Under
anoxic conditions, where [H;S] > 11uM and [O;] ~ 0uM,
seawater-derived molybdate ion will be reduced to the reactive
tetrathiomolybdate species (Erickson and Helz, 2000) and read-
ily precipitated. Hence, the complete removal of Mo observed
in AISICS1 suggests predominantly anoxic, and probably

sulfidic conditions while seawater-like Mo concentrations in
AISICS2 provide evidence for rather oxic or micro-aerophilic
conditions.

MICROBIAL DIVERSITY ACCORDING TO 16S rRNA GENES SEQUENCES
The 16S rRNA gene was analyzed for 24-50 clones for each sam-
ple. High bacterial and archaeal diversity was generally observed
in both colonizers with a slight difference in relation to the posi-
tion of the mini-colonizers within the incubator (i.e., top or
bottom). This translated into an increase in phylogenetic diversity
with increasing depth in the sediment (Figures 2, 3) and Table 3).

In general, the main groups retrieved in all samples were the
Epsilonproteobacteria, Deltaproteobacteria, and Thermococcus sp.
In addition, Gammaproteobacteria, Caldithrix sp., Thermotogales,
and Spirochaetes were observed in lesser proportions, and the
DHVE2 (Deep-sea Hydrothermal Vent Euryarchaeota group 2)
were also detected (Figures 2, 3 and Table 3). Sequences belong-
ing to Siboglinidae as Osedax sp. or Siboglinum sp. endosym-
biont and sequences close to the uncultured WS3 candidate
division were retrieved in AISICS 1, the sampler that experi-
enced a higher contribution of hydrothermal fluids and longer
exposure time. In contrast, a new clade of Epsilonproteobacteria,
named Guaymas Epsilonproteobacteria group (Figure 4), DHVE-
1 (Deep-sea Hydrothermal Vent Euryarchaeota group 1) as well
as ANME 2 sequences were found only in AISICS2 (Figure 2 and
Table 3).

The cluster tree obtained with the Archaeal sequences
(Figure 2) using the statistical jackknife environment clusters
did not show any correlation between the archaeal diversity
and deployment duration, the depth, or substrata composition.
This contrasts with the cluster tree obtained for the Bacteria,
where there was a correlation between bacterial diversity and
deployment time and hydrothermal contribution (samples from
AISICS1 and from AISICS2 were clustered together, respectively)
and with depth in the sediment and the temperature for AISICS2
only (Figure 3).

mrcA AND dsrAB GENE DIVERSITY
The mcrA gene sequences were detected in AISICSI, in partic-
ular in the deepest mini-colonizers (Table 3). In AISICS2, the

Table 2 | Geochemical composition and pH measured in the sampling pouches and bottom seawater (Dive 1770).

Mean T°C Pouch pH HS Mg Na K Ca Sr S Si Ba Fe Mn Mo
(max-min) number wM mM mM mM mM mM mM mM wM M wM wM
AISICS 1  44.3 (576-36) SX1-A 75 <b 42.0 4340 138 138 0.13 2966 188 0.96 0.88 1783 <0.01
SX1-B 76 <5 450 468.2 15.3 15.1 0.14 3191 1.94 1.03 0.83 19.34 <0.01
SX1-C 76 <5 445  466.2 15.1 15.0 0.14  31.21 1.82 1.02 1.06 18.46 <0.01
SX1-D 76 <5 45.2 4721 15.3 15.1 0.13 30.62 1.87 0.99 1.21 17.88 <0.01
AISICS2  42.9(46.3-36.9) SX2-A nd nd 535 4853 103 10.0 0.10 3252 0.10 0.07 0.03 0.07 0.10
SX2-B nd nd 53.6 482.7 105 9.8 0.10 33.16 0.1 0.07 <0.02 0.07 0.11
SX2-C nd nd 55.1 4929 109 102 010 3258 0.18 0.1 <0.02 0.23 0.10
SX2-D nd nd 53.2 481.1 104 9.8 0.10 32.75 0.16 0.10 <0.02 0.13 0.10
Bottom seawater (Dive 1770) nd nd 546 4893 106 10.1 0.11 3408 020 0.15 <0.02 0.17 0.12

nd for not determined.
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FIGURE 2 | Archaeal communities associated with the AISICS 1 and

2 mini-colonizers according the depth (i.e., position within the colonizer)
and type of substratum for each colonization module. (A) Jackknife
environment cluster tree (made using the weighted UniFrac metric, based
16S rRNA gene sequences determined by neighborjoining tree) showing the
phylogenetic relationships among the archaeal lineages detected in each
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jackknife statistical analysis was done with one hundred replicates; the
jackknife value was tagged near their corresponding nodes (values higher
50%). The scale bar corresponds, in the Unifrac unit, to the distance
between the different habitats. (B) Proportions of archaeal groups within the
clone libraries obtained from each AISICS 1 and 2 mini-colonizers.

FIGURE 3 | Bacterial communities associated with the AISICS 1 and
2 mini-colonizers according the depth (i.e., position within the
colonizer) and type of substratum for each colonization module. (A)
Jackknife environment cluster tree (made using the weighted UniFrac
metric, based 16S rRNA gene sequences determined by neighborjoining
tree) showing the phylogenetic relationships among the bacterial
lineages detected in each AISICS 1 and 2 mini-colonizers, according the
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Table 3 | Microbial composition determined per level, substratum and module.

AISICS1 AISICS2

Deployment location Sediment covered by a white microbial mat Sediment covered by a white and
orange microbial mat

Deployment time 22 days 8 days

Level Level 1 Level 2 Level 3 Level 1 Level 2 Level 3
Substratum Bnat Bsyn Bsyn* Bnat Bsyn* Bsyn Bnat Bmix Bnat Bsyn Bnat Bsyn Bnat Bsyn
BACTERIA

Gammaproteobacteria + 9P 9P aF AP = = IF + + + + + 4
Betaproteobacteria - + — - — - - + + - - + + +
Caldithrix sp. + + + + + + + - + + + + + +
Thermodesulfobacteria + + + — — — + — + + - - — +
Acidobacteria + - + - + - - - + + + - - -
Chloroflexi + + — + — + — + — + _ + + +
Thermotogales - - + + + + + + + < & < + +
Spirochaetes + + + + + + + + + ais 4 = s A
Firmicutes + + + - - — — + + + 4 4k e e
CFB + - + + - - - - - + + + + +
Guaymas bacterial group — — + — — — — — — + — — 4 _
Aquificales - + - - b 4 = = — _ — _ _ _
Planctomycetes - - - - - - - = uE — + — +
ARCHAEA

Archaeoglobus sp. + - - - - — - — - - - — + —
Guaymas euryarchaeotal - + + - - - - — — - + + - -
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ANME 1 + + - - - - - - + + + + + +
AN 2 R
DHVE2 = = = — + — T _
DHVE3 - — _
MBGB — — -
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MGI — - — _ _
MGl — — — _ _
Korarchaeota -
Uncultured + + + — +
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Uncultured + + + + - - + - + + + + + +
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Only groups with more than 3 clones per samples are presented. + presence; — absence.

In dark orange, microbial group retrieved in all samples, in light orange microbial group retrieved in almost all sample.

In dark blue, microbial group retrieved only in all and/or mainly in AISICS1 samples, in light blue microbial group retrieved only in almost all and/or mainly in AISICS1
samples.

In dark green, microbial group retrieved only in all and/or mainly in AISICS2 samples, in light green microbial group retrieved only in almost all and/or mainly in
AISICS2 samples.
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FIGURE 4 | Neighbor-joining phylogenetic tree of the
Epsilonproteobacteria, based on the 16S rRNA gene sequences.
Bootstrap values above 50% (from 1000 bootstrap samples) are
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mcrA gene was amplified in almost all mini-colonizers irrespec-
tive of deployment depth. With the exception of one methanogen
sequence detected in a mini-colonizer containing Bnat substrate,
all mcrA sequences were affiliated to ANME 1 related to the
Guaymas mcrA cluster (Holler et al., 2011; Biddle et al., 2012)
or to the deeply branching Guaymas mcrA cluster (Biddle et al.,
2012) (Figure 5).

Using dsrAB gene sequencing, sulfate-reducers were
detected in all mini-colonizers of AISICS1 (Table 3)
but none in AISICS2. The majority of dsrAB (Figure6)
sequences were related to Deltaproteobacteria, especially the
Syntrophobacteraceae, and some were close to Desulfoarculaceae,
Desulfohalobiaceae, and Desulfobacteriaceae, Desulfobacterium

www.frontiersin.org

anilini group and to group IV (Dhillon et al., 2003). In
addition few Archaeoglobus sequences were found in most
samples.

MICROSCOPY AND RAMAN SPECTROSCOPY ANALYSES

Irrespective of their composition (i.e., natural or synthetic) or
exposure conditions (i.e., biotic or abiotic), microscopy analy-
ses show that glass surfaces are covered by salt crystals (NaCl
or MgCly), and sulfate minerals (CaSO4-2H,O gypsum or
BaSOy barite) due to direct precipitation from seawater after
sample recovery. Glass surfaces from both AISICS modules
did not present any clear alteration textures or replacement
by secondary minerals. All natural glass fragments (Bnat) and
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FIGURE 5 | Neighbor-joining phylogenetic tree of mcrA gene sequences. Bootstrap values above 50% based on 1000 replicates are displayed.
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Guaymas mcrA

several artificial glass fragments (Bsyn or Bsyn*) have exhib-
ited small rounded vesicles whose diameters vary between 10
and 100 wm (Figure 7). Those cavities were filled with sparse
crystals of pyrite (Figure7). In some cases, vesicles could be
completely filled with nano-pyrite (Figure7A). Since vesicles
were present in Pnat before deployment, they represent origi-
nal features of submarine basalts that formed during magma
degassing and were preserved during quenching. Interestingly,
vesicles were not observed on the Bsyn and Bsyn* before deploy-
ment. In addition to halite and pyrite crystals, vesicles of
biotic samples also contain filaments and microbial cells-like
structures. The biotic samples also exhibited an enrichment
in organic matter forming small aggregates or film covering
the glass surface (Figures7, 8). In some cases, accumulations
of organic matter with remnants of diatoms were observed
together with framboidal pyrite or nano-crystals of barite
(Figures 7, 8).

Frontiers in Microbiology | Extreme Microbiology

In the associated Raman spectra, we observed broad and
overlapping bands, designated as D and G bands (at 1360
and 1580 cm™!, respectively), along with the aliphatic and
aromatic C-H vibrational bands between 2800-3000cm™!,
that are characteristic of disordered carbonaceous mat-
ter with a weak structural organization (Figure9) (Spotl
et al, 1998). This likely corresponds to degraded micro-
bial mat as organic aggregates and microbial cells (mainly
rods) were observed in both vesicles and on glass surfaces
(Figures 7, 9) (Maquelin et al., 2002).

DISCUSSION

MICROBIAL COLONIZATION OF BASALTIC GLASS

Microbial diversity and putative metabolisms

Miscellaneous groups of Archaea or Bacteria were detected in both
short- and long-term deployments. According to the recorded
temperature during incubation, all of the colonizing microbes
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FIGURE 6 | Neighbor-joining phylogenetic tree of predicted amino acid translations of partial dsrAB gene. Bootstrap values above 50% based on 1000

should be mesophiles to thermophiles (Table 3), and exposed
to mainly anaerobic conditions. In both colonization mod-
ules, archaeal and bacterial diversity generally increased with
burial depth in the sediment (Figures 2, 3); this observation was
more evident in the longer-term deployment module (AISICS1).
The detected microorganisms could have several metabolisms
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including those involved in carbon, sulfur, iron, or nitrogen
biogeochemical cycles. Although phylogenic affiliation may not
be necessarily linked to specific metabolic or physiological prop-
erties, we cautiously inferred metabolic and physiological trends
for clusters of microorganisms sharing similar properties. The
implications of the observed microbial diversity for sulfur, iron,
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carbon, and nitrogen cycles are detailed below, with the aim
to highlight potential biogeochemical reactions that may govern
fluid-basalt interactions at high temperatures and in organic-rich
environments:

Carbon cycle. Due to the enrichment of organic matter at
Guaymas basin, carbon cycling is likely a major metabolic driver
in our colonizers. At Guaymas basin, the sediments accumulated
a wide variety of organic compounds including light hydro-
carbons, short-chain organic acids, particulate organic matter

Frontiers in Microbiology | Extreme Microbiology

and ammonia (Welhan, 1988; Martens, 1990). These com-
pounds were derived from diagenetic reactions between high
temperature hydrothermal fluids and sediments, resulting in the
pyrolysis of organic matter and precipitation of metal-sulfide in
the subsurface. In biotic colonizers, organic compounds occur
as small particle deposits or aggregates, droplets or mats, and
result in characteristic RAMAN spectra (Figure 9). This organic
matter, likely derived from the surrounding sediments, could
directly support chemoorganotrophic microbial life associated
with basalt substrata. We observed evidence for fermentative
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FIGURE 9 | Raman spectra on basaltic glasses exposed to biotic
conditions. (A) Raman spectra (spect.1 and spect.2) at the surface
of 57Fe-doped synthetic basaltic glass showing the characteristic
bands of disordered organic matter around 1360-1580cm~"', along
with aliphatic stretching between 2800-3000cm~', that could
correspond to degraded microbial mat observed as aggregate at the
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surface. (B) Raman spectra (spect.1 and spect.2) inside a vesicle
from natural basaltic glass showing similarly the presence of
variably-degraded organic matter with typical bands around
1360-1580cm~", and between 2800-3000cm~' which could
correspond to microbial mat, and two vibrational bands at 334 and
369cm~"! assigned to pyrite.

microorganisms (e.g., Thermococcales) that are likely involved
in the degradation of complex organic substrates into smaller
molecules such as short organic acids as acetate, amines, alco-
hol, Hj, and CO; (Orcutt et al., 2011b). Organic end products
of fermentation, together with compounds resulting from pyrol-
ysis processes, could be used by heterotrophic microorganisms
detected in the AISICS1 and 2, such as those from CFB division,
Proteobacteria or Spirochaetes. Organic acids could also be used
as energy sources by a wide range of organotrophic microorgan-
isms, including sulfate-reducing Deltaproteobacteria. In all cases,
produced CO; will be available for autotrophic microorgan-
isms such as Aquificales, Thermodesulfobacteria, Planctomycetes,
or some Epsilonproteobacteria that were detected in the modules.
Methanogenesis may also occur, however, only one methanogen
sequence was detected in the modules. In contrast, ANME phylo-
types, which mediate anaerobic methane oxidation (AOM), were
retrieved in almost all mini-colonizers from both AISICS mod-
ules. ANMEs involved in AOM in deep marine sediment are
frequently associated with syntrophic sulfate-reducers, although
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nitrate, ferric iron, and manganese oxides may also serve as elec-
tron acceptors (Raghoebarsing et al., 2006; Beal et al., 2009). This
issue is discussed in more detail in the following section.

In both colonizer modules, our microbial diversity sur-
veys revealed the presence of both heterotrophic, autotrophic,
and organotrophic microorganisms. These results suggest that
anaerobic carbon cycling occurs in the colonizers in the same
way as in the surrounding sediments. This finding is similar
to studies of the microbial diversity of seafloor lava (Santelli
et al., 2009) and Guaymas Basin sediments (Teske et al., 2009)
but contrasts with ultramafic rock-hosted hydrothermal sys-
tems (Roussel et al., 2011) and pillow basalts (Mason et al.,
2008; Santelli et al., 2008b), that are dominated by autotrophic
organisms.

Sulfur cycle. The data obtained from the 16S rRNA and dsrAB
gene sequences both suggest that sulfate-reduction occurs, partic-
ularly due to the presence of members of the Deltaproteobacteria,
Firmicutes, Thermodesulfobacteria, and Archaeoglobales (Figure 2;
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Table 3) (Widdel et al., 1992). Sequences of Deltaproteobacteria
are found in all mini-colonizers, while dsrAB gene amplification
was successful only in the long-term deployment (AISICS1),
suggesting that in AISICS2 Deltaproteobacteria were not all
sulfate-reducing bacteria. Indeed, strains belonging to the
Deltaproteobacteria and the Firmicutes phyla are associated with
numerous metabolisms in addition to sulfur metabolisms (Orcutt
et al., 2011a,b). Microbial sulfate reduction has also been previ-
ously reported in Guaymas sediments (Dhillon et al., 2003; Teske
et al., 2003; Biddle et al., 2012) and may occur in the coloniz-
ers using dissolved organic substrates and seawater sulfate. As
discussed below, in situ sulfate reduction may also explain the
occurrence of pyrite observed in basalt vesicles.

Sulfur-reduction is also inferred from the occurrence
of  Epsilonproteobacteria,  Desulfurococcales, — Thermotogales,
Thermococcales as well as Deltaproteobacteria and Planctomycetes
that were retrieved in all samples. Indeed, some isolated strains
of these groups are able to reduce diverse sulfur compounds
(Bertoldo and Antranikian, 2006; Campbell et al., 2006; Elshahed
et al., 2007).

Based on the physiology of the isolate Caldisericum exile,
which is a thermophilic, anaerobic, thiosulfate-reducing bac-
terium and affiliated with OP5 clones (Mori et al., 2008, 2009),
and based upon the OP5 occurrence in sediments and sulfur-
rich environments (Hugenholtz et al., 1998; Teske et al., 2002),
it can be assumed that OP5 members could be also involved
in sulfur cycle. A metagenomic study of OP3 division mem-
bers suggested that they share similar metabolic properties with
Deltaproteobacteria (Glockner et al., 2010) and single-cell analyses
revealed that SKK-01 strain harbors sulfur-containing intracellu-
lar inclusions (Kolinko et al., 2012). The physiological properties
of Aciduliprofundum boonei, and the environmental niches of
other DHVE2 members, demonstrate that this clade is highly
involved in the sulfur cycle (Nercessian et al., 2003; Reysenbach
et al., 2006; Flores et al., 2012). Thus, even if the physiologi-
cal properties of these microorganisms still remain unclear, OP5,
OP3, and DHVE-2 members could have played a role in sul-
fur cycle. Therefore, we suggest that an active anaerobic sulfur
cycle took place within the mini-colonizers where both sulfate and
sulfide coexist.

Iron cycle. Considering the abundance of iron in volcanic glass
and its potential importance for supporting endolithic micro-
bial growth [e.g., (Bach and Edwards, 2003)], it is crucial
to evaluate the role of microorganisms in iron biogeochemi-
cal cycling. Among the groups identified in our experiments,
Beta- and Alpha-proteobacteria, Thermotogales, DHVE2, and OP3
members could all be involved in iron cycling. For example,
within the Thermotogales (Vargas et al., 1998), and within the
DHVE2 [Aciduliprofundum boonei (Reysenbach et al., 2006)],
some species are able to grow as dissimilatory iron reducers using
poorly crystalline ferric iron [Fe(III)] as an electron acceptor.
In addition, Betaproteobacteria and some Alphaproteobacteria are
able to oxidize Fe(II) (Edwards et al., 2003b; Nakagawa and Takai,
2008). Moreover, despite the lack of any cultivated OP3 mem-
bers, the SKK-01 strain is a magnetotactic bacteria harboring
Fe-containing magnetosomes (Kolinko et al., 2012). In addition,
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the OP3 group frequently occurs in anoxic deep-sea hydrother-
mal system and in heavy metal contaminated sediments (Teske
etal., 2002; Rastogi et al., 2011), which may implicate OP3 in iron
cycling.

The high concentration of dissolved Fe in AISICS1 may have
multiple sources, including a direct contribution from hydrother-
mal fluids and dissimilatory iron reduction (DIR). High con-
centrations of other elements typically enriched in hydrothermal
fluids (e.g., Si and Mn) argue for the former hypothesis and
preclude identifying geochemical evidence for active DIR in the
colonizers. In turn, both the prevailing anoxic conditions and
our diversity surveys suggest the predominance of iron-reduction
over Fe-oxidation pathways.

Nitrogen cycle. The chemical analysis of the ambient fluid
sampled through the colonizers (Table2) showed an impor-
tant seawater contribution of nitrate and nitrogen compounds
which could have supported the growth of microorganisms in
the colonizers. Our diversity survey corroborates previous studies
demonstrating that denitrification took place in deep-sea sedi-
ments affected by hydrothermal circulation in the Guaymas Basin
(Bowles et al., 2012). Nitrate is a common electron acceptor
used by a number of microorganisms under anaerobic conditions
(Brandes et al., 2007; Jetten, 2008). Among all the microorgan-
isms known to be able to use nitrates as final electron acceptor,
Aquificales (Gotz et al., 2002; Huber et al., 2002), Firmicutes
(UHaridon et al., 2006), Caldithrix (Miroshnichenko et al., 2003),
and Epsilonproteobacteria (Bowles et al., 2012) were detected in
both AISICS modules.

In addition, it appears that ANAMMOX bacteria may
also be active in our colonizers. Sequences closely related to
Planctomycetes were found in AISICS2 colonizers (short expo-
sure time). Within the Planctomycetes, the ANAMMOX bacte-
ria are the sole group known to be able to perform anaer-
obic oxidation of ammonium, (Jetten et al., 2005; Francis
et al, 2007) where nitrite, one of the product of denitrifi-
cation, serves as electron acceptor to form dinitrogen (gas)
(Strous et al., 1999; Francis et al., 2007). Although the pres-
ence of sequences affiliated to Planctomycetes does not allow
us to infer their function, ANAMMOX bacteria were known
to be active in hydrothermal systems (Byrne et al., 2009) and
were already detected in Guaymas basin sediment samples (Russ
et al, 2013). Hence, all together, these results suggest that
the anaerobic nitrogen cycle, denitrification, and ANAMMOX
processes might all occur in our colonizer modules, and by
extension, in the surrounding sediments. This finding sug-
gests that the anaerobic part of the nitrogen cycle is one of
major processes in hydrothermal sediments, as well as previously
noted for basaltic substrates (Mason et al., 2008; Santelli et al.,
2009).

Uncultivated lineage and under-represented groups. Many
sequences belonging to uncultivated lineages were detected. The
lack of information about their putative physiology did not allow
us to infer their role in the colonization process or their eco-
logical importance. Members of the Guaymas Bacterial Group
(Teske et al., 2002) and Guaymas Euryarchaeotal Group (Teske
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et al., 2002; Dhillon et al., 2005) were found in the two mod-
ules. These groups were previously detected in hydrothermally-
affected deep-sea sediments and active chimneys of the Guaymas
Basin (Teske et al., 2002; Callac et al., submitted). Since their
distribution is restricted to hydrothermal environments, it can
be assumed that these microorganisms are anaerobes and prob-
ably involved in organic matter and hydrocarbon compound
degradation.

A new cluster of Epsilonproteobacteria, named Guaymas
Epsilonproteobacteria group, was identified in AISCIS 2; this
group is only 91% similar to any known environmental clones
or cultivated representatives (Figure 4). Like other members of
the Epsilonproteobacteria from hydrothermal ecosystems, these
microorganisms could be mesophilic or moderately thermophilic
and involved in organic matter degradation and sulfur cycling in
organic matter-rich hydrothermally affected sediments.

AOM: ANMEs, potential syntrophs, and other members

ANME-1 and more specifically “ANME-1 Guaymas mcrA clus-
ter” sequences (Holler et al., 2011; Biddle et al., 2012), as well as
“deeply-branching Guaymas mcrA” sequences, were retrieved in
both modules (Figure 5; Table 3). Most of them are affiliated to
sequences previously found in Guaymas hydrothermal sediments
with a range of temperature regime (Biddle et al., 2012; Merkel
et al., 2013).

Interestingly, no dsrAB genes could be amplified from
the AISICS2 module (short-term deployment) where ANME
sequences were retrieved (Table3). In contrast, both ANME
and dsrAB sequences were detected in the long-term AISICS1
deployment that experienced a greater hydrothermal fluid con-
tribution (Table 2). In addition to Desulfobacteriaceae, sulfate-
reducers such as Deltaproteobacteria are known to be ANME
syntrophs. However, none of those groups could be detected
using either dsrAB (Figure6), or 16S rRNA sequencing. This
suggests that detected ANME might have other syntrophs.
For example, sulfate-reducers identified in AISICS 1 such as
Syntrophobacterales, Desulfobacterium anilini group, group IV
or archaea Archaeoglobus could play this role. Another hypoth-
esis is that the syntrophs are not sulfate-reducers but rather
are denitrifiers or iron-reducers (Raghoebarsing et al., 2006;
Beal et al., 2009). Potential syntrophs identified in most mini-
colonizers could be Thermotogales involved in iron-reduction,
or Epsilonproteobacteria and/or Caldithrix involved in nitrate-
reduction. It is also possible that sulfate-reducers involved in
AOM colonize AISICS modules after ANME, or that sulfate-
reducers progressively replace other syntrophs (e.g., nitrates
and/or iron-reducers) to create new consortia with ANME.
Alternatively, we cannot exclude that the ANME, especially the
AISICS2 ANME-1, are able utilize carbon, energy sources, and
electron acceptor needed for their growth without syntrophs,
as previously shown (Knittel et al., 2005), or by doing AOM
alone (Milucka et al., 2012). In addition, within the Archaea,
MCG sequences were detected. The MCG are well-represented
in the deep subsurface biosphere (Sorensen and Teske, 2006;
Teske and Sorensen, 2007; Kubo et al., 2012). In previous
works, it was largely hypothesized that MCG are anaerobes
and heterotrophs able to use organic substrates (Biddle et al.,
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2006). It has also been suggested that they are able to oxidize
methane without the assimilation of methane-derived carbon,
using dissimilatory methane metabolism (Biddle et al., 2006).
They could also benefit from AOM, directly or not (Sorensen and
Teske, 2006). In our colonization modules, MCG could play a
direct or indirect role in the methane cycle in association with
methanogens and ANMEs. These data support the idea that
anaerobic methane cycling is common in hydrothermal systems
(Teske et al., 2002).

Sediments: a nest for free-living symbionts?

Sequences of endosymbionts of Siboglinidae (Osedax sp. and
Siboglinum sp., Figure 3) were retrieved in the AISCISI module.
Previous studies have reported free-living symbionts in bottom
seawater overlying seafloor hydrothermal fields (Harmer et al,,
2008), or in microbial mats (Crépeau et al., 2011). At Mat
Mound site, vent fauna include Riftia worms, an unidentified
Siboglinidae, polychaetes Paralvinella sp. and Ampharetidae in
association with microbial mat (Figure1; Decker et al., pers.
commun.). To date, symbionts of Riftia sp. and Paralvinella
sp epibionts were never reported in their free-living form.
However, it has been suggested that vent fauna may gain
their endosymbionts locally, leading to an opportunistic envi-
ronmental acquisition of the best adapted microorganisms
(Rodrigues et al., 2011). The presence of free-living sym-
bionts in hydrothermally-affected sediment (e.g., average tem-
perature around 44.3°C) suggest they are able to live in
such conditions, which highlights the role of sediment sub-
strate for the dispersion and horizontal transmission of vent
fauna symbionts.

MICROBIAL DIVERSITY AND POTENTIAL CONTROL OF GEOCHEMISTRY,
SUBSTRATA TYPE, TEMPERATURE, AND/OR DEPLOYMENT TIME

A large microbial diversity was evident in the colonization mod-
ules, and some phylotypes were common among both modules.
Archaeal diversity was not correlated with deployment duration,
fluid chemistry, sediment depth, or substrata (Figure 2). In con-
trast, bacterial colonization patterns are driven by a number of
factors, such as the duration of deployment and fluid chemistry
(Figure 3). In AISICS 2, the bacterial diversity is also influenced
by the burial depth in the sediments (Figure 3). This is sup-
ported by the statistical analyses of the 16S rRNA sequences for
AISICS2, where the diversity clusters according to burial depth
(Figure 3). In addition, the bacterial diversity tends to increase
with depth (Figure 3), suggesting that the bacterial distribution
could be linked to the thermal gradient and the availability of
hydrothermally-derived compounds. A recent study at Guaymas
Basin has shown that the thermal regime and geochemistry of
hydrothermally-affected sediments are highly heterogeneous
(Mckay et al., 2012). AISICS1 was deployed in a white mat and
AISICS2 at the junction between white and orange mats, and
while the in situ temperature at 20 cm depth was almost the same
for both modules (average of 44.3 and 42.9°C, respectively), the
geochemistry of recovered pore water was drastically different.
Indeed, the long-term deployment module (AISICS1) experi-
enced a much higher hydrothermal contribution than AISICS2
(Table 2).
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This suggests that AISICS1 micro-colonizers encountered signif-
icant concentration of H,S (although <5 uM) while fluids sam-
pled in AISICS2 correspond mainly to heated seawater (Table 2).
Hence, the geochemical differences between AISICS1 and 2 could
explain the differences in bacterial colonization patterns. From
the statistical jackknife environment clusters trees (Figures 2, 3),
it is clear that microbial colonization is not related to other
parameters such as substrata composition.

Given the high concentration of organic matter in the sedi-
ment (between 2 and 4% of organic carbon (Kastner, 1982), and
the ubiquitous deposition of organic matter on basaltic glass sur-
faces, as observed by RAMAN spectroscopy and SEM, it is likely
that heterotrophic strains could have been pioneers. Fermentative
strains can hydrolyze organic matter into small compounds, e.g.,
small organic acids, amines, or alcohol. These metabolic products
could have fueled other heterotrophs and organotrophs, as well as
lithoautotrophs.

GEOMICROBIOLOGICAL INTERACTIONS

Both biotic and abiotic mini-colonizers were filled with identical
substratum and exposed to the same environmental conditions
allowing a direct comparison between chemical (abiotic) and bio-
logical processes taking place on the surface of basaltic glasses.
To our knowledge, the systematic use of a sterile control for in
situ basalt and/or mineral alteration experiments has never been
attempted. Micro- and nano-crystals were observed, thus, it is
important to note the difference between the micro- and the
nano-crystal formation (both pyrite and barite). Micro-crystals
of pyrite and barite were observed on basaltic glass surfaces
incubated under both biotic and abiotic conditions (Figures 7,
8) suggesting that they result solely from inorganic processes.
Similar to our results, laboratory microcosm experiments of

basalt alteration have failed to reveal differences of alteration tex-
tures and secondary mineral precipitation between biotic and
abiotic conditions (Einen et al., 2006). Nano-crystals of pyrite
were only observed in basalts exposed to biotic conditions,
which suggests a role of biological process in pyrite forma-
tion (Figures7, 8). Although pyrite can precipitate abioti-
cally from H,S and Fe?T enriched in the hydrothermal fluid,
microbial sulfate, and sulfur reduction could have promoted
nano-crystalline pyrite precipitation instead of micro-crystalline
pyrite (Figure 10). In addition, SEM observations of glass vesicles
on biotic samples show a dense mineralization of nano-crystals
of pyrite lining the cavity, and wrapped in a film of organic mate-
rial. The vesicles likely provide a favorable microenvironment for
pyrite precipitation, for example through local build up of micro-
bially produced hydrogen sulfide, leading to supersaturation with
regard to pyrite (or its FeS mono-sulfide precursors, Berner,
1984). Framboidal pyrite mineralization was also observed on
biotic glass surfaces. Although initially attributed to microbial
process, this type of pyrite may form without microbial activity
(Butler and Rickard, 2000). Ongoing study of sulfur isotopes of
pyrite should help in distinguishing between those two models
[e.g., Canfield, 2001; Rouxel et al., 2008a,b].

Nano-crystals of barite were also observed in close associa-
tion with organic matter, suggesting similarly a possible biological
mediation for nano-barite crystallization. Barite is known to
form bio-aggregates in association with decaying organic mat-
ter (Bishop, 1988). However, a direct precipitation of barite from
hydrothermal fluid is also possible due to the enrichment of Ba in
hydrothermal fluids (Von Damm et al., 1985b).

Small rounded to slightly elongated vesicles (10-100 pm
diameter; Figure 7) were observed in all glass samples. The occur-
rence of vesicles in synthetic glass implies that they existed before
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incubation, although they were not detected macroscopically due
to their small size of less than 50 pum. As for natural basaltic glass,
vesicles formation is likely due to gas micro-bubbles in silicate
melt, trapped, and preserved as vesicles during quenching.

Accumulations of diatom debris and carbon-rich aggregates
were frequently observed on biotic samples (Figures7, 8) but
carbon-rich aggregates were also identified on abiotic samples
due to the quantity of organic matter present in the neigh-
boring sediments. The presence of microbial cells has been
nonetheless observed using SEM imaging only on biotic sam-
ples. Finally, in comparison with studies done on long time (1
year; Einen et al., 2006) or on natural samples (Thorseth et al.,
1992; Furnes et al., 2001) the lack of glass alteration evidence
is certainly due to the relatively short deployment time (less
than 22 days), precluding formation of even incipient alteration
rims.

CONCLUSION

By deploying in-situ colonization modules this study showed that
diverse microbial communities involved in carbon, nitrogen, sul-
fur, and iron cycles are able to colonize the surface of basaltic
glasses in hydrothermal and organic matter-rich conditions.

While the archaeal colonization pattern is not dependent
upon deployment duration, fluid chemistry, sediment depth, or
substrata composition, the diverse bacterial colonization pat-
terns are driven by deployment time and fluid chemistry. In all
cases, the nature of basalt does not seem to influence microbial
colonization.

The presence of a new cluster of Epsilonproteobacteria, the
Guaymas Epsilonproteobacteria group, which is distantly related to
any known environmental clones and cultivated representatives
expand our current view of microbial diversity in hydrothermal
systems.

In some cases, we detected anaerobic methane oxidizers related
to ANME 1 and 2, which were not associated with their usual
sulfate-reducer syntrophs. This suggests that the ANME groups
detected in this study are able to live without syntrophs or may
have other sulfate-reducer, denitrifier (some Epsilonproteobacteria

Despite the lack of specific glass alteration textures, the for-
mation of secondary minerals was observed on glass surface
for both biotic and abiotic experiments. Micro- and nano-
crystalline pyrite was generally detected within basalt vesicles
associated with organic matter aggregates. Further work, for
example applying sulfur isotope systematic, is required to dis-
criminate between biotic and abiotic processes involved in pyrite
formation. Applying a similar experimental approach in future
studies, providing that deployment duration is sufficient, should
provide new insights into the capability of microbial communities
to exploit new environmental conditions, colonize new niches,
and promote mineral and rock substrate alteration.
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INTRODUCTION

Hydrothermal vents differ both in surface input and subsurface geochemistry. The effects
of these differences on their microbial communities are not clear. Here, we investigated
both alpha and beta diversity of diffuse flow-associated microbial communities emanating
from vents at a basalt-based hydrothermal system along the East Pacific Rise (EPR)
and a sediment-based hydrothermal system, Guaymas Basin. Both Bacteria and Archaea
were targeted using high throughput 16S rRNA gene pyrosequencing analyses. A
unique aspect of this study was the use of a universal set of 16S rRNA gene
primers to characterize total and diffuse flow-specific microbial communities from varied
deep-sea hydrothermal environments. Both surrounding seawater and diffuse flow
water samples contained large numbers of Marine Group | (MGI) Thaumarchaea and
Gammaproteobacteria taxa previously observed in deep-sea systems. However, these
taxa were geographically distinct and segregated according to type of spreading center.
Diffuse flow microbial community profiles were highly differentiated. In particular, EPR
dominant diffuse flow taxa were most closely associated with chemolithoautotrophs,
and off axis water was dominated by heterotrophic-related taxa, whereas the opposite
was true for Guaymas Basin. The diversity and richness of diffuse flow-specific microbial
communities were strongly correlated to the relative abundance of Epsilonproteobacteria,
proximity to macrofauna, and hydrothermal system type. Archaeal diversity was
higher than or equivalent to bacterial diversity in about one third of the samples.
Most diffuse flow-specific communities were dominated by OTUs associated with
Epsilonproteobacteria, but many of the Guaymas Basin diffuse flow samples were
dominated by either OTUs within the Planctomycetes or hyperthermophilic Archaea. This
study emphasizes the unique microbial communities associated with geochemically and
geographically distinct hydrothermal diffuse flow environments.

Keywords: diffuse flow, microbial diversity, 16S rRNA, pyrosequencing, hydrothermal vents

et al., 1995; Lopez-Garcia et al., 2002; Campbell and Cary, 2004;

A defining characteristic of deep-sea hydrothermal environments
is that microbial chemosynthetic processes are the primary driver
of ecosystem productivity. Thus, a better comprehension of
the factors influencing the composition and diversity of vent
microbial communities has direct implications for understand-
ing the resilience and productivity of these extreme environments.
Previous investigations have found that the taxonomic diversity
of hydrothermal vent microbial communities is extensive, par-
ticularly when assessed by high throughput sequencing (HTS)
approaches (Huber et al., 2007, 2010). There is substantial evi-
dence from standard 16S rRNA gene library and functional gene
analyses, as well as metagenomic data that support this con-
clusion, especially within the Epsilonproteobacteria class (Moyer

Grzymski et al., 2008; Robidart et al., 2008; Campbell et al., 2009;
Nunoura et al., 2010). Archaeal communities at hydrothermal
vents are generally thought to be less diverse than coexisting bac-
terial communities (Huber et al., 2002, 2010; Opatkiewicz et al.,
2009; Nunoura et al., 2010). However, these assessments of micro-
bial diversity relied upon PCR primers specific for each domain
and are therefore difficult to compare.

The composition of hydrothermal vent-associated microbial
communities tends to segregate by vent and distance from actively
venting structures (Huber et al., 2007; Opatkiewicz et al., 2009;
Dick and Tebo, 2010; Kato et al., 2010; Nunoura et al., 2010).
While most of these studies examined either plume water or bot-
tom water, few specifically looked at diffuse flow waters (Huber
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et al., 2003; Sogin et al., 2006). The factors shaping microbial
community diversity and composition are not well understood in
these environments. Segregation according to differences in geo-
chemistry is especially prevalent among members of the typically
dominant vent bacterial class, Epsilonproteobacteria (Nakagawa
et al., 2005; Nakagawa and Takai, 2008; Opatkiewicz et al., 2009;
Kato et al., 2010). Yet, location seemed to dictate microbial
community structure more than geochemistry in other studies
(Opatkiewicz et al., 2009; Huber et al., 2010). In fact, recent work
showed that endemism was a major factor shaping vent microbial
communities even though geochemistry had changed during the
6-year study of the Axial Seamount caldera (Opatkiewicz et al.,
2009).

Epsilonproteobacteria are a diverse class of mesophilic to mod-
erately thermophilic bacteria that dominate culture-independent
surveys of most moderate to high temperature marine hydrother-
mal vent surfaces. The presence of this class seems to be
restricted to associations with macrofauna and the outer sur-
faces of active vents (Campbell et al., 2006). They are also
found in high abundance in some diffuse flow water and plume
environments, but were shown to be in low abundance within
Guaymas Basin plume 16S rRNA gene libraries (Sunamura
et al., 2004; Nakagawa et al., 2005; Dick and Tebo, 2010; Huber
et al., 2010). The success of Epsilonproteobacteria at hydrother-
mal vents is likely due to their chemoautotrophic strategy via
the reductive tricarboxylic acid (rTCA) cycle along with a mod-
erately versatile metabolism (Campbell et al., 2006). Most vent
Epsilonproteobacteria are microaerophilic to facultative anaerobes
and have the ability to use many sulfur species or hydrogen for
energy (Campbell et al., 2006), electron donors found in large
quantities at most active deep-sea hydrothermal systems (Von
Damm, 1990).

Many other thermophilic Bacteria and Archaea are found
less frequently at hydrothermal vents in culture-independent 16S
rRNA gene surveys or by quantitative PCR analyses (Gotz et al.,
2002; Wery et al., 2002; Huber et al., 2010; Nunoura et al,
2010). Most of these thermophiles and hyperthermophiles appear
to also segregate to specific vents, to higher temperature sedi-
ments, or internal chimney habitats (Schrenk et al., 2003; Vetriani
et al.,, 2008; Nunoura et al., 2010). One group of mesophilic
Archaea, the Thaumarchaeota (formally known as mesophilic
Crenarchaeaota) Marine Group I (MGI) clade, are found in
high abundance in deep marine waters and in non-diffuse flow
hydrothermal vents (Takai et al., 2004; Agogue et al., 2008;
Brochier-Armanet et al., 2008; Dick and Tebo, 2010). Although
cultured members of MGI are chemoautotrophic ammonium-
oxidizers, some uncultured members may be heterotrophic, espe-
cially those found in deep water (Konneke et al., 2005; Agogue
et al., 2008).

The primary goal of this study was to examine biogeographic
and geochemical effects on microbial community composition
at vents within the 9°N East Pacific Rise (EPR) and Guaymas
Basin vent fields, two widely divergent deep-sea hydrothermal
vent environments. Bacterial and archaeal communities within
diffuse flow vent fluids and background seawater were examined
using a combination of HTS and universal primers for the 16S
rRNA gene. While there have been limited studies on symbiotic

microbial communities and microcolonizers at these sites, and
one study of a Guaymas Basin vent plume, we know of no
microbial community surveys from 9°N EPR or Guaymas Basin
diffuse flow samples (Haddad et al., 1995; Reysenbach et al., 2000;
McCliment et al., 2006; Dick and Tebo, 2010). Because micro-
bial communities within background deep-sea water were also
examined, it was possible to identify microbial taxa specific to the
unique diffuse flow environments.

MATERIALS AND METHODS

SITE DESCRIPTIONS AND SAMPLE COLLECTION

Diffuse flow samples were taken with a large volume water sam-
pler (LVWS, Wommack et al., 2004) from various hydrothermal
vent and sediment locations at 9°N, EPR, and the Guaymas Basin
(Table 1). The LVWS platform was positioned, and its operation
was commenced by the DSV Alvin submersible. Temperature was
measured at the mouth of the funnel at the start of each collec-
tion using Alvin’s high temperature probe and therefore indicated
the general temperature of the diffuse flow area collected. In
addition, small discrete water (SIPPER) samples were taken for
chemical analyses (Di Meo et al., 1999). After the LVWS sys-
tem was purged of surface seawater, diffuse flow water, entrained
with bottom seawater, was pumped (~2000L) in situ through a
200 wm Nytex net pre-filter, then serially filtered across a 3.0 pm
293 mm filter then two parallel 0.2 um 293 mm filters (Supor
membrane disc filters, Pall Life Sciences) for ~14-16h. The
first ~120L of 0.2 um filtrate was collected in three Tedlar gas-
impermeable plastic bags housed within Nalgene HDPE boxes
during each deployment. The LVWS was allowed to surface after
an acoustically triggered removal of dive weights, and sample pro-
cessing occurred immediately upon platform retrieval (within 2 h
of triggering).

Two off-axis water samples were taken at least 200 m off the
vent axis (one adjacent to Tica —9°N 50.417, 104°W 17.540—
at EPR; one near Southern Site—27°N 01.21, 111°W 24.04—at
Guaymas) were collected in 30L Niskin bottles on a Carousel
Water Sampler/CTD (SBE32; Sea-Bird Electronics) remotely trig-
gered at a depth of 5-15m above ocean bottom. Samples were
immediately filtered and processed on deck using an identical
setup as LVWS samples.

SAMPLE PROCESSING AND CHEMICAL ANALYSES

Ten ml of unprocessed water collected via the SIPPER appara-
tus was used for all chemical analyses. Aliquots of the sample
were separated for dissolved Fe(II) and Fe(total) [defined as
Fe(total) = dissolved Fe(III) + dissolved Fe(II)] and analyzed
by colorimetry with a Spectronic 601 (Milton Roy) following
the ferrozine method (Stookey, 1970). Total sulfide was mea-
sured using a standard methylene blue spectrometric method
as described previously (Grassoff et al., 1999). Trace element
samples (3mL) were filtered (0.2mm cellulose nitrate mem-
brane filters) into acid washed glass vials, acidified with 50 pL
of concentrated ultra-pure HNO3 acid and stored at 4°C until
analysis. These samples were prepared for analysis by diluting
50-fold with ultra-pure 2% HNO3 and analyzed using a Perkin
Elmer Elan SCIEX DRC II inductively coupled plasma mass spec-
trometer (ICP-MS). To correct for mass bias and instrument
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Table 1 | Site descriptions of 9°N East Pacific Rise (EPR) and Guaymas Basin hydrothermal vent samples.

Site name Date Dive # Location Depth (m) Temp. (°C) Near Notes
macrofauna
EPR
Tica 11/12/08 4470 9°N 50.414 2515 14-19 Y Located near Riftia and a Tevnia colony.
104°W 17.499
Bio-9/P-Vent 11/14/08 4472 9°N 50.17367 251 17-27 Y Placed near shimmering water, near a
104°W 17.46176 Riftia patch.
Marker 28 (Trick 11/15/08 4473 9°N 50.17367 2505 30—50 Y Placed near crabs, next to shimmering
or Treat) 104°W 17.46176 water (370 C) black smoker, placed on top
of Tevnia patch behind shimmering water.
V-Vent 11/16/08 4474 9°N 50.169 2513 22 N Placed near a crack at the floor of V-Vent.
104°W 17.457
GUAYMAS
Rebecca’s Roost 11/23/08 4476 27°N 0.6763 1987 30 Y Placed near a Riftia patch near top, scale
111°W 24.4168 worms nearby, shimmering water.
Mark's 11/24/08 4477 27°N 0.4608 2010 26 N Located near the diffuse flow through
Crack/Pagoda site 111°W 24.5353 crack in vent, white bacterial mat nearby.
Hydrocarbon rich.
Rebecca’s Roost 11/25/08 4478 27°N 0.6763 1988 27—35 Y Same location as Dive 4476.
111°W 24.4168
Southern 11/26/08 4479 27°N 0.455 1999 36 N Semi-hard bottom, sort of crust on top of
Site/Area 111°W 24.573 sediment; bacterial mat covering; diffuse
flow venting out of a crack.
Theme Park 11/27/08 4480 27°N 0.7039 2014 15—22 N Orange mat, scraped away to reveal bare
111°W 24.3176 sediment, white mat around the orange
mat, with yellow splotches on the order
of ~10 meters.
Southern 11/28/08 4481 27°N 0.455 1998 35 N Directly above a hole in an orange mat.
Site/Area 111°W 24.573 The hole has an outpouring of diffuse

Samples collected at the same site on separate dates are indicated.

drift, a 2% HNO3 blank solution and Marek standards were run
periodically. pH was measured on each sample using a Orion
D2 meter.

DNA EXTRACTION, AMPLICON GENERATION AND SEQUENCING

Immediately upon reaching the surface, the 0.22 um membranes
were aseptically removed from the filter apparatus, placed into
sterile plastic bags, and immersed in DNA extraction buffer
containing 1x TE, 50mM EDTA, and 50 mM EGTA. Filters
were flash-frozen in liquid nitrogen, held at —80°C while at
sea, and returned on dry ice to the J. Craig Venter Institute,
San Diego for DNA extraction and library preparation. Methods
for DNA extraction from filters can be found elsewhere (Rusch
et al., 2007). Briefly, after thawing, the cells were lysed using
SDS/Proteinase K and the lysate purified using one phenol
extraction and one phenol/chloroform extraction. The super-
natant was precipitated using ethanol and eluted in TE buffer.
Environmental DNA (eDNA) was then used as template in the

flow water. Same location as Dive 4479.

PCR targeting 16S rDNA (2 ul). The primers used to isolate
the 16S were TX-9, 5-GGATTAGAWACCCBGGTAGTC-3" and
1391R, 5-GACGGGCRGTGWGTRCA-3' (Ashby et al., 2007;
Walker and Pace, 2007), and the following reaction used for gene
amplification: 94°C for 3 min, 35 cycles of 94°C for 30 s, 55°C for
305, 72°C for 90's, and 72°C for 10 min. Libraries were barcoded
and sequenced using 454-pyrosequencing. The PCR primers were
determined to be universal. The 1391R primer has been uti-
lized in the past as a universal primer (Loy et al., 2007) and
calculations with Silva testprobe (http://www.arb-silva.de/search/
testprobe) estimate the coverage of Bacteria at 88% and Archaea
at 76% with one mismatch allowed. The TX-9 primer is not
currently present in probeBase, so we calculated an estimated cov-
erage in RDPII (http://rdp.cme.msu.edu/probematch/search.jsp)
using the Probe Match tool (Cole et al., 2007). Based on
sequences >1200 nucleotides long and of good quality (a total of
1195961 sequences), with one mismatch, the estimated coverage
of Bacteria is 99% and Archaea is 98%.
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SEQUENCE ANALYSES

Approximately one million (932,657) sequences were screened
for quality by AmpliconNoise as described in detail elsewhere
(Quince et al,, 2011). A total of 457,209 sequences (average
length of 381 bp) passed initial quality filtering. Sequences were
then further screened and analyzed in mothur by dereplica-
tion, alignment, filtering, preclustering, and average neighbor
clustering analyses, with the remaining 456,943 sequences used
in clustering, diversity, and taxonomic analyses (Schloss et al.,
2009). SFF files were assigned GenBank SRA Bioproject number
PRJNA193540.

Ocean floor seawater is often entrained with the vent diffuse
flow water during sampling. To calculate which OTUs were sig-
nificantly enhanced in vent vs. off-axis water, we used statistical
tests as described previously (Campbell et al., 2010, 2011). Briefly,
significant shifts in OTU abundance between samples were deter-
mined in a pairwise fashion by an independent implementation
of the statistics used by the RDP LibCompare tool (Wang et al.,
2007) using the methods described by Audic and Claverie (1997)
and the standard two-population proportions test (Christensen,
1992). Statistically significant results were considered to have a
P-value less than 0.01 (P-values for two-population proportions
test were inferred from the Z critical value). In addition, to be
included in the pool of sequences belonging to OTUs enhanced in
the vent samples, differences in OTU frequency between vent and
off axis waters had to be greater than 2-fold. Individual compar-
isons were between the EPR vent samples and EPR off-axis water
or between Guaymas vent samples and Guaymas off-axis water.

Both alpha and beta diversity estimates from the total and
vent-specific sequences were calculated in mothur (Schloss et al.,
2009). Briefly, the Sobs (observed richness), Chao I (non-
parametric estimator of richness), Good’s coverage, invsimpson
(Inverse Simpson, richness estimator not affected by sampling
effort) and np Shannon (non-parametric Shannon index) cal-
culators were implemented to estimate alpha diversity of each
sample. Additionally, phylogenetic distances of the samples based
on a phylogenetic tree of the vent specific sequences were calcu-
lated with the Clearcut program in mothur (Schloss et al., 2009).
The beta diversity, similarities between samples from the entire
dataset or just the vent-specific OTUs were calculated based on
the theta (Yue and Clayton) similarity coefficient (8yc) (Schloss
et al., 2009) at a distance of 0.03.

A representative sequence from each OTU was classified by
multiple methods, including: Silva, RDPII and greengenes web
alignment and classification tools as well as by BLAST analyses
(Desantis et al., 2006; Pruesse et al., 2007; Johnson et al., 2008;
Cole et al., 2009). In general, the results from all classification
schemes were consistent with each other (data not shown).

STATISTICAL METHODS

Nonmetric multidimensional scaling (NMDS) was used to exam-
ine the relationship between samples based on a 6yc similarity
matrix calculated in mothur (Schloss et al., 2009). Only the vent-
specific OTUs were used in the analyses. Individual OTUs, which
best correlated with NMDS sample distribution by the method
of Pearson were overlaid with a biplot, based on vectors calcu-
lated in mothur. Only OTUs that were represented by at least 200

sequences and had r values of at least 0.6 were plotted. In addi-
tion, correlations between the sample distributions and relative
abundances of OTUs were also measured in mothur. Only factors
which had r values of at least 0.2 were plotted. NMDS ordinations
were also verified in the vegan package in R, using a Bray-Curtis
distance calculation. Environmental factors that best correlated
to the OTU data were calculated with the bioenv function in R
and mothur after log transformation (Schloss et al., 2009) (http://
www.r-project.org/).

HEAT MAP METHODS

Relative abundance of each OTU served as input for the R
PhyloTemp function (a phylogenetically enabled adaptation of
the heatmap.2 function; R gplots package; http://phylotemp.
microeco.org) (Polson, 2007). The resulting heat map displays
relative abundance of each OTU across the individual libraries,
with neighbor joining phylogenetic clustering of OTU repre-
sentative sequences displayed along the y-axis and hierarchical
clustering (Bray-Curtis) of taxonomic relative abundance on the
x-axis.

RESULTS

PHYSICAL AND CHEMICAL DESCRIPTION OF THE SAMPLES

A variety of diffuse flow samples were collected from both
hard basalt-based EPR and hydrocarbon-rich, sediment-based
Guaymas Basin hydrothermal vent habitats (Table1) using a
modified large volume water sampler deployed on an elevator
platform (Wommack et al., 2004). Half of the samples were col-
lected near macrofaunal communities, while the other half were
collected near hydrothermal diffuse flow vents or sediment sur-
faces, many with prominent bacterial mats. There were two sets
of similar samples collected from the same site but on different
dates: Rebecca’s Roost and Southern site, both from Guaymas
Basin (Table 1).

In general, most chemical and physical features, including
temperature, were either very similar among the vents or no
discernable patterns were observed within or between spread-
ing center types (Table2). However, cobalt, nickel and iron
levels were significantly different between the spreading centers
(t-test, Co and Ni, p < 0.05; Fe, p < 0.08). Cobalt and iron lev-
els were 10 or 30 times higher in the EPR than Guaymas samples
and nickel was 2.5 times higher in the Guaymas than the EPR
samples.

MICROBIAL COMMUNITY DIVERSITY

Between 15,000 and 48,000 16S rRNA gene sequences were ana-
lyzed from each sample after quality control processing. From
the resulting 456,943 sequences, diversity estimates were calcu-
lated in mothur (Schloss et al., 2009) and after average neighbor
clustering at a 0.03 distance level, 6277 OTUs were produced.
The resulting dataset included all archaeal and bacterial sequences
because a single set of primers encompassing both domains were
used for amplification prior to sequencing (Ashby et al., 2007;
Walker and Pace, 2007). The calculated level of Good’s coverage
from all sequences within each sample was high, between 0.97
and 1 (Table 3). Overall richness estimates (Chao I and Sobs)
of the Guaymas Basin sites were much lower than the EPR sites.
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Conversely, the diversity of the total individual communities as
measured by the inverse Simpson or np Shannon calculations did
not segregate by geographic location.

To examine the diversity and structure of microbial communi-
ties specific to diffuse flow waters, OTUs that were not statistically
different between vent and off-axis water were removed from
the dataset using previously described statistical methods (Wang
et al., 2007; Campbell et al., 2010, 2011). 826 OTUs (at a 0.03 dis-
tance) were significantly enriched in vent vs. off-axis water, for
a total of 33,001 sequences (about 7% of the total). The num-
ber of vent-specific sequences per sample ranged from 0.5 to
25.3% of the total number of sequences per sample (between
167 and 9516 vent specific sequences, Table 4). There were 396
and 90 OTUs that were significantly enriched in the EPR and
Guaymas vent samples compared to off axis water, respectively. Of
those, about 4% of the EPR and 28% of the Guaymas OTUs were
also present in off-axis waters. Generally, vent-specific Guaymas
communities displayed lower diversity than EPR communities
(Figure 1) even after normalization for differences in sequenc-
ing effort (data not shown). Good’s coverage estimates were
about the same for the EPR communities (0.96-0.99) and only
slightly lower for the Guaymas communities (0.85-0.98). Both
richness estimates were lower in the vent-specific communities
(Table 4), but paralleled the total community richness estimates
(Table 3).

A direct assessment of differences between bacterial and
archaeal diversity from individual samples showed that, in most
samples, richness and diversity was higher in Bacteria than
Archaea (Table 5, Figures 2, 3). However, in two of the sam-
ples (4470 and 4472), archaeal diversity was higher than bacterial
diversity and in another sample (4480), they were not statisti-
cally different. Archaeal and bacterial evenness was more similar
among the vent sites, where three of the samples (4476, 4478,
and 4480) had roughly equivalent evenness estimates (Table 3,
Figure 2). Interestingly, the two samples with the highest archaeal
diversity and richness also had the highest archaeal evenness
(4470 and 4472) (Table 5, Figure 2B). Phylogenetic diversity was
not correlated with the percentage of Archaea or Bacteria, but the
highest indices were found in the communities with roughly equal
frequencies of archaeal and bacterial sequences (EPR—4474,
Guaymas—4477; Figure 4). Neither sample was located near a
macrofaunal community. Samples with low phylogenetic diver-
sity either contained high levels of archaeal sequences and were
from non-macrofaunal associated sites, or contained high levels
of bacterial sequences and were from macrofaunal associated sites
(Figure 4).

COMMUNITY COMPOSITION

Microbial community composition of the various samples was
assessed by phylogenetic analysis of 16S rRNA gene OTUs present
in the entire sample and after subtraction of off-axis OTUs.
Overall, the two most abundant OTUs (OTUs 1563 and 40)
belonged to the Marine Group 1 (MGI) Thaumarchaeota, and
their abundance segregated by geographic location where they
made up about 60% of the community in either the EPR or
Guaymas locations (Figure 5). The closest related sequences to
the EPR MGI OTU (0.002 phylogenetic distance) were from

www.frontiersin.org

July 2013 | Volume 4 | Article 182 | 68


http://www.frontiersin.org
http://www.frontiersin.org/Extreme_Microbiology/archive

Campbell et al.

Microbial communities from diverse hydrothermal vents

Table 3 | Diversity estimates from 16S rRNA amplicon libraries of diffuse flow vent samples collected at 9°N East Pacific Rise (EPR) and

Guaymas Basin (Guay) hydrothermal vent sites.

Sample # seqs® Good'’s coverage S%bs

EPR-4470 41,992 0.97 2224 4193
EPR-4472 42,092 0.98 1696 3319
EPR-4473 37602 0.98 1216 2468
EPR-4474 44,487 0.98 1141 2535
Guay-4476 48,670 0.99 512 1194
Guay-4477 29,886 0.99 312 744
Guay-4478 34,086 0.99 732 1519
Guay-4479 23,965 0.99 588 1325
Guay-4480 15,196 0.99 291 690
Guay-4481 17152 0.99 336 1102
EPR OA? 76,838 1.00 507 1073
GUAY OA 44,977 1.00 289 663
@0A, off-axis.

b#seqs, number of 165 rDNA amplicon sequences.
¢Sobs, number of observed species.

Chao I richness

Simpson evenness Inverse simpson np shannon

0.0011 2.29 2.68
0.001M 1.92 2.13
0.0032 3.82 3.06
0.0017 1.96 1.85
0.0033 1.65 112
0.0069 2.17 1.65
0.0028 2.03 1.66
0.0054 3.12 2.31
0.0076 2.19 1.70
0.0061 2.03 1.55
0.0036 1.83 1.40
0.0114 3.28 2.08

Table 4 | Diversity estimates from vent-specific 16S rDNA amplicons of diffuse flow vent samples collected at 9°N East Pacific Rise (EPR) and

Guaymas Basin (Guay) hydrothermal vent sites.

Sample No of seqs % of total> Good’s coverage Sobs Chaol Simpson even Inv Simpson npshannon Phylo diversity?
EPR-4470 8582 20.4 0.99 538 574 0.0733 39.41 4.93 3.75
EPR-4472 7187 171 0.99 452 5084 0.0649 29.32 4.49 3.60
EPR-4473 9516 25.3 0.99 390 484 0.0729 28.42 4.35 2.68
EPR-4474 1667 3.7 0.96 240 315 0.1339 32.14 4.65 5.08
Guay-4476 757 1.6 0.94 14 166 0.1773 20.21 3.84 4.44
Guay-4477 163 0.5 0.87 44 70 0.2195 9.66 3.25 4.60
Guay-4478 2024 5.9 0.98 164 213 0.1683 27.60 4.06 3.47
Guay-4479 1888 79 0.98 108 137 0.0328 3.55 2.60 2.96
Guay-4480 164 1.1 0.85 57 80 0.5678 32.36 3.93 5.12
Guay-4481 965 5.6 0.98 59 73 0.0324 1.91 1.65 2.29

@ Percentage of total library that were considered as vent-specific sequences.
bBased on phylogenetic distances of 200 sequences (rarefied).

North Atlantic deep water and the Sea of Marmara. The Guaymas
MGI OTU was more closely related to Nitrosopumilus sp. (0.011
distance). The second most abundant OTU belonged to the
Oceanospirillales (SUP05) within the Gammaproteobacteria and
comprised about 7 and 13% in the EPR and Guaymas off-axis
bacterioplankton, respectively; and between 0.1 and 3% in some
of the diffuse flow samples (EPR-4470, 4472, Guay-4476, 4478)
(Walsh et al., 2009).

Other phylotypes that were present at 0.5% or greater abun-
dance in both EPR and Guaymas vent and off axis water included
members of the Marine Groups II and III (MGII, MGIII)
Euryarchaeota, as well as Deltaproteobacteria and Deferribacteres
SAR406 (Marine Group A) bacterial clades. OTUs more abundant
at Guaymas than EPR included members of the Methylococcales
and  Thiotrichales (Gammaproteobacteria), —Methylophilales
(Betaproteobacteria), and Desulfobacterales (Deltaproteobacteria)
and ranged from about 20- to more than 200-fold more abundant

in Guaymas than EPR off-axis waters.Prevalence of many of these
taxa, especially the Methylococcales and Methylophilales, are likely
related to the high methane and hydrocarbon concentrations of
the Guaymas spreading center (Edmond et al., 1982; Von Damm
et al., 1985).

Among OTUs that were significantly enriched or specific to
diffuse flow samples, three were found in every diffuse flow sam-
ple (Figure6). The first, an OTU within the Planctomycetales
(OTU-2438), with a range of frequency between 0.01 and 15%,
was more prevalent in the Guaymas than EPR diffuse flow sam-
ples. The second, a member of the Deep Sea Hydrothermal Vent
Group 6 archaeal clade (OTU-3227), ranged in abundance from
0.01 to about 10% and did not segregate by geographic loca-
tion. The last OTU present in all vent samples, an Archaeoglobales
(OTU-5145), comprised 0.07-4.3% of the community and was
not found at all in off-axis waters. Seven OTUs were found in
at least 80% of diffuse flow samples, two of which were within

Frontiers in Microbiology | Extreme Microbiology

July 2013 | Volume 4 | Article 182 | 69


http://www.frontiersin.org/Extreme_Microbiology
http://www.frontiersin.org/Extreme_Microbiology
http://www.frontiersin.org/Extreme_Microbiology/archive

Campbell et al.

Microbial communities from diverse hydrothermal vents

6001 e EPR 4470

s EPR 4472
e EPR.4473
s EPR.4474
mme Guay.4476
Guay.4477

# of OTUs

= Guay.4478
Guay.4479

Guay.4480
= e Guay.4481

0 2000 4000 6000 8000 10000
# of sequences

FIGURE 1 | Rarefaction analysis of vent-specific 16S rDNA amplicon
sequences from diffuse flow samples collected at 9°N East Pacific Rise
(EPR) and Guaymas Basin (Guay) hydrothermal vent sites.

the Planctomycetes phylum (OTU-2438 and 2918) and were more
prevalent in Guaymas Basin samples than EPR samples. The clos-
est BLAST hits to these Planctomycetes were uncultured members
of the phylum; all cultured Planctomycetes and members of the
annamox clade were at least 15% divergent within the amplified
region, illustrating the diversity of this group according to 16S
rRNA gene sequence (data not shown). One OTU (29), belonging
to the Thermococcales family, was found in high abundance (3—
76% of vent specific sequences) in EPR-4473 and four Guaymas
samples (4477, 4478, 4479, and 4481). The other four OTUs
(537, 3491, 3534, 4223) belonged to the Epsilonproteobacteria
and each OTU comprised up to 7% of the vent-specific OTUs
in at least 80% of the samples. Of the most abundant vent-
specific OTUs, there were eight that were unique to one or two
of the diffuse flow samples, but comprised up to 16% of the
vent-specific OTUs. One of these was a member of MGII and
was not found in off-axis water but only in EPR-4474 (OTU-8).
Two other OTUs (144 and 3489) were found in one or two

Table 5 | Diversity estimates from 16S rRNA amplicon libraries of diffuse flow vent samples collected at 9°N East Pacific Rise (EPR) and

Guaymas Basin (Guay) hydrothermal vent sites.

Group #seqs? Sobs® Chao Chao Chao np Inverse Invsimpson Invsimpson simpson
| I Ici® I heid shannon simpson Ici hei evenness

BACTERIA DIFFUSE FLOW VENT SPECIFIC OTUs

EPR.4470 6810 305 334 317 377 4.24 25.19 24.05 26.44 0.083
EPR.4472 6380 275 301 287 328 4.00 23.05 22.03 24.16 0.084
EPR.4473 8080 303 356 330 408 4.17 24.39 23.27 25.63 0.081
EPR.4474 867 145 188 165 239 4.55 59.60 52.58 68.78 0.411
Guay.4476 653 77 104 88 145 3.33 13.17 11.74 14.99 0.171
Guay.4477 72 25 41 29 83 3.07 13.24 9.58 21.47 0.5630
Guay.4478 1697 105 120 m 148 3.67 18.38 17.06 19.92 0.175
Guay.4479 387 57 78 64 n7 3.45 20.03 17.68 23.11 0.351
Guay.4480 143 32 38 34 59 3.18 16.95 13.78 22.02 0.530
Guay.4481 23 13 18 14 41 2.89 16.87 10.26 4745 1.297
Group #seqs Sobs Chao Chao Chao np Inverse Invsimpson invsimpson simpson

| Ilci I hei shannon simpson Ici hci evenness

ARCHAEA DIFFUSE FLOW VENT SPECIFIC OTUs

EPR.4470 2043 220 224 221 236 4.79¢ 41.14 35.74 48.45 0.187
EPR.4472 908 168 198 181 236 4.77 76.26 67.78 8715 0.454
EPR.4473 1289 68 118 86 204 2.19 3.27 3.00 3.68 0.048
EPR.4474 767 86 105 93 136 3.21 8.04 7.02 9.41 0.094
Guay.4476 183 31 51 37 97 2.564 5.73 4.74 724 0.185
Guay.4477 102 19 31 22 73 2.21 4.18 3.19 6.06 0.220
Guay.4478 416 49 73 57 124 3.04 11.23 9.81 13.15 0.229
Guay.4479 1553 55 63 57 86 1.85 2.42 2.26 2.60 0.044
Guay.4480 60 20 38 24 95 2.80 9.37 6.62 15.97 0.468
Guay.4481 953 49 56 51 75 1.65 1.87 1.74 2.02 0.038

Sequences derived after subtraction of off-axis OTUs.
a#seqs, number of 16S rDNA amplicon sequences.
bSobs, number of observed species.

¢Low confidence interval.

9High confidence interval.

¢Bold values indicate sites where estimated diversity of Archaea exceed that of Bacteria.
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FIGURE 2 | Differential estimation of archaeal and bacterial diversity
(A) and evenness (B) in vent-specific 16S rDNA amplicon sequences
from diffuse flow samples collected at 9°N East Pacific Rise (EPR) and
Guaymas Basin (Guay) hydrothermal vent sites. **Indicates
macrofauna-associated diffuse flow site.
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FIGURE 3 | Rarefaction analysis of archaeal (A) and bacterial (B)
vent-specific 16S rDNA amplicon sequences from two 9°N East Pacific
Rise (EPR) sites.

EPR diffuse flow samples respectively and were members of the
Epsilonproteobacteria. Another OTU (1998), classified as a mem-
ber of the ANME-1 group, was found only in Guaymas 4479 and
4481. Other Guaymas Basin-specific OTUs (196, 1042) include
members of the Flavobacterales and Alteromonadales families, as
well as an unclassified bacterial phylotype (OTU-12).
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FIGURE 4 | Relationships between the proportions of Archaea (A) or
Bacteria (B) within vent-specific 16S rRNA sequences against
estimates of phylogenetic diversity from the indicated sample site.
M, macrofauna-assocated sites, EPR, 9°N East Pacific Rise; Guay,
Guaymas Basin.

Half of the sample locations (three of four sites at EPR and
two of six sites at Guaymas) were adjacent to significant con-
centrations/colonies of macrofauna (e.g., Riftia, Tevnia, crabs;
Table 1). The diffuse flow samples collected near macrofaunal
communities had significantly higher percentages of Bacteria and
Epsilonproteobacteria than the other samples (t-test, p < 0.05),
mainly driven by Sulfurovum (average frequency of 21 vs. 3%).
Samples not collected near macrofaunal communities had sig-
nificantly higher percentages of Archaea than the other samples
(t-test, p < 0.05), with increased frequencies of Thermococcus (30
vs. 3%). Despite this, there were no OTUs that were specific to
diffuse flow water collected near macrofaunal communities.

We next looked at the archaeal composition of the two sam-
ples where the archaeal diversity was significantly higher than the
bacterial diversity, EPR-4470 and 4472. EPR-4470 contained 220
different archaeal OTUs, whereas EPR-4472 contained 168. These
were much higher than the rest of the samples, where the num-
ber of OTUs ranged from 19 to 86 (data not shown). There were
46 OTUs from EPR-4470 that contained 10 or more sequences in
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FIGURE 5 | Relative abundance of OTUs from the entire microbial
community of the indicated sample with their corresponding
phylogenetic affiliation. Sample communities were clustered with a
Bray-Curtis similarity measurement based on relative abundance data of each

OTU. The dendogramon the y-axis is a neighbor joining phylogram derived from
representatives from each OTU at abundances greater than 0.25%. The closest
related sequences to OTU 1563 were GenBank accession numbers FJ150820
and HM 103762, to OTU 40 is HQ331116 and to OTU 5543 is GQ345917.

each OTU. Less than half that number (19) was in the EPR-4472
sample. There were no dominant OTUs in either sample except
for an unclassified Archaea, most likely in the Methanosphaera
group, found in the EPR-4470 sample. There were more OTUs
within the Euryarchaeota (54 and 42%, respectively for the EPR-
4470 and 4472 samples) than Crenarchaeota (20 and 42%) or
unclassified Archaea (26 and 16%). In contrast, the samples with
the lowest archaeal diversity (Guay-4477 and Guay-4480) were

composed of 19 and 20 OTUs, respectively, and were dominated
by Thermococcus and unclassified Archaea (data not shown).

COMPARATIVE ANALYSIS OF DIFFUSE FLOW MICROBIAL
COMMUNITIES

Analysis of diffuse flow communities separated EPR from
the Guaymas sites according to both Bray-Curtis similarity
(Figure 6) and nonmetric dimensional scaling (NMDS) of the

www.frontiersin.org

July 2013 | Volume 4 | Article 182 | 72


http://www.frontiersin.org
http://www.frontiersin.org/Extreme_Microbiology/archive

Campbell et al.

Microbial communities from diverse hydrothermal vents

1
@ _
o
<~
0 20 40 60 (=}
% Library Composition ]
o _|
o
o 0] (o} N~ D ~
2 o ¥ 9 & K~ K N~ N ©
< < < < < < < < < <
< < < < < <
T 3 I 3T S o5 s s x5 5
1 nd o 0 © ] ® ® ® ©
o o ol o > > = = =) =
w L Ll L o O o0 o o O
_[F 8%‘%35 Archaeoglobaceae
OTua0 —
L E ANME-1
= aot —
E@Hﬂ'@h&@a OTtose ISR | Thermococcus
‘_ o
I'" o%uégg _| Paleococcus
i [ ' 5 Crenarchaeotic Grf
[| Theumarchasots e i = #
1 - oTu 71 _| Marine Group |
’l‘ Eurvarchasoia og$Usg§; _| Cand. Parvarchaeum
7|:‘ el OTU_2690 7| Cand. Aciduliprofundum
OTL?thi?g —| Marine Group Il
Mﬁ” nown OTU_89 unknown
oTU_12 _
HFIKIIOWN OTU_65 _| unknown
_‘ ___—Thetmotogae 8%:1;3 _| Marinitoga
L OTU_635 _| Thermosipho
Planctomycstes AL —| Phycisphaeraceae
e OTU 109 Planctomycetaceae
| ——Chloroflexi 0TU_26 _] SAR202
| | Bacieroidetes o238 Flavobacteriaceae
I ¥ OTU_1042 ~| Alteromonas
—[— OTU_134 _| Pseudomonas
{ 5 OTU_5968 _| Methylococcales
) OTU_5920 _| Desuilfobulbaceae
0%“5?,5 —{ Camnibacter
OTU 140 _| Campylobacter
€ oTU_19 _| Arcobacter
S OTU_T44 —| unknown
I OTU_3534
OTU 3491
OTU_4223 ;
€ OTU_345 Sulfurimonas
OTU_3533
OTU 3489 -
OTU_4657
OTU_4633
OTU 4634
OTU_4603
e OTU 4557 Sulfurovum
0TU 4329
OTU 4353
OT0_537
OTU_4349
oTu_7 _
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nonparametric Theta — Yue and Clayton (0yc) similarity coef-
ficients (Schloss and Handelsman, 2005; Schloss et al., 2009)
(Figure 7). To explain the grouping of the samples along the axes,
the correlation of the relative abundance of individual OTUs in
the NMDS dataset was calculated. The vector values of the most
abundant OTUs were overlaid on the NMDS plot (Figure 7A).
The OTUs that most contributed to the spatial distribution of the
samples were within the Epsilonproteobacteria. About half of these
were within the Sulfurovum genera, the others did not classify at
genera level. Three other OTUs within the Sulfurovum genera also

were correlated but were left off the plot because of their sim-
ilarity to the vectors of the other Sulfurovum genera (data not
shown). A Thermococcus (OTU-29) that was found in very high
abundance in three Guaymas samples (4477, 4479, 4481), and a
Planctomycetes (OTU-2918 & 2438) and an unclassified bacteria
(OTU-65) found in high abundance in Guaymas 4476, 4478, or
4480 also significantly contributed to the observed distribution
(Figure 7A).

Out of 24 constituent geochemical features (Table 2), iron,
cobalt and ammonium concentrations correlated best to the
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FIGURE 7 | Non-metric multidimensional scaling plot of hydrothermal
vent microbial communities. (A) Vectors of the correlation values from
OTUs that most explain the relationships in the plot (r > 0.6, n > 2.0). (B)
Vectors of the correlation values from environmental factors that most
explain the relationships in the plot (r > 0.2 and <0.4 indicated as dotted
lines, r > 0.4 and <0.6 indicated as solid lines and r > 0.6 as dashed lines).
Circles, 9°N East Pacific Rise; squares, Guaymas Basin; closed symbols,
macrofauna-associated; open symbols, not macrofauna-associated.

community similarity plot (r > 0.6, confirmed with function
bioenv in R where r = 0.6) (Figure 7B). Ammonium was cor-
related more with the distribution of microbial communities in
the Guaymas Basin samples, while iron and cobalt were better
correlated with communities in the EPR samples. Also included
on the plots were constituents whose r values were between
0.2 and 0.6 (Figure7B). These included temperature, sulfide,
nickel, and phosphate (between 0.2 and 0.4) and magnesium,
potassium, lithium, barium, strontium, and nitrite (between 0.4
and 0.6).

DISCUSSION

Our experimental approach allowed us to deeply sample
microbial diversity and community composition between two
geochemically and geographically distinct hydrothermal vent dif-
fuse flow environments. Using statistical subtraction of taxa
found in surrounding deep-sea water, it was possible to directly
compare vent-specific taxa and further partition this diversity

by taxonomic domain. As with other microbial diversity stud-
ies of hydrothermal vent microbial communities (Huber et al.,
2007, 2010), Epsilonproteobacteria dominated the vent specific
taxa in most samples. Samples collected near macrofaunal
communities had a higher abundance of bacteria, specifically
Epsilonproteobacteria, than those collected near sediments or
vents not populated by macrofauna. Unexpectedly, we found that
some diffuse flow environments contained archaeal communi-
ties that were of higher diversity and evenness than co-existing
bacterial communities. Additionally, one of the dominant taxa
groups found in the off axis water, Thaumarcheaota (formerly
marine Crenarchaeota) MGI (Delong, 1992; Brochier-Armanet
etal., 2008), was differentially present between the two geographic
locations. The second, SUP05, is found in many oxygen min-
imum zones, including hydrothermal vent plumes (Sunamura
et al., 2004; Walsh et al., 2009). Nevertheless, distinct patterns
in microbial community composition between sites were appar-
ent after statistical subtraction of taxa present in background
seawater. These patterns were correlated both to specific taxa
(e.g., Epsilonproteobacteria, Planctomycetes) and to environmental
factors (e.g., iron, ammonium).

DISTINCTIONS IN MICROBIAL DIVERSITY BETWEEN DIFFUSE FLOW
SAMPLES

The diversity of hydrothermal vent microbial communities is
extensive, especially when measured with HTS techniques (Huber
et al., 2007, 2010). In this study, total microbial diversity in
both locations was positively correlated with the prevalence of
Bacteria, especially Epsilonproteobacteria, within the vent-specific
component of the community. Additionally, epsilonproteobac-
terial abundance as measured by frequency analyses was also
significantly correlated with overall microbial richness. Other
studies have noted high levels of epsilonproteobacterial diversity
in hydrothermal vent environments (Huber et al., 2007, 2010;
Opatkiewicz et al., 2009).

Collection near macrofaunal communities was correlated with
increased overall diversity but decreased phylum-level diversity.
These communities were dominated by Sulfurovum spp. within
the Epsilonproteobacteria. This class of Proteobacteria may be
more diverse than other groups due to their genetic makeup,
where much of the group lacks standard DNA repair gene
pathways seen in other bacterial groups (Miller et al., 2007;
Campbell et al., 2009). We also observed higher levels of archaeal
than microbial diversity or evenness in three out of five of the
macrofauna-associated sites. This finding contrasts with prior
reports, where the diversity of archaeal populations was lower
than bacterial diversity when different sets of primers and differ-
ent library constructs are used (Huber et al., 2002, 2003, 2010;
Opatkiewicz et al., 2009). The resolution afforded by using a
single set of domain-independent primers, as well as sampling
of macrofauna-associated and non-macrofauna sites, likely con-
tributed to our discovery of high levels of archaeal diversity at the
vent sites.

While diversity estimates were not significantly different for
vent-specific microbial communities between geographic loca-
tions, which agrees with our Good’s coverage estimates, richness
estimates were significantly different, even when corrected for
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sequencing effort. Several location-specific factors may account
for the decreased richness observed in the Guaymas samples.
Historically, Guaymas Basin hydrothermal fluids are depleted in
sulfides and enriched in ammonium, nickel, methane and hydro-
carbons as compared to the EPR spreading center (Edmond et al.,
1982; Von Damm et al., 1985). Extreme or disturbed condi-
tions often result in less richness (Campbell et al., 2010; Fierer
and Lennon, 2011), and these features of the Guaymas site may
act to decrease richness. Additional properties not investigated
here, such as diffuse flow rates or numbers of particles may
also be different between the sites and affect microbial richness.
Nevertheless, even at the gross level of richness estimates, there
were clear biogeographic effects on deep-sea hydrothermal vent
communities.

MICROBIAL COMPOSITION ANALYSES OF DIFFUSE FLOW SAMPLES
Off-axis microbial communities from each region, EPR and
Guaymas, were significantly different from one another. Our
analyses revealed that archaeal phylotypes, specifically within the
MGI clade, were the most abundant phylotypes in the seawa-
ter surrounding hydrothermal vents and differentiated the two
regions. The MGI clade has been reported to dominate seawa-
ter microbial communities adjacent to hydrothermal vents and
plumes, in some cases up to 46% of the entire community (Huber
et al., 2002; Takai et al., 2004; Dick and Tebo, 2010). The domi-
nant MGI Thaumarchaeaota OTU at the EPR site grouped with
other MGI species within the sub-tropical and equatorial deep
water cluster; whereas the dominant MGI OTU at the Guaymas
Basin grouped with North Atlantic clones within the amoA
archaeal isolates cluster. It is likely that most MGI found in deep
waters, including the major MGI at the basalt-dominated EPR are
different than the MGI at Guaymas in terms of their metabolic
properties (Agogue et al., 2008; Bouskill et al., 2012). Despite
the low latitude location of the Guaymas site, the occurrence of
a taxon related to amoA Archaea from North Atlantic suggests
that the most abundant MGI species in Guaymas sedimentary-
dominated deep-sea water is an autotrophic archaeal ammonium
oxidizer. The generally higher ammonium concentrations in the
Guaymas samples support this hypothesis. Therefore, our data
indicate that the dominant deep-sea taxa from the EPR are
most likely heterotrophs or mixotrophs and the dominant taxa
from Guaymas are most likely autotrophs. This could be driven
mostly by environmental conditions, where Guaymas Basin sites
have high levels of ammonium resulting from high tempera-
ture breakdown of photosynthetic organisms sinking from the
productive surface waters of the Gulf of California (Von Damm
et al.,, 1985). Recent metagenomic and metatranscriptomic stud-
ies of both background and plume waters indicated high levels
of chemolithoautotrophic processes from Guaymas Basin envi-
ronment, supporting this findings (Baker et al., 2012; Lesniewski
etal., 2012).

After statistical subtraction of OTUs within background
deep-sea water, detailed patterns in microbial commu-
nity structure emerged between the samples from various
diffuse flow environments. In general, bacterial species
distributions between the EPR and Guaymas indicated a
trend toward dominance of autotrophic-associated taxa

(Epsilonproteobacteria) at the EPR sites and heterotrophic-
associated taxa (Planctomycetes, Alteromonas, Thermosipho,
Thermococcus) at the Guaymas sites. At some of the sites (4472,
4478, 4480), the Epsilonproteobacteria were dominated by OTUs
related to the Sulfurovum, Sulfurocurvum, and Sulfuromonas
genera. Members of these genera are autotrophs and gener-
ally mesophilic and microaerophilic, but may respire nitrate,
and use various sulfur species as electron donors (Campbell
et al., 2006). These sites generally had higher pH and lower
sulfide concentrations than others, perhaps indicating that
these bacterial groups were actively oxidizing the sulfide. The
epsilonproteobacterial communities at the other EPR sites (4470,
4473, 4474) were more evenly distributed between OTUs within
the Sulfurocurvum, Sulfuromonas, and Sulfurovum genera and
Arcobacter/Sulfurospirillum genera. While isolates within the
Sulfurospirillum are heterotrophic, members of the Arcobacter
can be autotrophic as well, and both can use sulfur as an electron
donor (Campbell et al., 2006). Two of the samples taken at the
same site (4476 and 4478) had relatively high levels of OTUs
within the Nautiliaceae. Members of this family are thermophilic
anaerobic autotrophs who obtain energy from hydrogen and
may respire nitrate (Alain et al., 2002; Voordeckers et al., 2005;
Campbell et al., 2006, 2009). Differential dominance of epsilon-
proteobacterial genera at vents has been previously observed at
the Axial and Mariana Arc seamounts (Huber et al., 2007, 2010;
Opatkiewicz et al., 2009) but not in the EPR or Guaymas Basin
spreading centers.

At most of the Guaymas sites, member genera within the
Planctomycetes were particularly frequent in the vent-specific
samples. The Planctomycetes have been described in multi-
ple habitats and include some genera that perform anaerobic
ammonium oxidation (Neef et al., 1998; Jetten et al., 2001;
Chistoserdova et al., 2004). This is the first study to demonstrate
that members of the Planctomycetes occur at high abundance
(>5% in the vent-specific community) within hydrothermal vent
environments, although they have been found in terrestrial ther-
mal springs (Kanokratana et al., 2004; Elshahed et al., 2007).
Planctomycetes are generally considered heterotrophic, and iso-
lates from low temperature sulfide springs are able to reduce
sulfur species, therefore this group may be important in the
heterotrophic cycling of sulfur in marine hydrothermal environ-
ments as well (Elshahed et al., 2007).

The two Guaymas samples taken from the Southern Site (4479
and 4481), as well as one other Guaymas sample from Pagoda and
one of the EPR samples (V-vent) had more than 25% archaeal
phylotypes. The high percentage of Archaea in the Guaymas sam-
ples was driven by a single OTU belonging to the Thermococcales
order. Members of the Thermococcales, frequently isolated from
hydrothermal vents, are generally considered anaerobic het-
erotrophic hyperthermophiles (Holden et al., 2001; Slobodkin
et al., 2001; Jolivet et al., 2004; Teske et al., 2009; Perevalova et al.,
2011). V-vent contained a large percentage of members of the
Archaeoglobales and unclassified Euryarchaeota, many of which
may be heterotrophic (Kletzin et al., 2004; Rusch and Amend,
2008). The sulfate-reducing Archaeloglobales, Theromococcales,
and other Euryarchaeota are most likely hyperthermophiles as
well (Stetter, 1996) and thus, diffuse flow from these sites are
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enriched with microbes originating from very high temperature
environments.

While we base our discussion on the known thermal and
metabolic properties of cultured Bacteria and Archaea, we did
find some interesting trends in the data that suggest that, after
subtraction of off-axis microbes, some sites are dominated by
thermophilic to hyperthermophilic heterotrophs and others by
mesophilic autotrophs. This indicates that not all diffuse flow
environments are equally represented by microbes across all ther-
mal regimes. It could also be the result of a lack of complete
diversity and compositional coverage of all the samples. However,
Good’s estimates of coverage were quite high, even with subtrac-
tion of OTUs specific to off-axis bottom water.

CONCLUSIONS

This study underscores the utility of using HTS techniques com-
bined with simultaneous amplification of the 16S rRNA gene
from both Bacteria and Archaea to statistically separate off axis
from vent-specific taxa. We found that overall diversity was sig-
nificantly lower in the sedimentary Guaymas vent environments
than in the basaltic EPR deep-sea hydrothermal vent environ-
ments, which has implications for understanding environmental
controls of microbial diversity in these extreme habitats (Huber
et al., 2007; Quince et al., 2008). Our study also suggests that
environment-specific factors such as proximity to macrofaunal
communities can have a dramatic effect on microbial community
richness, diversity and composition. Furthermore, we observed
unique microbial sub-communities that were specialized to the

diffuse flow environment and were different between spreading
centers. Regrettably, we can only speculate as to the physiological
features of member populations within diffuse flow communities
as these observations are based on 16S rRNA gene homologies to
known microbes. Deeper understanding of connections between
phylogeny and physiology in these diffuse flow specialized micro-
bial phyla can only come through genome level studies (Baker
et al., 2012; Lesniewski et al., 2012).
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INTRODUCTION

Hydrothermal plumes are an important yet understudied component of deep-sea vent
microbial ecosystems. The significance of plume microbial processes can be appreciated
from three perspectives: (1) mediation of plume biogeochemistry, (2) dispersal of
seafloor hydrothermal vent microbes between vents sites, (3) as natural laboratories for
understanding the ecology, physiology, and function of microbial groups that are distributed
throughout the pelagic deep sea. Plume microbiology has been largely neglected in recent
years, especially relative to the extensive research conducted on seafloor and subseafloor
systems. Rapidly advancing technologies for investigating microbial communities provide
new motivation and opportunities to characterize this important microbial habitat. Here we
briefly highlight microbial contributions to plume and broader ocean (bio)geochemistry and
review recent work to illustrate the ecological and biogeographic linkages between plumes,
seafloor vent habitats, and other marine habitats such as oxygen minimum zones (OMZs),
cold seeps, and oil spills. 16S rRNA gene surveys and metagenomic/-transcriptomic data
from plumes point to dominant microbial populations, genes, and functions that are also
operative in OMZs (SUP05, ammonia-oxidizing Archaea, and SAR324 Deltaproteobacteria)
and hydrocarbon-rich environments (methanotrophs). Plume microbial communities are
distinct from those on the seafloor or in the subsurface but contain some signatures of
these habitats, consistent with the notion that plumes are potential vectors for dispersal
of microorganisms between seafloor vent sites. Finally, we put forward three pressing
questions for the future of deep-sea hydrothermal plume research and consider interactions
between vents and oceans on global scales.

Keywords: chemosynthesis, chemoautotroph, deep-sea, biogeochemistry, hydrothermal, vent, biogeography

the rising portion of the plume where hydrothermal constituents

Deep-sea hydrothermal plumes occur where seafloor vents inject
hydrothermal fluids replete with potential microbial energy
sources such as H,S, Fe, Mn, CHy, and H; into the deep oceans.
These hot, chemically reduced fluids rapidly mix with cold, oxidiz-
ing seawater, forming hydrothermal plumes that rise hundreds of
meters off the seafloor and disperse hundreds of kilometers away
from their source. Because of their extensive spatial coverage and
easily detectable hydrothermal signals (Fe, Mn, turbidity, Helium-
3), plumes played an important role in the history of deep-sea
hydrothermal vent research (Lupton and Craig, 1981) and con-
tinue to be utilized for discovery of new seafloor hydrothermal
systems (German etal., 2010). Hydrothermal plumes are highly
variable in terms of scale and chemical and physical properties,
and can be detected by a variety of methods (chemical, physical,
optical), thus the definition of a plume depends on the parameter
being measured (Lupton, 1995). For many of the geochemical and
microbiological processes of interest here, “plume” often refers to
hydrothermal fluid that has been heavily diluted by seawater (e.g.,
~1:10,000), but some work has addressed microbial processes in

are more concentrated.

Hydrothermal plumes are found at vents sites distributed glob-
ally along the mid-ocean ridge system (Figure 1) at a frequency
correlated to seafloor spreading rate (Beaulieu etal., 2012). Deep-
sea vent systems continue to be discovered at a rapid pace; over
500 vent fields are now known, nearly double the number known
before the year 2000 (Beaulieu etal., 2012). Yet much of the mid-
ocean ridge system remains unexplored, especially at ultra-slow
spreading ridges, which have only recently been recognized to
host hydrothermal activity (German etal., 2010) and are particu-
larly abundant in the Arctic and Southern oceans. Hydrothermal
venting in shallow waters is also widespread (Prol-Ledesma etal.,
2005), but here we focus only on deep-sea systems. Given the global
distribution and extent of hydrothermal venting, it is clear that
deep-sea vents exert significant influence on the chemistry of the
global oceans (Elderfield and Schultz, 1996). A recent modeling
study of hydrothermal contributions to the marine iron inven-
tory (Tagliabue etal., 2010) highlights the global impacts of vents
(Figure 1).
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FIGURE 1 | Global distribution of deep-sea hydrothermal systems, iron
anomalies due to hydrothermal inputs, and low oxygen environments.
Blue shading indicates minimum concentration of O, in the water column
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with intervals defined by Wright etal. (2012). Iron data is from Tagliabue etal.
(2010). Major oxygen minimum zones (OMZ) and sites of persistent hypoxia
[yearround or near yearround (Diaz and Rosenberg, 2008)] are also indicated.

MICROBIAL MEDIATION OF PLUME BIOGEOCHEMISTRY:
TRACE ELEMENTS, PHOSPHORUS AND CARBON

The impact of deep-sea hydrothermal vents on ocean chemistry
involves several processes that are influenced by microbial activ-
ities in hydrothermal plumes. First, vents are thought to be a
significant source of Fe and Mn to the oceans because their
concentrations in hydrothermal fluids are up to 10° times that
of background seawater (Elderfield and Schultz, 1996; Tagliabue
etal.,, 2010; Sander and Koschinsky, 2011). The oceanic fate of
these metals is influenced by scavenging and oxidation, which are
promoted by microorganisms (Cowen and Bruland, 1985; Cowen
etal., 1986; Mandernack and Tebo, 1993; Dick etal., 2009), and
by binding with organic matter, which is presumably derived
from microbial activity (Bennett etal., 2008; Toner etal., 2009;
Breier etal., 2012; Holden etal., 2012). Second, the iron and
manganese oxides produced by microbial oxidation are extraordi-
narily reactive (Goldberg, 1954; Tebo etal., 2004) and thus remove
phosphorous and trace elements (rare earth elements, potassium,
vanadium, arsenic, chromium, uranium) from seawater via scav-
enging and co-precipitation reactions (Feely etal., 1998; German
and Von Damm, 2004). Because of the rapid mixing of seawater
with hydrothermal fluids and the large volumes of plumes, the
entire volume of the global oceans cycles through hydrothermal
plumes and is scavenged of reactive elements on relatively short
times scales (2.4 x 10° y; Kadko, 1993). Thus plumes essentially
act as a filter for the global oceans, scavenging them of phos-
phorous, rare earth elements, and trace metals, and acting as
a chemical sink for these elements (Kadko, 1993). As these Fe
and Mn oxides and their scavenged elements are deposited to the
seafloor, they form metalliferous sediments that potentially pre-
serve a record of seawater nutrient status and chemistry that is
valuable from paleoceanographic perspectives (Feely etal., 1998).
Similarly, banded iron formations, which are likely sourced from

hydrothermal activity, provide a Precambrian record of ocean
chemistry (Konhauser etal., 2009; Planavsky etal., 2011). Thus,
microbially mediated metal oxide formation and the properties
of the resulting biogenic minerals in plumes influence scaveng-
ing reactions and outcomes in terms of ocean chemistry, and
understanding these processes is critical for interpretation of the
sedimentary record for paleoceanographic purposes.

The third process by which plume microorganisms medi-
ate broader ocean biogeochemistry is chemosynthetic fixation of
carbon. Chemosynthetic activity at vents was recognized upon
the initial discovery of deep-sea hydrothermal vent ecosystems
(Jannasch and Wirsen, 1979) and in early plume studies (Winn
etal., 1986) yet the magnitude of chemosynthesis in plumes
remains poorly constrained. Based on extrapolation of data from
the Southern East Pacific Rise to the global oceans, Maruyama
etal. (1998) estimated that net primary production in plumes
represents 0.1-1% of total marine photosynthetic net primary pro-
duction. Because only a small fraction of surface organic carbon
reaches the deep oceans, the hydrothermal contribution could rep-
resent up to 25% of the global deep ocean organic carbon inventory
(Maruyama et al., 1998). Thermodynamic models support the idea
that plumes are a significant source of chemosynthetically derived
organic carbon to the deep oceans (McCollum, 2000), and sev-
eral observational studies confirm an important contribution of
plumes to deep-sea organic carbon on regional scales (De Angelis
etal., 1993; Cowen and German, 2003; Lam etal., 2004, Lam et al.,
2008). Indeed, plumes are enriched with organic carbon, some
of which is labile, and are responsible for dispersing it kilome-
ters away from vent sites (Roth and Dymond, 1989; Cowen et al.,
2001; Shackelford and Cowen, 2006; Lam etal., 2008; Bennett
etal.,, 2011a,b). More recently, transcriptomic evidence confirms
that autotrophy is a prevalent process in plumes (Baker et al., 2012;
Lesniewski et al., 2012; Anantharaman et al., 2013).
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Two recent developments provide fresh motivation for re-
examining the global impact of hydrothermal vents on the
chemistry and biology of the oceans. First, hydrothermal activ-
ity along the mid-ocean ridges is more common than previously
recognized, especially at slow-spreading systems (German etal.,
2010; Beaulieu etal., 2012). Slow-spreading ridges represent a
large but poorly explored portion of the global mid-ocean sys-
tem and host high-energy, Hj-rich systems that are potential
hotspots for chemosynthesis (Amend etal., 2011). Second, the
discovery of cryptic biogeochemical cycling of sulfur (Canfield
etal., 2010) and widespread chemolithoautotrophy in the broader
pelagic oceans (Aristegui etal., 2009; Swan etal., 2011) suggests
that current models underestimate chemosynthesis and raise ques-
tions regarding ecological connections between plume and other
pelagic environments, which we consider below.

MICROBIAL COMMUNITIES IN DEEP-SEA HYDROTHERMAL
PLUMES

Despite the well-recognized importance of microorganisms in
the biogeochemistry of hydrothermal plumes, few studies have
characterized microbial communities that inhabit them. Thus the
physical source, taxonomic composition, and ecological nature of
these organisms remain poorly understood. Potential sources of
microbes for deep-sea hydrothermal plumes can be divided into
three broad categories: (i) seafloor (or sub-seafloor) communi-
ties, (ii) background deep seawater communities, or (iii) growth
within the plume (Figure 2). The traditional view is that plume
microbes are likely sourced from highly productive biological com-
munities that inhabit vent chimneys and surrounding areas (Winn
etal., 1986). Such sources could also include bottom water that is
heavily influenced by low-temperature diffuse flow (Kadko etal.,
1990), which may be responsible for geochemical flux comparable
to focused hydrothermal venting and contains microbes from the
subsurface biosphere (Wankel et al., 2011; Akerman et al., submit-
ted). Indeed, tracer studies indicate that diffuse flow and larvae
of vent fauna can be entrained into plumes (Jackson etal., 2010).
Alternatively, plume microbes could be derived primarily from
ambient background seawater, which seems feasible given that
plumes are a mix of >99% seawater and ~0.01% hydrothermal
fluid (Lupton et al., 1985) and that benthic and pelagic habitats dif-
fer greatly (Zinger etal.,, 2011). Regardless of the original source
of microbes, it is likely that plume communities are dynamic
in time and space. Shifts in microbial community structure are
to be expected as the geochemical environment of hydrothermal
fluids evolves with plume age (i.e., become more dilute and oxi-
dized). Consistent with this notion are observations of progressive
removal of electron donors (Kadko etal., 1990) and morphologi-
cal evidence of changes in microbial communities with plumes age
(Cowen and Li, 1991). However, only recently has plume micro-
bial diversity been sampled and analyzed with molecular tools in
a spatially resolved manner.

Many studies have reported elevated microbial biomass and
activity in plumes relative to background, suggesting that plume
microbes are distinct from those in the ambient water column
(Winn etal., 1986; Naganuma etal., 1989; Juniper etal., 1998;
Maruyama et al., 1998; O’Brien etal., 1998; Lam et al., 2004, Lam
etal., 2008; Dick etal., 2009). In one of the first applications of

molecular tools to deep-sea hydrothermal plumes, Sunamura et al.
(2004) showed that the Suiyo Seamount hydrothermal plume is
dominated by just two phylotypes, one group of Gammaproteobac-
teria and one group of Epsilonproteobacteria. Interestingly, both of
these phylotypes were most closely related (at the time) to sym-
bionts of hydrothermal vent animals — the Gammaproteobacteria
to bivalve gill symbionts and the Epsilonproteobacteria to ectosym-
bionts of the tubeworm Riftia pachyptila and shrimp Rimicaris
exoculata (Sunamura et al., 2004). The Gammaproteobacteria, des-
ignated “SUP05,” were also found to dominate low-temperature
diffuse flow emanating from a bivalve-colonized mound (99% of
cells; Sunamura etal., 2004), raising the possibility that microbial
communities in the subsurface or animal symbioses are sources of
plume microbes (see further discussion of links between plumes
and symbionts below). Indeed, SUP05-like sequences have also
been retrieved from diffuse hydrothermal fluids on the seafloor
at the Juan de Fuca ridge (Huber etal., 2003; Bourbonnais etal.,
2012; Anderson etal., 2013). However, recent rRNA gene surveys
show that SUPO5 are also widely distributed in pelagic environ-
ments, raising the question of whether the connection between
plumes and subsurface is physical (i.e., transport only) or ecologi-
cal (i.e., actively operating in similar niches in both environments)
in nature. An extreme example of the physical transport of seafloor
and/or subsurface material to the water column is “snowblower”
vents that discharge elemental sulfur and bacterial filaments (Hay-
mon etal., 1993; Crowell etal., 2008). Thermophilic microbes
derived from the subsurface have also been observed in eruptive
event plumes (Summit and Baross, 1998). Epsilonproteobacteria
are also commonly encountered in vent seafloor environments
(Nakagawa etal., 2005; Campbell et al., 2006; Zinger etal., 2011),
again highlighting potential connections between the seafloor and
plumes. Clear signals of Epsilonproteobacteria and other seafloor
hydrothermal microbes have been observed in plumes at the Mid-
Cayman Rise (German etal., 2010), in the Iheya hydrothermal
field (Nakagawa etal., 2005), the Logatchev hydrothermal plume
(Perner etal, 2013), and in descending particles from plumes
at the East Pacific Rise, which are genetically distinct from sur-
rounding seawater (Sylvan etal., 2012). Recent studies employing
fine-scale phylogenetic approaches and coupled DNA and RNA
approaches hold great promise for elucidating the niche space
and distribution of sulfur-oxidizing Gammaproteobacteria and
Epsilonproteobacteria in subsurface, seafloor, plume, and back-
ground environments. Anderson etal. (2013) noted partitioning
of distinct clades of sulfur-oxidizing Gammaproteobacteria in
vent environments (SUP05 in plumes and animal symbioses)
versus others [Arctic96BD-19 in background and oxygen mini-
mum zones (OMZs)] and noted that sulfide concentration likely
controls the balance of Gammaproteobacteria versus Epsilonpro-
teobacteria. Consistent with that view, coupled RNA and DNA
analyses revealed showed that Epsilonproteobacteria are more
active in the reducing environment of the subseafloor, whereas
Gammaproteobacteria are more active at the seafloor where mixing
with seawater is more prevalent (Akerman et al., submitted).

In contrast with the hypothesis that seafloor environments
are the major source of plume biota, microbial communities in
hydrothermal plumes at Guaymas Basin in the Gulf of California
are distinct from those of the underlying seafloor habitats such
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FIGURE 2 | Potential sources of plume microorganisms include microbial
communities in background seawater, vent chimneys, near-vent animal
symbioses, subsurface environments, near-bottom waters, and
recirculation of aged plumes. Microbial growth within the plume also
shapes the plume community, including utilization of hydrothermally sourced
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electron donors for chemosynthesis as well as heterotrophic consumption of
organic carbon produced chemosynthetically or hydrothermally. Hydrothermal
plumes contain distinct regions (e.g., the rising plume and neutrally buoyant
plume) with steep gradients of physical and chemical properties that likely
hold distinct microbial communities.

as hydrothermal sediments or chimneys (Dick and Tebo, 2010).
Rather, Guaymas Basin plume communities closely resemble those
from background seawater samples taken just above the plume or
in the neighboring Carmen Basin, which is 100 km away and does
not host hydrothermal activity. Metagenomic and metatranscrip-
tomic data further reinforces the plume-water column connection,
showing that the metabolically active microbes in Guaymas
plumes are pelagic rather than benthic in nature, and suggesting
an ecological boundary between seafloor and plume (Lesniewski
etal., 2012). These studies interpreted the above-plume and Car-
men Basin samples as true background communities, and this
is supported by the absence of detectable physical and chemi-
cal tracers of hydrothermal activity in those samples. However,
another possibility is that this deep seawater surrounding Guay-
mas Basin is impacted by microbes that are exported from the
highly productive chemoautotrophic plumes. Processes that could

facilitate export include ascending and descending particles and
migratory zooplankton (Cowen etal., 2001), buoyant transparent
exopolymeric substances (Shackelford and Cowen, 2006; Prieto
and Cowen, 2007), and large scale advection such as mesoscale
eddies (Adams etal., 2011). Regional influence of vents on deep-
sea microbial communities may be particularly important in the
Gulf of California, where restricted basins could limit dispersal
of plumes and mixing with true non-hydrothermally-impacted
seawater. We will re-visit the potential impact of hydrothermal
plumes on the broader deep oceans below.

ECOLOGICAL AND BIOGEOGRAPHIC LINKAGES BETWEEN
HYDROTHERMAL PLUMES AND OTHER MARINE HABITATS
There is growing recognition that chemical species that fuel
microbial growth in hydrothermal plumes (H,, various sulfur
species, ammonium, and iron) also support microbial growth in
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marine environments well beyond hydrothermal systems, includ-
ing OMZs, oils spills, and cold seeps (Paull etal., 1984; Losekann
etal., 2007; Tavormina etal., 2008, 2010; Redmond etal., 2010),
whale falls (Baco and Smith, 2003; Tringe etal., 2005; Gof-
fredi and Orphan, 2010), and within microenvironments of
organic-rich particles in the oxic water column (Karl etal., 1984;
Figure 3). Indeed, recent molecular surveys show that microor-
ganisms that are abundant in deep-sea hydrothermal plumes
are also abundant in these other marine habitats. SUP05 and
another group of uncultivated putative sulfur-oxidizing bacte-
ria, SAR324 Deltaproteobacteria, are abundant in OMZs, where
they play important roles in linking the sulfur and nitrogen cycles
(Lavik etal., 2009; Walsh etal., 2009; Canfield etal., 2010; Stew-
art etal,, 2012; Wright etal., 2012). These two groups have also
been identified in the dark pelagic oceans (e.g., Swan etal., 2011;
Ghiglione etal., 2012). In addition, methanotrophic populations
and functional genes for methane oxidation (particulate methane
monooxygenase; pMMO) that are prevalent in the Guaymas Basin
hydrothermal plume are closely related to those in plumes of
the Deepwater Horizon oil spill (Lesniewski etal., 2012; Li et al.,
unpublished). Cultures also support connections between plumes
and other marine environments; close relatives of the Mn(II)-
oxidizing alphaproteobacterium SI85-9A1 (>99% 16S rRNA gene
sequence identity), which was originally isolated from the Saanich
Inlet oxic/anoxic interface (Dick etal., 2008), have been isolated
from the surface of Alvinella pompejana tubeworms at 9°N East
Pacific Rise (Anderson etal., 2009), and from plumes of the Lau

Basin. Finally, Halomonas and Marinobacter species detected in
hydrothermal plumes are present throughout the oceans (Kaye
and Baross, 2000, 2004; Kaye etal., 2011). Hence, plume ecolog-
ical niches and the microorganisms that fill them appear to be
widespread in the oceans, and understanding their distribution is
paramount for understanding the dispersal of plume microorgan-
isms, the “inoculation” of plumes with microbes from background
seawater, and ultimately for understanding the distribution and
abundance of chemoautotrophy throughout the global oceans.
Below we focus on comparisons of plumes to OMZs and seafloor
environments.

CONNECTIONS TO OXYGEN MINIMUM ZONES

Oxygen minimum zones are widely distributed in the oceans and
are expanding due to anthropogenic global change (Wyrtki, 1962;
Stramma etal., 2008; Wright etal., 2012). Reduced O, concentra-
tions favor alternative terminal electron acceptors, the products
of which drive chemoautotrophic metabolisms. Hence, microbial
metabolisms that take advantage of redox gradients mediate OMZ
biogeochemistry and contribute significantly to the global cycling
of nitrogen and greenhouse gasses (Wright etal., 2012). OMZs
in which the concentration of O, falls below 20 wM, a thresh-
old below which some anaerobic metabolisms operate (Kalvelage
etal.,2011; Ulloaetal.,2012), overlap geographically with the mid-
ocean ridge system, especially in the Eastern Pacific (Figure 1).
Although OMZs and deep-sea hydrothermal vent plumes are typ-
ically separated vertically by 1500 m or more, communication

Eutrophication

Coastal hypoxia

Redox microzones in
marine particles

Terminal electron acceptors
0, H,0
NO; — NO,
@ Mn(lv) — Mn(ll)
Fe(lll) — Fe(ll)
S0,-— H,S
€0, — CH,

Gas hydrates

FIGURE 3 | Schematic water column profile showing selected

marine habitats that are sources of electron donors for
chemosynthetic growth and support microbial communities similar to
those found in deep-sea hydrothermal plumes. Electron donors for

Productive surface waters

Cold seeps

4

Marine snow

Oxygen minimum zone

Whale fall Hydrothermal vents

microbial growth are supplied by geothermal sources at deep-
sea vents and as the products of anaerobic microbial respiration
in low-Oy environments. OMZ and redox schematics after
Wright etal. (2012).
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between these habitats likely occurs via sinking particles. Whereas
nitrogen cycling was classically thought to dominate the microbial
ecology and metabolism of OMZs, cryptic sulfur cycling has also
been recently demonstrated in the Eastern Tropical South Pacific
OMZ (Canfield etal., 2010). Such cryptic sulfur cycling occurs
when sulfide produced by sulfate reduction is rapidly oxidized
back to sulfate. Though easily overlooked by chemical meth-
ods, numerous reports of abundant sulfur-oxidizing autotrophs
in OMZs (Stevens and Ulloa, 2008; Lavik et al., 2009; Walsh et al.,
2009) and even in oxic waters (Swan etal., 2011) suggest that this
process may be widespread in the broader oceans.

To evaluate potential connections between the microbial ecol-
ogy of deep-sea hydrothermal plumes and other marine envi-
ronments, we compared the most abundant microbial groups
across a variety of pelagic and benthic habitats including both
oxic and anoxic as well as hydrothermal and non-hydrothermal
environments (Figure 4). Although there are obviously a variety
of environmental and biogeographic factors that shape micro-
bial community structure in these diverse habitats, there are
some striking similarities in terms of the organisms that domi-
nate. SUP05 are among the most abundant microbial groups in
the Guaymas Basin and Suiyo Seamount hydrothermal plumes,
Saanich Inlet and ETSP OMZs, and in coastal waters of the
Benguela upwelling zone off Namibia (Lavik etal., 2009). SUP05
are also found at appreciable abundance in the OMZ of Guaymas
Basin (Anantharaman etal., 2013) and in the Black Sea redoxcline
(Fuchsman etal., 2011). The SAR324 group of Deltaproteobacteria

(also known as the Marine Group B), which has recently been
implicated in hydrocarbon and sulfur metabolism and autotrophy
(Swan etal.,2011; Li et al., unpublished; Sheik et al., unpublished),
is also abundant in widespread environments (Figure 4). It should
be noted there is considerable diversity within these important
groups, which likely reflects specific ecological adaptations. For
example, there are clades of SAR324 that appear to be specific to
Saanich Inlet (Wright etal., 2012), and there is plasticity of elec-
tron donors and acceptors within the SUP05 (Anantharaman et al.,
2013). Enigmatic groups such as SAR406, SAR86, and Arctic97B-4
also exhibit similar distributions to those of SAR324 and SUP05
and further highlight the links between deep-ocean and pelagic
environments.

PLUMES AS DISPERSAL VECTORS FOR VENT MICROBES, SYMBIONTS,
AND LARVAE

Hydrothermal plumes entrain both focused and diffuse hydrother-
mal fluids and thus are potential dispersants of vent-associated
organisms (Jackson etal., 2010). Indeed, vent-associated larvae
have been observed in plumes (Mullineaux etal., 1995), where
they are likely transported great distances to colonize vent sites
(Mullineaux etal., 2010). As discussed previously (Dick and
Tebo, 2010; Lesniewski etal., 2012), the microbial community of
the Guaymas Basin hydrothermal plume is clearly distinct from
seafloor communities (Figure 4). Despite this ecological boundary
between hydrothermal seafloor and plume habitats, hydrother-
mal plumes could play a key role in the dispersal of seafloor

FIGURE 4 | Microbial community structure and abundance of key
populations in plumes and other marine habitats. 16S rRNA gene clone
and pyrosequencing reads were downloaded from Genbank or VAMPS
(vamps.mbl.edu) repositories and classified to the Silva v. 111 database
(Quast etal., 2013) using the Mothur software package (Schloss etal., 2009).
Sequences were taken from: Hawaii Ocean Time Series (HOT, Pham etal.,
2008), Black Sea (Fuchsman etal., 2011), Cariaco Basin (Madrid etal., 2001),
Northeast Subarctic Pacific (\right etal., 2012), Saanich Inlet (WValsh etal.,
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2009), Namibian upwelling zone (Lavik etal., 2009), Eastern Tropical South
Pacific OMZ (ETSP; Stevens and Ulloa, 2008), Baffin Bay and Amundsen
Sea (Ghiglione etal., 2012), Mid-Cayman Rise hydrothermal vent plume
(German etal., 2010), ABE hydrothermal vent seafloor at Lau Basin (Flores
etal., 2012), Guaymas Basin (Anantharaman etal., 2013), Guaymas Basin
Sediment (Teske etal., 2002), and Suiyo Seamount (Sunamura etal., 2004).
*Primer sets used were bacterial specific and did not allow for comparison
of Archaea.
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hydrothermal organisms such as hydrothermal sediment and
chimney-associated microbes. Consistent with this notion, deep
sequencing of 16S rRNA genes from Guaymas Basin (Ananthara-
man etal.,, 2013) revealed the presence, albeit at low abundance,
of candidate division bacteria that are common in seafloor
hydrothermal environments (Figure 4). To our knowledge, this
represents the first evidence of seafloor microbes in the rare por-
tion of the plume microbial community at a chronic vent site [they
have been detected previously in eruptive event plumes (Summit
and Baross, 1998)], and suggests that plumes could indeed be an
important mechanism of dispersal of deep-sea vent organisms.

Potential connections between free-living microbes in plumes
and symbionts of hydrothermal vent animals have long been rec-
ognized, but views on the nature of this relationship are evolving.
The similarity of free-living SUP05 in plumes to symbionts was
noted with the original discovery of SUP05 (Sunamura etal,
2004). More recently, plume SUP05 were found to have and express
genes for H; oxidation (Anantharaman etal., 2013) that are highly
similar to those of bathymodiolin mussel symbionts at deep-sea
vents (Petersen etal., 2011), and symbiont-like methanotrophs
were detected in the Guaymas Basin hydrothermal plume (Li et
al., unpublished). The traditional view of these microbial sym-
bionts is that they evolved from free-living ancestors to form a
few distinct symbiont clades. However, recent analysis shows that
symbionts are phylogenetically interspersed with free-living forms
of the bacteria, suggesting numerous evolutionary transitions
between symbiotic and free-living forms (Petersen etal., 2012).
Furthermore, horizontal gene transfer has been implicated as a
significant mechanism of metabolic evolution of the symbionts
(Kleiner et al., 2012). Bathymodiolin symbionts are thought to be
transmitted horizontally and acquired by each generation from the
environment (Petersen etal., 2012), and the relatively low diversity
of symbionts within animal populations suggests that the animals
carefully select symbionts from the pool of diversity present within
free-living communities. However, the mechanisms by which this
selection takes place, the degree to which symbionts and free-living
populations are genetically and ecologically distinct, and the time
scales over which transitions between free-living and symbiotic
lifestyles occur all remain intriguing frontiers for understanding
the relationship between animal symbionts and free-living plume
microorganisms.

THE INFLUENCE OF BENTHIC AND PELAGIC HABITATS ON PLUME
MICROBIAL COMMUNITIES

What controls the relative contribution of benthic versus pelagic
microbes to plume microbial communities? Although the limited
data on microbial communities in plumes provides few answers,
there are some preliminary clues. Both physical and biological
factors likely play a role in determining the balance of seafloor
versus water column microbes in plumes. Physical factors include
(i) the fluid flux and entrainment rate of the rising plume, (ii)
the properties and habitability of the near-vent environment that
could potentially be entrained, such as temperature and material
properties (e.g., hard substrate versus easily transported sedi-
ments or biological material such as biofilms or dense animal
communities), (iii) bathymetry of the seafloor surrounding the
vent environment [e.g., bathymetric highs lead to rapid dilution

and dispersal whereas restricted volumes such as Guaymas Basin
or the Suiyo Seamount caldera tend to accumulate hydrothermal
chemistry and biota (German and Von Damm, 2004)], and (iv) the
bioenergetic potential of plume geochemistry (i.e., high concen-
tration of energy-rich electron donors is more likely to support a
seafloor-derived community in the plume). Biological factors that
influence the balance of seafloor versus water column microbes
likely hinge on the properties of the water mass in which vent-
ing takes place, including the cell density and the structure of the
community with regard to metabolic potential. Denser microbial
communities and those that hold a large portion of organisms able
to utilize inorganic electron donors for lithotrophic growth will
promote a greater water column contribution to plume microbial
communities. Finally, the microbial growth response to temper-
ature likely influences the degree to which seafloor microbes are
metabolically active in hydrothermal plumes. Thermophiles or
hyperthermophiles are unlikely to be metabolically active in cold
hydrothermal plumes, whereas mesophiles or psychrophiles from
lower-temperature seafloor habitats may indeed remain active at
plume temperatures.

METABOLIC AND FUNCTIONAL LINKAGES BETWEEN
PLUMES AND OTHER MARINE HABITATS

Recent reports of genomic and metabolic plasticity within micro-
bial groups such as SUP05 (Anantharaman et al., 2013) underscore
the need to use caution when inferring microbial metabolism and
function from 16S rRNA genes of plume populations, even at fine
phylogenetic scales. On the other hand, the emergence of ran-
dom shotgun metagenomic and metatranscriptomic approaches,
driven by rapidly increasing throughput and decreasing costs of
DNA sequencing, provides new opportunities to directly assess
microbial metabolism and its effect on biogeochemistry in deep-
sea hydrothermal plumes. Lesniewski etal. (2012) used a parallel
metagenomic and metatranscriptomic approach to show that
ammonium, methane, and sulfur are the primary energy sources
in the Guaymas Basin hydrothermal plume. Genomes and tran-
scriptomes of abundant microbial groups were subsequently
reconstructed to reveal the genetic potential and expression of
specific microbial populations (Baker etal., 2012; Anantharaman
etal,, 2013; Li et al., unpublished; Sheik et al., unpublished).
Comparison of these large ‘omics datasets to those from other
marine environments provides a view of the dynamics of both
community-wide functions and specific microbial groups across
distinct settings, and potentially provides powerful insights into
the factors that govern microbial and ecosystem functions in the
deep sea.

We analyzed the abundance of key functional genes in shot-
gun sequencing datasets from recent studies of the Guaymas
Basin hydrothermal plume (Lesniewski etal., 2012), the Deep-
water Horizon oil spill (Goldstamp Gm00382, IMG TaxonID
2149837026), the Eastern Tropical Pacific OMZ (Stewart etal.,
2012), and the North Pacific subtropical gyre (DeLong etal,
2006; Figure 5). This data shows that functional genes for oxi-
dation of nitrogen, sulfur, hydrogen, and hydrocarbons that are
highly expressed in the Guaymas Basin hydrothermal plume are
also widely present and expressed in these other disparate marine
habitats (Figure 5). Genes for ammonia oxidation are abundant
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and highly expressed in nearly all datasets analyzed here except
for surface waters of the ALOHA station, consistent with the
widespread abundance of ammonia-oxidizing Archaea (Karner
etal., 2001; Francis etal., 2005), specific populations of which are
stimulated in the ammonium-rich hydrothermal plumes of Guay-
mas Basin (Baker etal., 2012). NXR (nitrite oxidoreductase) genes
for nitrite oxidation (Lucker etal., 2010; Baker etal., 2013) were
recovered from many of the datasets, especially OMZs. However,
this result should be interpreted with caution given the novelty
of NXR genes; it is difficult to distinguish the forms utilized
by nitrite-oxidizing bacteria versus anaerobic ammonia oxidation
(anammox) bacteria (Strous etal., 2006). Thus, we suspect that
a significant fraction of NXR hits in the OMZ are from genes
involved in anammox. Sulfur oxidation systems (sox and dsr genes)
are most prevalent in the Guaymas Basin hydrothermal plume and
in the OMZ cores, but they are also detectable in Guaymas Basin
background and in some samples in the oxic water column at
HOT (Hawaii Ocean Time Series). These sulfur oxidation genes
are present in all metatranscriptomes of the Guaymas Basin, but
only in a subset of those from the Gulf of Mexico, HOT, and
ETSP OMZ. These results, especially expression of sulfur oxidation
genes in oxic waters (HOT), are consistent with widespread cryp-
tic geochemical cycling of sulfur (Canfield etal., 2010), perhaps
in association with organic-rich particles (Karl et al., 1984; Wright
etal., 2012). H;, oxidation genes are less widely distributed, but
are most prevalent in ultramafic vent chimney samples (Brazelton
etal., 2012) and in the Guaymas Basin hydrothermal plume, con-
sistent with H; being sourced primarily from hydrothermal fluids
and being rapidly utilized in plumes (Kadko et al., 1990). However,
H; oxidation genes were also detected in some OMZ, ALOHA,
and background Guaymas samples (Anantharaman etal., 2013),
consistent with H, production in association with organic-rich
particles in the oxic water column also being a substantial source
of H; as predicted decades ago (Karl etal., 1984).

Utilization of methane and other hydrocarbons as an
energy source represents another potential connection between
hydrothermal plumes and other marine microbial habitats. The
capability of naturally occurring marine microbes to consume
hydrocarbons has recently been highlighted by the Deepwater
Horizon disaster (Mason etal., 2012). While the connections need
further investigation, natural sources of hydrocarbons in the deep
sea (Jorgensen and Boetius, 2007) such as hydrocarbon seeps,
hydrothermal vents, or in situ water column production (Karl
etal., 2008) may prime deep ocean microbial communities for
hydrocarbon degradation. Guaymas Basin hydrothermal fluids
have unusually high concentrations of methane due to interaction
with sediments that overlay the ridge. High methane concen-
trations are also found at the Endeavour Segment of the Juan
de Fuca ridge (De Angelis etal., 1993), and ultramafic systems
on the Mid-Atlantic Ridge (Charlou etal., 1998) and the Mid-
Cayman Rise (German etal.,, 2010). The imprint of methane is
clearly apparent in microbial communities of the Guaymas Basin
hydrothermal plume; genes for pMMO are among the most abun-
dant mRNAs represented in the metatranscriptome (Lesniewski
etal., 2012). Recent work shows that there is extensive diversity
of pMMOs and related Cu membrane monooxygenases at Guay-
mas, and that they affiliate phylogenetically with enzymes involved

in C,—C4 alkane oxidation (Li et al., unpublished). We refer to
these methane, ethane, and butane monooxygenases collectively as
particulate hydrocarbon monooxygenases (pHMOs). pHMOs are
also present in the metatranscriptome of the Deepwater Horizon
oilspill (Mason et al.,2012; Lietal., unpublished) and in a few sam-
ples from station ALOHA (Figure 5). pHMOs were only detected
at low levels in a few of the shotgun sequencing datasets, but
they have been reported to be abundant in OMZs off Costa Rica
(Tavormina etal., 2013).

COMPARATIVE METATRANSCRIPTOMICS OF POPULATIONS
IN PLUME AND BACKGROUND: SUP05 AND Thaumarchaeota
One of the remarkable conclusions emerging from comparison of
different interfacial redox environments in the oceans is that the
same microbial groups often dominate disparate environmental
settings. For example, despite marked environmental differences
between deep-sea hydrothermal plumes and OMZs (e.g., depth,
temperature, pressure, nutrient availability, water mass history,
quantity, and quality of DOC and POC), they share several of the
most abundant microbial populations, including SUP05, SAR324,
and Thaumarchaea (Figure 4). The nature of these two oxic/anoxic
interfaces is quite different: in plumes, reduced chemicals are
injected into an oxic water column, whereas in OMZs, reduced
chemical species are produced through anaerobic microbial respi-
ration of organic carbon. However, many of the microbial players
appear to be the same, indicating that these organisms thrive at
redox interfaces regardless of differences in other environmental
parameters described above.

Recent metatranscriptomic studies (Baker etal, 2012;
Lesniewski etal., 2012; Stewart etal., 2012; Anantharaman etal.,,
2013) permit detailed views of the gene expression patterns
of these microbial groups and their roles in biogeochemistry.
Comparison of transcripts from OMZ and Guaymas Basin
plume/background samples recruited to SUP05 and Thaumar-
chaea genomes shows that the overall patterns of transcript abun-
dance are quite similar between the two environments (Figure 6).
Indeed, the differences between samples within each environ-
ment (plume versus background at Guaymas, different depths
of the OMZ) appear to be as significant if not greater than
differences between environments. For Thaumarchaea, acquisi-
tion of ammonium and oxidation of ammonia dominate the
metatranscriptome in both environments. Conserved hypothet-
ical proteins of unknown function are similarly highly expressed
in both environments, highlighting large gaps in our knowledge
of what are likely critical functions for these organisms. In addi-
tion to obtaining ammonia directly from the environment, uptake
of urea also appears to be an important source of ammonia for
both populations (Figure 6). Utilization of urea has now been
noted for Thaumarchaeota in diverse settings such as sponge sym-
bionts (Hallam etal., 2006), soil (Tourna etal., 2011), polar waters
(Alonso-Saez et al., 2012), and surface waters of the Gulf of Maine
(Tully etal., 2012).

Like Thaumarchaea, transcript abundance profiles of SUP05
show striking similarities in the genes that are most highly
expressed in plumes and OMZs (Figure 6B). Many of the highly
expressed genes are involved in cell maintenance and growth
(e.g., translation and DNA replication), which is expected in any
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environment. However, similarly high transcript abundance of
other genes likely reflects common interactions between SUP05
and the two different environments. Ammonium transporters
were the most highly expressed genes in all OMZ and plume
samples except the 200 m depth of the OMZ. A predicted ABC
(ATP-binding cassette) transporter for amino acids is expressed
in all samples, but it appears to be most abundant in the
deep sea.

SUPO5 potentially plays an important role in linking the sul-
fur and nitrogen cycles by coupling the oxidation of reduced
sulfur species to the reduction of nitrate or nitrite (Walsh etal.,
2009; Canfield etal.,, 2010). Perhaps the most intriguing dif-
ference between plume and OMZ transcript profiles is that the

soxA gene for sulfur oxidation is highly expressed in plumes but
not in deep background waters or the OMZ. This suggests a
difference in the form of sulfur used by SUP05 in plumes versus
OMZs; abundant soxA transcripts point to thiosulfate oxidation
in plumes, whereas free sulfide may be the preferred substrate in
OMZs, as hypothesized by Walsh etal. (2009). Additional differ-
ences between populations of SUP05 include diversity in terms
of electron donors and acceptors. SUPO5 at the Saanich Inlet
oxic/anoxic interface were described as anaerobes (Walsh etal.,
2009), but SUP05-related symbionts appear to be aerobic (Kuwa-
hara etal., 2007; Newton etal., 2007), and those in the Guaymas
Basin plume are primarily aerobic (Anantharaman etal., 2013).
Guaymas Basin SUP05 also have genes for H, oxidation that do
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not appear to be present in other populations (Anantharaman
etal., 2013).

THREE BIG QUESTIONS FOR THE FUTURE OF DEEP-SEA
HYDROTHERMAL PLUME MICROBIOLOGY

The recent explosion of new data on deep-sea microbial commu-
nities has revealed connections between deep-sea hydrothermal

plumes and other marine habitats. These insights raise intriguing
new questions regarding the roles of deep-sea hydrothermal sys-
tems in the chemistry and biology of the broader oceans. At
the same time, revolutionary technological advances provide new
opportunities to address these questions. One exciting future goal
is to define how the interplay between microbiology and geochem-
istry in hydrothermal plumes extends to global-scale interactions
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between mid-ocean ridges and deep-sea microbiology. The global
mid-ocean ridge hosts geochemically diverse hydrothermal sys-
tems. This geochemical diversity is tied to geological differences in
the underlying host rock of hydrothermal systems, which shapes
the quantity and types of metabolic energy available for chemoau-
totrophic growth in hydrothermal plumes (Amend etal., 2011).
Indeed, vents show the highest variability in biodiversity of all
marine systems (Zinger etal., 2011). Although microbial growth
in plumes is predicted to be significant for carbon budgets in
the deep oceans (McCollum, 2000), several first-order questions
remain poorly constrained and need to be addressed.

WHAT SHAPES THE STRUCTURE OF MICROBIAL COMMUNITIES IN
DEEP-SEA HYDROTHERMAL PLUMES?

As we have seen, hydrothermal plume communities are composed
of microbes from both seafloor and pelagic environments, and
while data is scarce, the balance between these two sources appears
to be variable and depends on both physical and biological fac-
tors. In addition to external contributions, chemoautotrophic
growth within plumes likely contributes to the plume microbial
community. Hence, the structure of communities in deep-sea
hydrothermal plumes is shaped by both the geochemistry of the
seafloor hydrothermal system (which shapes seafloor microbial
communities and the energy available for growth in plumes)
and the composition of communities in the surrounding water
column. Microbial biogeography in the deep oceans is largely
controlled by deep-sea circulation (Ghiglione etal., 2012) and
hydrography (Galand etal., 2010), thus if the contributions from
surrounding seawater are significant, then the geographic loca-
tion of vents along the global deep conveyor belt of circulation
could be an important determinant of plume community compo-
sition. Determining the relative importance of vent geochemistry
and geography in shaping the community structure of plumes
should be possible by tracking microbial diversity along local
gradients of vent geochemistry in locations such as the Eastern
Lau Spreading Center (Tivey etal., 2012). Expanded sampling
and characterization of microbial communities in geographically
widespread plumes in the broader deep sea will also be critical to
evaluate biogeographic characteristics of deep-sea hydrothermal
plumes.

DO HYDROTHERMAL PLUMES INFLUENCE THE DIVERSITY OF DEEP-SEA
MICROBIAL COMMUNITIES ON A GLOBAL SCALE?

So far we have focused on the contribution of background deep-
sea microbes to plumes, but the interaction between communities
in these two environments may in fact be bi-directional. Cell
count data and thermodynamic modeling indicate that deep-sea
hydrothermal plumes are productive environments compared to
surrounding deep waters, and several studies have suggested that
vents influence deep-sea microbial communities in their vicinity
(Moyer etal., 1998; Takai etal., 2004). Active venting occurs in
every ocean basin at over 1000 vent fields globally (Beaulieu et al.,
2012), and surface-generated mesoscale eddies potentially trans-
port hydrothermal plumes long distances (Adams etal., 2011).
Although dispersion of plumes may be largely constrained by
the ridge axis (Speer etal., 2003) or confined to a narrow cor-
ridor 10 km to either side of the ridge axis (German and Von

Damm, 2004), deep-sea microbial communities are relatively
stable (Ghiglione etal., 2012), so microbes exported from plumes
could persist for long periods of time. Clearly there is potential, but
to what extent does chemoautotrophic growth in plumes influence
the broader deep oceans? The answer is poorly constrained, but
given recent insights into cryptic chemoautotrophy throughout
the oceans, the nature of potential influence takes on new meaning.
Rather than being unique oases of chemoautotrophy in the oceans,
perhaps vents should be viewed as one of many potential sources of
electron donors that collectively maintain widespread chemoau-
totrophy in the oceans. Advances in thermodynamic-bioenergetic
modeling of plumes on a global scale, incorporation of this data
into ecological models, and evaluation of the results with exper-
iments and observations provides great promise for addressing
this question. Finally, even if the answer is that plumes do not
influence broader deep-sea microbial communities, the value of
deep-sea hydrothermal plumes as natural laboratories to examine
the response of deep-sea microorganisms to diverse geochemical
perturbations should not be ignored.

HOW DOES MICROBIAL ACTIVITY IN DEEP-SEA HYDROTHERMAL
PLUMES IMPACT CARBON BUDGETS OF THE DEEP OCEANS?

The deep oceans hold the largest reservoir of rapidly exchangeable
inorganic carbon on the Earth’s surface. Microbial autotrophy
potentially converts dissolved inorganic carbon into the organic
phase within the biota. Subsequent grazing and viral predation
transfer this carbon through the food chain or into the dissolved
organic carbon pool. Although plume autotrophy likely has a neg-
ligible impact on the dissolved inorganic carbon inventories over
global and short-term scales, its impact on organic carbon in the
deep sea, especially on regional spatial scales, is potentially sig-
nificant. In particular, the possibility that microbial autotrophy,
heterotrophy, and/or lysis in hydrothermal plumes contribute to a
significant conversion of inorganic matter to refractory organic
matter, and thus sequestration of carbon as a component of
the “microbial carbon pump” (Jiao etal., 2010), has not been
explored in any detail. Improved measurements of plume micro-
bial carbon fixation rates and studies of the fate of that carbon
are required to evaluate this possibility. Another important but
understudied aspect of microorganisms in deep-sea hydrother-
mal plumes is their role in modulating the flux of hydrocarbons
from the seafloor through the water column and into the atmo-
sphere (Orcutt etal., 2011). Future investigation on the inter
relationship between plume microbial activity and hydrocarbon
degradation will provide a better understanding of the impact
of hydrothermal plume microbial activity on deep ocean carbon
cycling.

Although this review has focused on hydrothermal plumes
from high-temperature venting along the mid-ocean ridges, it
should also be noted that low-temperature venting, including
ridge-flank circulation, also likely contributes significantly to the
processes described here. In fact, some estimates suggest that
low-temperature ridge flank systems drive fluxes of fluid, heat,
and solutes that are larger than those from high-temperature
hydrothermal systems (Wheat and Mottl, 2000; Fisher and Harris,
2010). The microbial biogeochemistry of such systems is poorly
known, but (McCarthy etal., 2011) showed that chemosynthesis
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by crustal microbial communities is a major source of dissolved
organic carbon in ridge-flank and on-axis hydrothermal fluids
sampled from the Juan de Fuca Ridge. Thus ridge-flank sys-
tems likely amplify the contributions of hydrothermal/subsurface
circulation to the biology and geochemistry of the oceans and
strengthen ecological and biogeographic connections between

these systems.
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INTRODUCTION

Studies of shallow-water hydrothermal vents have been lagging behind their deep-sea
counterparts. Hence, the importance of these systems and their contribution to the local
and regional diversity and biogeochemistry is unclear. This study analyzes the bacterial
community along a transect at the shallow-water hydrothermal vent system of Milos
island, Greece. The abundance and biomass of the prokaryotic commmunity is comparable
to areas not affected by hydrothermal activity and was, on average, 1.34 x 108 cells g~'.
The abundance, biomass and diversity of the prokaryotic community increased with the
distance from the center of the vent and appeared to be controlled by the temperature
gradient rather than the trophic conditions. The retrieved 16S rRNA gene fragments
matched sequences from a variety of geothermal environments, although the average
similarity was low (94%), revealing previously undiscovered taxa. Epsilonproteobacteria
constituted the majority of the population along the transect, with an average contribution
to the total diversity of 60%. The larger cluster of 16S rRNA gene sequences was related
to chemolithoautotrophic Sulfurovum spp., an Epsilonproteobacterium so far detected
only at deep-sea hydrothermal vents. The presence of previously unknown lineages of
Epsilonproteobacteria could be related to the abundance of organic matter in these
systems, which may support alternative metabolic strategies to chemolithoautotrophy.
The relative contribution of Gammaproteobacteria to the Milos microbial community
increased along the transect as the distance from the center of the vent increased. Further
attempts to isolate key species from these ecosystems will be critical to shed light on their
evolution and ecology.

Keywords: bacteria, Epsilonproteobacteria, shallow-water hydrothermal vent, Milos, geothermal

steep thermal and geochemical gradients (Wenzhofer et al,

Microbes are one of the most abundant life forms on Earth,
they are ubiquitous, possess a great metabolic plasticity and
drive major biogeochemical cycles (Staley and Reysenbach, 2002).
Studies carried out in geothermal and extreme environments
have shown that life on Earth is far more diverse, widespread,
and resistant to extreme conditions than previously thought.
Despite the crucial roles of prokaryotes in extreme ecosystems,
our understanding of their diversity and ecological relevance in
these environments is limited.

Deep-sea hydrothermal vent ecosystems are largely based
on chemolithoautotrophic primary production (Jannasch, 1985;
Bach et al., 2006; Nakagawa and Takai, 2008). Photoautotrophic
contribution to these ecosystems is limited to the sink-
ing of low-quality particulate material from the photic zone
(Comita et al., 1984). In contrast, shallow-water hydrother-
mal vent systems (located at depth <200m) are largely
influenced by photosynthesis (Tarasov et al., 2005). In these envi-
ronments, chemolithoautotrophy and photoautotrophy occur
simultaneously and spatial separation is often influenced by

2000).

Shallow-water hydrothermal vents are widespread ecosys-
tems that have been previously understudied compared to their
deep-sea counterparts (InterRidge vents database, http://www.
interridge.org/), despite the fact that these systems were known
long before the discovery of the deep-sea vents on the Galapagos
Rift in 1977 (Lonsdale, 1977). Because of their proximity to the
surface, shallow-water hydrothermal systems are influenced both
by geothermally generated reducing power and by light, and can
be described as “high energy” environments, where microbial
metabolism is fueled by different energy sources (Baross and
Hoffman, 1985). According to Dando et al. (1995, 2000), the
emission of carbon dioxide from the Milos venting area alone
(35km?) could account for 10% of the carbon dioxide emission
caused by the venting associated with the Mid-Oceanic Ridges.
It has been suggested that the conditions found in shallow-water
hydrothermal systems could resemble those in which life origi-
nated and where metabolic divergence begun (Nisbet and Fowler,
1996; Nisbet and Sleep, 2001; Martin et al., 2008).
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Understanding the microbiology of shallow-water hydrother-
mal vents is necessary to evaluate how microorganisms influ-
ence biogeochemical cycles. The geology and chemistry of the
hydrothermal system located in Paleochori Bay, a sandy bay off
the South East coast of the island of Milos, was previously inves-
tigated by Dando et al. (2000) and Valsami-Jones et al. (2005).
In Paleochori Bay, the vents are located in shallow waters, with
temperatures ranging from 25 to 119°C (Botz et al., 1996) and
extensive gas and fluid seepage. Early microbiological studies
based on fingerprinting approaches showed the presence of bac-
teria associated to the Cytophaga-Flavobacteria-Bacteroides as well
as Arcobacter spp. (Epsilonproteobacteria) and Thiomicrospira spp.
(Gammaproteobacteria) (Brinkhoff et al., 1999; Sievert et al.,
1999a, 2000a,b).

In this study, we carried out an environmental survey of a
shallow-water hydrothermal vent located in Paleochori bay, Milos
island, Greece. The site was sampled to investigate the structure
and diversity of the bacterial community along a 1.5m transect
starting at the center of one of the vents.

MATERIALS AND METHODS

SITE DESCRIPTION AND SAMPLE COLLECTION

The Milos hydrothermal system is one of the largest in the
Mediterranean Sea. It is part of the Hellenic Arc, whose eastern
section reaches the Turkish coast and the island of Kos, and

Bacterial diversity in Milos shallow-water vent

Methana to the west. Extensive submarine venting occurs off-
shore, from the intertidal zone to depths of more than 100 m,
with an approximate extension of 34 km? of seabed (Dando et al.,
2000).

Inside the Paleochori bay (Figure 1), the venting area is char-
acterized by strong degassing activities coupled with fluid seepage
(Valsami-Jones et al., 2005). The entire shallow venting area is
surrounded by patches of the seagrass Posidonia oceanica, and
the vents occur as areas of high temperature and degassing on
the sandy bottom (referred to hereafter as the center of the vent)
that gradually decrease to ambient conditions as the distance from
the vent increases. Steep thermal and redox gradients occur verti-
cally, with temperature increasing with the depth of the sediment,
while more gradual temperature and redox changes occur hor-
izontally as the distance from the center of the vent increases
(Sievert et al., 1999a, 2000a; Dando et al., 2000; Wenzhofer et al.,
2000). Temperatures of up to 119°C at a vent site in 10 m water
depth have been reported (Botz et al., 1996). Venting fluids are
enriched with freshwater with varying salinity. The composition
of CO; released with the fluids ranged between 54.9 and 91.9%,
while the concentrations of H,S, CH4 and H, were <8.1, <9.7,
and <3%, respectively (Botz et al., 1996; Dando et al., 2000). In
addition, the hydrothermal fluids have been shown to contain
elevated concentrations of reduced inorganic chemicals, such as
NHI (up to 1 mM), H,S (up to 1 mM) and Mn?t (up to 0.4 mM)

40°N

39°N

38°N

37°N

36°N

35°N I

FIGURE 1 | Map showing the position of Milos (Greece) respect to the Hellenic back-arc (circles) and Hellenic Fault (triangles), the location of
Paleochori Bay and the sampling strategy along the transect. Cores were placed at interval of 50 cm moving away from the vent orifice.
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(Fitzsimons et al., 1997). Arsenic and sulfur precipitates are com-
mon in proximity to vent orifices, and dense brines can be found
in sediment depressions (Dando et al., 2000).

SCUBA divers collected sediment samples using push-cores
during the MAMBA cruise in 2010. Starting from the center of
a vent located at a depth of 12 m (designated as MV1; 36° 40.351
N, 24° 31.108' E), a horizontal transect consisting of four stations
located 50 cm apart from each other was sampled (MV1, 0 cm dis-
tance from the center of the vent; MV2, 50 cm distance; MV3,
100 cm distance; MV4, 150 cm distance; Figure 1 and Table 1).
Additionally, a single station was sampled at ca. 50 cm from the
center of the vent in a yellow sediment patch (F12). The tran-
sect was characterized by a 20°C thermal gradient (45 and 25°C
at stations MV1 and MV4, respectively) and differences in sedi-
ment color were observed. Station MV4 appeared only marginally
influenced by hydrothermal activity as the temperature of its sur-
face sediments was close to ambient and P. oceanica was observed
in close proximity (Table 1).

Cores were retrieved on board, sediment horizons separated
(0-1, 3-5, and 10-15 cm) and processed according to the analyti-
cal procedure described in following paragraphs.

ORGANIC MATTER COMPOSITION

Aliquots of sediments were immediately frozen at —20°C for
determination of organic matter quantity and composition.
Total protein concentrations were determined on sediment
sub-samples according to Hartree (1972). Total carbohydrates
were analyzed according to Gerchakov and Hatcher (1972) and
expressed as glucose equivalents. Total lipids were extracted from
the sediment by direct elution with chloroform:methanol (1:1
v/v) according to Bligh and Dyer (1959) and then determined
according to Marsh and Weinstein (1966). All readings were per-
formed spectrophotometrically. Carbohydrate, protein and lipid
concentrations were converted into carbon equivalents using the
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conversion factors 0.40 and 0.49 and 0.75 mgC mg ™!, respectively,
and normalized to sediment dry weight (Fabiano et al., 1995).
Biopolymeric organic carbon was calculated as the sum of the C
equivalents of protein, lipid and carbohydrate.

Chlorophyll-a and phaeopigments were extracted from sed-
iment sub-samples according to Plante-Cuny (1974). Briefly,
a fewmg of MgCO; were added to 1g of wet sediment to
avoid chlorophyll-a degradation. Samples were supplemented
with 90% acetone, sonicated and incubated in the dark at 4°C
for 12h. Following incubation, the samples were centrifuged
to remove the sediment and the concentration of the pig-
ments in the supernatant were determined spectrofluorimetri-
cally (ex. 430 nm, em. 665 nm) before and after acidification with
HCI 0.1 N. Concentrations were calculated against a standard
curve and normalized to sediment dry weight. Total phytopig-
ments (CPE) were obtained from the sum of chlorophyll-a and
phaeopigments.

PROKARYOTIC ABUNDANCE AND BIOMASS

Total prokaryotic abundance was determined by direct counts
after staining with acridine orange (Danovaro et al., 2002).
Briefly, 0.5 g of each sample was supplemented with 5mM tetra-
sodium pyrophosphate and incubated for 15min before son-
ication. The samples were then stained with 0.025% (wt/vol)
acridine orange and filtered on 0.2mm pore-size Nucleopore
black polycarbonate filters, under low vacuum (<100 mm Hg).
The filters were analyzed as described by Fry (1990), using epiflu-
orescence microscopy (Zeiss Axioskop 2; 1000 x magnification).
The total prokaryotic abundance was normalized to sediment dry
weight after desiccation.

Prokaryotic biovolume was estimated using the image analysis
software Image] (Schneider et al., 2012). Average carbon content
was assumed to be 310fg C wm?® (Fry, 1990). The prokaryotic
biomass (PBM) was normalized to sediment dry weight.

Table 1 | Sampled stations, temperature, organic matter content and main characteristic of the area.

Station Sediment Surface Protein Carbohydrate Lipids BPC mg CPE Notes
depth cm  temperature °C  mg g’ mgg~’ mgg~’ cg! ngg’
MV1 0-1 45 0.70£0.05 0.074+0.00 0.18+0.02 0.45+0.03 11.84+1.35 Vent orifice—dark gray sediment
3-5 0.27+£0.20 0.06 £0.01 0.07+£0.00 0.19+0.08 6.17 £3.29
10-15 0.39+0.00 0.12+0.02 0.10+0.03 0.29+0.03 6.12 +0.64
MV2 0-1 32 0.63+0.15  0.03+£0.01 0.10+£0.01 0.30+0.06 9.31+0.94
3-5 0.21+£0.03 0.02+£0.00 0.07+£0.04 0.15+0.05 12.97 +£0.64
10-15 0.88+0.63 0.01+0.00 0.14+£0.01 0.46+0.25 2.144+0.51
MV3 0-1 28 0.424+0.177 0.05+0.01 0.214+£0.02 0.34+0.09 25.69+2.24 Presence of white precipitate
3-5 0.10+0.05 0.02 £0.00 0.09+0.02 0.12+0.01 11.37+0.38
Mv4 0-1 25 0.20+0.03 0.08+0.03 0.15+0.15 0.23+0.08 154.6+3.89 Proximity to P oceanica
3-5 0.21+£0.04 0.08+£0.02 0.24+£0.11 030£0.11 72.21+4.45
10-15 0.32+0.03 0.05+0.01 0.177+0.08 0.28+0.05 12.67 £0.63
F12 0-1 34 3.62+0.23 0.03+0.00 0.06 £0.01 1.51+0.08 7.6+1.1  Yellow sediments

Means are reposted with standard deviation. BPC, Biopolymeric organic carbon; CPE, total phytopigments.
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GENOMIC DNA EXTRACTION AND PCR AMPLIFICATION

Genomic DNA was extracted from sediment biomass by the
phenol:chloroform method (Maniatis, 1989). Briefly, aliquots
of frozen sediments (ca. 0.5g) were resuspended in extrac-
tion buffer (100 mM Tris-HCL, 100 mM EDTA, 1.5M NaCl
pH 8.0), supplemented with 10mg ml~' lysozyme and incu-
bated for 30" at 37°C. Subsequently, 20% SDS was added and
each sample was incubated with agitation for 1h at 60°C.
Sediments were removed by centrifugation (5 min at 14,000 x g)
and supernatants were collected and extracted with 1 vol-
ume of phenol:chloroform:isoamyl alcohol (25:24:1) followed by
one extraction with chloroform:isolamyl alcohol (24:1). DNA
was then precipitated overnight with 0.1 volumes of sodium
acetate and 0.7 volumes isopropanol, washed with 70% ice-cold
ethanol, resuspended in PCR grade water and visualized on 1%
agarose gel.

The bacterial 16S rRNA gene was amplified by polymerase
chain reaction (PCR) using universal bacterial primer 8F (5'-
AGA GTT TGA TCC TGG CTC AG-3') and 1517R (5'-ACG GCT
ACC TTG TTA CGA CTT-3') (Weisburg et al., 1991). Aliquots of
5l of PCR products were visualized by staining with ethidium
bromide on 1.5% agarose gel.

DENATURING GRADIENT GEL ELECTROPHORESIS

A preliminary assessment of the diversity of the sediment bac-
terial communities was carried out by Denaturing Gradient Gel
Electrophoresis (DGGE) analysis of the bacterial 16S rRNA gene.
The full-length 16S rRNA gene was obtained as described above,
gel-purified and used as a template for nested PCR to amplify
the V3 region using the GC-clamp primer 338F-(GC) (5'-CGC
CCG CCG CGC GCG GCG GGC GGG GCG GGG GCA CGG
GGG GAC TCC TAC GGG AGG CAG CAG-3') and 519R (5'-
GWA TTA CCG CGG CKG CTG-3'). DGGE was performed with
a D Gene system (Bio-Rad Laboratories, Hercules, CA). PCR
products (15ml) were applied directly onto 6% (wt/vol) poly-
acrylamide gels in 1 x TAE (0.04 M Tris base, 0.02M sodium
acetate, 1 mM EDTA pH 7.4), with denaturant gradient from 40
to 60% (where 100% denaturant contains 7 M urea and 40% for-
mamide). Electrophoresis was performed at a constant voltage of
45V for 14 h. After electrophoresis, the gels were incubated for
15min in 0.5 mg 17! ethidium bromide, rinsed for 10 min in dis-
tilled water, and photographed with a UV Foto Analyst system
(Fotodyne, Inc., Hartland, WI).

LIBRARY CONSTRUCTION AND RFLP ANALYSIS

Amplified 16S rRNA gene fragments were excised from agarose
gels, purified, and cloned into the pCR2-TOPO vector using the
TOPO-TA Cloning Kit (Invitrogen, Inc., Carlsbad, California)
following the manufacturer’s instructions. The resulting liga-
tion products were used to transform competent Escherichia coli
TOPI10 cells. Recombinant E. coli clones were grown on Luria-
Broth media supplemented with 100 g ml~'ampicillin. Sixty to
ninety clones for each library were randomly chosen and ana-
lyzed for insert-containing plasmids by direct PCR followed by
gel electrophoresis of the amplified products. Insert 16S rRNA
gene fragments were digested with Haelll and Mspl (Promega,
Inc., Madison, Wis.) restriction endonucleases for 3 h at 37°C and
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subjected to Restriction Fragment Length Polymorphism (RFLP)
analysis on 3% low-melting agarose gel. Clones were grouped
into operational taxonomic units (OTUs) based on their RFLP
profiles, and sequences (about 900 bases) were obtained from
representative clones of each OTU.

STATISTICAL AND PHYLOGENETIC ANALYSES

Analysis of variance (ANOVA) using the statistical R-Software
(R-Cran project, http://cran.r-project.org/) was carried out to
identify significantly different samples, which were subjected to
the Tukey HSD post-hoc test. Where ANOVA assumptions were
rejected, a more conservative level of p was chosen (Underwood,
1991). DGGE profiles were analyzed with ImageJ (Schneider et al.,
2012) and R-software for cluster analysis to identify significant
differences in the composition of bacterial communities. Briefly,
the position of each DGGE band was recorded using the Image]
Gel plugin and the resulting matrix was fed to R for the determi-
nation of the distance matrix based on Jaccard dissimilarity and
used for cluster analysis.

Sequences obtained from libraries were manually checked
for quality, primers were removed and the resulting sequences
were aligned using ClustalW (Larkin et al., 2007) and SeaView
(Gouy et al., 2010). The software Bellerophon (Huber et al.,
2004) was used to identify chimeric sequences, which were
removed from the dataset (2.2 % of total sequences were identi-
fied as chimeric). Neighbor-Joining trees were constructed using
the Jukes-Cantor correction and tree topologies were tested
using 1000 bootstraps replications (Perriere and Gouy, 1996).
Sequences of cultured bacteria retrieved as top blast hits against
our sequences were included as references in the alignment.
Phylogenetic designation of the sequences to a specific group was
obtained by integrating blastn and EzTaxon results with phy-
logenetic analyses (Chun et al., 2007). Chaol non-parametric
diversity estimator and rarefaction curves were computed using
Rarefaction software (http://www2.biology.ualberta.ca/jbrzusto/
rarefact.php).

The sequences from this study are available through GenBank
under accession numbers from KC463698 to KC463741.

RESULTS

SEDIMENTARY ORGANIC MATTER CONTENT

Biopolymeric organic carbon (BPC) in the surface sediments
decreased along the transect from the center of the vent (MV1)
toward the background station (MV4) with values ranging from
0.45+0.03 to 0.23 +0.08 mg C g~! at station MV1 and sta-
tion MV4, respectively (Table 1). At station F12, BPC was highest
(1.51 £ 0.08 mg C g~ !). The observed horizontal gradients were
significant (ANOVA p < 0.001), and a BPC minimum at a depth
of 3-5cm was observed at all stations. Proteins dominated the
carbon pool at all stations with an average contribution to BPC
of 55%, followed by lipids and carbohydrates. Protein contribu-
tion to the carbon pool decreased along the transect from MV1
to MV4 (Table 1). In contrast, total phytopigment (CPE) concen-
tration increased along the transect from MV1 to MV4 (ANOVA
p < 0.001). Chlorophyll-a concentrations were extremely low,
and phaeopigments were the most abundant class. The quan-
tity and composition of the organic matter of the yellow surface
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sediments at station F12 differed from that of the other stations
with proteins contributing nearly 95% of the BPC (Table 1).

PROKARYOTIC ABUNDANCE AND BIOMASS

In general, total prokaryotic abundance decreased as the depth
of the sediment increased at all stations, despite their proxim-
ity to vent orifice (Figure 2A; ANOVA p < 0.001). Values ranged
from 0.8 0.4 x 10® to 2.7 £ 1.1 x 10% cells g7! in the surfi-
cial sediments for MV1 and MV4, respectively, indicating higher
abundances in the surface sediment layers and an increasing
trend along the transect from MV1 to MV4. These trends were
statistically significant (ANOVA p < 0.001). Prokaryotic biomass
in surficial sediments ranged from 1.61 &= 1.06 to 11.95 £ 6.3 ug
C g~ ! in station MV2 and MV4, respectively (Figure 2B). Again,
a trend of decreasing biomass with increasing sediment depth
and increasing biomass along the transect toward the periph-
ery of the vent was observed (Figure2B; ANOVA p < 0.01).

Bacterial diversity in Milos shallow-water vent

Prokaryotic abundance in station F12 was comparable to station
MV1, while prokaryotic biomass was significantly higher. The
decreasing trend along the vertical sediment profile was more evi-
dent at stations located further away from the center of the vent.
Inter-replicate variability was also higher at those stations.

PROKARYOTIC DIVERSITY

DGGE was used to investigate the diversity of the sediment bac-
teria from the 0-1, 5-10 and 10-15 cm layers along the transect
stations, and that from the 0—1 cm layer of station F12 (Figure 3).
Similar DGGE profiles were obtained from stations MV1, MV3
and MV4 and F12 (data were not obtained for station MV2).
Cluster analysis based on the DGGE profiles indicated that the
bacterial communities from the same sediment layers tend to
group together (Figure 3). A relevant group included commu-
nities from the 0—1 cm sediments from the transect stations and
from F12, while the 35 and 10-15 cm layers from MV1 and MV4
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formed a second group (Figure 3). The bacterial communities
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MV4, respectively. Sequences related to the Deltaproteobacteria,
Planctomycetes, Actinobacteria and Ignavibacteria were also
found. Four percent of the sequences retrieved from sta-
tion MV1 could not be assigned to any known lineage
(Figure 4).

The sequences were further analyzed by aligning them against
closest cultured relatives and a neighbor-joining tree was con-
structed (Figure5). Both libraries are well represented in the
tree, with numerous sequences clustering together despite their
different origins. A large number of sequences obtained from
— the libraries were related to Sulfurovum lithotrophicum (Inagaki
# etal., 2004), and clustered around this sequence on the tree (aver-
E age similarity of 93%; Figure 5 and Table 2). The Sulfurovum-

related sequences were organized in two discrete clusters, each

containing clones from both libraries, and represented 44%

2?3::311?’1‘:‘5‘:“' S'Z;TSEregfe'S:;‘t’:i'zisi‘;':(:ec"c‘:tn‘j'u?'e‘g'::isJa‘fcat:je of the clones in each library. The same clusters had best hits
dissimilagrity on th! presence?absence atrix. P in the non-redundant database to sequences identified during
environmental surveys in a variety of submarine geothermal

o I | from the 0-1 cm layer of stations MV1 (center of the vent) and
: MV4 (periphery of the vent) were selected to construct 16S rRNA
0.6 4 ’_l_l g gene libraries.

> 3 Both the MV1 and MV4 libraries were dominated by
E 0.5 4 | E E o sequences that could be assigned to the Epsilonproteobacteria (60
E E m = 2 and 59% for MV1 and MV4, respectively; Figure 4). Other com-
2 0.4- :‘,’ ;' 3I mon phyla in both libraries were sequences belonging to the
[=) I s = 3 CFB (20 and 6% for MV1 and MV4, respectively; Figure 4) and
034 ¢ 2 z Gammaproteobacteria (7 and 20% for MV1 and MV4, respec-
S | tively; Figure 4). The number of gammaproteobacterial clones
02d 9 £ increased at the periphery of the vent and the ratio of Epsilon-
E ;:J to Gammaproteobacteria was 8.2 and 2.9 at stations MV1 and

m

s

MV1 MVv4

. .
20% CFB 20% Gammaproteobacteria

7% Gammaproteobacteria

6% Deltaproteobacteria
5% Deltaproteobacteria 6% CFB 3

3% Planctomycetes

4% Unknown
° 3% Ignavibacteria

2% Ignavibacteria

2% Chloroplast - like 3% Actinopacterta

60% Epsilonproteobacteria 59% Epsilonproteobacteria

FIGURE 4 | Bacterial community structure at station MV1 and MV4 surface sediments (0-1cm) as obtained by the analysis of the sequences. Groups
are shown at the phylum level based on the results of BLAST and position on the phylogenetic tree. CFB, Cytophaga-Flavobacteria-Bacteroides group.
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FIGURE 5 | Unrooted Neighbor-joining tree of the bacterial diversity at correction and 1000 bootstrap. Bar, 2% substitution rate. Bootstrap values
station MV1 (red squares) and MV4 (blue circles) surface sediments below 50 are not shown. Percent values refer to the abundance of individual
(0-1cm) with cultured relatives. The tree was obtained using Jukes-Cantor  clones in the libraries. CFB, Cytophaga-Flavobacteria-Bacteroides group.

environments such as the Logatchev field on the Mid-Atlantic A second major group of epsilonproteobacterial sequences
Ridge (Nakagawa et al., 2005; Hugler et al, 2010), Vailulu was related to Sulfurospirillum spp. (90.8% average similarity),
seamount in the Samoa and submarine volcanoes on the and clustered outside of the Sulfurospirillum group, constitut-
Kermadec Arc (Hodges and Olson, 2009). ing 13.6 and 5.8% of the two libraries respectively (Figure5
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Table 2 | Sequenced clones, top blast hits to the non-redundant database (closet relative) and best hit among cultured bacteria (closest

cultured relative).

Clone Group Accession no. % in library Closest relative (top blast hit) % similarity Closest cultured relative % similarity

MV1.01-A1 KC463698 24.7 Uncultured Epsilonproteobacterium 92 Sulfurovum lithotrophicum 42BKT 94
FN562857 AB091292

MV1.01-A3 KC463699 13.6 Uncultured bacterium clone 93 Cytophaga sp. BHI60-95B 91
VS_CL:-76 16S RJ497327 AJ431254

MV1.01-A4 KC463700 2.5 Uncultured bacterium clone 95 Sulfurimonas autotrophica DSM 98
VS_CL-308 16S RJ497560 16294 CP002205

MV1.01-A7 KC463701 8.6 Uncultured Epsilonproteobacterium 90 Sulfurospirillum sp. EK7 AJ535704 92
AB175533

MV1.01-A8 KC463702 2.5 Uncultured Epsilonproteobacterium 96 Sulfurospirillum halorespirans 90
AB247847 PCE-M2 NR_028771

MV1.01-A9 KC463703 4.9 Uncultured bacterium clone C13S-4 95 Eubacterium sp. (OS type K) 84
16S EUB17730 L0471

MV1.01-A10 KC463704 2.5 Uncultured bacterium partial 16S 93 Cytophaga sp. BHI60-95B 90
rRNA gene, SZB56 AM176864 AJ431254

MV1.01-B1 KC463705 1.2 Uncultured bacterium partial 16S 95 Sulfurovum lithotrophicum 42BKT 93
rRNA gene AF449240 AB091292

MV1.01-B2 KC463706 2.5 Uncultured bacterium partial 16S 93 Gaetbulibacter jejuensis 93
rRNA gene FM 179896 CNURICO014 RJ490367

MV1.01-B3 KC463707 2.5 Uncultured bacterium clone 95 Thiothrix eikelboomii AP3 90
MF-Oct-95 16S HQ225056 NR_024758

MV1.01-B5 KC463708 1.2 Uncultured Epsilonproteobacterium 92 Sulfurospirillum arcachonense F1F6 95
AJ969489 NR_026408

MV1.01-C1 KC463709 4.9 Uncultured epsilon clone AT-co11 95 Sulfurovum lithotrophicum 42BKT 93
AY225616 AB091292

MV1.01-C4 KC463710 1.2 Uncultured bacterium clone 92 Ignavibacterium album Mat9-16 87
SIMO-2441 AY711807 AB478415

MV1.01-C7 KC463711 2.5 Uncultured Epsilonproteobacterium 93 Sulfurovum lithotrophicum 42BKT 94
AB197179 AB091292

MV1.01-C9 KC463712 1.2 Uncultured 95 Thioalkalivibrio denitrificans ALJD 91
Gammaproteobacterium clone AF126545
ARTE12_226 GU230337

MV1.01-D1 KC463713 1.2 Uncultured marine bacterium clone 91 Polaribacter sp. J2-11 HM010401 91
B-SW120 HM437670

MV1.01-D4 KC463714 1.2 Uncultured bacterium clone 98 Acinetobacter sp. FR-W5Bb 98
ncd2696f09¢ JF221689 FN395271

MV1.01-D7 KC463715 1.2 Uncultured Epsilonproteobacterium 91 Sulfurospirillum deleyianum 88
AB175533 AB368775

MV1.01-D10 KC463716 3.7 Uncultured bacterium clone TF-33 94 Thioreductor micantisoli 78
16S RJ535257 BKB25Ts-Y AB175498

MV1.01-E5 KC463717 1.1 Uncultured Epsilonproteobacterium 94 Sulfurovum lithotrophicum 42BKT 93
AB197179 AB091292

MV1.01-F1 KC463718 1.2 Uncultured bacterium clone TS-31 95 Ignavibacterium album Mat9-16 88
16S FJ535328 AB478415

MV1.01-F10 KC463719 2.5 Uncultured bacterium clone 94 Thioalkalivibrio denitrificans ALJD 89
D13S-50 EU617758 AF126545

MV1.01-G8 KC463720 1.2 Uncultured bacterium clone 94 Cymbella inducta NJCI77 94
GUP5D05 16S HQ178788 chloroplast JF277139

MV4.01-A2 KC463721 26.5 Uncultured Epsilonproteobacterium 96 Sulfurovum lithotrophicum 42BKT 94
BH8 FN562857 AB091292

MV4.01-A10 KC463722 5.9 Epsilon ectosymbiont of 94 Sulfurovum lithotrophicum 42BKT 90
Symmetromphalus GU253366 AB091292

MV4.01-A12 KC463723 2.9 Uncultured bacterium clone 98 Geothermobacter ehrlichii SS015 88
SMI1-GC205-Bac66 AY155599

(Continued)
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Table 2 | Continued

Bacterial diversity in Milos shallow-water vent

Clone Group Accession no.

% in library Closest relative (top blast hit)

% similarity Closest cultured relative % similarity

MV4.01-B1 KC463724 2.9 Uncultured Epsilonproteobacterium 94 Sulfurospirillum deleyianum 91
AB175533 AB368775

MV4.01-B2 KC463725 2.9 Uncultured Bacteroidetes 97 Persicobacter diffluens NBRC 84
bacterium clone VS_CL-132 15940 AB260929
RJ497383

MV4.01-B5 KC463726 5.9 Pseudomonas sp. VS05_25 99 Pseudomonas trivialis DSM 14937 99
FJ662886 AJ492831

MV4.01-B6 KC463727 2.9 Uncultured Actinobacterium 97 Ferrimicrobium acidiphilum T23 87
AB099989 AF251436.2

MV4.01-B7 KC463728 5.9 Uncultured Epsilonproteobacterium 97 Sulfurovum sp. NBC37-1 AP009179 93
FN562857

MV4.01-B12  KC463729 8.8 Uncultured bacterium clone KM51 98 Sulfurimonas paralvinellae GO25 93
AY216438 AB252048

MV4.01-C9 KC463730 2.9 Uncultured bacterium clone 97 Pirellula sp. AGA/M41 X86390 87
NT2_C15 HM630159

MV4.01-D8 KC463731 29 Uncultured Epsilonproteobacterium 97 Sulfurovum lithotrophicum 42BKT 93
clone R103-B76 AF449240 AB091292

MV4.01-D12  KC463732 2.9 Uncultured sediment bacterium 97 Thiohalophilus thiocyanatoxydans 92
clone JSS S04 514 HQ191081 HRhD DQ469584

MV4.01-E3 KC463733 29 Uncultured Epsilonproteobacterium 93 Hydrogenimonas thermophila 88
clone BSC2_c21 DQ295546 EP1-565 NR_024811

MV4.01-E6 KC463734 2.9 Uncultured bacterium clone 98 Geothermobacter ehrlichii SS015 87
SMI1-GC205-Bac66 DQ521800 AY155599

MV4.01-F4 KC463735 2.9 Uncultured sediment bacterium 97 Thiohalophilus thiocyanatoxydans 92
clone JSS S04 HQ191081 HRhD DQ469584

MV4.01-G11 KC463736 2.9 Uncultured Epsilonproteobacterium 95 Sulfurospirillum deleyianum DSM 89
AB175533 6946 CP001816

MV4.01-G12  KC463737 2.9 Uncultured bacterium clone 99 Pseudomonas meridiana CMS 38 98
nbw124b GQ024593 AJ537602

MV4.01-H9 KC463738 29 Uncultured bacterium clone TS-31 98 Ignavibacterium album Mat9-16 88
RJ535328 AB478415

MV4.01-H11 KC463739 29 Uncultured 99 Thiohalophilus thiocyanatoxydans 91
Gammaproteobacterium clone HRhD DQ469584
TRAN-099 JF344515

MV4.01-12 KC463740 29 Uncultured bacterium clone 97 Thioprofundum lithotrophicum 108 92
SSW84Ap EU592359 AB468957

MV4.01-16 KC463741 29 Uncultured Bacteroidetes 94 Cytophaga sp. BHI60-95B 90
bacterium clone Belgica2005/10 AJ431254

DQ351801

and Table 2). Clones closely related to the Epsilonproteobacterium
Sulfurimonas authotrophica were found exclusively in library
MV1 (2.5% of the library sequences), while sequences related to
Sulfurimonas paralvinellae constituted 8.8% of the MV4 library
(93% similarity).

Sequences related to the Gammaproteobacteria constituted
the second largest group in the MV4 library and were
mainly related to Pseudomonas spp. and members of the
Thioalophilus/ Thioprofundum cluster (98.5 and 91.7% aver-
age similarity, respectively) constituting 20.6% of the clones
sequenced from this library. In the library from MV],
the Gammaproteobacteria-related sequences were related to
Thioalkalivibrio denitrificans and Thiothrix eikelboomii (aver-
age similarity 90%), constituting only 6.2% of the library. The

remaining gammaproteobacterial clones were associated with
Acinetobacter sp. FR-W5Bb (98% similarity, 1.2% of the library)
and a cluster that included clones MV1.01-C9 and MV1.01-F10,
related to Thioalkalivibrio denitrificans (90% average similarity,
3.7% of the library, Figure 5 and Table 2).

Sequences related to the Flavobacteria-Bacteroides-Cytophaga
cluster were the second major group in library MV1, with
an average similarity of 90% to Cytophaga sp. BHI60-95B
(constituting 16% of the clones in the library). Sequences
related to the same species were also found in library
MV4 (5.9% of the library). Unique sequences related to the
Flavobacterium Gaetbulibacter jejuensis and Polaribacter sp. j2-11
were present at station MV1 (93 and 91% similarity, respec-
tively). Deltaproteobacteria were represented in library MV4
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by sequences related to Geothermobacter ehrlichii (87.5% sim-
ilarity, 5.8% of the clones in the library). MV1 sequences
related to the Deltaproteobacteria represented 5% of the clones
in this library and were associated to Eubacterium sp. OS
(84% similarity).

Clones related to the Ignavibacterium album (87.7% sim-
ilarity on average) were retrieved from both libraries, MV1
and MV4.

Despite the lower number of clone sequenced at station
MV4, computed Chaol diversity estimate indicated that diver-
sity at MV4 was higher than MV1 (Chaol, 63.7 22 and
28.8 £ 4.2 respectively). This can be also inferred from the slope
visible on the rarefaction curves computed for both libraries
(Figure 6).

DISCUSSION

Shallow-water hydrothermal vents are distributed worldwide and,
while understudied relative to their deep-sea counterparts, they
represent unique ecosystems where primary productivity is sup-
ported both by chemosynthesis and photosynthesis (Tarasov
et al, 2005). In this study, we investigated the abundance,
biomass, community structure and diversity of the prokaryotic
community at a shallow-water hydrothermal vent in Paleochori
Bay, Milos island, Greece (Figure 1).

Prokaryotic abundance was as high as 2.741.1 x 10%
cells g~!, with average values comparable to those reported in pre-
vious studies of the same area and other shallow-water hydrother-
mal systems, as well as at deep-sea vents (Figure2A; Sievert
et al., 1999b, 2000a,b; Nakagawa et al., 2005; Manini et al., 2008;
Williamson et al., 2008; Maugeri et al., 2009, 2010). Prokaryotic
abundance decreased with depth in the sediments at all stations,
a general trend previously reported for shallow-water marine
sediments (Molari et al., 2012). In contrast, prokaryotic abun-
dance increased toward the periphery of the vent (Figure 2A).
Prokaryotic biomass followed similar spatial patterns, with higher
values at the surface (0-1cm) and at station MV4 (Figure 2B).
A previous report of the Milos vents indicated that deeper
sediments tend to be hotter (Sievert et al., 2000b), while we
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FIGURE 6 | Rarefaction curve of the 16S rRNA gene libraries.
Rarefaction curves were computed using Rarefaction software
(http://www2 biology.ualberta.ca/jbrzusto/rarefact.php).
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observed that surface sediments along the transect became grad-
ually cooler at the periphery of the vent (Table1). Hence, it
appears that temperature and prokaryotic biomass are inversely
correlated (Figure2, Pearson moment correlation r = 0.617,
p < 0.05).

Biopolymeric organic carbon (BPC), as well as proteins,
decreased along the transect from the center (MV1) to the periph-
ery of the vent (MV4), while carbohydrates and lipids remained
fairly stable (Table 1). In contrast, phytopigments (CPE) followed
an opposite pattern, increasing along the transect from MV1 to
MV4 (Table 1). The highest concentrations of proteins and low-
est concentration of CPE were measured at station F12 (yellow
sediments, temperature 34°C; Table 1). The increasing concen-
tration of CPE as the sediment temperature decreases implies
an increase of phototrophic organisms in the lower tempera-
ture regions of the vent system, probably due by the presence
of previously described diatoms and cyanobacteria mats in the
outer rings of similar vents (Thiermann et al., 1997). This is
consistent with the general notion that photoautotrophs are
less tolerant to elevated temperatures than chemoautotrophic
or chemoheterotrophic microorganisms (Madigan et al., 2012).
These findings suggest a gradual enrichment of phototrophic
organisms along the decreasing thermal gradient. While BPC
and proteins decreased along the transect from MV1 to MV4,
prokaryotic abundance and biomass increased (Table1 and
Figures 2A,B) and no significant correlation was found among
the two parameters (Pearson moment correlation r = —0.214,
p > 0.05). Since the transect was relatively short and all sam-
pling stations were at the same depth, it is safe to assume that
the input of organic matter from the water column and lateral
advection was constant for all stations. We hypothesize that the
decreasing prokaryotic biomass in the hottest section of the vent
may lead to a decrease in carbon consumption, which is reflected
in the higher concentration of measurable proteins and BPC.
This hypothesis implies that temperature, rather than trophic
resources, mainly controls the distribution of prokaryotes in this
system.

Bacterial diversity, investigated by DGGE profiles, showed that
the main DGGE banding pattern was highly conserved, while
the highest number of unique bands was obtained from the 3—
5 and 10-15cm depth profiles at station MV1 (Figure3). In
total, 30 unique bands with distinct electrophoretic mobility were
obtained. As expected, the DGGE analysis highlights the presence
of distinct bacterial populations in surface and deeper sedi-
ments, which likely reflect different thermal and redox regimes
(Figure 3). Similar findings have been reported for a variety of
environments, including shallow-water and deep-sea hydrother-
mal vents (Moyer et al., 1995; Sievert et al., 1999b, 2000a; Manini
et al., 2008).

Previous studies of the Paleochori Bay vents based on
DGGE and fingerprinting analyses reported a population
dominated by the Cytophaga-Flavobacteria-Bacteroides clus-
ter, Gammaproteobacteria of the genus Thiomicrospira and
Epsilonproteobacteria of the genus Arcobacter (Brinkhoff et al.,
1999; Sievert et al., 1999a, 2000a). Here, we integrated finger-
printing, sequencing and phylogenetic analyses to assess the
bacterial diversity of the shallow-water vent ecosystems of Milos
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island. Our survey of the bacterial 16S rRNA gene sequences of
the surface sediments of stations MV1 and MV4 showed that
Epsilonproteobacteria were the most represented class in both
libraries. Epsilonproteobacteria are well adapted to sulfidic con-
ditions and are commonly detected in environmental surveys
of geothermal environments, as well as isolated as pure cul-
tures from deep-sea hydrothermal vents (Campbell et al., 20065
Sievert and Vetriani, 2012). In contrast, Gammaproteobacteria
constituted only 7 and 20% of the MV1 and MV4 clone
libraries, respectively. It is worth noting that the relative abun-
dance of gammaproteobacterial clones increased from the cen-
ter to the periphery of the vent (Figure4). The Epsilon- to
Gammaproteobacteria ratio decreased accordingly, from 8.8 at
station MV1 to 2.9 at station MV4. Overall, the expected diver-
sity, calculated as Chaol and rarefaction analyses (Figure6),
appeared to be higher at MV4. Sievert et al. (1999a) reached
a similar conclusion, as they found that the microbial diversity
based on DGGE profiles was higher at the periphery of the vent.
Despite this, the beta-diversity within the transect appeared to be
relatively low as cloned sequences retrieved from both MV1 and
MV4 were closely related (Figure 5).

Phylogenetic analysis showed a large number of the sequences
retrieved from both libraries were placed in the Sulfurovum
cluster, although the average similarity of the clones gener-
ated in this study to the type strain, Sulfurovum lithotrophicum,
was only 93% (Figure 5). S. lithotrophicum is a sulfur-oxidizing
Epsilonproteobacterium isolated from deep-sea hydrothermal sed-
iments of the Okinawa trough (Inagaki et al., 2004) and it
has since been identified in deep-sea vent communities world-
wide (Campbell et al., 2006; Huber et al., 2007; Tokuda et al.,
2007; Huber et al., 2010). The identification of Sulfurovum-
related clones in the Milos vents extended the distribution of
this group of Epsilonproteobacteria to shallow-water hydrother-
mal systems. Currently, all the cultured Epsilonproteobacteria iso-
lated from geothermal environments are chemolithoauthotrophs,
although some of these bacteria have the ability to use one-carbon
compounds (and in some rare cases complex organic carbon
compounds; Campbell et al., 2006; Sievert and Vetriani, 2012).
Given the phylogenetic distance between the Epsilonproteobacteria
identified in this study and both cultured and uncultured
relatives, it is possible that the shallow-water hydrothermal
vents of Milos harbor members of the Epsilonproteobacteria
with novel metabolic characteristics. One interesting hypoth-
esis is that such Epsilonproteobacteria might be mixotrophic
or facultatively heterotrophic. Herrmann et al. (2010) and
Hubert et al. (2012) formulated similar hypotheses after detect-
ing Epsilonproteobacteria in a benzene-degrading enrichment
culture and in discharge waters collected from an oil sands
reservoir, respectively. An effort to use alternative strategies
to culture and isolate key members of the epsiloproteobac-
terial community is needed to understand their physiology
and metabolism, and ultimately elucidate their role in these
ecosystems.

A large number of the sequences retrieved in this study have
low similarity to currently cultured bacterial strains (on aver-
age 90.1% similarity), while only four sequences (two for each

Bacterial diversity in Milos shallow-water vent

library, 12.5% of the total investigated sequences) had similar-
ities over 97%, a value considered as cut-off for closely related
species/strains (Rossello-Mora and Amann, 2001). The non-
redundant database indicated that the closest relatives to the
Milos sequences were clones retrieved in the course of microbial
diversity surveys of deep-sea hydrothermal vents (Lopez-Garcia
et al., 2003; Nakagawa et al., 2005; Hiigler et al., 2010), cold-
seeps (Wegener et al., 2008) and seamounts (Hodges and Olson,
2009). However, the average similarity with those sequences was
rather low (93.6 and 96.7% for MV1 and MV4, respectively). This
was particularly true for station MV1, where the average simi-
larity between cultured and uncultured relatives was comparable
(Table 2). This suggests that the Milos shallow-water hydrother-
mal vents harbor previously undiscovered taxa, and raises ques-
tions about the physiology and metabolism of the Bacteria at this
site. Aside from temperature, the quantity and quality of organic
matter found at the Milos vent (Table 1) are likely a key factor
in selecting for heterotrophic or facultative heterotrophic bacte-
ria. This observation is supported by the abundance of members
of the Cytophaga-Flavobacteria-Bacteroides (CFB) cluster in the
libraries (Figure 4). Since all cultured members of the CFB are
heterotrophs, it is reasonable to speculate that the Milos CFB have
a similar metabolism.

None of the 16S rRNA gene sequences identified in this
study were related to the newly described genus Galenea, iso-
lated from the same sediment samples (Giovannelli et al., 2012).
In contrast to previous studies, none of the gammaproteobac-
terial 16S rRNA gene sequences were related to the genus
Thiomicrospira, and none of the epsilonproteobacterial sequences
were related to the genus Arcobacter, both of which were pre-
viously reported to be abundant in the Milos vents (Brinkhoff
etal.,, 1999; Sievert et al., 1999b, 2000a). This suggests that spatial
and/or temporal differences in the composition of the microbial
communities of these vents could be enormous. Shallow-water
hydrothermal vents are characterized by fluctuating conditions
with elevated temporal and spatial variability of oxygen, salin-
ity, composition of fluids, and venting regimes (Wenzhofer et al.,
2000), and they are furthermore affected by weather condi-
tions, swell, tides and currents. Such variability creates micro-
niches and high spatial and temporal heterogeneity, possibly
leading to an increase of the overall community variability and
gamma-diversity.

In conclusion, we showed that prokaryotic abundances at
the shallow-water vents of Milos island are comparable to
those reported in other shallow-water and deep-sea hydrother-
mal systems. Temperature appears to be the main driving
factor in controlling prokaryotic distribution in proximity
of the vent and photoautotrophy seems to increase in the
lower temperature regions of the vent system. For the first
time, Sulfurovum-related sequences were found in shallow-water
hydrothermal sediments, which underscores their possible rel-
evance in the microbial communities of both shallow-water
and deep-sea hydrothermal vents. The Milos shallow-water
hydrothermal vent investigated in this study harbors previously
undescribed and unexpected diversity, as most of the sequences
retrieved had a very low similarity to previously reported ones.
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This may be due to the abundance of organic matter in
these systems, which may support Epsilonproteobacteria with
novel metabolic characteristics. Further attempts to isolate key
species in those ecosystems will be important to shed light
on their ecology and evolution and to better understand these

environments.
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The Marinobacter genus comprises widespread marine bacteria, found in localities as
diverse as the deep ocean, coastal seawater and sediment, hydrothermal settings, oceanic
basalt, sea-ice, sand, solar salterns, and oil fields. Terrestrial sources include saline soil
and wine-barrel-decalcification wastewater. The genus was designated in 1992 for the
Gram-negative, hydrocarbon-degrading bacterium Marinobacter hydrocarbonoclasticus.
Since then, a further 31 type strains have been designated. Nonetheless, the metabolic
range of many Marinobacter species remains largely unexplored. Most species have
been classified as aerobic heterotrophs, and assessed for limited anaerobic pathways
(fermentation or nitrate reduction), whereas studies of low-temperature hydrothermal
sediments, basalt at oceanic spreading centers, and phytoplankton have identified species
that possess a respiratory repertoire with significant biogeochemical implications. Notable
physiological traits include nitrate-dependent Fe(ll)-oxidation, arsenic and fumarate
redox cycling, and Mn(ll) oxidation. There is also evidence for Fe(lll) reduction, and
metal(loid) detoxification. Considering the ubiquity and metabolic capabilities of the
genus, Marinobacter species may perform an important and underestimated role in the
biogeochemical cycling of organics and metals in varied marine habitats, and spanning
aerobic-to-anoxic redox gradients.

Keywords: Marinobacter, marine, hydrothermal, biogeochemical cycling, hydrocarbon, iron, arsenic, opportunistic

INTRODUCTION

Marine habitats are host to a diverse range of substrates
and physicochemical regimes. Among these, hydrothermal fea-
tures attract particular interest owing to ore-grade concentra-
tions of metals, physicochemical extremes, and the presence of
chemolithoautotrophic macrofauna and microbiota. Bacteria and
Archaea occupying marine habitats have a substantial physical
presence. There are an estimated 3.9 x 10°° prokaryotic cells in
the open ocean and unconsolidated marine sediments, compris-
ing ~3.1 X 10" tonnes of carbon (Whitman et al., 1998). This
is slightly more than the estimated carbon content of terres-
trial prokaryotes, and just under half of that in all plant life.
Prokaryotes can contribute significantly to marine ecosystem
functioning and biogeochemical cycles (Jorgensen, 2006), owing
to their prevalence and enormous capacity for transforming their
environments through metabolism of organic and inorganic mat-
ter (Gadd, 2010). Yet much of the marine microbial biomass
remains unexplored, and there is still much to learn about het-
erotrophic and autotrophic bacterial functioning in the ocean
(e.g., Moran et al., 2004; Emerson et al., 2010; Holden et al., 2012).

Marinobacter is a heterotrophic, and in some instances
mixotrophic (Dhillon et al., 2005; Handley et al., 2009a,b),
metabolically flexible genus found in an exceptionally wide
range of marine and saline terrestrial settings, including various

low-temperature hydrothermal environments (Table1). The
genus comprises Gram-negative Gammaproteobacteria within the
Alteromonadales order. All known species are motile with polar
flagella (excluding M. goseongensis, Roh et al., 2008), slightly
to moderately halophilic (cf. DasSarma and Arora, 2012), aer-
obic heterotrophs (Table 2). However, few are confirmed strict
aerobes, and several are facultative anaerobes (Table 1). All are
rod-shaped, with the exception of the ellipsoidal M. Segnicrescens
(Guo et al., 2007), and most are neutrophilic, except the slightly
alkaliphilic M. alkaliphilus, which grows optimally at pH 8.5-9.0
(Takai et al., 2005; also see Al-Awadhi et al., 2007; Table2).
Although most species are mesophilic, many are psychrotoler-
ant (also known as psychrotrophic) and capable of growth down
to ~4°C (Table 2; Moyer and Morita, 2007). A couple of other
species are either psychrophilic (with a growth optimum near
15°C) or thermotolerant (with growth up to 50°C and an opti-
mum of 45°C). This phenotypic versatility contributes to the
ubiquity of this genus, and its ability to occupy diverse physic-
ochemical regimes.

MARINOBACTER HYDROCARBONOCLASTICUS,
DENITRIFICATION AND HYDROCARBONS

The genus was created for M. hydrocarbonoclasticus, which was
isolated from hydrocarbon-polluted sediment, collected from the
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Ubiquity and metabolism of Marinobacter

Table 1 | Marinobacter species metabolism and isolation source.

Marinobacter species HC CHP NO; Glucferm AA Anaer Env Isolation source

hydrocarbonoclasticus'? Y N resp N Y Y - Oil-polluted sediment; Gulf of Fos; Mediterranean
coast; France

aquaeolei? Y N resp N Y Y - Oil-producing well-head; offshore platform; Vietnam

excellens®-2 - Y resp Y Y Y 12°C Radionuclide-polluted sediment; 0.5 m depth;
Chazhma Bay; Sea of Japan; Russia

lipolyticus™2 - Y N - N st-aer - Saline soil; seaside city of Cadiz; Spain

squa/enivorans5 Y - resp N Y Y - Qil-contaminated coastal sediment; Carteau Cove;
Gulf of Fos; France

lutaoensis®2 - Y N N Y st-aer 43°C Coastal hot spring water; Lutao; Taiwan

litoralis’-@ - - Y N N N - Sea water; Jungdongjin beach; East Sea; Korea

flavimaris82@ - Y Y - N Y - Sea water; Daepo Beach; Yellow Sea; Korea

daepoensis&a - - N - N Y - Sea water; Daepo Beach; Yellow Sea; Korea

bryozoorqu*a - Y Y - Y Y - Sediment; Bearing Sea; Russia

sediminum®2 - Y - - Y - - Sediment; Peter the Great Bay; Sea of Japan; Russia

maritimus'%-2 Y Y - - Y - - Sea water; 110 km SW of subantarctic Kerguelen
islands

alkaliphilus™ Y Y Y - Y Y 1.7-1.9°C Subseafloor alkaline serpentine mud; South
Chamorro Seamount; Mariana Forearc

algicola'2-2 Y Y resp - Y Y - Dinoflagellate Gymnodinium catenatum; Yellow Sea;
Korea

koreensis'3-@ - N Y N Y Y - Sea-shore sand at Homi Cape; Pohang; Korea

vinifirmus'4-2 - N N N N st-aer - Wine tank decalcification wastewaterevaporation
pond. Location?

salsuginis'®2 Y Y resp Y Y Y - Brine-seawater interface; Shaban Deep (a brine-filled
deep); Red Sea

gudaonensis'®17- Y Y Y - Y Y - Oil-polluted soil underlying wastewater from the
coastal Shengli Oil field; China

segnicrescens'’-2 N Y Y - N Y - Benthic sediment; 1161 m depth; South China Sea

salicampi'8-2 - N Y - - Y - Sediment; marine solar saltern; Yellow Sea; Korea

pelagius19=a - N Y - Y - - Coastal seawater; Zhoushan Archipelago; China

guineae®®-2 - Y resp N - Y - Marine sediment; Deception Island; Antarctica

psychrophilus®'-2 - Y Y - Y - Freezing Sea-ice; Canadian Basin; Arctic Ocean

mobilis; zhejiangensis?2-2 N Y - Y - - Sediment; Dayu Bay; East China Sea (Lat. 27.33,
Long. 120.57)

goseongensis?3-2 - N - - N - - Coastal seawater; 100 m depth; East Sea of Korea

santoriniensis®*2 G N resp N - Y 25°C Ferruginous hydrothermal marine sediment;
Santorini; Greece

szutsaonensis?5:@ - Y Y - Y - 16-17°C Soil; Szutsao solar saltern; southern Taiwan

lacisalsi?6-2 - N Y - N - - Water; hypersaline lake; ~50 km inland;
saline-wetland; Fuente de Piedra; Spain

zhanj/angenSI'527=al - Y Y - N - - Sea water; tidal flat, Naozhou Island; South China Sea

oulmenensis?8- - Y N N Y - - Brine; salt concentrator (input material?); ~60km
inland; Ain Oulmene; Algeria.

daq/aonensiszgva - Y N N - - - Sediment; Dagiao salt pond; Yellow Sea; east coast
of China

adhaerens39-2 - Y N - Y - - Thalassiosira weissflogii diatom aggregates; Wadden
sea surface; Germany

antarcticus®'-2 - Y Y - Y - - Intertidal sandy sediment; Larsemann Hills;

Antarctica

(Continued)
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Table 1| Continued

Marinobacter species HC CHP NO; Glucferm AA Anaer Env Isolation source

xestospongiae’%-2 - Y Y Y Y - - Coastal marine sponge; 8 m depth; Obhor Sharm;
Red Sea; Saudi Arabia

Terrestrial strain MB33 - - - - - Y - Cyanobacterial mat; saline lake; near the Red Sea

manganoxydans* G - - - - - - Heavy metal-rich sediment; hydrothermal vent; Indian
Ocean (Lat. 25.32, Long. 70.04)

Marinobacterike isolates3®¢ - N - - - Y ~4°C Weathering metal sulfide rock and sediment; Main
Endeavour/Middle Valley; JdAFR

Marinobacterike clones36:d - - - - - - >4°C Metal sulfides rock and sediment; Main
Endeavour/Middle Valley; JdAFR

Marinobacter clones3’-¢ - - - - - - 4°C Relict 50 ka metal sulfide sediment; Alvin mound;
TAG; Mid-Atlantic Ridge

Marinobacter isolates®8:f - - - - - - ~2°C Lateral hydrothermal plumes; Mothra vent field and

Marinobacter env/enrich39-9 - - - - - -

Axial Seamount; JAFR

—0.4-—0.8°C  Fresh basalt; Arctic oceanic spreading ridges;

Norwegian-Greenland Sea

@ Validly published species names as of April 2013.

bCarbohydrates used by species are glucose, glycerol, fructose, maltose, mannitol, sucrose, cellobiose, galactose, dextrin, sorbital, trehalose, xylose, ribose,

sorbose, erythritol, inositol, dulcitol, arabinose, and N-acetyl-D-glucosamine.

7987-94%, 89-97 %, 96-99%, 99%, 96-98% 16S rRNA gene sequence similarity to Marinobacter species, respectively.

Abbreviations: HC, hydrocarbon utilization; CH, carbohydrate utilization; NO3 , nitrate reduction, gluc ferm, glucose fermentation; AA, amino acid metabolism; Env,
environment,; Y, yes; N, no; —, unknown, G, genomic evidence, resp, respiratory; st-aer, strict aerobe; env/enrich, environmental/enrichment; JdFR, Juan de Fuca
Ridge; TAG, Trans-Atlantic Geotransverse hydrothermal field.

-39 References: ! Gauthier et al., 1992; 2Huu et al., 1999 and Mérquez and Ventosa, 2005; 3Gorshkova et al., 2003; *Martin et al., 2003; ® Rontani et al., 2003; Shieh
et al, 2003 and Validation List no. 94., 2003; 7 Yoon et al., 2003; 8Yoon et al., 2004; Romanenko et al., 2005; 'Shivaji et al., 2005; "' Takai et al., 2005; '?Green
et al., 2006; 3Kim et al., 2006; '*Liebgott et al., 2006; " Antunes et al., 2007; 6Gu et al., 2007; "7 Guo et al., 2007; '8 Yoon et al., 2007; ¥Xu et al., 2008; 29Montes
et al., 2008; 2" Zhang et al., 2008; 22 Huo et al., 2008; 23Roh et al., 2008; ?*Handley et al., 2009a, 2010; 2°Wang et al., 2007, 2009; 26 Aguilera et al., 2009; 27 Zhuang
et al., 2009 and Validation List no. 148., 2012; 26Kharroub et al., 2011; 2°Qu et al., 2011; 3%Kaeppel et al., 2012; 3" Liu et al., 2012; 32 Lee et al., 2012; 33Sigalevich et al.,

2000; 3*Wang et al., 2012; 35 Edwards et al., 2003; 36 Rogers et al., 2003; 37 Miller et al., 2010; 3Kaye and Baross, 2000; 3°Lysnes et al., 2004.

mouth of an oil refinery outlet along the French Mediterranean
coast (Gauthier et al., 1992), and includes the later heterotypic
synonym, M. aquaeolei (Huu et al., 1999; Mdrquez and Ventosa,
2005). The species has an obligate requirement for sodium. It
grows readily on complex organic media containing yeast extract
and peptone, and aerobically on a range of organic acids (acetate,
butyrate, caproate, fumarate, adipate, lactate, citrate), and the
amino acids L-glutamate, L-glutamine, and L-proline. Under
anaerobic conditions M. hydrocarbonoclasticus can perform den-
itrification using a membrane-bound respiratory NarGHI com-
plex to reduce nitrate (Correia et al., 2008). The nitrite formed is
reduced to N via nitrite reductase cytochrome cd1 (Besson et al.,
1995), nitric oxide reductase NorBC (EMBL-EBI ABM20188.1,
ABM20189.1), and nitrous oxide reductase (Prudéncio et al.,
2000). M. hydrocarbonoclasticus is most notable, however, for its
ability to aerobically degrade liquid and solid, aliphatic (pristane,
heneicosane, eicosane, hexadecane, tetradecane) and aromatic
(phenanthrene, phenyldecane) hydrocarbons. It uses each hydro-
carbon as a sole energy source, and produces large quantities of
bioemulsifier. Bioemulsifiers (biosurfactants), are thought to aid
in bacterial adhesion to hydrophobic surfaces, water-immiscible
material breakdown, and competitor inhibition, and are
attracting increasing interest for various industrial applications

(Banat et al., 2000; Nerurkar et al., 2009; Williams, 2009; Soberén-
Chévez and Maier, 2011).

Of the 34 species named since the genus was cre-
ated, several exhibit hydrocarbonoclastic activity, while others
remain untested (Table 1). Additional hydrocarbons utilized by
Marinobacter species include squalene, which is metabolized
under denitrifying conditions (Rontani et al., 2003), polycyclic
aromatic hydrocarbons (PAHs) (Cui et al., 2008), hexane, hep-
tane, petroleum ether (Shivaji et al., 2005; Antunes et al., 2007),
n-pentadecane, n-tridecane, n-undecane, n-decane, n-nonane,
butane, and kerosene (Takai et al., 2005).

This hydrocarbonoclastic capacity in Marinobacter has
attracted attention owing to the potential for these bacteria to
remediate crude oil contamination in environments as diverse
as the Arabian Gulf (Al-Awadhi et al., 2007) and Artic sea
ice (Gerdes et al., 2005). Nitrate reduction by Marinobacter
species has also been exploited for potential use in oilfield main-
tenance. Dunsmore et al. (2006) showed reduction of added
nitrate prevented deleterious growth of sulfate-reducing bacte-
ria in produced water from a North Sea oilfield oil reservoir,
controlling microbial souring reactions. The beneficial reduc-
tion of nitrate was largely attributed to indigenous Marinobacter
species.
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Table 2 | Marinobacter species attributes.

Marinobacter species Halophilic Optimum Salinity Mesophilic Optimum Temp Optimum Major resp. G + C (%)® Motility
salinity  range temp (°C) range pH quinone mechanismP
(%) (%) (°C) (ubiquinone)
hydrocarbonoclasticus'-2  s-mod 3-6 0520 Y 32 10-45  70-75 Q9 (562.7) 573  Polar flagellum®
aquaeolei? slighlty 0-20 Y 30 13-50 - Q9 55.7 Polar flagellum
excellens® - - 1-15 Y 28 10-41 75 Q9 56 Polarly flagellated
lipolyticus® mod 75 1-15 Y 37 15-40 75 57 -
squalenivorans® - - >0 Y 32 - - 54.3 Polar flagellum
lutaoensis® slighlty 3-5 0.5-12  therm 45 25-560 70 Q8 63.5 One-several flagella
litoralis’ s-mod 2-7 0.5-18  psyt 30-37 4-46 70-8.5 Q9 55 Polar flagellum
flavimaris® s-mod 2-6 >0-20 psyt 37 <4-45  70-8.0 Q9 58 Polar flagellum
daepoensis® s-mod 2-6 >0-18  psyt 30-37 >4-45  70-8.0 Q9 57 Polar flagellum
bryozoorum® - - 1.0-18 Y - 7-42 - 59.6 -
sediminum® - - 0.5-18  psyt - 4-42 - 56.5 -
maritimus'® slighlty 4 1-13 psyt 22 4-37 8.5 Q9 58 -
alkaliphilus™ slighlty 25-35  0-21 Y 30-35 10-45 85-90 - 575 Polar flagellum
algicola'? s-mod 3-6 1.0-12  psyt 25-30 5-40 75 Q9 54-55 Polar flagellum?®
koreensis'3 s-mod 3-8 0.5-20 Y 28 10-45 6.0-8.0 Q9 54.1 Polar flagellum
vinifirmus'* s-mod 3-6 0-20 Y 20-30 15-45 6.5-84 - 58.7 -
salsuginis'® slighlty 5 1-20 Y 35-37 10-45  75-8.0 Q9 55.9 Polar flagellum
gudaonensis'® slighlty 2.0-3.0 0-15 Y - 10-45  75-8.0 Q9 579 Polar flagellum
segnicrescens'’ s-mod 4-8 1-15 Y 30-37 15-45  75-8.0 Q9 62.2 Polar flagellum
salicampi'® s-mod 8 >0-15  psyt 30 4-39 70-8.0 Q9 58.1 Polar flagellum
pelagius'® slighlty 5.0 0.5-15  psyt 35-30 4-48 7.0-8.0 - 59.0 -
guineae®® - - 1-15 psyt - 4-42 - Q9 571 Polar flagella
psychrophilus?’ - - 2-8 psyph 16-18 0-22 6.0-9.0 Q9 55.4 -
mobilis?2 slighlty 3.0-5.0 0.5-10.0 Y 30-35 15-42 70-75 - 58.0-58.9 Polar flagellum
zhejiangensis? slighlty 1.0-3.0  05-10.0 Y 30-35 15-42  70-75 - 58.4 Polar flagellum
goseongensis?® slighlty 4-5 1-25 Y 25-30 10-37 75 - - -
santoriniensis?* mod 5-10 05-16 Y 35-40 15-45  7-8 Q9 58.1 Polar flagellum
szutsaonensis®® slighlty 5 0-20 Y 35-40 10-50  75-8.0 Q9 56.5 Polar flagellum
lacisalsi?® mod 75 3-15 Y 30-35 20-40 70 - 58.6 Polar flagellum
zhanjiangensis?’ slighlty 2-4 1-15 psyt 25-30 4-35 75 Q9 60.6 Polar flagellum
oulmenensis®® mod 5-75 1-15 Y 37-40 30-47 6.5-70 Q9 574 -
dagiaonensis®® mod 5-10 1-15 Y 30 10-45 75 Q9 60.8 Polar flagellum
adhaerens®° s-mod 2-6 05-20 Y 34-38 4-45 70-85 Q9 56.9 Polar flagellum
antarcticus®' slighlty 3.0-40 0-25 psyt 25 4-35 7.0 - 55.8 Polar flagellum
xestospongiae®? slighlty 2.0 0560 Y 28-36 15-42  70-8.0 Q9 571 Polar flagellum

aGC contents range from 54.0-63.5% (average, 576%), using the Marquez and Ventosa (2005) value for hydrocarbonoclasticus.

bAll species are motile, excluding M. goseongensis. M. lutaoensis also has bipolar pili. The number of flagella on M. guineae cells is unknown.

¢Unsheathed flagellum.

Abbreviations: Haloph, halophile; Mesoph, mesophile; temp, temperature; resp, respiratory, Y, yes; N, no, — unknown, s-mod, slightly-moderately; psyt,

psychrotolerant,; psyph, psychrophile; therm, thermotolerant.
=52 References: refer to Table 1.

EXPANDED FUNCTIONAL TRAITS OF THE GENUS

Following the characterization of M. hydrocarbonoclasticus, the
functional range of the genus has been further expanded to
include (non-exhaustively) fermentation; the ability to respire
at least 19 different carbohydrates (Table 1) and several extra
amino (e.g., L-alanine, D-glutamate, L-phenylalanine; Antunes
et al., 2007 and Green et al., 2006) and organic acids [e.g., mal-
onate, formate, pyruvate, alpha-ketoglutarate; Kim et al. (2006)
and Kharroub et al. (2011)]; degradation of the isoprenoid
ketone 6,10,14-trimethylpentadecan-2-one (Rontani et al., 1997);

growth on ethanol (Gu et al., 2007; Huo et al., 2008), phenol
(Liebgott et al., 2006), and various Tweens (e.g., Takai et al., 2005;
Green et al., 2006) following enzymatic evidence in M. hydro-
carbonoclasticus; utilization of fumarate as an electron acceptor
(Takaietal., 2005; Handley et al., 2009a); and oxidation/reduction
of arsenic, iron or manganese (Handley et al., 2009a,b; Wang
etal., 2012).

As for M. hydrocarbonoclasticus, all subsequently described
species are able to grow aerobically on complex organic matter,
and oxidize organic acids. Many, but not all are enzymatically able
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to reduce nitrate (Table 1). Lack of fermentation by M. hydrocar-
bonoclasticus was initially proposed as a distinctive feature of the
genus; however, a number of subsequently isolated type strains
exhibit both fermentative and respiratory metabolisms, owing
to their ability to ferment glucose (Table 1), lactate (Handley
et al., 2009a) and other substrates (Lee et al., 2012). Evaluation
of recently available genome sequences also suggests certain
Marinobacter species may exhibit enzymatic resistance to arsenic
and heavy metals (e.g., Wang et al., 2012).

BIOGEOGRAPHY AND PHYLOGENY

Marinobacter colonize diverse saline habitats, e.g., sea ice and
hydrothermal sediments, facilitated by psychrophilic to thermo-
tolerant physiologies, and an ability to metabolize an array of
(in)organic compounds under aerobic or anaerobic conditions.
However, evaluation of phylogenetic trees, constructed using 16S
rRNA gene sequences, suggest the genus is monophyletic, forming
asingle clade distinct from other closely related epsilonproteobac-
terial lineages (Figure 1).

Despite the physiological versatility of the genus, and the abil-
ity of some strains to grow (non-optimally) without salt (e.g.,
Huu et al., 1999; Sigalevich et al., 2000; Liebgott et al., 2006),
Marinobacter appear to be geographically restricted to marine
or terrestrial environments rich in sodium salts. This obser-
vation is consistent with the hypothesis that microorganisms
exhibit non-random biogeographical differentiation and distri-
bution, due in part to environmental selection (Martiny et al.,
2006).

In marine environments, dispersal does not appear to be
a limiting factor for Marinobacter. Strains have been isolated
from, and phylogenetically detected in, oceans (Pacific, Atlantic,
Indian, Arctic, and Antarctic) and seas, spanning the globe from
pole to equator (Table 1; Kaye et al., 2011). They display both
attached and planktonic lifestyles, and the distribution of the
genus extends from deep-ocean (hydrothermal) benthic sediment
and exposed basalt to surface water, or coastal (hydrothermal)
sediment, hot spring water and sand (Table 1; Figure 1).

In many instances, terrestrial isolation sources can be clearly
linked to the ocean (e.g., coastal solar salterns and hot springs,
and polluted soil from a coastal oil field; Table 1). Isolation of
species from terrestrial sources, up to 50—-60 km inland, implies a
greater degree of terrestrial dispersal (Table 1; Figure 1 and Table
S2 in Kaye et al., 2011). However, there is insufficient informa-
tion regarding the nature of terrestrial isolation sources, and too
few isolate and phylogenetic data, to judge how well-dispersed
this genus is on land, or whether terrestrial sources are strictly
independent from marine influences.

LIFESYTLES

In many respects Marinobacter species are generalists like
their marine and terrestrial Alteromonadales cousins in the
Shewanella genus. Shewanella species are respiratory generalists
(e.g., Heidelberg et al., 2002), and at least one species (S. baltica)
has been described as “very close to the ultimate [marine]
r-strategist,” starkly contrasting with genomically streamlined
K-strategist (or oligotrophic) marine bacteria like Prochlorococcus
(Caro-Quintero et al., 2011). In the presence of surplus organic

carbon, Marinobacter can grow rapidly, out-competing other
bacteria in enrichment cultures (e.g., Handley et al., 2010). This
r-strategist (or copiotrophic) behavior renders them weed-like
and relatively easy to cultivate, even compared with other het-
erotrophic marine bacteria (Kaye and Baross, 2000). Marinobacter
can also excel under aerobic-to-anaerobic conditions with no
added substrate, while in the presence of Fe(II) (Edwards et al.,
2003; Handley et al., 2013a).

This type of lifestyle exhibited by Marinobacter strains has
been described as opportunistic or “opportunitrophic” (Singer
etal., 2011), following the definition given by Moran et al. (2004)
in describing the ability of the marine bacterium Silicibacter
pomeroyi to switch rapid between lithoheterotrophy to heterotro-
phy in response to nutrient pulses. Use of “~-troph” in this context
describes the mode of obtaining nourishment (as for the term
“psychrotroph”) rather than the source of the nourishment (as in
“organotroph”), and as such may be considered a misnomer. The
term was applied in order to differentiate between types of fast
growing and nominally r-strategist bacteria, specifically between
specialists (e.g., Geobacter, Mahadevan and Lovley, 2008), and
generalists like Marinobacter, Shewanella, Pseudomonas, Vibrio
and Roseobacter (Singer et al., 2011)—with the latter two gen-
era already having been deemed opportunistic based on their
versatile lifestyles (“opportunitrophs”; Polz et al., 2006). Singer
et al. (2011) also identified other potential commonalities shared
among the genomes of opportunistic bacteria and M. aquae-
olei VT8, including a large genomic toolkit for responding to
environmental stimuli and for defense (cf. Polz et al., 2006).

There are few phylogenetic studies of the environments from
which Marinobacter species have been isolated that evaluate their
in situ relative abundance. Nevertheless, the studies that have
been published show two different scenarios for Marinobacter.
Strains may be characterized as r-strategists or opportunistic
(Polz et al., 2006; Singer et al., 2011), and dominate communities
sporadically when stimulated by high nutrient loads, encoun-
tered, for example, in marine aggregates or enrichment cultures
(Balzano et al., 2009; Handley et al., 2010). In contrast, rela-
tively high in situ abundances of Marinobacter (Miiller et al.,
2010) and uncultured organisms closely related to Marinobacter
(Rogers et al., 2003; Edwards et al., 2004) have been observed
in some hydrothermal systems, implying these organisms may
play an important and sustained role in post-depositional mineral
alteration.

HYDROTHERMAL SETTINGS

Marine hydrothermal systems are dispersed throughout the
world’s oceans (Martin et al., 2008), and support abundant
psychrophilic-to-mesophilic life even in close proximity to high-
temperature venting (Reysenbach and Cady, 2001; Edwards et al.,
2003). A number of studies suggest Marinobacter may be signifi-
cant in ‘low-temperature’ hydrothermal systems, defined by low-
temperature hydrothermalism (e.g., ~8 to ~40°C, McCollom
and Shock, 1997) or ambient seawater temperatures (e.g., ~2° in
the deep ocean). This is due to their documented association with
several different hydrothermal features (Table 1), and to their
ability to heterotrophically or mixotrophically respire inorganic
compounds abundant in hydrothermal systems.
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FIGURE 1 | 16S rRNA gene phylogenetic maximum-likelihood tree
comparing Marinobacter species and their nearest neighbors within the
epsilonproteobacterial orders, Alteromonadales, Pseudomonadales, and
Oceanospirillales. The tree indicates the genus is monophyletic, despite the
three orders being non-monophyletic (Williams et al., 2010). The same result
was obtained using the neighborJoining method. Trees were constructed

et al., 1994), and 1000 bootstrap replicates. Bootstrap values >50 are shown.
Sequences used were >1350 bp long. Marinobacter isolates are in dark font
with type species bolded, and closely related Gammaproteobacteria are in
pale font. GenBank accession numbers are given in parentheses. The
symbols indicate Marinobacter isolate sources.
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A common hydrothermal feature found at plate boundaries,
and with which Marinobacter or near-relatives have been asso-
ciated (Edwards et al., 2003; Rogers et al., 2003; Miiller et al.,
2010), are massive sulfides, which comprise an estimated 6 x 108
tonnes of material globally (Hannington et al., 2011), and adjunct
metalliferous sediments. While much of the material for massive
sulfides originates from high-temperature hydrothermal fluids
(>350°C) emanating from black smoker chimneys (Hannington
et al.,, 2011), particulates distributed locally by plumes and talus
from mound and chimney collapse can equilibrate with ambi-
ent temperatures (Edwards et al., 2003), or entire mounds can be
inactive (Miiller et al., 2010). Adjacent to massive sulfide deposits
are low-temperature iron- and manganese-rich metalliferous sed-
iments, derived from distal plume fallout with contributions from
mound mass wasting (Jannasch and Mottl, 1985; Mills et al.,
1993; Hannington et al., 1998)—possibly of the type from which
M. manganoxydans was isolated (Wang et al., 2012).

Deposits consisting of iron oxyhydroxides, nontronite (a ferric
iron-rich clay) and iron-manganese crusts can form indepen-
dently at plate boundaries or at places of intra-plate volcan-
ism (e.g., Alt, 1988; Karl et al., 1988; Boyd and Scott, 2001;
Kennedy et al., 2004; Edwards et al., 2011). They form from dif-
fuse low-temperature venting (Karl et al., 1988; Edwards et al,,
2011), and can span areas >100 m? (Boyd and Scott, 2001).
Similar deposits exist in shallow marine settings, such as the fer-
ruginous arsenic-rich sediments found in Papua New Guinea
and Santorini (Smith and Cronan, 1983; Pichler and Veizer,
1999). M. santoriniensis was isolated from the Santorini sediment
(Handley et al., 2009a).

Further examples of low-temperature hydrothermal habitats,
with which Marinobacter or near relatives are associated, include
those created by sharp temperature gradients that form across
high-temperature chimney walls (Rogers et al., 2003), or buoy-
ant plumes (Kaye and Baross, 2000) that rise 200-300 m up from
these vents and spread laterally (German et al., 1991). Exposed,
iron-rich basalt, delivered by oceanic spreading centers, provides
another environment associated with many deep-sea hydrother-
mal systems (Lysnes et al., 2004), whereas M. alkaliphilus was
isolated from alkaline serpentine mud (Takai et al., 2005) from
a setting peculiar to mud volcanoes on the non-accretionary
Mariana forearc (Fryer et al., 1999).

FUNCTION, BIOGEOCHEMISTRY AND HYDROTHERMAL
SYSTEMS

The  various low-temperature  hydrothermal  settings
Marinobacter(-like) species inhabit are rich in metals/metalloids,
such as iron, manganese, arsenic, copper and zinc (Smith and
Cronan, 1983; Hannington et al., 1998) that certain Marinobacter
strains can transform enzymatically. Moreover, oxygen gradients
established in these sediments may be exploited by Marinobacter
species able to grow heterotrophically under anaerobic/aerobic
conditions and mixotrophically under aerobic conditions.
Among the functions Marinobacter may perform in
these environments is ferrous iron oxidation. The poten-
tial for Marinobacter Fe(Il) oxidation was first suggested by
Edwards et al. (2003) after isolating iron-oxidizing bacteria,
phylogenetically resembling M. aquaeolei, from low-temperature

hydrothermal metal sulfides. The isolates were able to grow
chemoautotrophically on pyrite, basalt glass and siderite under
micro-aerobic conditions. This promoted subsequent study of
M. aquaeolei, including genome sequencing, and identification
of its ability to anaerobically oxidize Fe(Il) under mixotrophic
conditions (Dhillon et al., 2005; Edwards et al., 2006; Singer et al.,
2011). Subsequently, M. santoriniensis, which was isolated from
iron-rich hydrothermal sediment, was also shown to perform
nitrate-dependent Fe(II) oxidation when supplemented with a
small amount of organic carbon (Handley et al., 2009a).

Interestingly, M. santoriniensis was isolated from sediment
rife with stalk-like cells and bacteria phylogenetically resembling
iron-oxidizing Zetaproteobacteria (Handley et al., 2010). Other
Marinobacter (or near relatives) were also cultivated from envi-
ronments containing stalks (Edwards et al., 2003; Lysnes et al.,
2004) that speculatively belong to this increasingly character-
istic phylum of marine iron-oxidizers—the Zetaproteobacteria
(Emerson et al., 2007, 2010; Edwards et al., 2011).

As Marinobacter are reputedly more versatile than
Mariprofundus ferrooxydans strains (the sole representatives
of the Zetaproteobacteria) it is possible they perform other func-
tions in these environments instead of, or in addition to, Fe(II)
oxidation. For instance, Marinobacter and Marinobacter-like
isolates have been implicated in Fe(III) reduction, but only
in complex or simple co-cultures with other bacteria (Lysnes
et al., 2004; Balzano et al., 2009; Handley et al., 2010). This
metabolic trait remains to be demonstrated in definitively
anexic cultures. M. santoriniensis has the genetic potential
to reductively detoxify arsenate and mercury using proteins
encoded by an Escherichia coli-like arsC and merRTA genes
(Handley et al., 2013c), in addition to being able to conserve
energy for growth via arsenate [As(V)] respiration using an
unidentified mechanism, and mixotrophically oxidize arsenite
[As(III)] using the aro gene cluster—making it one of a handful
of bacteria currently known to completely redox-cycle arsenic
(Handley et al., 2009b). This is particularly relevant given that
the bacterium was isolated from sediment containing ~400 ppm
of arsenic.

It remains to be explored whether other Marinobacter species
share this ability to respire arsenic. However, there is cursory
evidence for non-respiratory arsenate reductase (plus/minus
putative respiratory arsenite oxidase) genes in several publically
available Marinobacter genomes (namely, M. hydrocarbono-
clasticus ATCC49840, GenBank FO203363.1, Grimaud et al,
2012; M. aquaeolei VT8, GenBank CP000514.1, Singer et al.,
2011; M. adhaerens HP15, GenBank CP001978.1, Girdes
et al., 2010; M. algicola DG893, GenBank ABCP00000000.1;
Marinobacter spp. BSs20148 and ELB17, GenBank CP003735.1
and AAXY00000000.1). Likewise, in a recent genome announce-
ment Wang et al. (2012) described a Marinobacter candidate,
M. manganoxydans Mnl7-9 that has not only a putative arsC
gene for arsenic detoxification (GenBank YP_005884959.1), but
also a host of other genes that may be used for nickel, mercury,
copper, chromate, zinc, cobalt, and cadmium resistance. This
bacterium adsorbs and tolerates high levels of metals/metalloids,
alongside a demonstrated ability to oxidize manganese,
Mn(II), to a mixed-valency Mn(III)/Mn(IV) product via an
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unidentified genetic mechanism. Bacterial manganese oxidation
is not thought to be an energy conserving process, but it is con-
sidered significant in environmental Mn(IV) oxide formation
(Geszvain et al., 2012).

CONCLUSIONS AND FUTURE DIRECTIONS

Although the genus is widespread in marine settings, and dozens
of cultivated representatives and several sequenced genomes exist,
the functional breath of Marinobacter species remains largely
unexplored. The ability to metabolize hydrocarbons and inor-
ganic elements (e.g., iron, arsenic, manganese) has been tested
in relatively few species. Information, based on cultures and iso-
lation source characteristics, suggests species within the genus
are able to contribute, for example, to the degradation of hydro-
carbons in oil-polluted sediment, and the oxidation of Fe(II) in
ferruginous sediment or basalt. However, we know little about
the nature and magnitude of their actual function in the envi-
ronment. High-throughput omics (genomics, transcriptomics,

proteomics) techniques promise to expand our knowledge into
the uncultivated black box that encompasses much of the micro-
biome, and to facilitate in situ investigations of communities (e.g.,
Ram et al., 2005; Lo et al., 2007; Baker et al., 2012; Handley et al.,
2013b), but are limited in part by the large number of genes
of unknown function. Much can still be achieved from cultiva-
tion experiments. In moving forward, a combination of omics,
functional gene expression studies, isotope tracer and cultiva-
tion techniques will provide a powerful complement of tools for
characterizing both the real and potential function of microor-
ganisms in marine settings and elsewhere, and elucidating the
(opportunistic?) role of Marinobacter species in environmental
biogeochemical cycles.
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Deep-sea hydrothermal vent chimneys contain a high diversity of microorganisms,
yet the metabolic activity and the ecological functions of the microbial communities
remain largely unexplored. In this study, a metagenomic approach was applied to
characterize the metabolic potential in a Guaymas hydrothermal vent chimney and to
conduct comparative genomic analysis among a variety of environments with sequenced
metagenomes. Complete clustering of functional gene categories with a comparative
metagenomic approach showed that this Guaymas chimney metagenome was clustered
most closely with a chimney metagenome from Juan de Fuca. All chimney samples
were enriched with genes involved in recombination and repair, chemotaxis and flagellar
assembly, highlighting their roles in coping with the fluctuating extreme deep-sea
environments. A high proportion of transposases was observed in all the metagenomes
from deep-sea chimneys, supporting the previous hypothesis that horizontal gene
transfer may be common in the deep-sea vent chimney biosphere. In the Guaymas
chimney metagenome, thermophilic sulfate reducing microorganisms including bacteria
and archaea were found predominant, and genes coding for the degradation of refractory
organic compounds such as cellulose, lipid, pullullan, as well as a few hydrocarbons
including toluene, ethylbenzene and o-xylene were identified. Therefore, this oil-immersed
chimney supported a thermophilic microbial community capable of oxidizing a range
of hydrocarbons that served as electron donors for sulphate reduction under anaerobic
conditions.

Keywords: metagenome, deep sea, hydrothermal vent, chimney, Guaymas, biodegradation, hydrocarbon, sulfate

reduction

INTRODUCTION

Deep-sea hydrothermal vents characterized by steep physico-
chemical gradients harbor a wide range of microorganisms in
different ecological niches, including the high-temperature chim-
ney matrix (Reysenbach and Shock, 2002). Deep-sea hydrother-
mal vent chimneys are the product of hydrothermal circulation
and alteration of seawater entrained through geothermally heated
subseafloor basalt, and subsequent precipitation of mental sul-
fides when hot vent fluids emerge into cold sea water (Von Damm,
1990). The geochemical disequilibria within and surrounding
chimneys provide rich energy sources for microorganisms, as var-
ious reduced chemicals (such as sulfur, methane, and H,) are
utilized as potential electron donors (Jannasch and Mottl, 1985;
Distel et al., 1988; Lam et al., 2004; Petersen et al., 2011). The
structures of these microbial communities are shaped primar-
ily by variation of hydrothermal fluid composition, in particular
H, concentrations (Flores et al., 2011). Thanks to advances in
sequencing technologies, molecular microbial diversity studies
of deep-sea hydrothermal environments have made significant
progress in understanding the geographic distributions of these
microbial communities (Teske et al., 2002; Huber et al., 2007,

2010; Brazelton et al., 2010; Dick and Tebo, 2010; Roussel et al.,
2011).

Despite the increased knowledge of the microbial diversity of
deep-sea hydrothermal vents, much less was known about the
metabolic potential and ecological functions of these commu-
nities, especially when considering that less than 1% of envi-
ronmental microorganisms could be cultured under laboratory
conditions (Amann et al, 1995). Metagenomic-based meth-
ods have provided unique opportunities to explore the features
of microbial communities from diverse deep-sea hydrothermal
vent environments. So far, metagenomes from two deep-sea
hydrothermal vent chimneys have been published, from a carbon-
ate white chimney at Lost City with relatively low temperature
and high pH (<90°C, pH 9-11) (Brazelton and Baross, 2009),
and from a chimney sample collected from Juan de Fuca (Xie
et al., 2011) characterized by high temperature and low pH flu-
ids (>300°C, pH 2-3). Both metagenomes were found enriched
in transposases, implying that horizontal gene transfer may be
a common feature of hydrothermal vent chimney biosphere.
Comparative metagenomic studies with more chimney samples
from different deep-sea hydrothermal vents should be performed
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to reveal common features of the chimney-originated microbial
communities.

The Guaymas Basin (Gulf of California) is a unique hydrother-
mal vent site, where emitted high-temperature fluids are influ-
enced by the presence of a thick layer (100-500 m) of sediments
(with 2-4% organic matter, OM). These sediments were formed
by precipitation from the highly productive surface waters and
terrigenous input (Von Damm et al., 1985). The venting flu-
ids are characterized by an increase of pH (around 6.0), and
a decrease in the highest temperature of fluids emitted on the
seafloor (270-325°C) (Von Damm et al., 1985). Therefore, the
chimney sample from the Guaymas site would be an ideal sam-
ple for comparative metagenomic analysis together with the two
published ones. In addition, Guaymas Basin is unique due to
the fact that under high-temperature conditions, the OM in its
rapidly accumulating sediments is pyrolized to petroleum-like
hydrocarbon products, such as aliphatic and aromatic hydrocar-
bons, short-chain fatty acids, ammonia, and methane (Bazylinski
et al., 1988; Welhan, 1988; Martens, 1990; Kawka and Simoneit,
1994). The hydrothermally active sediments of the Guaymas
Basin were reported with intensive methane oxidizing and sul-
fate reducing activities (Jorgensen et al., 1990, 1992; Elsgaard
et al., 1994; Weber and Jorgensen, 2002; Kallmeyer and Boetius,
2004). Various hydrocarbon degrading microorganisms which
are using sulfate as the electron acceptor have been isolated from
Guaymas Basin sites and similar marine habitats (Riiter et al.,
1994; Galushko et al., 1999; Musat and Widdel, 2008; Kleindienst
et al., 2012). Nevertheless, the metabolic potential, in particular
for hydrocarbon degradation, of the whole microbial commu-
nity from Guaymas vent chimneys has never been investigated.
Therefore, comprehensive studies on biodegradation, in particu-
lar under anaerobic conditions, still remain to be conducted to
characterize the structure and metabolic potential of microbial
ecosystems with capability for hydrocarbon biodegradation.

In this study, the metagenome of an oil-immersed chimney
in Guaymas Basin was analyzed to demonstrate the metabolic
potential and ecological functions of the inhabited micro-
bial community. Additionally, questions related to anaerobic
biodegradation of hydrocarbons are addressed: do the microor-
ganisms from this chimney community have anaerobic hydro-
carbon degradation activities? If so, what kinds of hydrocarbons
could be potentially degraded? Which groups of microorgan-
isms are responsible for carrying out the degradations? Which
processes are coupled/closely related to the degradation for elec-
tron transfer? Are there any features shared among different
chimney-originated samples?

MATERIALS AND METHODS

DNA EXTRACTION AND SEQUENCING

The sample 4558-6 under investigation represented the outer
layer of a black-smoker chimney with preliminary venting
fluid temperature 190°C (measured above the chimney prior
to sampling), and was collected in Guaymas Basin (27°0.9'N,
111°24.6'W, depth = 2013 m) by the HUV Alvin (supported by
the R/V Atlantis) in November, 2009. The chimney (Figure A1)
was kept at —20°C immediately after sample collection, and
stored with dry ice during transportation and stored at —80°C

in laboratory until further analyses. The genomic DNA was
extracted from outer sections of all collected samples where high-
est DNA quantity was found. Isolation of DNA was conducted as
described in a previous study (Wang et al., 2009). Metagenome
pyrosequencing was performed according to company protocol
on the 454 Life Sciences GS FLX system with a practical limit of
400 bp. All the sequences were deposited in the MG-RAST server.

METAGENOMIC ANALYSIS AND ASSEMBLY

Low quality sequencing reads were trimmed in Geneious 6.04
(Biomatters Ltd.) with default parameters. Technical replicates
(Gomez-Alvarez et al., 2009) were removed with cd-hit (at 96%
sequence identity) (Niu et al., 2010). Shorter reads (<100 bp)
were then excluded, and the remaining reads were assem-
bled with Velvet (Zerbino and Birney, 2008). This metagenome
from Guaymas Basin chimney was uploaded (MG-RAST ID:
4510962.3) and analyzed using MG-RAST (Meyer et al., 2008).

METAGENOMIC SEQUENCE ANALYSIS

Coding regions within the metagenome were predicted using
FragGeneScan (Rho et al., 2010), and the predicted sequence
features were then annotated (e-value <1le-5) against M5NR pro-
tein database. 16S rRNA genes were predicted with HMM and
BLASTN (e-value <le-5) in webMGA (Wu et al., 2011), respec-
tively. To analyze the taxonomic contents, all predicted gene
features were subject to blastx (Altschul et al., 1997) searches
against NCBI non-redundant (NR) database (e-value <Ie-5,
word size = 3, multi hit window size = 40 and low complex-
ity filter on) and visualized in MEGAN (Huson et al., 2007).
Each predicted sequence feature in the metagenome was assigned
to a certain taxon when at least 75% of the BLAST hits of this
query were from that specific taxon. Sequences with matches to
the eggNOG (Powell et al., 2012), COG (Tatusov et al., 2003)
and KEGG (Ogata et al., 1999) database were retrieved to build
functional categories and reconstruct metabolic pathways.

ANNOTATION OF SEQUENCES WITH DEGRADATION/METABOLIC
ACTIVITIES

Sequences that were annotated as enzymes in the degrada-
tion of cellulose and fatty acids were extracted and sub-
ject to manual examination. Annotated KEGG pathways in
this metagenome were visualized in MEGAN to demonstrate
the metabolic potential in the microbial community. Enzymes
involved in the degradation of a few organic chemicals (such
as benzene, toluene, ethylbenzene, and xylenes) were collected
from the Biocatalysis/Biodegradation Database (BBD) of the
University of Minnesota (Gao et al., 2010), an online web ser-
vice that listed known degradation pathways for hundreds of
chemicals/contaminants. Within this chimney metagenome, a
sequence-similarity based search against BBD was conducted to
identify candidate genes that were involved in the biodegrada-
tion of certain hydrocarbons. Sequences of previously reported
anaerobic alkane degradation genes (Callaghan et al., 2010), ben-
zylsuccinate synthase (bss) and alkylsuccinate synthase (ass), were
retrieved from GenBank (accession no.: DQ826035, DQ826036,
AJ001848, AB066263, AY032676, and AF113168) and searched
against our Guaymas metagenome.
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CLUSTERING ANALYSIS OF FUNCTIONAL CATEGORIES

Clustering of functional categories (with KEGG annotation,
e-value < le-5, min. identity of 30% and min. align. length of 15
a.a.) was conducted in MG-RAST (using ward with canberra dis-
tance metric based on normalized values) among metagenomes
as following: Guaymas Basin chimney 4558-6 (MG-RAST ID:
4510962.3), Juan de Fuca chimney (MG-RAST ID: 4510965.3)
(Xie et al,, 2011), Lost City hydrothermal vent field (MG-
RAST ID: 4461585.3) (Brazelton and Baross, 2009), two biofilm
samples from acid mine drainage (UBA and 5way, with MG-
RAST ID 4441137.3 and 4441138.3, respectively) (Tyson et al.,
2004), a gutless worm (MG-RAST ID: 4441115.3) (Woyke et al,,
2006), the North Pacific Subtropical Gyre microbial commu-
nities (the HOT project with depth of 10, 70, 130, 200, 500,
770 and 4000 m, and with MG-RAST ID: 4441051.3, 4441057.4,
4441055.3, 4441041.3, 4441057.3, 4441062.3, and 4441056.3,
respectively) (Delong et al., 2006) and a deeply buried sediments
from Peru Margin (for sample original, amlmbsf, am16mbsf,
am32mbsf and am50mbsf, and with MG-RAST ID: 4440960.3,
4440961.3, 4440973.3, 4459940.3, and 4459941.3, respectively)
(Biddle et al., 2008). All metagenomes were stored in MG-RAST
database.

RESULTS

SEQUENCING SUMMARY AND COVERAGE

Initially, as shown in Table 1, a total amount of 512,830 reads
and 196,377,880bp of sequence data were generated by 454
pyrosequencing. After removing low-quality reads and techni-
cal duplicates, the remaining 504,915 reads (with an average
length 383bp) were assembled into 49,055 contigs (totaling
26,241,624 bp, with an average length of 543 bp). 187,308 sin-
gletons with an average length of 367 bp could not be assem-
bled. From this assembly, 52,366 gene features were predicted,
37,372 of which (71.4%) were with known annotations. A rar-
efaction analysis of the final assembly was conducted based on
the taxonomic information retrieved from annotation results in
MG-RAST (Figure 1), which indicated that a reasonable num-
ber of individual genomes were sampled and covered in the
metagenome.

TAXONOMIC DIVERSITY BASED ON 16S rRNA GENE PREDICTION

70 and 90 16S rRNA sequences were predicted from webMGA
(Wuetal, 2011), with the use of HMM and BLASTN, respectively
(Table 2). In both of the results, around 3/4 (72.9 and 76.7%,

Table 1| Summary of sequences from the chimney sample 4558-6.

Properties Value
Clean reads 504,915
Base pairs 193,336,182
GC content 42%
Average read length 383
Singletons 187308
Contigs 49,065
Average contig length 543

Best hit gene features with NR database 37372

respectively) of all identified 16S rRNA sequences were from bac-
teria. Deltaproteobacteria and Euryarchaeota had dominated the
bacteria and archaea, respectively.

PHYLOGENY FROM 454 PYROSEQUENCING DATA

A total number of 37,372 predicted gene features were uti-
lized to extract taxonomic information by BLASTing against
the NCBI NR database. In total, 21,792 (58.3%) and 11,249
(30.1%) hits were assigned to bacteria and archaea (rules for
taxonomic assignment were stated in “Materials and Methods”),
respectively (Table Al). At the phylum level, Proteobacteria
(9558, 25.6%), Euryarchaeota (9078, 24.3%), Crenarchaeota
(1354, 3.6%), Firmicutes (786, 2.1%), Thermotogae (725, 1.9%),
and Bacteroidetes (607, 1.6%) had the top matches (Figure 2).
Taxa with most hits assigned were listed in Table 3. Notably,
the majority of sequences in this chimney metagenome orig-
inated from the families Archaeoglobaceae, Thermococcaceae,
and Desulfobacteraceae, and a high proportion (>21.2%) of
sequences potentially originated from sulfate reducing prokary-
otes (SRP). Moreover, thermophilic sulfate reducing microorgan-
isms, including bacteria (Thermodesulfobacteriaceae) and archaea
(Archaeoglobaceae) were found predominant, highlighting their
roles in reducing sulfates and/or sulfites to sulfides during energy
metabolism under anaerobic conditions.

FUNCTIONAL CATEGORY HITS DISTRIBUTION

Major KEGG function categories were listed (Table4) and
ordered by the number of unique hits assigned to each category.
Similar to a previous study on the chimney from hydrother-
mal vents (Xie et al., 2011), genes involved in Recombination
and Repair were among the abundant categories (Table 4). In
addition, transposaes were found to be highly enriched in this
sample (Table A3), and genes participated in Chemotaxis and
Flagellar Assembly was all identified with high abundance in this
metagenome.

DEGRADATION OF REFRACTORY OM AND PETROLEUM
HYDROCARBONS

Sequences coding for the complete degradation pathway of cel-
lulose and fatty acids, as well as key enzymes involved in
breakdown of lipid and pullulan were all identified in this
metagenome (Table A2). Many of these identified enzymes were
with thermorphilic-origin best hits (as marked with asterisk in
Table A2). Peptidases were found to be of low abundance in
this metagenome (data not shown). For anaerobic hydrocarbon
degradation, sequences coding for benzylsuccinate synthase (bss)
and alkylsuccinate synthase (ass), key enzymes in the fumarate
addition pathway for the anaerobic oxidation of hydrocarbons
(Callaghan et al., 2010), were identified (Table5). In particu-
lar, gene candidates involved in BTEX (benzene, toluene, ethyl-
benzene, and xylenes) degradation were identified by searching
against the BBD of the University of Minnesota (Gao et al., 2010)
(Table 5). Additionally, to show the metabolic potential of this
Guaymas sample in the degradation and remediation of organic
contaminants (He et al., 2010), genes involved in the degra-
dation of aromatic carboxylic acid (benzoate, phenylpropionate
and phthalate), chlorinated aromatics (2- and 4-chlorobenzoate,
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Table 2 | Taxonomic diversity based on 16S rRNA gene prediction
from the metagenome.

Methods Domain [total no. Diversity (% in domain)
of sequences (%])]
HMM Bacteria (51, 72.9) Deltaproteobacteria (25.4)
Gammaproteobacteria (21.6)
Epsilonproteobacteria (13.7)
Deferribacteres (7.8)
Archaea (19, 27.1) Euryarchaeota (63.2)
Crenarchaeota/Thermoprotei (36.8)
BLASTN Bacteria (69, 76.7) Deltaproteobacteria (23.4)

Gammaproteobacteria (18.8)
Epsilonproteobacteria (12.5)
Acidobacteria (9.4)
Deferribacteres (7.8)

Archaea (21, 23.3) Euryarchaeota (52.4)

Crenarchaeota/Thermoprotei (47.6)

2,4,5-trichlorophenoxyacetic acid), heterocyclic aromatics (car-
bazole and dibenzothiophene), nitroaromatics (nitrobenzene and
nitrophenol) as well as a few of other hydrocarbons (cyclohex-
ane and tetrahydrofuran) were searched within the Guaymas
metagenome. Notably, this chimney sample seemed to have
the potential to degrade toluene, ethylbenzene and o-xylene
(Table 5), yet no such evidence for benzene or the rest has been
detected.

COMPARATIVE METAGENOMIC ANALYSIS

Clustering on (KEGG) functional gene categories was con-
ducted among different environmental samples (Figure 3).
Guaymas chimney sample 4558-6 (4510962.3) was clustered
most closely with chimney sample from Juan de Fuca
(4510965.3). Both of these two metagenomes were almost
depleted in categories of RNA family and folding, sorting
and degradation, while they showed higher abundance in
the categories of signaling molecules, and interaction and
cell communication. These features might be highly related
to the specific environmental conditions where these two
chimney samples were collected. The metagenome of the
Lost City chimney sample (4461585.3) was not grouped
with the above two chimney samples. The two biofilm sam-
ples from acid mine drainage (4441137.3 and 4441138.3)
shared similar functional profiles in the heatmap, adjacent
to the chimney sample from Lost City and the gutless
worm sample (4441115.3). Samples from the North Pacific
Subtropical Gyre microbial communities (4441051.3, 4441057.4,
4441055.3, 4441041.3, 4441057.3, 4441062.3, and 4441056.3)
were grouped next to each other in the functional heatmap,
and a similar pattern was observed for Peru Margin sediments
samples (4440960.3, 4440961.3, 4440973.3, 4459940.3, and
4459941.3). Enzymes involved in hydrocarbon biodegradation
in metagenomes from different environments were listed in
Table A3. When compared to metagenomes from different envi-
ronments, 4458-6 from Guaymas hydrothermal vent chimney
was the only one with enzymes for biodegradation of toluene,
ethylbenzene, and o-xylene (Table A3), highlighting its metabolic
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FIGURE 2 | Taxonomic information at the phylum level with number of sequences in each phylum, based on BLASTX (1e~%) results.

Table 3 | Top families with the most hits assigned.

Family No. of hits Phylum

assigned (%)
Archaeoglobaceae 4777 (12.78)  Euryarchaeota
Thermococcaceae 2365 (6.33) Euryarchaeota
Desulfobacteraceae 2117 (5.66) (Delta) Proteobacteria
Thermotogaceae 723 (1.93) Proteobacteria
Desulfurococcaceae 672 (1.80) Crenarchaeota
Helicobacteraceae 375 (1.00) (Epsilon) Proteobacteria
Thermodesulfobacteriaceae 355 (0.95) Proteobacteria
Colwelliaceae 344 (0.92) (Gamma) Proteobacteria
Thiotrichaceae 214(0.57) (Gamma) Proteobacteria
Desulfovibrionaceae 208 (0.56) (Delta) Proteobacteria
Sulfate reducing prokaryotes ~ 7921* (21.2) -

The exact number of blast hits was listed for each family, with the percentages
(out of total hits) listed in the parentheses.

*The number of hits for SRP was generated by summing all the
hits
Desulfovibrionaceae, and Thermodesulfobacteriaceae.

from Archaeoglobaceae, Desulfobacteraceae, Desulfurococcaceae,

potential in degrading hydrocarbons in the native oil-immersed
condition.

DISCUSSION

Advances in sequencing technologies have made microbial diver-
sity studies easier and more accurate. However, biases were

introduced during sequencing and analyzing of environmental
sequences. For instance, biases were generated when multiple
reads were produced for a unique DNA fragment in a random
manner. Such biases might result in an inaccurate representation
of the fragments and lead to misleading conclusions. Therefore,
strict quality control of the sequenced reads should be done.
In this study, a decent sequencing coverage has been reached
(Figure 1) and we are in the position to investigate the taxo-
nomic diversity as well as the metabolic potential of this Guaymas
chimney sample.

DIVERSITY AT DIFFERENT TAXONOMIC LEVELS

Estimated from both 16S rRNA sequences as well as taxonomic
classifications based on blast hits, the proportion of bacteria in
the community was about 60-75%, and 25-30% for archaea.
Bacteria were dominated by Proteobacteria, while Euryarchaeota
were most abundant among the archaea. So far, sulfate-reducing
bacteria and archaea have been isolated in vent chimneys, with
either high or low growth temperature (30-90°C) (Burggrafetal.,
1990; Audiffrin et al., 2003; Moussard et al., 2004). Sulfate reduc-
tion may occur at temperatures up to 110°C in hot sediments
from Guaymas hydrothermal field (Jorgensen et al., 1992). In
this study, a high proportion (at least 21.2%) of sequences from
this chimney metagenome was potentially originated from SRP
(Table 3), a large and extremely diverse physiological group of
anaerobic microorganisms. Sulfate-reducing bacteria and archaea
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were capable of degrading a wide range of organic substrates
(Widdel and Bak, 1992; Widdel and Rabus, 2001), including
petroleum-based products that were discussed in this study. The
presence of large numbers of SRP in the oil-immersed chim-
ney suggested that the microbial community had the poten-
tial of hydrocarbon biodegradation, which were likely to be
coupled with sulfate reduction. Besides, most of the retrieved
sequences were estimated to originate from thermophilc microor-
ganisms such as Archaeoglobus, heterotrophic Thermococcales and
Thermodesulfobacteriaceae, reflecting the influence of the high
temperature on the structure of the microbial community.

Table 4 | List of major KEGG families.

KEGG (level 2) Avg. % ident Avg. aligned No. of hits
annotation len.

Amino acid metabolism 69.68 80.99 1756
Carbohydrate metabolism 69.96 75.17 1365
Translation 71.01 66.33 1301
Membrane transport 68.01 70.23 836
Metabolism of cofactors 68.73 71.72 723
and vitamins

Energy metabolism 72.02 73.84 689
Nucleotide metabolism 68.99 68.01 550
Replication and repair 67.7 71.41 515
Folding, sorting and 71.9 71.82 386
degradation

Signal transduction 67.86 62.85 375
Cell motility 70.33 57.04 258
Glycan biosynthesis and 67 65.77 240
metabolism

Transcription 73.36 75.02 213
Cell growth and death 68.78 64.14 209
Lipid metabolism 70.28 64.61 184

Average sequence identity (Avg % ident) and aligned sequence length (Avg
aligned len) were presented. No. of Hits represented the number of unique hits
within each functional protein category. Uncharacterized proteins were excluded.

METABOLIC POTENTIAL FOR HYDROCARBON DEGRADATION

Deep-sea environments have been characterized by the lack of
easily biodegradable OM, thus genes related to the degrada-
tion of refractory OM have been extensively recovered from the
metagenomes of deep oceans (Martin-Cuadrado et al., 2007).
Moreover, bacteria isolated from the deep sea have been shown
to be capable of degrading refractory OM such as chitin and
cellulose (Hedges et al., 2000; Vezzi et al., 2005; Wang et al.,
2008). Here, the potential of a chimney microbial commu-
nity for refractory OM degradation was evaluated. Genes cod-
ing for chitin degradation were not found in the metagenome,
while all the genes involved in the degradation of cellulose
and fatty acids, as well as a few key enzymes in the break-
down of lipid and pullulan were identified, which probably
reflected in part the input of terrestrial OM circulating in this
Guaymas vent field. As most of the identified enzymes had
a presumably thermophilic origin (Table 5 and Table A2), and
thermophilic microorganisms were predominant in the chimney
sample (Table 3), it was likely that these enzymes had some degree
of heat tolerance. Additionally, microorganisms of this Guaymas
chimney were predicted to have the potential to degrade toluene,
ethylbenzene, and o-xylene. Notably, anaerobic hydrocarbon
degrading microorganisms have been successfully enriched and
most extensively studied with the benzene-toluene-ethylbenzene-
xylenes (BTEX) group of petroleum hydrocarbons (Stockton
et al., 2009). For example, pure culture strain EbS7 was iso-
lated from the sediments of Guaymas Basin which was reported
with the ethylbenzene-dependent sulfate reduction (Kniemeyer
et al., 2003). This Guaymas chimney sample was oil immersed,
thus it was not surprising to see the presence of genes involved
in the degradations of petroleum hydrocarbons (Table 5). Our
data further highlighted the potential of this microbial com-
munity using the fumarate addition pathway for the degrada-
tion of aromatic and aliphatic hydrocarbons. Identification of
genes coding for hydrocarbon degradation would advance char-
acterizations of the potential source of electrons and energy,
as well as the roles of this chimney microbial community had
played in its native environment. Notably, this Guaymas chimney

Table 5 | List of annotated gene features involved in degradation of hydrocarbons, absense of gene was marked with “-".

Substrate Enzyme (EC) Best hit contig Metagenome best hit organism Similarity % (e-value)
n-Alkanes assAT Contig00511 Desulfoglaeba alkanexedens AK-01 78 (5.2e-27)
assA2 Contigdb077 Desulfoglaeba alkanexedens AK-01 95 (9e-10)
Aromatic hydrocarbons bssA Contig28667 Desulfotomaculum sp. Ox39 76 (1.7e-6)
bssB - - -
bssC Contig46590 Desulfatibacillum alkenivorans AK-01 35 (2e-7)
bssD Contig29655 Desulfatibacillum alkenivorans AK-01 67 (1e-35)
bssE Contig46456 Azoarcus sp. 72 (1e-6)
bssG Contig46590 Desulfatibacillum alkenivorans AK-01 79 (1e-6)
Toluene toluene 4-monooxygenase Contig31764 Dechloromonas aromatica (strain RCB) 77 (1.6e-64)
Ethylbenzene ethylbenzene dehydrogenase Contig32722 Desulfococcus oleovorans Hxd3 86 (3.4e-145)
o-Xylene o-xylene monooxygenase Contig31764 Dechloromonas aromatica (strain RCB) 77 (1.6e-64)

Frontiers in Microbiology | Extreme Microbiology

June 2013 | Volume 4 | Article 148 | 123


http://www.frontiersin.org/Extreme_Microbiology
http://www.frontiersin.org/Extreme_Microbiology
http://www.frontiersin.org/Extreme_Microbiology/archive

He et al.

Metagenome of a Guaymas chimney sample

000 003 006 009 012 016 019 022 025 028 031 034 0.41

FIGURE 3 | The data was compared to KEGG database using a
maximum e-value of 1e~%, a minimum identity of 30%. The
heatmap was clustered using ward clustering with Canberra distance
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metric and grouped at level 2 of KEGG annotation. The shading is
proportional to the normalized values (0-1) calculated on the functional
enrichment of each category per sample.

metagenome seemed to be the only one (among all the sam-
ples included in the comparative metagenomic analysis) with
metabolic potential for hydrocarbons biodegradation (Table A3).
Enzymes activated by oxygen (namely active under aerobic con-
ditions) were not identified in our metagenome, consistent with
the strict anaerobic condition where this chimney sample was
collected. Metagenomic analysis suggested that degradation of a
variety of petroleum hydrocarbons by SRP might play an impor-
tant role in the energy metabolism of this chimney microbial
community.

COMPARISON AMONG DIFFERENT SAMPLES

For the moment, only three metagenomes from hydrothermal
vent chimney are available, one from Juan de Fuca (Xie et al.,
2011), one from Lost City (Brazelton and Baross, 2009) and the
last one was our chimney sample 4458-6 from Guaymas Basin.
The whole metagenome-based comparison (Figure 3) showed
that Lost City was not clustered next to the other two chim-
ney samples, which could be due to the fact that the Lost City
sample was collected from a white carbonate chimney (CC)
rather than a back sulfide chimney (SC) as the other two sam-
ples were. When considering the fact that the dominant energy
sources for SC and CC were significant different (i.e., metal sul-
fides in SC and reduced volatiles such as hydrogen, methane
in CC, respectively), the genomic differences between the two
types of chimneys become clear as different energy metabolisms
were promoted accordingly. Moreover, the venting fluid of Lost
City had a pH of 9-11 and temperatures lower than 90°C,
whereas that of Juan de Fuca sample was acidic and hot (tem-
perature around 310°C); the vent fluid of our Guaymas chimney

sample represented an intermediate temperature regime (190°C).
Differences in environmental factors (such as temperature, pH,
and physico-chemical gradients) between white and black chim-
neys could also have a significant influence on the distribution
of functional gene categories, and as a result the three chim-
ney samples were not clustered next to each other. On the other
hand, when looking at specific gene categories, metagenomes
from hydrothermal vent chimneys (Guaymas Basin, Juan de
Fuca and Lost City) kept a larger collection of genes involved
in recombination and repair, chemotaxis and flagellar assem-
bly, as well as transposases. This could be a chimney-specific
feature, reflecting adaptations of microorganisms and the micro-
bial community to the extreme fluctuating chemical and phys-
ical conditions that characterize deep-sea hydrothermal vent
chimneys.
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APPENDIX

- 4558-6-R2

FIGURE A1 | The photo of a black-smoker chimney sample (4558-6),
collected in Guaymas Basin (27°0.9'N, 111°24.6'W, depth = 2013 m).

Table A1 | Taxonomic information based on assigned blastx results to

each domain.

Domain No. of hits assigned % of hits assigned
Bacteria 21792 58.3

Archaea 11249 30.1

Eukaryota 224 0.6

Virus 88 0.2

Unassigned 4019 10.8
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Table A2 | List of annotated protein features involved in degradation processes.

Substrate: step enzyme

Best BLAST hit organism

STEP [CELLULOSE]: — CELLULOSE CELLOBIOSE
Endo-1,4-beta-glucanase

Thermotoga neapolitana*

Cellulase

Thermosipho melanesiensis BI429*
Methanococcoides burtonii DSM 6242

Endoglucanase

Archaeoglobus fulgidus DSM 4304*

Cellobiose — beta-D-Glucose

Beta-glucosidase
STEP [FATTY ACIDS]: FATTY ACIDS — HEXA-DECANOYL-COA
Long chain fatty acid CoA ligase

Dictyoglomus thermophilum H-6-12 (2)

Bacillus thuringiensis serovar huazhongensis BGSC 4BD1
Bacteroides sp.2_1_7

Bacillus cereus BDRD-ST196

Desulfobacterium autotrophicum HRM2(2)
Carboxydothermus hydrogenoformans Z-2901*
Archaeoglobus fulgidus DSM 4304 (16)*

Acyl-CoA synthetase

Picrophilus torridus DSM 9790*
Syntrophus aciditrophicus SB
Desulfatibacillum alkenivorans AK-01
Archaeoglobus fulgidus DSM 4304 (6)*

Hexa-decanoyl-CoA — Trans-hexadec-2-enoyl-CoA
Acyl-CoA dehydrogenase

Pseudomonas aeruginosa PA7
Marinobacter algicola DG893

Colwellia psychrerythraea 34H
Oceanobacter sp. RED65
Oceanospirillum sp. MED92

Gamma proteobacterium NOR51-B
Brucella abortus bv. 1 str. 9-941
Labrenzia alexandrii DFL-11

Brucella suis bv. 5 str. 513

Cytophaga hutchinsonii ATCC 33406
Candidatus Cloacamonas acidaminovorans
Bacillus clausii KSM-K16
Archaeoglobus fulgidus DSM 4304 (16)*

Trans-hexadec-2-enoyl-CoA — (S)-3-Hydroxy-hexa-decanoyl-CoA
Beta-hydroxyacyl-CoA dehydrase

Desulfuromonas acetoxidans DSM 684
Desulfococcus oleovorans Hxd3 (4)

Enoyl-CoA dydratase

Burkholderia multivorans CGD2M
Acidaminococcus sp. D21

Thermosinus carboxydivorans Nor1
Desulfococcus oleovorans Hxd3 (4)
Desulfatibacillum alkenivorans AK-01
Geobacter bemidjiensis Bem

Candidatus Koribacter versatilis Ellin345
Marinomonas sp. MWYL1

Colwellia psychrerythraea 34H
Carboxydothermus hydrogenoformans Z-2901*
Archaeoglobus fulgidus DSM 4304*
Rubrobacter xylanophilus DSM 9941 (2)*

(Continued)
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Table A2 | Continued

Substrate: step enzyme

Best BLAST hit organism

(S)-3-Hydroxy-hexa-decanoyl-CoA — 3-Oxo-hexa-decanoyl-CoA

3-Hydroxyacyl-CoA dehydrogenase

Gallionella ferruginea ES-2
Desulfococcus oleovorans Hxd3
Xanthobacter autotrophicus Py2
Rhodospirillum centenum SW
Geobacter uraniireducens Rf4
Archaeoglobus fulgidus DSM 4304 (12)*

Beta-hydroxyacyl dehydrogenase

Desulfococcus oleovorans Hxd3 (4)
Desulfuromonas acetoxidans DSM 684

3-Ketoacyl-CoA thiolase

Colwellia psychrerythraea 34H
Halobacterium sp. NRC-1
Anaeromyxobacter dehalogenans 2CP-C
Archaeoglobus fulgidus DSM 4304 (6)*

Thiolase

STEP [PULLULAN]: PULLULAN — PANOSE
Pullulanase

Geobacter metallireducens GS-15
Polaromonas sp. JS666

Thermococcus onnurineus NA1(3)*
Thermococcus hydrothermalis*
Thermotoga sp. EMP

Amylopullulanase
STEP [LIPID]: LIPID — GLYCEROL
Glycerate kinase

Thermococcus sp. AM4*

Thermoanaerobacter sp. X513*

Aldehyde dehydrogenase

Desulfitobacterium dichloroeliminans LMG P-21439

Rhodothermus marinus SG0.5JP17-172
Melioribacter roseus P3M
Thermoplasma volcanium GSST*
Calditerrivibrio nitroreducens DSM 19672
Uncultured Acidobacteria bacterium

Glycerol dehydrogenase

Archaeoglobus fulgidus DSM 4304*

Thermalphilic species were marked with an asterisk.
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Table A3 | List of enzymes involved in hydrocarbon biodegradation in metagenomes from different environments, presence was marked with

“+,” while absence with “—.

Transposase Toluene Ethylbenzene o-Xylene
No. of hits % Presence Presence Presence
4558-6 313 1.32 + + +
Juan de Fuca 158 1.10 — — —
Lost City 1387 9.64 — — —
Acid mine drainage 119 2.27 — — —
Bway acid mine — — —
Worm 200 2.80 — — —
Peru_ori1 36 0.49 — — -
Peru_amp1 10 0.18 — — -
Peru_amp16 6 0.10 — — -
Peru_amp32 12 0.1 — — -
Peru_ampb0* 6 0.08 - + -
HOT_10 1 0.03 — — —
HOT_70 3 0.08 — — —
HOT_130 2 0.08 — — —
HOT_200 3 0.09 — — —
HOT_500 13 0.32 — - -
HOT_770 15 0.31 — — —
HOT_4000 49 1.03 — — —

*Hit property: e-value 4.0e-12, similarity 50%, ethylbenzene dehydrogenase alpha subunit.
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INTRODUCTION

To obtain a better understanding of metabolically active microbial coommunities, we tested
a molecular ecological approach using poly(A) tailing of environmental 16S rRNA, followed
by full-length complementary DNA (cDNA) synthesis and sequencing to eliminate potential
biases caused by mismatching of polymerase chain reaction (PCR) primer sequences. The
RNA pool tested was extracted from marine sediments of the Yonaguni Knoll IV hydrother-
mal field in the southern Okinawa Trough. The sequences obtained using the poly(A)
tailing method were compared statistically and phylogenetically with those obtained using
conventional reverse transcription-PCR (RT-PCR) with published domain-specific primers.
Both methods indicated that Deltaproteobacteria are predominant in sediment (>85% of
the total sequence read). The poly(A) tailing method indicated that Desulfobacterales were
the predominant Deltaproteobacteria, while most of the sequences in libraries constructed
using RT-PCR were derived from Desulfuromonadales. This discrepancy may have been
due to low coverage of Desulfobacterales by the primers used. A comparison of library
diversity indices indicated that the poly(A) tailing method retrieves more phylogenetically
diverse sequences from the environment. The four archaeal 16S rRNA sequences that
were obtained using the poly(A) tailing method formed deeply branching lineages that
were related to Candidatus “Parvarchaeum” and the ancient archaeal group. These results
clearly demonstrate that poly(A) tailing followed by cDNA sequencing is a powerful and
less biased molecular ecological approach for the study of metabolically active microbial
communities.

Keywords: 16S rRNA, less biased diversity analysis, hydrothermal sediment

deposited in public databases. Researchers have since cautioned

Numerous studies on natural microbial communities from a vari-
ety of environments have been undertaken using 16S rRNA gene
sequencing mediated by polymerase chain reaction (PCR) with
oligonucleotide primers. In the past decade, high-throughput
next-generation sequencing (NGS) technologies have facilitated
the identification of a diverse array of organisms that are rare
in terms of biomass and could not be examined using pre-
vious molecular assays such as Sanger sequencing analysis of
clone libraries (Sogin etal., 2006; Webster etal., 2010). Despite
the fact that the latest NGS technologies enable reading only of
relatively short sequence fragments (~500 bp), these so-called
“deep sequencing” methods are still powerful tools that ultimately
may enable researchers to obtain a more holistic understand-
ing of microbial communities in their natural environments
(Fuhrman, 2009). Considering the current limitations of NGS
technology, full-length 16S rRNA gene sequences are better suited
to downstream analytical methods such as fluorescence in situ
hybridization.

The original designs of most of the PCR primers used for
the analysis of 16S rRNA genes were based on known sequences

that these primer sequences contain mismatches with respect to
environmental 16S rRNA genes (Baker etal., 2003, 2006; Teske
and Serensen, 2008), which may lead to considerable bias in inter-
preting results (Hong etal., 2009). In addition, primer sequence
mismatches may have a negative impact on the amplification effi-
ciency of PCR analyses (Acinas etal., 2005; Sipos etal., 2007; Bru
etal., 2008). Regardless of the presence of sequence mismatches,
the use of PCR with primers may introduce biases associated
with the next base adjacent to annealed oligonucleotide primers
(Ben-Dov etal., 2012).

One way to avoid these bias issues is to employ PCR-
independent metagenomic approaches. For example, a complete
16S rRNA gene sequence can be obtained by analyzing the
sequences of genomes or large genome fragments, providing tax-
onomic information along with information on other functional
genes. However, metagenomic approaches may not be well-suited
to focused studies of microbial diversity and community structure
that involve a large number of samples. In fact, it has been reported
that only a small portion of inserts in fosmid libraries contain 16S
rRNA genes (Vergin etal., 1998; Takami etal., 2012).
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Another method that can avoid the possibility of bias caused
by primer mismatching is the addition of a poly(A) tail to the
3’ end of fractionated 16S rRNA prior to synthesis of the full-
length complementary DNA (cDNA; Botero etal., 2005). Since
the technique does not involve the use of published primers, we
anticipate that this method will enable recovery of full-length envi-
ronmental 16S rRNAs, potentially illuminating as yet unknown
microbial community constituents that have otherwise been dif-
ficult or impossible to detect using conventional PCR-dependent
molecular approaches (Inagaki etal., 2002). In the present study,
we tested this hypothesis using poly(A) tailing of full-length 16S
rRNA and reverse transcription-PCR (RT-PCR) with domain-
specific primers, and compared sequence libraries prepared from
a marine sediment sample collected from the Yonaguni Knoll IV
hydrothermal field.

MATERIALS AND METHODS

SAMPLING OF MARINE SEDIMENTS

The sediment samples used in this study were obtained from the
Yonaguni Knoll IV hydrothermal field in the southern Okinawa
Trough (24°50.544'N, 122°42.878'E, water depth: 1,371 m) using
a push corer, and were collected during the JAMSTEC NT10-06
cruise involving RV Natsushima and ROV Hyper-Dolphin (Dive
#1111, April 17, 2010). Sediment samples were anaerobically
placed in autoclaved 250-ml glass bottles using a nitrogen flush
and the bottles were sealed with a rubber cap and stored at 4°C
until analysis.

RNA EXTRACTION AND PURIFICATION

Bulk environmental RNA was extracted from 8 g of sediment
using an RNA PowerSoil® Total RNA Isolation Kit (MO BIO
Laboratories, Inc., Solana Beach, CA, USA) according to the man-
ufacturer’s instructions. The extracted RNA was electrophoresed
on a 2% agarose gel for 30 min in 1x TAE [Tris—acetate—
ethylenediaminetetraacetic acid (EDTA)] buffer, and the gel was
stained with 1x SYBR Green II (Life Technologies Japan, Tokyo,
Japan) to visualize 16S and 23S rRNA. The rRNA was recovered
from the gel using a Recochip (Takara Bio, Japan), and then fur-
ther purified using a PureLink RNA Mini Kit (Life Technologies
Japan) according to the manufacturer’s instructions. The quality
of the recovered 16S rRNA was verified by electrophoresis using
an automated capillary electrophoresis system (Experion; Bio-
Rad Laboratories, Tokyo, Japan) and an Experion RNA HighSens
Analysis Kit.

POLY(A) TAILING AND COMPLEMENTARY DNA SYNTHESIS

We compared two molecular approaches [poly(A) tailing and RT-
PCR] for examining metabolically active microbial communities.
The approaches are summarized in Figure 1. Since the reaction
buffer composition and source of poly(A) polymerase can report-
edly affect the efficiency of the poly(A) tailing reaction (Raynal
and Carpousis, 1999; Sillero etal., 2001), we used two com-
mercially available poly(A) polymerases: Escherichia coli poly(A)
polymerase (New England BioLabs, hereafter denoted as NEB)
and Takara Bio poly(A) polymerase. Each poly(A) tailing reaction
was conducted in 20 pl of reaction mixture containing 10 pl of

purified 16S rRNA solution. The other components of the reaction
mixture were as follows: for NEB polymerase, 1x reaction buffer
(50 mM Tris—HCI, 250 mM NaCl, and 10 mM MgCl,), 1 mM
ATP, and 0.25 U/pl of poly(A) polymerase; for Takara Bio, 1x
reaction buffer [50 mM Tris—HCI, 10 mM MgCl,, 2.5 mM MnCl,,
250 mM NaCl, and 1 mM dithiothreitol (DTT)], 0.5 mg/ml of
bovine serum albumin, 0.5 mM ATP, and 0.1 U/l of poly(A)
polymerase. After incubation at 37°C for 30 min, the reaction was
stopped by adding 2 pl of 250 mM EDTA. The poly(A)-tailed 16S
rRNA was subsequently purified using a NucleoSpin® RNA XS Kit
(Takara Bio). The cDNA of full-length 16S rRNA was synthesized
and amplified by PCR using a SMARTer™ Pico PCR ¢cDNA Syn-
thesis Kit (Takara Bio) according to the manufacturer’s instruc-
tions.

REVERSE TRANSCRIPTION-PCR

Reverse transcription-PCR was performed to obtain nearly full-
length rRNA gene sequences from the purified 16S rRNA
without poly(A) tailing using a One-Step PrimeScript RT-PCR
Kit (Takara Bio). The bacterial domain-specific primers 26F
(AGAGTTTGATCCTGGCTCA; Hicks etal., 1992) and 1492R
(GGYTACCTTGTTACGACTT; Loy et al., 2002) were used for RT-
PCR. The reaction mixture consisted of 1x PrimeScript buffer,
300 nM of each primer, 0.8 1 of PrimeScript Enzyme mix, 1 .l of
16S rRNA (diluted 1,000-fold), and water to 20 pl. First, reverse
transcription was performed at 50°C for 30 min followed by inac-
tivation of the reverse transcriptase at 94°C for 2.5 min. Next,
synthesized cDNA was amplified by PCR under the following con-
dition: 20 cycles of 94°C for 30 s, 54°C for 30 s, and 72°C for 90 s.
The number of PCR cycles used in this study was determined
by selecting a cycle number in the log-linear phase of the real-
time PCR amplification curve (i.e., before the plateau phase). The
PCR products were purified using NucleoSpin Extract II Columns
(Takara Bio) and stored at —20°C until further analysis.

CLONING AND SEQUENCING

The PCR products obtained using poly(A) tailing and RT-PCR
were cloned into the pCR®2.1-TOPO® vector and transformed
into competent E. coli DH5a (Life Technologies Japan, Tokyo,
Japan). For RT-PCR, the cloned inserts were sequenced using an
ABI 3130x] genetic analyzer (Life Technologies Japan) with the
primers M13M4, M13rev, 926R/F (Liu etal., 1997), and 1390R
(Zheng etal., 1996). For the poly(A) tailing method, sequencing
was first performed using the M13 primers followed by screen-
ing of the 16S rRNA sequence using a hidden Markov model
implemented in version 3.0 of the HMMER software package
(Eddy, 1998), as described elsewhere (Lagesen et al., 2007; Huang
etal., 2009). The screened 16S rRNA inserts were sequenced using
primers 338R/F (Amann etal., 1990), 515R/F (Walters etal., 2011),
926R/F, and 1390R to assemble full-length 16S rRNA sequences. A
primer walking approach was employed for inserts that could not
be sequenced using the primers described above. The sequences
were trimmed and assembled to obtain consensus sequences using
Sequencher software (Hitachi Software, Tokyo, Japan). Chimeric
sequences were removed using the UCHIME program (Edgar
etal., 2011) implemented in the Mothur Utility package (Schloss
etal., 2009).
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FIGURE 1 | Schematic illustrating the poly(A) tailing and RT-PCR methods for the study of active microbial communities. *Tag primers target tagged
sequences by adding an oligo dT for cDNA synthesis. **The bias at reverse transcription could be circumvented by using random hexamer primers instead of

23S
16S

16S rRNA

cDNA reverse primer

PCR amplification by a primer set

DATA ANALYSIS

Alignment of all 16S rRNA sequences was performed using the
ARB software package (Ludwig et al., 2004). Since some of the 16S
rRNA sequences were fragmented after poly(A) tailing, a 600-bp
fragment (corresponding to E. coli 16S rRNA positions 287-886)
was used for comparisons of microbial diversity and commu-
nity structure. Taxonomic assignments were made using Silva
taxonomy and the Bayesian classifier. clustering sequences, cal-
culation of diversity indices (i.e., Shannon and Simpson indices)
and Libshuff test (Singleton etal., 2001; Schloss etal., 2004) were
performed using the Mothur software package (Schloss et al., 2009;
Hoshino etal., 2011). Phylogenetic tree was constructed by ARB
software (Ludwig et al., 2004) using the neighbor-joining method
(Saitou and Nei, 1987) with an Olsen correction. The coverage rate
of the used primer set (26F-1492R) at the genus level was evalu-
ated using TestPrime 1.0 program (Klindworth etal., 2013) using
SILVA database SSU r114 with RefNR.

NUCLEOTIDE SEQUENCE ACCESSION NUMBERS

All 16S rRNA sequences obtained in this study were deposited in
the DDBJ/EMBL/GenBank nucleotide sequence databases under
the accession numbers KC470861-KC471309.

RESULTS AND DISCUSSION

HMMER SCREENING OF 16S rRNA

HMMER screening of 16S rRNA sequences obtained using the
poly(A) tailing method resulted in the detection of 115 and 144
bacterial 16S rRNA sequences for the NEB and Takara poly(A)
polymerase reactions, respectively. Approximately a half num-
ber of the total cDNA sequences (i.e., 107 and 92 sequences in
the NEB and Takara ¢cDNA libraries, respectively) were found
to be 23S rRNA fragments according to the HMMER analy-
sis. Interestingly, few cDNAs from mRNA were detected. The
fragmented 23S rRNA sequences were excluded from the down-
stream analysis. Some fragmented 16S rRNA sequences were also
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observed in the poly(A) tailing libraries, suggesting that part of
the 16S rRNA pool was damaged during the fractionation step
by excision of the band and extraction of 16S rRNA from aga
rose gel.

Only one and three of the 16S rRNA sequences obtained using
the NEB and Takara polymerases, respectively, were identified as
archaeal 16S rRNA. This result was consistent with results from
previous analyses of samples from the same location, which indi-
cated that the archaeal population is generally smaller than the
bacterial population (Yanagawa etal., 2012). In addition, a previ-
ous study of geothermally heated soil from Yellowstone National
Park in the United States recovered no archaeal RNA sequences
using the poly(A) tailing method, despite the fact that numerous
archaeal 16S rRNA sequences were obtained using the PCR-based
clone library method (Botero etal., 2005). Therefore, poly(A)
tailing might have bias which underestimate archaeal population
although it is unknown whether the low abundance of archaeal
sequences in the poly(A) tailing libraries is from the native archaeal
abundance or due to this bias. It is important to note here that
RNA-based methods depend on the recovery of intracellular RNA;
therefore, the results cannot be correlated with the cellular biomass
or DNA copy number of the genomic pool.

COMPARISON OF MICROBIAL DIVERSITY

More than 85% of the total 16S rRNA sequences obtained using
the poly(A) tailing and conventional RT-PCR methods were found
to be derived from the Deltaproteobacteria, indicating that sulfate-
reducing bacteria are predominant members of sedimentary
habitats (Figure 2, pie charts on the left). Conventional RT-PCR
analysis identified 94% (169/179) of the sequences obtained as
Deltaproteobacteria, whereas 85% (98/115) and 88% (127/144) of
the bacterial 16S rRNA sequences obtained using the NEB and
Takara polymerase poly(A) tailing methods, respectively, were
identified as Deltaproteobacteria (Figure 2, pie charts on the
left). Overall, these results are consistent with those of a previ-
ous RNA-based study of the same hydrothermal field (Yanagawa
etal., 2012).

The Deltaproteobacteria orders Desulfuromonadales and
Desulfobacterales, both of which contain sulfur- and/or sulfate-
reducing bacteria, consistently appeared as predominant phylo-
types in the clone libraries. However, there was a clear difference
in the clonal frequency between libraries constructed using the
two methods; the RT-PCR method indicated the predominance of
Desulfuromonadales, while the poly(A)-tailing method indicated
that Desulfobacterales predominate (Figure 2).

The detected sequences affiliated with Desulfuromonadales
were mainly composed by the genera Pelobacter, Geoalkalibacter,
and Geopsychrobacter (Figure 3). Almost half of the sequences
from RT-PCR (84/179) and more than 25 sequences from both
poly(A) libraries were classified to be Pelobacter, indicating pre-
dominance of this genus in the environment. TestPrime analysis
(Klindworth etal., 2013) indicated that the coverage rates of
the 26F and 1492R primers with perfect match for Pelobacter,
Geoalkalibacter, and Geopsychrobacter are 50.0, 75.0, and 100%,
respectively. On the other hand, the detected sequences of Desul-
fobacterales mainly consist of the genera Desulfopila, Desulfofaba,
and Desulforhopalus (Figure 3), for which the coverage rates are 40,

100, and 41.7%, respectively. Among those three genera, the Desul-
fopila-related sequences were predominant in both poly(A) tailing
clone libraries. The coverage rates of the detected genera within
the Desulfobacterales were lower than those of Desulfuromon-
adales, resulting in lower abundance of Desulfobacterales in the
RT-PCR libraries. Therefore, we infer that primer-dependent RT-
PCR assay overestimated Desulfuromonadales but underestimated
Desulfobacterales due to the primer bias.

Representatives of the Gammaproteobacteria and Sphingobac-
teria were relatively minor components of all three libraries we
examined. Although some sequences derived from Lentisphaerae
and Holophagae were only detected by RT-PCR, the poly(A)
tailing libraries constructed using the two different polymerases
revealed more diverse lineages than did the RT-PCR library.
The clone libraries obtained from poly(A) tailing included some
classes that were not detected by RT-PCR, such as Nitrospira,
Alphaproteobacteria, and Caldilineae.

In theory, poly(A) tailing methods could also be used to obtain
archaeal 16S rRNA, although a previous study failed to retrieve any
archaeal 16S rRNA from geothermally heated soils from Yellow-
stone National Park (Botero etal., 2005). In this study, a total of
four archaeal 16S rRNA sequences were obtained using the poly(A)
tailing method.

Two of these sequences were derived from Candidatus “Par-
varchaeum” (Baker etal., 2010), which belonged to Deep-sea
Hydrothermal Vent Euryarchaeotic Group (DHVEG-6; Takai and
Horikoshi, 1999), while the other two sequences formed a new
branch distinct from the ancient archaeal group (AAG; Takai and
Horikoshi, 1999; Figure 4). Organisms belonging to DHVEG-6
are primarily associated with deep-sea hydrothermal vent systems
(Takai and Horikoshi, 1999; Teske and Serensen, 2008; Nunoura
etal., 2012), but have also been found in marine sediment and
anoxic soil. The AAG were first described as a hydrothermal vent
lineage, and, consistent with the results of this study, were later
found in the cold organic-rich subsurface environment (Sorensen
and Teske, 2006). Due to primer mismatching, there have been
few reports to date of the use of conventional PCR with pub-
lished primer sets to detect the four archaeal 16S rRNA sequences
we detected in this study. For example, all four sequences have
one mismatch to A806F (Wang and Qian, 2009), while Arch958R
(DeLong, 1992) has six mismatches to T_34 and N_100, and two
mismatches to T_35 and T_36.

In addition, we retrieved 23S rRNA by poly(A) tailing with
Takara polymerase: a total of 78 partial 23S rRNA sequences
(~600 bp in length) were obtained. Although classification of the
23S rRNA sequences might be insufficient for the genus-level clas-
sification due to the limited number of 23S rRNA in the database,
we found predominance of Deltaproteobacteria (60/78) con-
taining Desulfobacterales (19/78), Desulfuromonadales (20/78),
and unclassified sequences (19/78), consistently supporting our
observation of 16S rRNA gene sequences.

COMPARISON OF MICROBIAL COMMUNITY STRUCTURES

To compare the microbial community structures indicated by
the poly(A) tailing and RT-PCR approaches, we calculated Shan-
non (H’) and Simpson diversity (1/D) indices for the 16S rRNA
libraries. The highest diversity value was for the poly(A)-tailed
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FIGURE 2 | The community structure of marine sediment microbial populations inferred from the results of RT-PCR and poly(A) tailing analyses.
Deltaproteobacteria (left) and other bacterial populations (right) were shown in pie charts. Chart (A) indicated microbial community obtained by RT-PCR,
whereas chart (B) and chart (C) were by poly(A) tailing with NEB and Takara poly(A) polymerase, respectively.

sequences obtained using the NEB polymerase (Table 1). For
the unique poly(A)-tailed sequences (i.e., singletons), the high-
est diversity indices were obtained using the Takara polymerase.
In contrast, the RT-PCR method was associated with the low-
est diversity indices, regardless of the similarity cutoff used or
not (Table 1). The results of Libshuff analysis indicate that the
two poly(A) clone libraries are statistically different from that of
RT-PCR whereas poly(A) libraries are not significantly different
(Table 2). Overall, these results indicate that the poly(A) tailing
methods retrieve more diverse 16S rRNA sequences from the envi-
ronment than does the conventional RT-PCR approach. In other
words, it is important to recognize that primer-dependent molec-
ular ecological approaches carry a risk of bias that could result
in underestimation of microbial diversity. The bias effect may be
more significant for microbial communities in rare and/or extreme
habitats that have never been explored because we do not know
exactly what organisms reside there.

CONCLUSION AND PERSPECTIVES
For decades, PCR-mediated molecular ecological approaches have
been used to investigate the diversity of microbial communities in
a variety of natural habitats. The primer sequences for amplifying
16S rRNA (or its gene fragments) are based on known sequences
contained in databases, targeting conserved regions that cover spe-
cific taxonomic groups. In this context, a critical issue in microbial
ecology is the possibility of bias caused by mismatches between the
published primers and the target sequences, especially for uniden-
tified constituents of microbial communities in natural habitats.
Bias of this sort has caused significant differences in estimates of
microbial diversity and community structure, and also increases
the difficulty of detecting previously unidentified organisms in the
environment.

The poly(A) tailing of environmental 16S rRNA is totally inde-
pendent of published PCR primers. In this study, we clearly
showed that the poly(A) tailing approach holds potential for
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FIGURE 3 | Phylogenetic classification of Deltaproteobacteria sequences
obtained in this study. The tree was constructed by neighborjoining analysis
with an Olsen correction. Operational taxonomic units (OTUs) were defined
as the clusters at 97% sequence identity and only OTUs containing more
than five sequences were shown in the tree. The numbers in parenthesis
indicate the number of clones obtained by NEB poly(A) polymerase, Takara
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right). Coverage of the primer set (26F-1492R) determined by TestPrime
(http://www.arb-silva.de/search/testprime/) is shown for each genus.
Bootstrap values are shown at branch nodes by closed circles (>80%) and
open circles (<80%) as percentages of 1,000 replicates. Scale bar indicates
5% sequence divergence.
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FIGURE 4 | Phylogenetic classification of archaeal 16S rRNA sequences
obtained in this study. The tree was constructed by neighborjoining analysis
with an Olsen correction. Bootstrap values were shown at branch point as
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percentages of 1,000 replicates. Bootstrap values are shown at branch nodes
by closed circles (>80%) and open circles (<80%) as percentages of 1,000
replicates. Scale bar indicated 10% sequence divergence.
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Table 1 | Diversity indices.

Similarity cutoff (%)

Shannon diversity index (H’')

Simpson diversity index (1/D)

RT-PCR Poly(A) NEB Poly(A) Takara RT-PCR Poly(A) NEB Poly(A) Takara
0 (unique) 4.41 4.22 4.54 4917 64.90 70.52
3 2.23 2.48 2.41 413 6.53 5.16

NEB: New England BiolLabs Escherichia coli poly(A) polymerase. Takara: Takara poly(A) polymerase.

Table 2 | P-values* estimating similarity among each treatment
generated using Libshuff (10,000 randomizations) among the three

clone libraries.

P-value comparison of library (Y) with Xa

Library (X) RT-PCR NEB poly(A) Takara poly(A)
RT-PCR / 0.0001 0.0003

NEB poly(A) <0.0001 0.4009

Takara poly(A) 0.0051 0.2407 /

*P-values comparing either X to Y orY to X indicate that the two communities are
significantly different bold face values indicated significant difference (P < 0.0085,

employing the Bonferroni correction).

understanding of naturally occurring active microbial commu-
nities. This approach also has great potential for facilitating the
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To directly access the sub-seafloor microbial communities, seafloor drilling has been done
in a deep-sea hydrothermal field of the Suiyo Seamount, Izu-Bonin Arc, Western Pacific.
In the present study, crustal fluids were collected from the boreholes, and the bacterial
and archaeal communities in the fluids were investigated by culture-independent mol-
ecular analysis based on 16S rRNA gene sequences. Bottom seawater, sands, rocks,
sulfide mound, and chimneys were also collected around the boreholes and analyzed for
comparisons. Comprehensive analysis revealed the characteristics of the microbial com-
munity composition in the crustal fluids. Phylotypes closely related to cultured species,
e.g., Alteromonas, Halomonas, Marinobacter, were relatively abundant in some crustal
fluid samples, whereas the phylotypes related to Pelagibacter and the SUPQO5-group were
relatively abundant in the seawater samples. Phylotypes related to other uncultured envi-
ronmental clones in Alphaproteobacteria and Gammaproteobacteria were relatively abun-
dant in the sand, rock, sulfide mound, and chimney samples. Furthermore, comparative
analysis with previous studies of the Suiyo Seamount crustal fluids indicates the change
in the microbial community composition for 3years. Our results provide novel insights
into the characteristics of the microbial coommunities in crustal fluids beneath a deep-sea
hydrothermal field.

Keywords: bacteria, archaea, 16S rRNA gene, crustal fluids, deep-sea hydrothermal vent, sub-seafloor biosphere,

Island-Arc, Western Pacific

INTRODUCTION

Microbes are expected to be widely distributed within oceanic
crusts. However, little is known about the sub-seafloor biosphere
because of the technical difficulties in directly sampling their habi-
tats: what kinds of microbes are there, what function do they have,
to what extent are they distributed, how abundant and how pro-
ductive are they? The presence of microbial communities in aged
(thousands-years-old) crustal fluids directly collected from the
deep borehole have been shown by in situ colonization experi-
ments and direct culture-independent molecular analysis (Cowen
etal.,2003; Orcutt etal., 2011a). Considering the vast extent of the
seafloor on Earth (~70% of the total surface area), the microbes
within the crusts potentially play an important role in global geo-
chemical cycling between crusts and oceans (Schrenk et al., 2009;
Orecutt et al., 2011b).

Microbial communities in crustal fluids, which were directly
collected from shallow sub-seafloor environments (~10 m depth
below the seafloor) by drilling or pipe-insertion approach, have
been investigated for three areas with different tectonic back-
grounds, i.e., ridge flank, back-arc spreading center, and island-arc.
Results from the Baby Bare seamount in the flank of the Juan de

Fuca Ridge (JdFR) suggest that diverse bacteria and archaea are
present in the crustal fluids (~20°C) collected by pipe-insertion,
and the microbial communities have been interpreted to be the
mixture of those in the fluids, overlying seawater and sediments
(Huber et al., 2006). In the Southern Mariana Trough (SMT) of
a back-arc spreading center, microbial communities in the crustal
fluids were different from those of the other habitats, as shown
by comparative analysis of crustal fluids (6-40°C) collected from
boreholes drilled by the benthic multi-coring system (BMS), bot-
tom seawater, vent fluids, microbial mats, and sulfide chimneys
(Kato et al., 2009b,c, 2010). The distinct difference found in dif-
ferent habitats can be explained by energy availability of each
inorganic redox reaction for chemolithoautotrophs thriving there
(Kato et al., 2012a). In the Suiyo Seamount of the Izu-Bonin Arc,
several researchers have collected crustal fluids from BMS bore-
holes and characterized microbial communities in the fluids (4—
112°C) by culture-independent molecular analysis (Higashi et al.,
2004; Nakagawa et al., 2004; Hara et al., 2005; Kato et al., 2009a).
These results have implied that the phylotypes in the crustal fluids
were distinct from those in the surrounding seawater. However,
uniqueness of the microbial communities for the crustal fluids
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has not been evaluated because no data of surrounding sediments,
rocks or chimneys in the Suiyo Seamount hydrothermal field are
available.

The Suiyo Seamount is an active deep-sea volcano, which
lies on the Izu-Bonin Arc, Western Pacific. The seafloor in the
caldera of the Suiyo Seamount is covered with sandy pumice and
hydrothermal deposits. The temperature within the pumices at
10-40 cm depth ranged from 10 to 40°C in non-hydrothermal
areas, while those within ~10 m of active vents ranged from 5 to
80°C (Kinoshita et al., 2006). Heat flow measurement have indi-
cated thatlocal heat flow and fluid circulation occurs around active
vents (Kinoshita et al., 2006). Seven boreholes (called APSKO01 to
APSKO07) were drilled on the seafloor using BMS in June 2001, and
three boreholes (APSK08 to APSK10) were added in July 2002. The
analysis of core samples obtained from the boreholes have indi-
cated that there is an impermeable layer, which consists of clay and
anhydrite, at 1-3 m depth below the seafloor, and that over 300°C
hydrothermal fluids are trapped below the layer (Urabe et al., 2002;
Marumo et al., 2008).

Previously researchers have revisited the Suiyo Seamount
hydrothermal field in July, August and September 2001, August
and September 2002, and December 2003. The temperatures of
fluids discharged from the boreholes ranged from 9 to 308°C
when the boreholes were drilled, and fluctured over time (Higashi
et al., 2004; Nakagawa et al., 2004; Hara et al., 2005; Kinoshita
etal., 2006; Marumo et al., 2008; Kato et al., 2009a). The microbial
communities in the crustal fluids collected from these boreholes
in 2001 and 2002 have been previously reported (Higashi et al.,
2004; Nakagawa et al., 2004; Hara et al., 2005; Kato et al., 2009a).
We hypothesize that the microbial communities in crustal fluids
change temporally by physicochemical fluctuation of the fluids. In
2005, we revisited the seamount and collected crustal fluids from
the boreholes APSK07, APSK08, APSK09, and APSK10, in addi-
tion to the overlying bottom seawater, sandy sediments, rocks, and
sulfide deposits. The locations of the sampling points are shown
in Figure 1. Comprehensive analysis using these samples enables
us to evaluate the characteristics of the microbial communities of
the crustal fluids in this field. Furthermore, comparative analysis
of the previous and present data of the Suiyo Seamount will pro-
vide information for a better understanding of temporal change
of the microbial communities within the crustal aquifers caused
by physicochemical fluctuation.

MATERIALS AND METHODS

SAMPLE COLLECTION

Fluid samples from boreholes, a natural vent and overlying sea-
water, and solid samples of sands, sulfide deposits, and rocks
were collected in the deep-sea hydrothermal field of the Suiyo
Seamount during the NT05-16 cruise (22 September to 7 October
2005) of R/V Natsushima (JAMSTEC, Japan) with the remotely
operated vehicle Hyper-Dolphin (JAMSTEC, Japan). The sample
IDs and other information of the collected samples are shown in
Table 1. We collected the fluids from boreholes APSK07 (1,383
m water depth), APSKO08 (1,386 m), APSK09 (1,387 m), APSK10
(1,380 m), and the vent AP04 (1,376 m) using fluid samplers
as described previously (Kato et al., 2009¢). To avoid cross-
contamination from seawater, the sampling nozzle was inserted
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FIGURE 1 | Schematic map of the caldera bottom of the Suiyo
Seamount (modified from Kato et al., 2009a). Legend of symbols is
indicated in the bottom box.

deeply into the boreholes, and the fluids were collected carefully
and slowly (100 mL/min) using a peristal pump. Detailed infor-
mation about APSK07, APSK09, and APSK10 has been described
previously (Kato et al., 2009a). Titanium pipes were inserted into
the boreholes APSK08, APSK09, and APSK10, except APSKO07. To
trap particles in the collected liquid samples, 11 of the bottom
seawater, and 0.31 of the borehole and vent fluids were filtered
through 0.2-pm-pore-size polycarbonate membranes (Advantec,
Tokyo, Japan) using a vacuum pump on board. The filters were
stored at —80°C for DNA analysis. For microscopy, aliquots of the
liquid samples were fixed, filtered and stored at —20°C as described
previously (Kato et al., 2009¢). The rock and sulfide deposits col-
lected by a manipulator on the vehicle were crushed into pieces
using an autoclaved hammer and chisel in a clean box on board.
The sands were collected using a sediment sampler that can be
capped immediately after a sampling like a Niskin bottle. The solid
samples were stored in DNA/RNA-free plastic tubes at —80°C until
DNA extraction.

GEOCHEMICAL ANALYSIS

The geochemical characteristics were determined as previously
described (Nakagawa et al., 2004). In brief, the temperature of
fluid was determined in situ using a thermometer equipped with
the vehicle. The pH was determined onboard using a pH electrode.
The pH meter was standardized using NBS standards (pH = 6.86
and 4.01). The electrode was soaked in surface seawater for
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Table 1| List of the samples used in this study and their characteristics.

Sample Sample Sampling Sampling Geochemical characteristics® Cell density Bac/Arcd
type ID site date/Dive# (cells/ml)°¢
Temp. pH Si H2S Mg Seawater
(°C) (uM) (mM) (mM) %P
Borehole fluid Sm7cp  APSK07 2005.10.1/HD476  115-1659 4.72 8291 258 196  36.1 3.56 (0.16) x 10°  99.9
Sm8cp  APSK08 2005.9.28/HD473 4.5 774 132 nd® 496 996 1.22 (0.04) x 10° 99.2
Sm9cp  APSK09 2005.10.1/HD476 4.7 763 153 n.d. 50.3 98.2 1.19(0.05) x 10°  >99.9
Sm10cp  APSK10 2005.9.28/HD474 4.8 760 140 n.d. 50.0 985 0.78 (0.04) x 10°  99.9
Ambient seawater Sm7sw  APSK07 2005.10.1/HD476 4.2 7.62 132 nd. 54.3 f 0.52 (0.04) x 10°  99.3
Sm8sw  APSK08 2005.9.28/HD473 4.2 772 140 n.d. 49.8 - 1.05 (0.07) x 10° 99.6
Sm10sw APSK10 2005.9.28/HD474 4.7 756 156 n.d. 50.8 - 0.95(0.04) x 10°  99.4
Smidsw  AP04 2005.9.29/HD475 4.2 767 133 n.d. 50.2 - 0.83(0.07) x 10°  99.6
Natural vent fluid ~ Sm4hw  AP04 2005.9.29/HD475 6.3-279 708 659 0.06 457 910 2.86(0.13) x 10° >99.9
Sulfide mound Smdsm  APO4 2005.9.29/HD475 (6.3-27)" - - - - - n.d. 98.5
Rock Smdrk near A04 2005.10.1/HD476 - - - - - - n.d. >99.9
Sand Smhsd Marker H475-2  2005.9.29/HD475 - - - - - - n.d. >99.9
Active chimney Smmcs  Marker #387-1  2005.10.1/HD476  (22-49)" - - - - - n.d. 91.4

2Geochemical characteristics were determined as previously described (Nakagawa et al., 2004).° Calculation based on the Mg concentration of the fluid and ambient
seawater samples. ¢ Cell numbers in fluids were counted by microscopy. Numbers in parentheses indicate standard deviations of the means. “Determined by Q-PCR.
°No data.Unapplicable. °The temperature of the fluids fluctuated during the sampling. "The temperature of the venting fluid.

conditioning, for more than an hour till the sample measurements.
The H,S and Si concentrations were determined onboard by
colorimetry. The Mg concentration was determined using induc-
tively coupled plasma atomic emission spectroscopy in an onshore
laboratory.

DIRECT CELL COUNTING

Cells on the filters were stained with SYBR Green I for 5min.
Microscopic images were collected using a fluorescence micro-
scope BX60 (Olympus, Tokyo, Japan). To estimate the cell density,
cells in at least 40 microscopic images were counted for each sam-
ple. The filtration volume of each sample was adjusted to at least
10 cells per view.

PCR-BASED PHYLOGENETIC ANALYSIS

PCR-based analysis for the liquid and solid samples was per-
formed as previously described (Kato et al., 2009b,c) with minor
modifications. In brief, genomic DNA was extracted from the
samples by FastDNA SPIN Kit for Soil (Qbiogene, Carlsbad, CA,
USA). Partial 16S rRNA gene sequences of the whole prokary-
ote and Archaea were amplified by PCR with a prokaryote-
universal primer set, Uni515F and Unil406R (Kato et al., 2009b),
and with an Archaea-specific primer set, Arc21F and Arc958R
(DeLong, 1992). PCR amplification of cbbM genes using the
primer set, cbbM343F and cbbM1126R, was performed as pre-
viously described (Kato et al., 2012b). The PCR products were
cloned, and the nucleotide sequences of randomly selected clones
were determined. The archaeal clones in the libraries from the
PCR with the prokaryote-universal primer set were excluded from
the analyses. The 16S rRNA gene sequences were aligned using
Infernal build in Ribosomal Database Project (Cole et al., 2009).
Clones having 97% sequence similarity or higher were sorted using

mothur (Schloss et al., 2009) and treated as the same phylotype.
Maximum likelihood (ML) trees were constructed using PHYML
(Guindon and Gascuel, 2003). The taxonomic distribution of the
clones was shown using VITCOMIC (Mori et al., 2010). Rar-
efaction analysis, Shannon diversity index and Chaol richness
estimators for each clone library, and the numbers of shared phy-
lotypes among clone libraries were calculated using mothur. The
principal coordinates analysis (PCoA) were performed using Fast
UniFrac (Hamady et al., 2009).

QUANTITATIVE PCR

Bacterial and archaeal rRNA gene copy numbers in the DNA
extracts were determined by quantitative PCR (Q-PCR) as pre-
viously described (Kato et al., 2009b). Regression coefficient (%)
values of the standard curve were 0.996 and 0.992 for bacterial
and archaeal analyses, respectively. Relative abundance of bac-
terial and archaeal cells in each sample was estimated based on
their average copy numbers of 16S rRNA gene per cell, 4.13 and
1.77, respectively (Lee et al., 2009). All assays were performed in
triplicate.

ACCESSION NUMBER

The nucleotide sequences of the phylotypes reported in this paper
have been deposited in the DDBJ database under the following
accession numbers: AB629061-AB629489 for bacterial 16S rRNA
genes and AB629490-AB629623 for archaeal 16S rRNA genes,
respectively.

RESULTS

GEOCHEMICAL CHARACTERISTICS

The temperature, pH, concentrations of Si, H,S, and Mg, seawater
fraction of fluid samples, the cell densities and the ratio of bacte-
ria and archaea are shown in Table 1. The borehole and vent fluid
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samples contained a large amount of seawater ranging from 91.0
to 99.6% by volume, except APSK07 borehole fluids (Table 1),
estimated from measured Mg concentration. It should be noted
that the seawater fraction in Table 1 does not simply refer to the
amount of cross-contamination by seawater during sampling, but
contain a certain amount of not hydrothermally altered seawater
as discussed below. The fluids discharging from the APSK07 bore-
hole and the AP04 vent obviously contained hydrothermal fluids
as shown by geochemical differences such as high temperature,
low pH and high concentrations of Si and H;S. The temperatures
of the fluids from the APSK08, APSK09 and APSK10 boreholes
were slightly higher (0.1 to 0.3°C) than that of the surrounding
seawater.

MICROBIAL ABUNDANCE

Relative abundance of bacteria and archaea determined by Q-PCR
(Table 1) indicated that bacteria dominated in all the samples
(Table 1). The cell densities of the fluid samples of the boreholes
(except sm10cp) and the vent were relatively higher than that of
the surrounding seawater near each borehole (Table 1).

DIVERSITY OF 16S rRNA GENE SEQUENCES

Shannon diversity indices of the microbial communities of the
samples are shown in Figure 2 (see also Table S1 in Supple-
mentary Material in details). When the diversity indices were
compared between bacterial and archaeal communities within sin-
gle samples, the archaeal communities for all the seawater samples
(Sm4sw, Sm7sw, Sm8sw, and Sm10sw) showed higher diversity
than the bacterial communities (1.1-2.0 times; Figure 2). The bac-
terial communities in the borehole fluids (Sm7cp, Sm8cp, Sm9cp,
and Sm10cp), rock (Sm4rk), sand (Smhsd), and sulfide chim-
ney (Smmcs) samples showed higher diversity (1.6-3.8 times;
Figure 2) than the archaeal communities. The bacterial commu-
nities in the vent fluid (Sm4hw) and sulfide mound (Sm4sm)
samples were more diverse than the archaeal communities (1.2
times; Figure 2). When the diversity indices of the bacterial com-
munities were compared among the samples, Sm4rk and Smmcs
had the highest diversity (Shannon diversity index, 4.3-4.5) and
Sm8sw had the lowest diversity (<1.0) (Figure 2; Table S1 in Sup-
plementary Material). The bacterial communities of the borehole
fluid samples, except Sm10cp, showed higher diversity than those
of the seawater samples (Figure 2). When the diversity indices
of the archaeal communities were compared among the samples,
Smmcs, Sm4sm, and Sm4hw had high diversity (Shannon diversity
index, >2.1) and the seawater samples (Sm4sw, Sm7sw, Sm8sw,
and Sm10sw) had moderate diversity (1.7-2.0). The borehole
fluid samples, except Sm9cp, had low archaeal diversity (Shan-
non diversity index, <1.0) (Figure 2). Chaol species richness
estimates (Table S1 in Supplementary Material) and rarefaction
curves (Figure S1 in Supplementary Material) showed the similar
patterns.

BACTERIAL COMMUNITY STRUCTURES

To grasp the overview of the common and unique phylotypes
among the samples, the microbial community structures (both
archaea and bacteria) are displayed on a VITCOMIC image in
Figure 3 (see also Figure S2 in Supplementary Material for
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FIGURE 2 | Shannon diversity index for archaeal and bacterial 16S
rRNA gene clone libraries. Values in details are shown inTable S1 in
Supplementary Material.

enlarge views of Alpha-, Beta-, Gamma-, and Epsilonproteobacteria
and Archaea). The image of VITCOMIC displays the taxonomic
composition for not only major but also minor phylotypes in
each library without loss of similarity information (Mori et al,,
2010). This enables us to visually compare the microbial commu-
nity structures. The taxonomic affiliation of the phylotypes related
to cultured species and their relative abundance as shown in the
VITCOMIC image well corresponded to that resulted from the
phylogenetic tree (Figures S3 and S4 in Supplementary Material).

The recovered bacterial phylotypes were affiliated to taxonomic
groups (the details are shown in Table S2 in Supplementary Mate-
rial). Most phylotypes recovered from the liquid samples (i.e.,
the borehole fluids, vent fluid, and seawater samples) and from
the sand sample were affiliated to Proteobacteria (82.5-100%
of the total clone numbers; Table S2 in Supplementary Mater-
ial). In contrast, the proportion of the proteobacterial phylotypes
was relatively low (56.0-62.0%) for the rock, sulfide mound and
chimney samples. Other bacterial phyla (i.e., the Acidobacteria,
Actinobacteria, Aquificae, Bacteroidetes, “ Caldithrix,” Chlamydiae,
Chlorobi, Chloroflexi, Cyanobacteria, Firmicutes, Gemmatimon-
adetes, Lentisphaerae, Nitrospirae, Planctomycetes, “Poribacteria,”
Spirochetes, Thermotogae, and Verrucomicrobia) and uncultured
clone groups (GN02, GNO06, JS1, KSB1, Marine group A, OD1,
OP1, OP3, TM6, TM7, WS3) were also detected (Table S2 and
Figure S3 in Supplementary Material).

The relative abundance of the phylotypes in several taxonomic
groups is summarized in Figure 4. Many bacterial phylotypes
(57.4-78.7% of the total clone numbers) recovered from Sm8cp,
Sm10cp, Sm4hw, and all the seawater samples were affiliated to
SUPO5-related group in the Gammaproteobacteria (see also Table
S2 and Figure S3E in Supplementary Material), which have been
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FIGURE 4 | Relative abundances of each phylotype or taxonomic group
in the liquid samples. Gamma group includes Acinetobacter,
Alteromonas, Colwellia, Halomonas, Marinobacter, Pseudomonas,
Psychrobacter, and Vibrio. Beta group includes Burkholderia, Nitrosospira,
Oxalobacteraceae, Pelomonas, and Ralstonia. Values in details are shown in
Table S2 in Supplementary Material.

reported as the most abundant members in the hydrothermal
plume in the Suiyo Seamount (Sunamura et al., 2004). This
group has been found at other hydrothermal vent fields (Kato
et al., 2009¢) and oxygen minimum zone in oceans (Walsh et al.,
2009), and may contain chemolithoautotrophic sulfur-oxidizing
bacteria suggested by whole-genome analysis (Walsh et al., 2009).
These samples also contained phylotypes related to SAR11 clus-
ter that is a common bacterial member in oceans (Morris et al.,
2002) and those related to SUPO1 in the Thiovulgaceae that is
the second abundant member in the hydrothermal plume in
the Suiyo Seamount (Sunamura et al., 2004) (Figures S3A,D in
Supplementary Material).

In contrast, phylotypes recovered from the other two bore-
hole fluid samples, Sm7cp and Sm9cp, were phylogenetically close
to cultured species (e.g., Acinetobacter, Alteromonas, Halomonas,
Marinobacter, Pseudomonas, and Vibrio in the Gammaproteobac-
teria, and Ralstonia in the Betaproteobacteria) (Figure 3; figures
S3B,E in Supplementary Material), which account for >10% of
the total clone number of each library (Table S2 in Supplemen-
tary Material). The phylotypes related to Ralstonia and also the
Oxalobacteraceae in the Betaproteobacteria were relatively abun-
dant in the clone library from Sm4hw (21.8% of the total clone
number). The SUP24-24 clone recovered from the Suiyo seamount
hydrothermal plume (Sunamura et al., 2004) belongs to the
Oxalobacteraceae (Figure S3B in Supplementary Material).

Phylotypes recovered from the solid samples, i.e., Sm4sm,
Smd4rk, Smhsd, and Smmcs, had low similarity to cultured species
(<95%, a general genus-level definition; Figure 3). In partic-
ular, unclassified gammaproteobacterial phylotypes were recov-
ered from all solid samples (Table S2 in Supplementary Material;

Figure 3; see also Figure S2A in Supplementary Material). These
phylotypes were related to environmental clones recovered from
seafloor habitats (sediment and rocks, and symbionts) in vari-
ous areas and were also relatively close to chemolithoautotrophic
members of Thioprofundum and the Ectothiorhodospiraceae,
including sulfide-, arsenite-, and nitrite-oxidizers (Takai et al.,
2009), in the phylogenetic tree (Figure S3E in Supplementary
Material).

ARCHAEAL COMMUNITY STRUCTURES

The recovered archaeal phylotypes were affiliated with taxonomic
groups as shown in Table S3 in Supplementary Material. All phy-
lotypes recovered from Sm7cp, Sm8cp, Sm10cp, and Sm4rk were
affiliated with Marine Group I (MGI) (Figure 3; see also Figures
S2C and $4 in Supplementary Material), which is one of the most
abundant archaeal members in oceans (Fuhrman and Davis, 1997;
Karner et al., 2001) and contain an ammonia-oxidizing isolate
“Nitrosopumilus maritimus” (Konneke et al., 2005). In addition to
MGI, phylotypes related to pSL12-related group, Marine Group II
and III (MGII and MGIII) or Marine Benthic Group E (MBGE)
in the Euryarchaeota were recovered from Sm9cp, Smhsd, and all
the seawater samples (Table S3 and Figure S4 in Supplementary
Material). The libraries from Sm4sm and Smmcs contained phy-
lotypes related to (hyper)thermophilic members of Archaeoglobi
and Thermoprotei. Furthermore, phylotypes related to “Acidulipro-
fundum,” Thermococci, and Marine Benthic Group D (MBGD)
in Euryarchaeota, Korarchaeota, and ambiguous groups, i.e., Hot
Water Crenarchaeota Group (HWCG), Marine Benthic Group B
(MBGB), Marine Hydrothermal Vent Group I (MHVG-I), and Ter-
restrial Hot Spring Crenarchaeota (THSC), which did not clearly
clustered in above archaeal phyla in the phylogenetic tree (Figure
S4B in Supplementary Material), were recovered only from Smmcs
(Table S3 in Supplementary Material).

COMPARISON OF BACTERIAL AND ARCHAEAL COMMUNITY
STRUCTURES

The communities were divided into four groups each in archaeal
and bacterial communities in PCoA (Figures 5A,B). The bacterial
four groups are: GroupB1 consisted of all the seawater samples
(Sm4sw to Sm10sw), vent fluid sample (Sm4hw) and two bore-
hole samples (Sm8cp and Sm10cp); GroupB2 consisted of the
other borehole samples (Sm7cp and Sm9cp); GroupB3 consisted
of the sand (Smhsd), rock (Sm4rk), and sulfide mound (Sm4sm)
samples; and GroupB4 consisted of the chimney sample (Smmcs).
The archaeal four groups are: GroupAl consisted of all the sea-
water samples, Sm4hw and Sm9cp; GroupA2 consisted of Sm7cp,
Sm8cp, and Sm10cp; and GroupA3 and GroupA4 consisted of the
same samples as in the case of GroupB3 and GroupB4 for bacterial
communities.

The shared phylotype numbers among the groups are shown
in Venn diagrams (Figures 5C,D). Over half of the bacterial phy-
lotypes in GroupB3 (92.9% of the total phylotype number) and
GroupB4 (95.5%) and archaeal phylotypes in GroupA3 (57.9%)
and GroupA4 (86.2%) were unique. These groups were all derived
from the communities in the solid samples. In addition, many
bacterial phylotypes (70.4-95.6%) were unique among each solid
sample (Figure S5A in Supplementary Material). In contrast,
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relatively small numbers of the phylotypes in GroupB2 (37.9% of
the total phylotype number) were shared with GroupB1 (16.2%)
and those in GroupA2 (66.7%) were shared with GroupAl
(25.0%); these groups were derived from the communities in the
liquid samples (Figure 5). Furthermore, GroupBl was divided
into three subgroups, GroupBla, b and c (Figure 5A). The
shared phylotype numbers among GroupBla, b, ¢, and GroupB2
are shown in Figure S5B in Supplementary Material. Although
these (sub)groups were similar each other in the PCoA result
(Figure 5A), unique phylotypes constituted a half or more of the
total phylotype numbers (Figure S5B in Supplementary Material).

CHANGE IN MICROBIAL COMMUNITIES IN CRUSTAL FLUIDS FOR
3YEARS

The microbial community structures in the crustal fluids col-
lected from the boreholes in the Suiyo Seamount in 2001 and 2002
have already been reported (Higashi et al., 2004; Nakagawa et al.,
2004; Kato et al., 2009a). Comparative analysis between the data
in 2001-2002 and 2005 samples provide a unique opportunity to

address the change of microbial communities in crustal fluids. The
difference in the community compositions in the crustal fluids
of the Suiyo Seamount is shown in Figure S6A in Supplemen-
tary Material by VITCOMIC. Remarkably, the phylotype related
to Thiomicrospira was detected in the borehole fluids in 2001 and
2002 (Higashi et al., 2004; Nakagawa et al., 2004; Kato et al., 2009a);
however no or few phylotypes related to these members were
detected in 2005. In contrast, in 2005, the phylotypes related to
gammaproteobacterial genera such as Alteromonas, Pseudomonas,
and Marinobacter accounted for relatively high percentages in the
clone libraries from the borehole fluids (Sm7cp and Sm9cp; Table
S2 in Supplementary Material).

Likewise, such change in microbial communities has been
observed in the borehole fluids in the SMT between 2004 and 2005
(Kato et al., 2009c¢) (Figure S6B in Supplementary Material). The
analytical processes, such as the seafloor drilling, collecting fluids,
and DNA analysis, has been performed by almost the same meth-
ods, so that we could compare the results of the Suiyo Seamount
with those of the SMT in minimized methodological bias. The
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results of PCoA including the data of the Suiyo Seamount and SMT
indicated that the community of the SMT borehole fluid collected
in 2005 (as F2apm1 in Figure 6) was clustered within the GroupB2
(Figure 6). These communities in GroupB2 include phylotypes
related to cultured Beta- and Gammaproteobacteria (Figure S6
in Supplementary Material). This grouping suggested that the
characteristics of bacterial community structures in crustal fluids
might converge for at least 1year after drilling despite the dif-
ference in geographical (spatial distance) and geological settings
(island-arc vs. back-arc spreading center). The communities of
the SMT vent and borehole fluids collected in 2004 were clustered
within GroupBm that is defined in Figure 6, which represents
phylotypes related to Thiomicrospira and Mariprofundus (sulfide-
and iron-oxidizing bacteria, respectively) (Kato et al., 2009¢). The
Suiyo Seamount borehole fluid collected in 2002 may be clustered
in the GroupBm because of the representative phylotypes related
to Thiomicrospira (Figure S6A in Supplementary Material; Kato
et al., 2009a); however, we could not include these 2002 data into
PCoA because only partial sequences were determined.

DISCUSSION

Although microbes within the crustal aquifers potentially play a
role in global geochemical cycling, knowledge of these sub-seafloor
microbes, i.e., their abundance, diversity, function, activity, and
productivity, is still extremely limited because of the technical dif-
ficulties in directly access their habitats. Seafloor drilling provides a
unique opportunity to approach microbes within crustal aquifers.
Our comprehensive analysis of the 16S rRNA gene sequences
(especially for bacteria) picks up the difference and commonality
of the characteristics of microbial communities in each habitat-
type (i.e., borehole fluid, vent fluid, ambient seawater, sand, rock,
sulfide mound, and chimney) in the Suiyo Seamount, a model
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FIGURE 6 | Comparison of bacterial communities between the Suiyo
Seamount and Southern Mariana Trough. The results of PCoA are
shown. Data from the previous reports of the Southern Mariana Trough
(Kato et al., 2009c) are included in this analysis: Fapm1a, Fapm1b, Papm,
F2apm1, Fnv, Fasw, and Pasw. The percentages in the axis labels represent
the percentages of variation explained by the principal coordinates.

of the island-arc hydrothermal fields. Furthermore, comparative
analysis including the previous results of the Suiyo Seamount
in 2002 (Kato et al., 2009a) and of the SMT in 2004 and 2005
(Kato et al., 2009¢) allows us to discuss the difference in microbial
communities in the crustal fluids.

CHARACTERISTICS OF MICROBIAL COMMUNITIES IN CRUSTAL FLUIDS

The crustal fluid communities are likely to be distinguished from
the communities in the seawater and solid habitats, such as rocks.
Our comparative analysis shed light on the characteristics of the
crustal fluid communities in 2005. The cell densities in the bore-
hole fluids are comparable to or slightly higher than those in
ambient seawater (Table 1). The cell densities in the overlying sea-
water and borehole fluids is comparable to the previous reports of
the JdER flank (0.23-0.85 and 0.38-1.30 x 10° cells/mL, respec-
tively) (Cowen et al., 2003; Huber et al., 2006) and to those of the
SMT (0.17-0.18 and 0.66-1.03 x 10° cells/mL, respectively) (Kato
et al., 2009c¢).

A characteristic of the crustal fluid communities of Sm7cp
and Sm9cp samples is the relatively high abundance of phylo-
types closely related to cultured species in Gammaproteobacteria
(e.g., Alteromonas, Halomonas, Marinobacter, Pseudomonas, and
Vibrio). This characteristic is one of the reasons for the separa-
tion between the crustal fluid communities (Sm7cp and Sm9cp)
and the others in PCoA (Figure 5A). Halomonas and Marinobac-
ter are widely distributed in low temperature hydrothermal vent
fields (Kaye et al., 2011). These facts support that the gammapro-
teobacterial members in Sm7cp and Sm9cp may be present there
and adapt to the low temperature crustal fluid environments. The
temperature of APSK07 borehole fluids dramatically increased for
3 years (55-165°C). Despite the high temperature of the fluid sam-
ple Sm7cp, no phylotypes related to known thermophilic mem-
bers were observed in the Sm7cp library. We interpret that the
detected phylotypes in the Sm7cp may be transported from low
temperature sub-seafloor environments. Organic carbon for the
above-mentioned heterotrophic bacteria, e.g., Alteromonas and
Halomonas, might be produced by chemolithoautotrophs (e.g.,
Thiomicrospira) during the first year after the drilling (Kato et al,,
2009a) and/or by those (e.g., Archaeoglobus) in hot deeper sub-
seafloor environments (Higashi et al., 2004; Hara et al., 2005). It
should be noted that we have shown the presence of a variety of
putative chemolithoautotrophs in the solid samples (i.e., Sm4rk,
Smhsd, and Smmcs), the seawater and vent fluid samples (i.e.,
Sm8sw, Sm10sw, Sm4sw, and Sm4hw) (Kato et al., 2012b) used
in the present study by PCR-based analysis of cbbM gene encod-
ing form II of ribulose-1,5-bisphosphate carboxylase/oxygenase
(RubisCO), a key enzyme in the Calvin—Benson—Basham cycle.
However, cbbM and other genes related to carbon fixation (i.e.,
cbbL and aclB) have not been detected in the borehole fluid
samples.

Archaeal communities seem to be different between the bore-
hole fluid samples (except Sm9cp) and the seawater samples
(Figure 5B). This likely results from the absence of MGI a-cluster
and MGII in these borehole fluids (Table S3 and Figure S4 in Sup-
plementary Material), although most of the archaeal phylotypes
in the borehole fluids were also found in the seawater (Figure 5D).
In contrast, the archaeal communities were clearly different
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between the liquid samples (representing GroupAl and 2) and
the solid samples (representing GroupA3 and 4) (Figures 5B,D).
This difference is likely caused by the presence/absence of
MGI ¢ — ¢ — 0 cluster and of the other archaeal groups (except
MGII and pSL12-related) (Table S3 in Supplementary Material).
The presence/absence of these archaeal groups may reflect the
temperature, pH, and availability of energy sources associated with
hydrothermal activity as discussed previously (Kato et al., 2010),
as well as their life-style, i.e., free-living or attached to a solid sup-
portas reported in other marine environments (Durbin and Teske,
2010; Nitahara et al., 2011).

Our results show the characteristics of the bottom seawater
communities: (i) low cell density (<1.1 x 10° cells/mL); (ii) low
phylogenetic diversity (<2.0 of Shannon diversity index); (iii)
higher diversity of archaea than bacteria (1.1-2.0 times); and (iv)
high relative abundance of the phylotypes of the SUP05-related
group in Gammaproteobacteria (60-80% of the total clone num-
bers), SUPO1 cluster in Epsilonproteobacteria (5-15%), and SAR11
cluster in Alphaproteobacteria (5-10%). These characteristics are
partially consistent with those reported for the bottom seawa-
ter of the Suiyo Seamount sampled in 2002 (Kato et al., 2009a)
and those of the back-arc spreading center deep-sea hydrother-
mal fields of the SMT (Kato et al., 2009¢), suggesting that these
characteristics of the bottom seawater communities are common
at deep-sea water around hydrothermal fields in island-arc and
back-arc systems. Microbial communities in the habitats of the
solid samples are characterized as: (i) moderate or high phyloge-
netic diversity (Shannon diversity index, 2.8—4.3); (ii) relatively
high abundance of the phylotypes related to uncultured bacteria
including Proteobacteria and other phyla; and (iii) distinct com-
munity structures among the habitats (i.e., sands, rocks, sulfide
mounds, and chimneys). These characteristics are consistent with
those of the SMT (Kato et al., 2009b, 2010). Overall, our results
suggest that the characteristics of the microbial communities of
overlaying bottom seawater and surrounding solid habitats are
different from those of crustal fluids in island-arc and back-arc
systems.

THE CHANGE IN MICROBIAL COMMUNITY COMPOSITIONS IN
CRUSTAL FLUIDS FOR 3 YEARS

The changes in the community compositions in the crustal flu-
ids of the Suiyo Seamount for 3 years are summarized (Figure 7)
based on comprehensive data regarding the geological and geo-
chemical characterization as described previously (Marumo et al.,
2008; Toki et al, 2008). Although putative sulfide-oxidizing
chemolithoautotrophs related to Thiomicrospira were relatively
abundant in the borehole fluids in 2001 and 2002 (Higashi
et al., 2004; Nakagawa et al., 2004; Kato et al., 2009a), puta-
tive heterotrophs related to such as Alteromonas, Pseudomonas,
and Marinobacter were relatively abundant in the borehole flu-
ids in 2005 (Figure S6A in Supplementary Material). Considering
the inferred physiological characteristics of the detected phy-
lotypes, the changes in microbial communities in the crustal
fluids for 3 years may be caused by the changes of geochemi-
cal characteristics of the crustal fluids. As compared with 2002
data, the increase in pH (6.6-7.6) and decrease in concen-
trations of H,S (0.74mM to not detected) was observed for
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FIGURE 7 | A model of the change of microbial communities in crustal
fluids. This model is based on comprehensive results from geological,
geochemical and microbiological studies of the hydrothermal field of the
Suiyo Seamount. See text in details. Arrows indicate fluid flow.

APSKO09 borehole fluids. The decrease in H,S is consisted with
the decrease in the relative abundance of the phylotypes related to
Thiomicrospira.

It is possible that the geochemical changes are caused by the
creation of new discharging points using the drilling process.
The creation of a discharging point is expected to lead to more
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recharge of the seawater and to oxygenation of the sub-seafloor
habitats. During the first year after drilling, phylotypes related
to Thiomicrospira were present in sub-seafloor, and might uti-
lize reduced-sulfides contained in hydrothermal fluids and oxy-
gen and/or nitrate contained in recharged seawater (Figure 7;
Kato et al., 2009a). Heat flow measurements indicate that local
recharges of seawater into the seafloor occur in the Suiyo Seamount
(Kinoshitaetal.,2006). After the depletion of these electron donors
(i.e., reduced-sulfides) by microbial consumption and/or chemical
precipitation, putative heterotrophic bacteria could thrive uti-
lizing organic carbon as described above. Our hypothesis can
clearly explain the observed change in the microbial communi-
ties in the crustal fluids of the Suiyo Seamount from 2002 to 2005
and also of the SMT from 2004 to 2005 (Figure 6). The change
in the microbial communities potentially occurs in global sub-
seafloor environments from the opening of a new hydrothermal
vent to the ceasing of hydrothermal activity. Further investigations,
e.g., physiological characterization of these phylotypes by cultiva-
tion and/or metagenomic approaches, in situ measurement of the
metabolic reaction and detailed geochemical characterization of
the crustal fluids over time, are needed to assess this hypothesis.
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INTRODUCTION

Microbial processes within the subseafloor can be examined during the ephemeral and
uncommonly observed phenomena known as snowblower venting. Snowblowers are
characterized by the large quantity of white floc that is expelled from the seafloor following
mid-ocean ridge eruptions. During these eruptions, rapidly cooling lava entrains seawater
and hydrothermal fluids enriched in geochemical reactants, creating a natural bioreactor
that supports a subseafloor microbial “bloom.” Previous studies hypothesized that the
eruption-associated floc was made by sulfide-oxidizing bacteria; however, the microbes
involved were never identified. Here we present the first molecular analysis combined with
microscopy of microbial communities in snowblower vents from samples collected shortly
after the 2011 eruption at Axial Seamount, an active volcano on the Juan de Fuca Ridge. We
obtained fluid samples and white flocculent material from active snowblower vents as well
as orange flocculent material found on top of newly formed lava flows. Both flocculent
types revealed diverse cell types and particulates when examined by phase contrast and
scanning electron microscopy (SEM). Distinct archaeal and bacterial communities were
detected in each sample type through lllumina tag sequencing of 16S rRNA genes and
through sequencing of the sulfide oxidation gene, soxB. In fluids and white floc, the
dominant bacteria were sulfuroxidizing Epsilonproteobacteria and the dominant archaea
were thermophilic Methanococcales. In contrast, the dominant organisms in the orange
floc were Gammaproteobacteria and Thaumarchaeota Marine Group |. In all samples,
bacteria greatly outnumbered archaea. The presence of anaerobic methanogens and
microaerobic Epsilonproteobacteria in snowblower communities provides evidence that
these blooms are seeded by subseafloor microbes, rather than from microbes in bottom
seawater. These eruptive events thus provide a unique opportunity to observe subseafloor
microbial communities.

Keywords: hydrothermal vents, Epsilonproteobacteria, snowblowers, eruption, subseafloor

was created by sulfide-oxidizing bacteria taking advantage of an

Most of the volcanic activity on Earth occurs on the seafloor and
eruptions at mid-ocean ridges may have profound impacts on
global biogeochemical cycles (Baker et al., 2012). During sub-
marine eruptive events, intense changes in the circulation of
subseafloor fluids flush both fluids and microbes from within
the crust out into the water column, including extremely high
concentrations of dissolved gases such as CO, and H,S that
fuel chemolithoautotrophic communities (Delaney, 1998). One
remarkable consequence of these changes is the ephemeral phe-
nomenon known as a snowblower vent, first observed at 9°N
on the East Pacific Rise in 1991 (Haymon et al., 1993). Haymon
et al. found widespread diffuse flow following an eruption,
including new venting sites that they termed “snowblower vents”
because of the abundant white flocculent material emanating
from the seafloor. While the microbial populations creating this
bloom were not identified, it was postulated that the white floc

increase in available hydrogen sulfide. The white floc produc-
ers were thought to be members of the Epsilonproteobacterial
genus Arcobacter since an isolate of this genus from salt marshes
was shown to create similar white flocculent material com-
posed of excreted elemental sulfur in a lab-based bioreactor
(Taylor and Wirsen, 1997; Wirsen et al., 2002). Rapid produc-
tion of white floc was later also observed using in situ colo-
nization experiments and in shipboard bioreactors inoculated
with filamentous white mat collected at non-eruptive diffuse
flow vents at 9°N (Taylor et al., 1999). The white floc produc-
ers in both the colonization traps and the shipboard bioreactors
were later identified as two different Arcobacter groups (Sievert
et al., 2008a). Despite the evidence that Arcobacter from mul-
tiple habitats can produce white floc, there has been no direct
evidence that Arcobacter are present or produce the white floc in
snowblower vents.
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In addition to active snowblower vents, orange flocculent
material was observed coating the seafloor surrounding diffuse
flow sites following multiple seafloor eruptions. Orange floc col-
lected following the 1993 eruption at the CoAxial Segment of the
Juan de Fuca Ridge consisted of diverse aggregates of cells that
were coated with iron and silica, many of which did not stain with
DAPI (Juniper et al., 1995). Carbon fixation through RuBisCo
activity and the oxidation of hydrogen sulfide were detected in
this orange floc, indicating an active microbial community. In
addition, thermophiles and hyperthermophiles were detected by
enrichment culture from low-temperature diffuse fluids sampled
for several years following the 1993 CoAxial eruption (Holden
et al,, 1998). Some of these enrichment cultures were capable
of producing white flocculent material similar in appearance to
the floc emanating from snowblower vents (Holden et al., 1998).
The production of floc in cultures from both filamentous white
mats and diffuse fluids collected between eruptions suggests that
the floc producers responsible for snowblowers are long-term
residents of vent habitats that bloom during the surge of geo-
chemical fuels concurrent with eruptions. Taken together, these
early examinations of eruptive materials suggest that the floccu-
lent material characterizing snowblower vents is generated by a
bloom of sulfide-oxidizing bacteria producing elemental sulfur
that may become coated with iron and silica as the bloom ages.

Axial Seamount is an active submarine volcano along the Juan
de Fuca Ridge that has been closely monitored for more than a
decade and is now part of the networked seafloor observatory
being installed as part of the Regional Scale Nodes component of
the NSF’s Ocean Observatories Initiative. Axial Seamount erupted
in 1998 and several post-eruption time series studies were per-
formed to monitor changes in the chemistry and microbiological
communities in diffuse fluids from the Marker 33 vent (Huber
et al., 2003, 2002; Butterfield et al., 2004). Although snowblower
vents were observed following the 1998 eruption, the microbial
populations were not sampled from these short-lived diffuse flow
sites (Butterfield et al., 2004; Chadwick et al., 2013). Fluids from
Marker 33 were very gas-rich in the first year after the 1998 erup-
tion and contained high levels of H,S and CO,, making sulfide
oxidation the dominant source of chemical energy for microbial
metabolisms (Butterfield et al., 2004). While the energy available
from methanogenesis was much lower than that from sulfide oxi-
dation (Butterfield et al., 2004), both putatively mesophilic and
hyperthermophilic methanogens were detected in the three years
following the eruption (Huber et al., 2002). Temporal changes in
the archaeal communities at Marker 33 corresponded with the
changing chemistry of the fluids, including an increase in ther-
mophilic Methanococcus and a decrease in the Thaumarchaeota
Marine Group I common in bottom seawater as fluid temper-
atures increased (Huber et al., 2002). In a separate study of
the bacterial community response following the eruption, lower
diffuse fluid temperatures and the corresponding increase in oxy-
gen availability favored Epsilonproteobacteria, with an increase
in the diversity of Epsilonproteobacteria over time (Huber et al,,
2003).

Axial Seamount erupted again in April 2011 (Caress et al.,
2012; Chadwick et al., 2012; Dziak et al., 2012). Fortuitously
scheduled research cruises in July and August of 2011 allowed

the sampling of both white and orange flocculent types as well
as diffuse fluids from active snowblower vents. Here we present
the first direct molecular characterization of microbial commu-
nities associated with short-lived snowblower vents to examine
the major microbial players in orange and white flocs as well as
snowblower diffuse fluids. We address how these ephemeral com-
munities relate to more stable diffuse flow vents and the potential
sources of the taxa associated with snowblowers.

MATERIALS AND METHODS

SITE DESCRIPTION AND SAMPLE COLLECTION

The April 2011 eruption at Axial Seamount was discovered during
a regularly scheduled research expedition in July when seafloor
monitoring sites were found buried (Chadwick et al., 2012).
Diffuse fluids were collected from newly discovered snowblower
vents at Axial Seamount in late July 2011 with the ROV Jason
II using the hydrothermal fluid and particle sampler (Butterfield
et al., 2004). Cells were filtered on the seafloor onto a 0.22 um
Sterivex-GP filter, fixed at 4°C for 24 h with RNA Later immedi-
ately upon recovery, then frozen at —80°C until DNA extraction.
Whole fluids were fixed with 3.7% formaldehyde for cell counts
as previously described (Huber et al., 2002). Basic chemistry for
the Snow Globe and Boca snowblower vent fluids was provided
by D. Butterfield (personal communication). White and orange
flocculent materials were collected on the subsequent University
of Washington Visions’11 cruise, in support of the Regional Scale
Nodes component of the Ocean Observatories Initiative in August
2011. White flocculent material was collected from the orifice of
the Subway snowblower vent (Figure 1) on dives R1467 (White
Floc 1) and R1472 (White Floc 2) and orange flocculent mate-
rial was collected on the seafloor distal to Marker 33 during dive
R1472 where it coated freshly deposited basalt (Video S1). All
of the fluid and floc samples analyzed in this study are from a
small area in the south rift zone at the southeastern edge of Axial
Caldera, with the exception of background seawater which was
collected outside of the caldera (Table 1).

FIGURE 1 | Seafloor photograph of the “Subway” snowblower vent,
Axial Seamount, Juan de Fuca Ridge, showing white flocculent
“snow” inside the venting orifice and orange floc coating the
surrounding seafloor. White floc samples 1 and 2 were collected here,
while orange floc was collected further away from the venting site.
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Table 1| Sampling site descriptions.

Sample Vent Latitude/Longitude Depth (m) Tmax (°C) Tavg (°C) pH Cells g~ of wet floc* or cells mI~" of
fluid** (£ 95% confidence level)

SOLIDS

White Floc 1 Subway 45.942/—-129.985 1517 ND ND ND 86 x 108 (+ 2.7 x107)*

White Floc 2 Subway 45.942/—-129.985 1516 ND ND ND 9.8 x 108 (+ 2.0 x107)*

Orange Floc Marker 33 45.933/-129.982 1515 ND ND ND 3.4 x 107 (£ 1.2 x100)*

FLUIDS

FS825 Snow globe 45.946/—129.985 1524 12 1.4 5.5 3.0 x 10° (£ 1.5 x10%)**

FS834 Boca 45.928/-129.985 1519 171 16.8 5.4 3.3 x 10° (£ 1.1 x10%)**

Seawater — 45.947/—-129.984 1526 2.5 2.4 7.8 2.8 x 104 (+ 9.6 x102)**

ND, not determined.

MICROSCOPY

Subsamples of flocculent material were viewed under phase con-
trast, fixed and stained with DAPI for cell counting via epifloures-
cent microscopy; or fixed for scanning electron microscopy (SEM)
with elemental detection system (EDS) on a Zeiss Supra 40VP.
White and orange flocs were fixed with 2.5% glutaldehyde for
both cell counts and SEM. Samples were prepared for SEM by
dehydration in a series of chilled alcohol washes (50, 70, 85, 95,
100%), dried with a critical point dryer, mounted, and sputter-
coated with platinum. Preserved whole fluids were also stained
with DAPI for cell counts.

BULK CARBON, NITROGEN, AND SULFUR MEASUREMENTS

Bulk carbon and nitrogen were measured using a Thermo
Scientific CN Analyzer (Model Flash 2000) from subsamples of
flocculent material dried at 50-60°C for 2 days. A standard curve
for bulk carbon and nitrogen was made using aspartic acid as a
standard and acetanilide and apple leaf as standard curve checks.
Bulk sulfur was measured using a LECO S632 Sulfur Analyzer
from subsamples of flocculent material dried in a dessicator for 4
days and supplemented with sterile sea sand (Fisher) to meet min-
imum volume requirements. A standard curve for bulk sulfur was
made using coal with known sulfur content provided by LECO.
Two subsamples were analyzed for each floc sample and replicate
readings were averaged for all bulk C, N, and S measurements.

DNA EXTRACTION AND ILLUMINA TAG SEQUENCING

Total genomic DNA was extracted from Sterivex filters as previ-
ously described (Sogin et al., 2006) with the minor modifications
described by Akerman et al. (in review). Total genomic DNA was
extracted from 20 to 30 mg of wet flocculent material using a
MoBio UltraClean® Soil DNA Isolation Kit. The V6 region of
16S rRNA genes were amplified in triplicate for each sample with
previously reported primers designed for archaea and bacteria
(Huber et al., 2007) that were modified to include indices and bar-
codes compatible with the Illumina HiSeq1000 platform rather
than 454 Life Sciences Adapters (Eren et al., 2013). Triplicate
PCR amplifications were pooled for each sample, cleaned with
a Qiagen MinElute kit, and quanitified by PicoGreen assay on a
Turner Biosystems spectrophotometer. Fifty nanograms of each
cleaned amplicon library was then size selected with a 2% agarose
PippinPrep cassette to produce a narrow range of fragment

sizes from 200 to 300 bp for sequencing and cleaned again to
remove agarose. All of the amplicon libraries included in this
study were sequenced in the same run and on the same paired-
end lane, along with 60 other libraries. Equimolar amounts of
pooled amplicon libraries and a metagenomic library were run
in the same lane to avoid known difficulties of sequencing low-
complexity amplicon libraries with Illumina (Caporaso et al,
2012).

SEQUENCE ANALYSIS

Paired Illumina sequencing reads were quality filtered to remove
any reads containing ambiguous nucleotides and only pairs
with perfectly overlapping reads were used for further anal-
ysis. Quality-filtered reads are publicly available through the
VAMPS database, http://vamps.mbl.edu under the project name
JAH_AXV_Bv6 and JAH_AXV_Av6, where orange floc is listed
as “eruption mat,” white floc 1 is listed as “snow_R1467,” and
white floc 2 is listed as “snow_R1472” Sequences were clus-
tered at 97% similarity with a minimum word length of 30,
using usearch (Edgar, 2010). Taxonomy was assigned by global
alignment for sequence taxonomy (GAST; Huse et al., 2008)
with the SILVA 111 database (Quast et al., 2012). Operational
taxonomic units (OTUs) were then analyzed with Qiime 1.5
(Caporaso et al., 2010). Even sequencing depth per sample was
established by multiple rarefactions to roughly 75% of the small-
est sequencing depth, using a total of 195,000 bacterial reads
and 145,000 archaeal reads per sample. To compare bacterial
communities in snowblower fluids and flocculent samples to
background seawater by dendrogram, we retrieved bacterial V6
454 reads from background seawater collected outside the Axial
Caldera from the VAMPS database under the project name
KCK_SMT_Bv6, fluid sample FS501. To compensate for the fewer
number of reads in the background seawater sample, a second
set of multiple rarefactions was performed with 7112 reads per
sample. Distance matrices were calculated for 10 rarefactions
using the Morisita-Horn index (Horn, 1966) and the resulting
tree topographies were clustered using UPGMA to create a final
jackknifed tree.

SULFUR OXIDATION GENES
The oxidation of reduced sulfur compounds, including hydro-
gen sulfide, thiosulfate, elemental sulfur, and sulfite, can be
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achieved through the Sox pathway, which is present in several
genera of Epsilonproteobacteria in hydrothermal vent systems
(Yamamoto and Takai, 2011). As the sulfur-oxidizing genera
Sulfurovum and Sulfurimonas are often abundant in 16S rRNA
gene libraries from Axial Seamount (Huber et al., 2007), we tar-
geted the amplification of the soxB gene in Epsilonproteobacteria
to assess the diversity of sulfur oxidizers in white floc vs.
orange floc samples. The soxB gene was amplified in one white
flocculent sample (White Floc 2) and in the orange floccu-
lent sample, using the newly designed primers and conditions
described by Akerman et al. (in review). The PCR reaction mix-
ture consisted of 1X buffer (Promega), 4 mM MgCl,, 0.2 mM
of each deoxynucleoside triphosphate (ANTP), 0.6 uM of each
primer, 1 U GoTaq polymerase (Promega), 1 ul DNA template,
and DEPC H,0 to 25pl. Thermocycling conditions on an
Eppendorf thermal cycler consisted of an initial denaturation
step at 94°C for 3 min, followed by 35 cycles of 94°C for 30s,
46°C for 45s, and 72°C for 1 min, followed by a final exten-
sion at 72°C for 5min. The primers used in this study were
s0x527F (5'-TGGTWGGWCAYTGGGAATTTA-3') and sox1198R
(5'-AGAANGTATCTCKYTTATAAAG-3"). These primers tar-
get the genera Sulfurovum, Sulfurimonas, and Nitratiruptor.
The soxB gene in members of the Epsilonproteobacterial gen-
era Arcobacter and Nitratifractor are more like sequences in
Gammaproteobacteria and are not expected to amplify with
this primer set. Successfully amplified soxB PCR products
were cleaned with a Qiagen MinElute PCR purification kit
and run on a 0.8% agarose gel. Bands in the expected size
range were gel excised, purified with the MinElute kit, cloned,
and sequenced as previously described (Huber et al., 2009).
Nucleotide sequences were translated into amino acids using
EMBOSS Transeq (Rice et al., 2000) and phylogenetic rela-
tionships were analyzed using MEGAS5 (Tamura et al.,, 2011).
Sequences are deposited in GenBank under Accession numbers
KC793341-KC793425.

QUANTITATIVE PCR (qPCR)

The relative abundances of bacteria and archaea were deter-
mined by qPCR TagMan assays as previously described (Huber
et al., 2010). Briefly, standards were constructed from linearized
plasmids of Axial diffuse vent clone libraries. Each 20 pul reac-
tion contained TagMan Gene Expression Master Mix (Applied
Biosystems), forward and reverse primers of 9 uM (bacteria) or
8 M (archaea), probe concentrations of 1.5M (bacteria) or
2 WM (archaea), DEPC-treated water, and 2 pl of DNA template.
Triplicate reactions were performed on a StepOne Plus Real Time
PCR System (Applied Biosystems) for each sample and for no
template controls. Standard curves had R? values > 0.997 and
efficiencies ranging from 89 to 96%.

RESULTS

MICROSCOPY

Freshly prepared slurries of white flocculent material con-
tained very fine particulates, giving an overall milky appearance.
Examination of this white floc under phase contrast revealed
copious amounts of small bright spheres around 1 wm in diam-
eter and rods up to 20 wm in length, presumably made up of

or coated with elemental sulfur, as well as single rods or large
clumps of cells and debris (Figure 2A). None of the bright spheres
or rods could be stained with DAPI (Figure 2B) and were not
identified by SEM (Figures 2C,D), likely because the elemen-
tal sulfur was removed during the dehydration alcohol washes.
Only small quantities of sulfur were detected by EDS. Large
clumps of filamentous cells as well as debris from eukaryotic cells
were visible by SEM (Figures 2C,D). Sheet-like structures and
other eukaryotic debris were mostly made up of silica and oxy-
gen, with traces of iron, calcium, magnesium, and aluminum.
Nitrogen and potassium were detected only in the large clumps
of filamentous cells.

Fresh slurries of the orange floc contained much larger par-
ticulates that were visible to the naked eye and readily settled
out of solution. Examination of orange floc under phase con-
trast showed that this floc is composed mostly of the same kind of
eukaryotic debris in the white floc as well as likely iron oxides, but
generally lacking in the bright spheres and rods seen in the white
floc (Figures 2E-H). Aggregates of debris contained microbial
cells that stained with DAPI (Figures 2E,F). Sheath-like structures
were visible by both phase contrast and SEM in the orange floc
(Figures 2G,H) but not in white floc.

Cell counts revealed higher numbers of cells in the white floc
than in orange floc and higher numbers of cells in the vent fluids
compared to background seawater (Table 1).

CHARACTERIZATION OF FLOC AND FLUIDS

Bulk carbon, nitrogen, and sulfur values were obtained for both
white and orange flocculent materials (Table 2). Total organic car-
bon ranged from 0.73 to 1.82% and nitrogen ranged from 0.16 to
0.45% of dry weight. Total sulfur ranged from 0.79 to 37.9% of
dry weight. Both white floc samples contained much higher pro-
portions of sulfur than the orange floc. Fluid chemistry from both
Snow Globe and Boca vents had elevated temperatures and lower
pH compared to background seawater (Table 1). In addition, dis-
solved silica in the snowblower fluids was three times higher than
in background seawater and hydrogen sulfide concentrations were
greater than 100 wM (D. Butterfield, personal communication).

COMMUNITY COMPOSITION

Genomic DNA was successfully extracted and amplified from
all samples. Over three million perfectly overlapping reads were
obtained for bacterial and archaeal amplicon libraries (Table 3).
At the 3% clustering level, a total of 8228 OTUs were obtained
for bacteria and a total of 2352 OTUs were obtained for archaea.
The smaller subset of reads used for the dendrogram with back-
ground seawater had a total of 1508 OTUs at the 3% clustering
level. The microbial communities clearly clustered by sample
type (Figure 3). Using the full set of bacterial and archaeal reads
yielded the same topography within the snowblower fluid and
flocculent samples (data not shown). White floc and snow-
blower fluid samples were dominated by Epsilonproteobacteria,
while orange floc and background seawater were dominated by
Gammaproteobacteria. All samples were dominated by bacteria,
with less than 1% of the community DNA belonging to archaea in
the snowblower fluid and floc samples and just under 3% archaea
in the background seawater (Table 3).
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Meyer et al.
FIGURE 2 | Microscopic examination of white floc 2 (panels A large clumps (C) and filaments (D) of microbial cells. Paired phase contrast
through D) and orange floc (panels E through H). Paired phase contrast (E) and epiflourescent (F) images of DAPI-stained cells in orange flocculent
(A) and epiflourescent (B) images of DAPI-stained cells in white flocculent material from the seafloor surrounding Marker 33. SEM images of orange
material from the Subway snowblower vent. SEM images of white floc show floc showing eukaryotic debris and hollow sheaths (G and H).
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EPSILONPROTEOBACTERIA

The Epsilonproteobacteria dominated the bacterial communi-
ties from snowblower vents (Figure4). By far, the two most
dominant groups of Epsilonproteobacteria were Sulfurovum and
Sulfurimonas, although a total of 20 Epsilon genera were detected
(Figure5). In white floc samples, up to 40% of reads were
Sulfurovum and up to 37% of reads were Sulfurimonas. The two
snowblower fluid samples were also dominated by Sulfurovum
and Sulfurimonas, but one of the fluid samples had somewhat
higher levels of the genera Arcobacter, Campylobacter, Nautilia,
and an unclassified genus of Helicobacteriaceae. Sulfurospirillum
was a minor component of all of the samples, but appeared
more abundant in white floc than in other samples. In orange
floc, far fewer reads were assigned to Epsilonproteobacteria, with
Sulfurovum and Sulfurimonas making up 3.5 and 3.7% of the
reads, respectively. The only Epsilonproteobacteria detected in
the background seawater were Sulfurimonas and an unclassified
genus of the same family (Helicobacteraceae), both of which were
constituted less than 0.02% of reads.

GAMMAPROTEOBACTERIA

The Gammaproteobacteria dominated the orange floc and
were also a major component of the snowblower fluid sam-
ples (Figure4). While 55% of the reads from the orange
floc and up to 18% of reads in the fluid samples were
assigned to Gammaproteobacteria, less than two percent of
the white floc samples were Gammaproteobacteria. Dominant
Gammaproteobacterial groups in the orange floc included the
uncultured deep-sea sediment BD7-8 Marine Group (10.8% of
reads), Kangiella (8.7%), an unclassified Gammaproteobacterial
group (8.6%), Thiotrichales (5.3%), and Methylococcales
(3.5%) (Figure6). In contrast, the dominant group of
Gammaproteobacteria in the fluid samples was the SUP05

Table 2 | Bulk carbon, nitrogen, and sulfur measurements of
flocculent material.

Sample % Carbon % Nitrogen % Sulfur
White Floc 1 1.83 0.45 37.9
White Floc 2 0.71 0.16 6.66
Orange Floc 1.28 0.16 0.79

cluster of Oceanospirillales, which made up 7-11% of the reads
from fluid samples. The SUP05 cluster made up less than 1% of
reads in the white floc and just 1.2% of the orange floc.

Ninety-seven percent of the reads in background seawater were
Gammaproteobacteria, most of which were assigned to the gen-
era Pseudoalteromonas (76%) and Pseudomonas (16%) (Figure 7).
Pseudoalteromonas was also present in all snowblower floc and
fluid samples, making up 2.9% of the reads in fluid sample FS825,
0.1% of reads in FS834 and the orange floc, and 0.3% of reads
in each of the white floc samples. Pseudomonas was detected in
all of the snowblower floc and fluid samples, but constituted less
than 0.14% of reads in any single snowblower sample. SUP05 was
also detected in the background seawater, making up about 2% of
the reads.

DELTAPROTEOBACTERIA AND BETAPROTEOBACTERIA

Deltaproteobacteria were more prominent in the snowblower
fluid samples than in other samples (Figure4). In fluids,
the most dominant genera of Deltaproteobacteria detected
were Desulfobulbus, Desulfobacterium, and Desulfocapsa, all of
which belong to the order Desulfobacterales. Several groups of
Bdellovibrionales were also detected, primarily the OM27 clade
and Peredibacter. In white floc, the most dominant genera
were Delsulfocapsa and several genera of Desulfuromonadales. In
contrast, the most dominant groups in the orange floc were
Mpyxococcales and the Bdellovibrionales OM27 clade. Myxococcales
made up 1.6% of reads in the orange floc but only 0.2% of reads
in all other samples. Betaproteobacteria made up only a minor
fraction (<1% of reads) of all fluid and floc samples. The most
frequently detected Betaproteobacterial genus in each snowblower

Seawater
4100': White Floc 1
] 100 White Floc 2
S B
100 100 FS825
Orange Floc

0.1

FIGURE 3 | UPGMA clustering tree of the bacterial community
structure.

Table 3 | Summary of lllumina sequencing and qPCR results for each sample.

Bacterial V6 Bacterial V6 unique Archaeal V6 Archaeal V6 unique  Bacteria (%)  Archaea (%)
quality-filtered reads sequences quality-filtered reads sequences

White floc 1 530,098 20,248 314,342 15,281 99.95 0.05

White floc 2 359,002 17,617 216,716 10,914 99.95 0.05

FS825 295,915 20,242 248,244 10,161 99.89 0.1

FS834 265,443 20,243 252,980 10,382 99.66 0.34

Orange Floc 605,312 41,684 196,620 9,781 99.10 0.90

Seawater — — — — 97.15 2.85

Total 2,055,770 120,034 1,228,902 56,519

Based on qPCR as described in Materials and Methods.
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FIGURE 5 | Relative abundance of Epsilonproteobacterial genera in lllumina amplicon libraries from white floc and fluid samples from active

fluid or floc sample was Sideroxydans, which constituted 0.4%
of reads in the orange floc, 0.5% of reads in both snowblower
fluid samples, and 0.08—0.1% of reads in the white floc. The genus
Leptothrix was detected only in the orange floc, where this genus
was assigned to 0.05% of reads.

BACTEROIDETES

After Sulfurovum and Sulfurimonas, the third most abundant tax-
onomic group overall was the uncultured Bacteroidetes group
defined by the hydrothermal vent clone VC2.1 Bac22 (Reysenbach
et al., 2000). This group made up more than 3% of total reads in
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FIGURE 6 | Relative abundance of Gammaproteobacterial genera in lllumina amplicon libraries from white floc and fluid samples from active
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FIGURE 7 | Relative abundance of 454 reads assigned to Gammaproteobacteria in background seawater.

both fluid samples and in white floc 2 and made up more than
9% of reads in white floc 1. In contrast, less than 0.1% of reads in
the orange floc were assigned to Bacteroidetes VC2.1 Bac22. Other
abundant Bacteroidetes groups in fluids and white floc samples
included reads that were similar to the Sphingobacteriales group
WCHBI1-69 from a hydrocarbon-contaminated aquifer (Dojka
et al.,, 1998) and an uncultured group of Marinilabiaceae. In the

orange floc, two uncultured groups of Flavobacteriaceae were the
dominant Bacteroidetes, making up more than 6% of the total
reads for orange floc.

ARCHAEA
Although archaea do not make up a large proportion of the
microbial communities in these samples, the differences in
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composition of the archaeal communities in white floc or
fluid samples and the orange floc were striking (Figure8).
As in the bacterial community, the archaeal communities in
white floc and fluid samples were very similar. The snow-
blower fluids and white floc were dominated by methanogens,
with 42-87% of total archaeal reads assigned to methanogenic
groups, while methanogens made up only 4% of archaeal reads
in the orange floc. The dominant methanogens in the fluids
and white floc were the Methanococci, including the genera
Methanococcus, Methanothermococcus, and Methanocaldococcus.
The Methanococcales made up more than 66% of the reads from
fluid samples and 39-57% of the reads from white floc. The
Methanosarcinales GOM Arc I clade within the Methanomicrobia
made up almost 20% of the reads in fluid sample FS825 from
the Snow Globe vent. Other dominant Euryarchaeota groups
in the fluid samples and white floc include Archaeoglobi and
the Thermoplasmata clades AMOS1A-4113-D04 and Marine
Benthic Group D. In contrast, the orange floc was dominated by
Thaumarchaeota Marine Group I, which made up more than 71%
of the archaeal reads. The orange floc also had reads assigned to
the Thermoplasmata, but these were representatives of the clades
Marine Group II and Marine Group III, which each made up
more than 5% of the reads.

SULFUR OXIDATION THROUGH THE SOX PATHWAY
Epsilonproteobacterial soxB genes were successfully amplified,
cloned, and sequenced from both white floc 2 and orange
floc, yielding 31 sequences from white floc 2 and 40 sequences
from orange floc. These sequences clustered with soxB from
Sulfurovum, Sulfurimonas, and Nitratriuptor (Figure9). A total
of four phylotypes were detected at the 90% amino acid sim-
ilarity level from these 71 clones, none of which were shared
between white and orange floc samples. All clones from the
white floc (White Floc 2) were most closely related to soxB from
Sulfurovum, the most dominant genus in this sample, which
made up 40% of the 16S rRNA gene sequences. The orange
floc also had Sulfurovum-like soxB genes that were 85% sim-
ilar to the white floc sequences. In addition, the orange floc
had Sulfurimonas- and Nitratiruptor-like soxB sequences. The
Sulfurovum and Sulfurimonas soxB genes detected here were sim-
ilar to soxB genes from the Irina II hydrothermal vent chimney
complex at the Logatchev vent field on the Mid-Atlantic Ridge
(Huigler et al., 2010) and to soxB in the genomes of Sulfurovum sp.
NBC37-1 (Nakagawa et al., 2007) and several Sulfurimonas iso-
lates (Sievert et al., 2008b; Sikorski et al., 2010; Grote et al., 2011;
Figure9).

DISCUSSION

These results demonstrate that the microbial communities in
white floc and fluids from snowblower vents are distinct from
those in the orange floc coating fresh basalt following a volcanic
eruption. Visual and microscopic evidence suggest the orange floc
is made up of larger and heavier particulates than the white floc,
especially iron oxides and multi-cellular debris. The orange floc
may, in part, be fallout from snowblower vents which becomes
colonized by a distinct subset of microbes from the surround-
ing cold and oxygenated deep seawater, including iron oxidizing

bacteria. Given the observed presence of orange floc on both ver-
tical and overhanging surfaces (Chadwick et al., 2013), it is clear
that growth of this eruption mat occurs in place on fresh lava
flows. While the most dominant bacterial class in both the orange
floc and in background seawater was Gammaproteobacteria, the
most abundant genera detected in each were different. In the
orange floc, no more than 10.8% of reads were assigned to
any one genus within the Gammaproteobacteria, in contrast to
background seawater from outside the Axial Caldera, which
was dominated almost entirely by just Pseudoalteromonas and
Pseudomonas. The most dominant bacteria in orange floc was
the Gammaproteobacteria BD7—8 Marine Group which was first
identified from deep sea sediments (Li et al., 1999) and has
since also been detected in iron rich mats from both Vailulu'u
Seamount near American Samoa (Sudek et al., 2009) and Loihi
Seamount, near Hawaii (Fleming et al., 2013). While the iron
oxidizer Sideroxydans was detected at low levels in all snow-
blower fluid and floc samples, Leptothrix was detected only in
the orange mat. Both freshwater and marine strains of the iron
oxidizing bacteria Leptothrix have demonstrated the ability to
form sheaths very similar in appearance by phase contrast and
SEM (Fleming et al., 2013) to the sheaths we detected only in
the orange mat from Axial Seamount. In addition, the orange
floc contained higher numbers of reads assigned to Myxococcales,
a group which has previously been shown as enriched in the
particulate fraction of the deep-sea water column (Eloe et al,
2011). Taken together, these results suggest that the orange mat
coating freshly deposited lava flows contains iron oxidizing bac-
teria and other groups which colonize particulates that fall out of
eruption-related hydrothermal plumes.

The orange floc still contained low levels of the Sulfurovum
and Sulfurimonas that dominated the bacterial snowblower com-
munity. However, it is likely that these sulfide oxidizers are
diminishing in the orange floc as the particulates settle out of
the snowblower plume and away from the source of sulfide. Bulk
sulfur was much lower in the orange floc than in the white floc,
indicating that sulfur is not as readily available as an energy
source in the orange floc nor is elemental sulfur being copiously
produced by sulfur oxidizing microorganisms. The orange floc
contained a higher diversity of Epsilonproteobacterial soxB genes
and these phylotypes were distinct from white floc phylotypes and
from the dominant phylotypes in diffuse fluids collected a year
prior to the 2011 eruption at Axial Seamount (Akerman et al.,
in review). The soxB phylotypes in orange floc may therefore
represent Epsilonproteobacteria that are adapted to cooler, more
aerobic habitats than the phylotypes found in the white floc and
non-eruptive diffuse fluids.

The white floc appeared to be made up primarily of elemen-
tal sulfur and bacterial cells, with far less of the multi-cellular
debris. This elemental sulfur is likely the byproduct of sulfide oxi-
dation by the dominant Epsilonproteobacteria, Sulfurovum, and
Sulfurimonas, which made up roughly half of all reads in the white
floc and fluid samples. Isolates of Sulfurovum and Sulfurimonas
from hydrothermal vent habitats can perform both the oxida-
tion of various sulfur compounds to sulfate using the sox system
and the oxidation of sulfide to elemental sulfur using sulfide-
quinone reductase (sqr) (Inagaki et al., 2003; Nakagawa et al,,
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FIGURE 9 | Neighbor-joining tree of Epsilonproteobacterial soxB
genes. The percentage of replicate trees in which the associated taxa
clustered together in the bootstrap test of 1000 replicates is shown
next to branches. Branch lengths are equal to the evolutionary distance
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2007; Sikorski et al., 2010). These dominant genera likely require
a very narrow range of redox conditions between warm, sulfide-
rich diffuse flow and cold, oxygenated seawater as vent isolates of
Sulfurovum and Sulfurimonas oxidize sulfide under microaerobic
and mesophilic conditions (Inagaki et al., 2003; Nakagawa et al.,

2007). While members of the genus Arcobacter may also perform
sulfide oxidation with the production of elemental sulfur (Taylor
and Wirsen, 1997) and have been detected as dominant members
of other diffuse flow vents at Axial (Huber et al., 2007), here they
constituted only a small fraction of all samples. Sulfurovum and
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Sulfurimonas have previously been identified as the most abun-
dant and diverse groups in diffuse hydrothermal fluids in the
Mid-Atlantic Ridge (Hiigler et al., 2010) and in hydrothermal
plumes at the East Pacific Rise (Sylvan et al., 2012). It is possi-
ble that the Sulfurovum and Sulfurimonas outcompete Arcobacter
at snowblower vents during conditions of elevated hydrogen sul-
fide levels. A recent study of the microbial community in diffuse
fluids from the Logatchev hydrothermal field found a significant
correlation between sulfide enrichment and the proportions of
Sulfurovum found (Perner et al., 2013), supporting the idea that
Sulfurovum flourishes when sulfide levels are high.

It is not clear why only Sulfurovum was detected in clone
libraries of Epsilonprotoebacterial soxB from white floc. The
primer set used in this study was capable of recovering
Sulfurimonas-like soxB from orange floc. It is possible that not all
of the Sulfurimonas detected in these samples contain the same
type of soxB that most Epsilonproteobacteria have and instead
contain a soxB more similar to the distantly related Arcobacter-
like soxB that does not amplify with these primers. Alternatively,
deeper sequencing of the clone libraries may have revealed some
Sulfurimonas-like soxB.

The snowblower fluid samples contained many of the same
dominant taxa as the white floc, however, two groups clearly stood
out as elevated in fluids, namely the Gammaproteobacteria SUP05
cluster and the Methanosarcinales GoM Arc 1 clade. Metagenomic
and metatranscriptomic analyses have revealed that the uncul-
tured SUPO5 group also has the sqr gene for sulfide oxidation
to elemental sulfur and that it expresses sqr as a member of
hydrothermal vent plume communities (Anantharaman et al,
2013). SUP05 was also ubiquitous in fluid samples from the Main
Endeavour Field on the Juan de Fuca Ridge, including back-
ground seawater, hydrothermal plumes, and hydrothermal diffuse
flow (Anderson et al., 2012). Of these fluid types, SUP05 was
most abundant in plume samples, making up almost a third of the
total bacteria (Anderson et al., 2012). The Methanosarcinales were
more abundant only in the Snow Globe fluid, but both fluid sam-
ples had higher proportions of total methanogens compared to
the flocculent materials. This is likely a reflection that the strictly
anaerobic methanogen populations are being flushed out from
deeper subsurface layers in diffuse fluids, while the white floc is
generated closer to the surface in microaerobic, mesophilic niches
just below the seafloor.

Despite the apparent differences in circulation and chemistry
between snowblower vents and more stable diffuse flow vents
(Butterfield et al., 2004), our results show that the dominant
organisms in snowblower fluids and white floc are similar to non-
eruptive diffuse flow. Both the bacterial and archaeal communi-
ties in the white floc and the fluids were dominated by organisms
previously found in diffuse flow at Axial Seamount, including,
but not limited to, Sulfurovum and Sulfurimonas (Huber et al.,
2003, 2007) and Methanococcales (Huber et al., 2002; Ver Eecke
et al., 2012). The presence of mesophilic Epsilonproteobacteria
and several strictly anaerobic, thermophilic archaeal groups such
as Methanococcus, Thermococcus, and Archaeoglobus indicates
that snowblower vents are seeded by subseafloor communities.
During eruptive events, snowblower microbial communities form
through two processes: the flushing of microbes from different

thermal zones in the subsurface and the secondary bloom of
microbes near the surface of the seafloor (Delaney, 1998). At
Axial snowblower vents, the Methanococci and other thermophiles
are likely present due to flushing, while the Sulfurovum and
Sulfurimonas are likely residents of shallower subsurface layers
and experiencing a secondary bloom just below the seafloor.
Modeling of the biogenic production of white floc after the 1991
eruption at 9°N East Pacific Rise suggested that the source of
material for snowblower vents may be a combination of micro-
bial bloom and a flushing of accumulated floc within the seafloor
(Crowell et al., 2008).

The peak activity of observed snowblower vents lasts from
weeks to months, with microbial biomass diminishing as the sul-
fide levels decrease (Haymon et al., 1993). Snowblowers at Axial
Seamount following the 1998 eruption were inactive 18 months
post eruption (Butterfield et al., 2004). Though short-lived, snow-
blower vents provide episodic pulses of energy-rich fluids and
chemolithoautotophic microbial communities to the surface of
the seafloor and therefore impact ocean biogeochemistry, espe-
cially sulfur and carbon cycling. In particular, snowblower vents
may be a significant source of biogenic elemental sulfur through
sulfide oxidation by Epsilonproteobacteria such as Sulfurovum,
Sulfurimonas, and Arcobacter, using either the Sox pathway or
the sulfide-quinone reductase (sqr) gene. Gammaproteobacteria,
such as sulfur-oxidizing members of the Thiotrichales, may also
contribute to biogenic elemental sulfur production. Isolates of
the Gammaproteobacterial genus Thiomicrospira from multiple
vent systems in the Atlantic and Pacific are known to oxidize
sulfur with the production of elemental sulfur (Wirsen et al.,
1998) and the partial genomes of Beggiatoa filaments contain
both sox and sqr genes (Mussmann et al., 2007). Members of
the order Thiotrichales were detected at low levels in all of the
fluid and white floc samples and were one of the most dom-
inant groups in the orange floc. Finally, representatives of the
Gammaproteobacteria clade SUP05 may also perform sulfide oxi-
dation with sox and sqr genes (Anantharaman et al., 2013) both
during eruptive events, as indicated by its presence in snowblower
vents, and between eruptive events (Breier et al., 2012).

In summary, our observations of snowblower microbial com-
munities substantiate the model of microbial responses to sub-
marine eruptions described by Delaney (1998) which includes
the transportation of subseafloor microbes out into the water
column and a microbial population bloom in response to ele-
vated levels of reduced compounds such as sulfide and iron. We
saw clear differences between white and orange flocculent mate-
rials, with the white floc containing high levels of sulfur and
the orange floc containing sheath-like structures similar to those
in iron rich microbial mats. While quantitative PCR indicated
that bacteria greatly outnumber archaea, the differences in both
bacterial and archaeal community composition are informative
to distinguish the sample types. We detected both Epsilon- and
Gammaproteobacteria groups that are capable of sulfur oxida-
tion in all microbial communities associated with snowblower
vents. In addition, Beta- and Gamma-proteobacteria groups capa-
ble of iron oxidation were detected in the orange floc coating
the seafloor around snowblower vents. These sulfur and iron
oxidizing groups take advantage of the transient energy sources
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provided by deep-sea eruptions and are seeded from both sub-
seafloor and bottom seawater communities. Future analyses will
include metagenomic and metatranscriptomic work to determine
the metabolic potential of the dominant and active members of

snowblower communities.
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INTRODUCTION

The Guaymas Basin (Gulf of California) hydrothermal vent area is known as a dynamic
and hydrothermally vented sedimentary system, where the advection and production of a
variety of different metabolic substrates support a high microbial diversity and activity in
the seafloor. The main objective of our study was to explore the role of temperature and
other environmental factors on community diversity, such as the presence of microbial
mats and seafloor bathymetry within one hydrothermally vented field of 200 x 250 m
dimension. In this field, temperature increased strongly with sediment depth reaching
the known limit of life within a few decimeters. Potential sulfate reduction rate as a key
community activity parameter was strongly affected by in situ temperature and sediment
depth, declining from high rates of 1-5pumol ml~" d=' at the surface to the detection
limit below 5cm sediment depth, despite the presence of sulfate and hydrocarbons.
Automated Ribosomal Intergenic Spacer Analysis yielded a high-resolution fingerprint
of the dominant members of the bacterial community. Our analyses showed strong
temperature and sediment depth effects on bacterial cell abundance and Operational
Taxonomic Units (OTUs) number, both declining by more than one order of magnitude
below the top 5cm of the sediment surface. Another fraction of the variation in diversity
and community structure was explained by differences in the local bathymetry and
spatial position within the vent field. Nevertheless, more than 80% of all detected OTUs
were shared among the different temperature realms and sediment depths, after being
classified as cold (T < 10°C), medium (10°C < T < 40°C) or hot (T > 40°C) temperature
conditions, with significant OTU overlap with the richer surface communities. Overall,
this indicates a high connectivity of benthic bacterial habitats in this dynamic and
heterogeneous marine ecosystem influenced by strong hydrothermalism.

Keywords: microbial habitat connectivity, bacterial diversity, Guaymas Basin, ARISA

form thick white and orange bacterial mats on the seafloor, in

The Guaymas Basin is located in the central Gulf of California
and represents a unique hydrothermal sedimentary basin. High-
temperature fluids, which pass through an on average 100-m-
thick sedimentary cover, facilitate the pyrolysis of buried organic
matter (Simoneit and Lonsdale, 1982) and enrich hydrother-
mal sediments in petroleum-like compounds, light hydrocarbons
(methane, organic acids) and ammonia (Von Damm et al., 1985;
Bazylinski et al., 1988; Martens, 1990). The hydrothermal sedi-
ments are characterized by a wide range in temperature regimes,
generally reaching the known limits of life (>120°C) at 15-40 cm
below the sediment surface (McKay et al., 2012). The fluids dis-
charged at Guaymas Basin contain hydrogen, carbon dioxide and
hydrogen sulfide (Welhan and Lupton, 1987; Elsgaard et al., 1994;
Paull et al., 2007). Supported by this large variety of potential
microbial energy sources, Guaymas Basin sediments host diverse
anaerobic and aerobic microbial communities (Teske et al., 2002).
Among these are the giant sulfide oxidizers Beggiatoa that can

habitats characterized by high sulfide fluxes (Jannasch et al., 1989;
Nelson et al., 1989; McKay et al., 2012). In benthic ecosystems,
these mats are hence often used as visual indicators of biogeo-
chemical hotspots of high hydrocarbon flux and chemosynthetic
production (Van Gaever et al., 2006; Lichtschlag et al., 2010;
Lloyd et al., 2010). The key microbial processes such as nitrifi-
cation (Mével et al., 1996; Baker et al., 2012), nitrate reduction
(Bowles et al., 2012), sulfate reduction (Elsgaard et al., 1994;
Weber and Jorgensen, 2002; Dhillon et al., 2003) and methano-
genesis (Dhillon et al., 2005; Teske, 2010), were found to occur
across a wide range of temperatures, suggesting a high diver-
sity of the main functional groups of bacteria and archaea.
Archaeal-bacterial consortia that mediate the anaerobic oxida-
tion of methane (AOM) with sulfate are an important microbial
community component in the Guaymas hydrothermal sediments
(Teske et al., 2002, 2003), but ex-situ measurements of AOM
have shown that this process is limited to temperatures <80°C
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(Kallmeyer and Boetius, 2004). Previous studies indicated that
different types of methanotrophs are favored by different temper-
ature ranges (Holler et al., 2011; Biddle et al., 2012).

Few studies have investigated in detail spatial distribution
patterns of microbial communities at Guaymas Basin (e.g.,
Guezennec et al., 1996; Edgcomb et al., 2002; Kysela et al., 2005),
to understand the main drivers of microbial diversity. Microbes
are known to display biogeographic patterns, ranging from cos-
mopolitanism to provincialism, but the underlying mechanisms
that generate and maintain those patterns at a wide range of spa-
tial scales remain largely underexplored (Hughes Martiny et al.,
2006; Ramette and Tiedje, 2007a; Zinger et al., 2011; Hanson
et al., 2012). Within the conceptual framework of metacommu-
nity dynamics (Leibold et al., 2004), and by statistically disentan-
gling the effects of space and environment on community com-
position, insights into community assembly mechanisms such
as patch dynamics, species sorting, mass effects or neutral pro-
cesses, or combination thereof, may be obtained and quantified
(Cottenie, 2005).

In this study, a high-resolution sampling effort of hydrother-
mal sediments was conducted, investigating the patchiness of
bacterial communities at spatial scales ranging from decimeters
to hundreds of meters, and across temperature ranges typical
for psychrophilic (T < 10°C), mesophilic (10°C < T < 40°C)
and thermophilic (T > 40°C) communities. Community finger-
printing data were obtained by Automated Ribosomal Intergenic
Spacer Analysis (ARISA), which is useful to describe variations in
bacterial community structure at a higher genetic resolution than
what is provided by 16S rRNA gene sequencing (e.g., Brown et al.,
2005; Nocker et al., 2007), because it is based on the amplification
of the more variable ITS (Internal Transcribed Spacer) region. It
may thus help reveal core communities and community shifts of
the dominant bacterial types (Nocker et al., 2007; Fuhrman et al.,
2008), but see Ramette (2009) for the possible detection of minor
populations. To test for a potential effect of niche differentia-
tion by temperature regimes on Guaymas Basin benthic bacterial
communities, the following variables were chosen: in situ tem-
perature was assessed during sampling, and vertical profiles of
microbial assemblages inhabiting different temperature ranges
were compared. Spatial variation was additionally assessed by lat-
itude, longitude and water depth, relating to seafloor landscape
features such as hydrothermal mounds. Further environmental
parameters included bacterial mat presence/color as potential
indicators for habitat heterogeneity, e.g., with regard to sulfide
fluxes (Griinke et al., 2012; McKay et al., 2012). To infer poten-
tial changes in microbial abundance and function, microbial cell
numbers, and potential sulfate reduction rates were included as
additional parameters.

MATERIALS AND METHODS

SAMPLE COLLECTION

Sediment samples were obtained from a hydrothermally active
field of 0.05km? in the Southern Guaymas trench (Gulf of
California, ~2000 m water depth, 27°00.37'N to 27°00.49'N and
111°24.58'W to 111°24.44'W), by push coring into enclosed
plastic tubes with the Alvin submersible (operated by Woods
Hole Oceanographic Institution, Woods Hole, MA) during R/V

Microbial habitat connectivity at Guaymas

Atlantis expedition AT15-40 in December 2008. In situ subsur-
face temperatures were measured before coring (<50 cm away
from the sampled areas) by using either the external “High
Temperature Probe” or the external “Heatflow Probe” on the
Alvin submersible (operated by WHOI; for probe details see
McKay et al., 2012). The temperature values used in this study
are reported in Table S1. Replicate sediment cores were collected
separately for bacterial community analyses, for sulfate reduc-
tion rate measurements and for pore water geochemistry. During
ascent of the submersible, all cores were tightly closed and stored
upright in a fixed position. Cores with intact layering of mats
and sediments were used for further analyses. Subsampling of
the cores occurred within 4-12h after sampling and storage at
4°C. The upper 10-30 cm of sediment cores were sectioned into
1-cm and 2-cm horizons and were preserved for subsequent anal-
yses accordingly (see below). Samples for molecular work were
immediately frozen at —20°C.

DETERMINATION OF SULFATE CONCENTRATIONS AND SULFATE
REDUCTION RATES

For a limited number of cores, pore water was extracted by cen-
trifugation of sediment from the respective horizons, and sulfate
pore water concentrations were measured as described previ-
ously (Biddle et al., 2012; McKay et al., 2012). Additional cores
were used to measure sulfate turnover constants ex situ using
the whole-core injection method (Jorgensen, 1978) with 5-10 pl
carrier-free ¥ SOi_ (dissolved in water, 50 kBq) in the dark, at
a fixed temperature of 20°C for all cores. After 8-24h incuba-
tion time, samples were preserved in 20 ml of 20% (w/v) ZnAc
solution. Sulfate turnover constants (Table S2) and average sul-
fate concentrations (Table S3) determined in adjacent cores of
the same dive were used to calculate potential sulfate reduction
rates (Kallmeyer et al., 2004; Felden et al., 2010). Because of the
substantial heterogeneity of in situ temperature and pore water
composition between cores a few centimeters or decimeters apart
(McKay et al., 2012), the resulting potential sulfate reduction rates
(Table S2) should be regarded as an approximation. To show that
sulfate concentrations are variable even over small spatial scales,
the measured sulfate turnover constants are plotted alongside
sulfate concentrations for nearby cores in Figure S1.

ACRIDINE ORANGE DIRECT CELL COUNTING (AODC)

Sediment sections (2ml) for microbial cell counts were fixed
onboard in 4% formaldehyde/seawater (9 ml) and stored at 4°C.
In the home laboratories, samples were stained with acridine
orange according to a modified protocol (Boetius and Lochte,
1996) of Meyer-Reil (1983). For each sample, single cells were
counted on at least 2 replicate filters and for a minimum of 30
random grids per filter (dilution factors 2000-4000).

BACTERIAL COMMUNITY FINGERPRINTING

Sediment sections for DNA analyses were directly transferred
to sterile plastic tubes and were kept frozen at —20°C until
further use in the home laboratories. Total community DNA
was extracted from 1g of sediment by using the Ultra Clean
Soil DNA Isolation Kit (MoBio, Carlsbad, CA) and by following
the manufacturer’s specifications for maximum yield. DNA was
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eluted in 100 w1 1 x TE buffer (Promega Corporation, Madison,
WI) and stored at —20°C until further use. DNA concentration
per volume buffer was measured by using a NanoQuant infinite
M200 (Tecan, Crailsheim, Germany). Bacterial community anal-
yses are based on profiles generated by Automated Ribosomal
Intergenic Spacer Analysis (ARISA). The procedure has been
previously published in detail (Ramette, 2009). In this study, a
slightly modified version of the protocol was used: Within a 50 p.1-
reaction, final concentrations of PCR ingredients were 0.4 uM
of each primer (Biomers, Ulm, Germany), 250 uM of each ANTP
(peqGOLD Kit; Peglab, Erlangen, Germany), 0.1 mg ml~! BSA
(Sigma-Aldrich Biochemie GmbH, Hamburg, Germany), 1 X
Buffer S with 1.5mM MgCl, (Peqlab), 1.0mM extra MgCl,
(Peqglab) and 2.5U peqGOLD Taq-DNA-Polymerase (Peqlab).
Per reaction, 20-25 ng of extracted DNA were used as template.
Primers were ITSF (FAM-5'-GTC GTA ACA AGG TAG CCG TA-
3/ Cardinale et al., 2004) and ITSReub (5'-GCC AAG GCA TCC
ACC-3 Cardinale et al., 2004).

STATISTICAL ANALYSES

Quality assessment of ARISA profiles and binning were done as
described in Ramette (2009). For merging PCR replicate pro-
files into master profiles, Operational Taxonomic Units (OTUs)
consisted of peaks that occurred at least once among the respec-
tive PCR triplicates. All numerical analyses were conducted
in R (v.2.13.2; The R Foundation for Statistical Computing;
www.R-project.org) using the vegan library as well as stan-
dard packages and custom scripts (available at www.ecology-
research.com).

Contextual parameters are summarized in Tables S1 and S4.
DNA concentrations and total cell numbers were log-transformed
to ensure normal distribution of the data. Presence and absence
of mat as well as mat color (i.e., white, orange and yellow vs.
no mat) were recoded as dummy variables (Ramette, 2007).
Numbers of shared OTUs between different categories of con-
textual parameters were calculated by first merging all respective
profiles of a given category into a single community profile where
all peaks present were counted. Non-metric Multidimensional
Scaling (NMDS) was used to represent dissimilarity matrices
based on Bray-Curtis or Jaccard coefficients into a reduced space
(Legendre and Legendre, 1998). Redundancy Analysis (RDA)
models were combined with stepwise selection procedure, so as to
retain the minimum number of significant variables as indicated
by minimal Akaike Information Criterion (AIC) model value.
Different sets of explanatory variables were then tested for signifi-
cance in a variation partitioning framework (Borcard et al., 1992;
Ramette, 2007). When negative R? values were obtained, as it is
the case sometimes for partial regression models (Legendre and
Legendre, 1998), they were set to 0, and the total explained vari-
ation was recalculated, by adding up only the positive fractions.
The heterogeneity of bacterial community structures among
and between samples associated to certain environmental cat-
egories was quantified by their average variation in bacterial
beta-diversity to each category’s centroid (e.g., Zinger et al,
2011) and tested for significance by ANOVA followed by Tukey’s
Honestly Significant Difference tests, as implemented in the
R package vegan.

Microbial habitat connectivity at Guaymas

RESULTS

SITE DESCRIPTION

To gain insight into the processes generating and maintaining
bacterial community structure at Guaymas Basin, 21 sediment
cores were obtained across an area of 200 x 250 m, including
more or less hydrothermally vented sediments, and one back-
ground core was retrieved from outside the vent field (Figure 1;
Table 1). The sampling area was located within a hilly area of
the Southern Guaymas trench (Gulf of California) covering water
depths of 1995-2013 m, and harboring hydrothermal mounds
densely populated by Riftia tubeworms, sulfide spires and flanges
as well as numerous white, orange and yellow Beggiatoa mats on
the seafloor, some of them growing on mounds. One of these
mounds, termed “Mat Mound” (N27°00.388; W111°24.560) was
surrounded by an apron of hydrothermally active sediments
overgrown with microbial mats, and was repeatedly visited for
sampling (Figures 2A,B). Sediment pushcores aPC7, aPC12 and
aPC6 (Figure 1) and several sulfate reduction cores (Figure S1)
were sampled at this location. Bacterial mats growing on sediment
surfaces typically had diameters of 1-2 m and could be several cm
thick. One large mat-covered hydrothermal sediment area termed
“Megamat” of ca. 10-15 m diameter (N27°00.464; W111°24.512)
was visited and sampled repeatedly (Figures 2C,D); the subsur-
face temperature field underlying a portion of this extensive
hydrothermal area was mapped and reconstructed in 3D (McKay
etal., 2012). Pushcores PC18, PC23, PC24, and aPC35 (Figure 1)
and several sulfate reduction cores (Figure S1) were sampled
on the edge of Megamat. A smaller, orange-colored microbial
mat termed UNC Mat (N27°00.445, W111°24.530) ca. 20m
southwest of Megamat was sampled (Figures 2E,F). This location
showed strong in situ evidence for high-temperature sulfate-
dependent methane oxidation (Biddle et al., 2012). Here sediment
core bPC12 (Figure 1) and several sulfate reduction cores (Figure
S1) were sampled. Additional sampling sites were visited, several
of them on extensive survey dives (Alvin dives 4492 and 4493)
to maximize the geographic range of sediment cores (Figure 1,
Table 1).

The distribution of mats across the overall investigated sam-
pling area was patchy, and there was no obvious spatial gradient
in the temperature field or in the distribution of bacterial mats
recorded. As Beggiatoa mats are known to indicate geochemi-
cal and biodiversity hotspots (Lloyd et al., 2010; Griinke et al.,
2012; McKay et al., 2012), they were repeatedly sampled within
this study, resulting in the recovery of 13 mat-covered cores and 8
mat-free cores for comparison. Upon recovery, most cores were
found to be rich in methane gas (Biddle et al., 2012; McKay
etal., 2012). In situ subsurface temperatures varied between 3 and
96°C in the upper 10 cm of sediment (Table S1), and cores were
classified into different temperature ranges according to these
measurements.

Potential microbial sulfate reduction rates assessed at 20°C
reached values as high as 5500 nmol ml~! d~! in the surface
layers originating from an in situ temperature range of 3—40°C
(Table S2), but then decreased abruptly beneath 5cm sediment
depth (in situ T approx. 10-40°C), and were almost absent below
10 cm (in situ T range 20-96°C) (Figure 3A, Table S1). In most
cores sulfate was not depleted within the top 10 cm, indicating
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FIGURE 1| Map of the sampled hydrothermal vent field. (A) outside of the depicted area in the direction of the arrow. The map
Location of the vent field in the Guaymas Basin (Gulf of California, was generated in ArcMap (ArcGIS Desktop 9.3) with country
~2000m water depth); (B) In total, 21 sediment cores were retrieved boundaries obtained from www.geocommons.com. Positional
from an area of 200 x 250m, including mat-covered and mat-free coordinates (on a meter grid scale) are represented by ship- and
sediments. One non-hydrothermal sediment core (PC32) was sampled submersible-fix values (see Table S2).

that availability of electron donors or sulfate did not limit sulfate
reduction (Figure 3B; Table S3). This observed predominance of
mesophilic sulfate reduction in surficial sediment layers may par-
tially be explained by the fact that all potential sulfate reduction
rate measurements were conducted at 20°C; thus, the contri-
bution of high-temperature sulfate reduction rates to overall
sedimentary sulfate-reducing activity was not assessed in this
study. However, cell numbers also decreased rapidly with increas-
ing sediment depth (Figure 3C; Table S4), varying between 1.0
and 3.7 x 107 cells ml~! in mat-covered and mat-free surface sed-
iments, and declining to < 0.6 x 10° cells ml~! in sediment layers
below 5 cm.

EVALUATION OF ENVIRONMENTAL FACTORS AFFECTING COMMUNITY
STRUCTURE AND FUNCTION

Indicator factors for habitat variation tested within this study
included in situ seafloor temperature (T), mat color/presence
(MC) and sediment depth (SD), as well as bathymetry (measured

as water depth, WD), and coordinates in the local sampling grid
in meters (X,Y) as defined by seafloor radiobeacons (pingers) set
out by RV Atlantis before the start of the sampling campaign
(Table S4). Linear (Pearson) and rank-based (Spearman) corre-
lations were used to determine the degree of correlation between
all numerical parameters for the most complete subset of the data,
which included T (real temperature values with number of sam-
ples n = 46; Table S1), SD, WD, X and Y. The analyses revealed
significant positive correlations between SD and T (Pearson’s r =
0.653, P < 0.001), with the deeper sediment layers representing
hotter habitats (Table S1), as well as between X and Y sam-
pling grid coordinates (Pearson’s r = 0.420, P < 0.01), reflecting
the fact that most of the sampling took place within a specific
area, and not randomly dispersed around the zero origin of the
coordinates. All other pairwise comparisons among parameters
(i.e., T, SD, WD, X and Y) were not significant. Mat color vari-
ation was found to be significantly related to bathymetry (WD;
F ratio = 11.003, P < 0.001; explaining 20% of the variation in
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Table 1| Cores analyzed in this study by ARISA.

Label Date Dive  Water Location

depth (m)
aPC12  06.12.08 4483 2004 Mat mound
aPC7 07.12.08 4484 2004 Mat mound
aPC6 09.12.08 4485 2004 Outside mat mound
PC23 10.12.08 4486 2010 Outside Megamat
PC18 10.12.08 4486 2010 Outside Megamat
PC24 10.12.08 4486 2010 Outside Megamat
bPC12  14.12.08 4489 2010 UNC mat, near Megamat
aPC35 15.12.08 4490 2010 Megamat
PC32 16.12.08 4491 2002 100 m from Megamat
PC29 16.12.08 4491 2002 50 m from Megamat
PC3 1712.08 4492 2006 Survey site 1
PC4 1712.08 4492 2006 Survey site 2
bPC6 1712.08 4492 2006 Survey site 3
bPC35 1712.08 4492 2006 Survey site 1
PC5 1712.08 4492 2006 Survey site 2
bPC7 1712.08 4492 2006 Survey site 3
PC9 18.12.08 4493 2010 Survey site 4
PC10 18.12.08 4493 2010 Survey site 4
PC14 18.12.08 4493 1995 Survey site 5
PC15 18.12.08 4493 2013 Survey site 6
PC16 18.12.08 4493 2013 Survey site 6

Microbial habitat connectivity at Guaymas

Core description

Gray sediment with dark green and brown spots in between; white mat

Gray sediment; white mat

Green-gray sediment, worms; no mat

Olive-green sediment, gas holes; no mat

Top 5 cm fluffy brown, then olive-green sediment, gas holes; no mat

Top dark olive-green, rest olive-green, worm carcasses; no mat

Top 5cm fluffy, then olive sediment, hole at bottom, sulfidic; orange mat with
few white filaments

Top 9-10 cm blackish, then olive-gray, gas holes, oily spots; no mat

Top 1-3 cm fluffy blackish sediment, then mixed dark-gray with green-brown
sediment; no detectable hydrothermal temperature gradient; no mat

Top 1-3 cm fluffy brown sediment, then olive-gray sediment; no detectable
hydrothermal temperature gradient; no mat

Bubbling, top 2-4 cm brownish fluffy, then oily layer with oil/gas pockets, then
grayish sediment, worm; white mat

Bubbling, 9 cm organic layer, oily, with gas/oil pockets, then grayish sediment;
orange mat

Top 2 cm fluffy, then 5 cm blackish, then olive sediment; orange mat with
yellow parts

Fluffy brownish layer (partly pushed to bottom of the core), then grayish
sediment with darker spots in-between, core liner melted at the bottom;
white mat

Bubbling, 1 cm gray sediment on top, then 4 cm grayish-brownish fluff, then
4.cm olive and oily layer with gas/oil pockets, then grayish sediment (more
compact); white mat

Top 4 cm fluffy, then 4.5 cm darker and then brown-olive sediment; yellow mat
8cm grayish sediment, then mixed layer with red oily droplets, white
inclusions towards the bottom; orange mat

4.cm fluffy, then mixed sediment, some white inclusions, holes, red oily
droplets; orange mat

Top 6 cm darker, then 12 cm greenish, then 8 cm grayish sediment; no mat
Olive sediment with blackish spots at top; orange mat

3cm fluffy, then olive-grayish sediment, white deposits, holes; orange mat

mat color) and spatial distance (X + Y; F ratio = 8.135, P <
0.001; 25% of explained variation). There was no significant rela-
tionship between MC and T, when using the subset of data for
which contextual in situ temperatures were obtained (n = 46).
However, when assigning the full data set including all sediment
depths (n = 188) into three temperature categories (cold T <
10°C, medium 10°C < T < 40°C, hot T > 40°C, as measured
in the upper 10 cm of sediment), T was significantly (P < 0.001)
related to MC and explained up to 28% of the observed variation.
Within individual mat locations, orange mats were found in the
central area (Figure 1) characterized by the steepest geochemical
gradients, and inferred hydrothermal fluxes (McKay et al., 2012),
and were associated with temperatures ranging from 4 to 96°C
(average 33 &+ 26.5 [sd] °C; Table S4).

MICROBIAL CELL NUMBERS AND VARIATION IN O0TU NUMBER
Cell numbers declined significantly with sediment depth (par-
tial coefficient = —0.161, P < 0.001). The overall variation in

cell numbers (Figure 4A) was significantly explained by SD and
WD (full model: 74%; n = 49), with SD alone explaining up to
66% of the observed variation (P < 0.001), while WD, respec-
tively, explained 0.5% (P < 0.01; partial coefficient = 0.144, P <
0.001) of the variation in cell number (see Supplementary text
and Figure S2, for analyses of the variation in extracted DNA
concentrations).

Furthermore, also OTU number decreased with increasing
temperature and sediment depth (Figure 3D). A total pool of 439
different OTUs was detected when considering all 188 samples,
with OTU numbers per sample ranging from 1 to 223. OTU num-
bers were negatively related with SD (Figures S3, S4; Pearson’s r =
—0.567, P < 0.001; n = 188) and T (Pearson’s r = —0.500, P <
0.001; n = 46, real temperature values), representing a substantial
loss of bacterial richness with deeper, generally hotter sediments.
Higher OTU numbers were obtained on average for the upper
sediment layers (112 = 65 OTUs; 0-10.5 cm) than for the deeper
ones (54 + 61 OTUs; 11-24 cm). However, considering sediment
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Edge of Megamat, Dive 4486 Megamat overview, Dive 4486-90

UNC mat context, Dive 4490

UNC mat, Dive 4489

FIGURE 2 | Selected sampling sites of the Southern Guaymas trench.
This area is characterized by the occurrence of Riftia around hydrothermal
mounds such as Mat Mound (A,B) and dense bacterial mats of white,
orange or yellow color that are mainly formed by the giant sulfide oxidizer
Beggiatoa on the sediment surface, for example at Megamat (C,D) and the
UNC mat (E,F). Image source: Woods Hole Oceanographic Institution,
Woods Hole, MA.

depth alone, maximum and minimum numbers of OTUs fell into
a wide range, with 3-223 OTUs for the upper horizons and 1-218
OTUs for the deeper layers. The two depth categories had 90%
OTUs in common.

Across all sediment depths, the range of OTU numbers deter-
mined for the different T categories (cold T < 10°C, medium
10°C < T < 40°C, hot T > 40°C) also varied widely, i.e., 30-223
OTUs (cold), 2-214 OTUs (medium) and 1-198 OTUs (hot),
indicating a large spatial variability as well as potentially also
a temporal variability of temperature (Figure 3D). The average
OTU numbers decreased from cold to hot samples with 165 % 60,
116 £ 59, and 90 &+ 63 OTUs for cold, medium and hot sam-
ples, respectively. Cold and medium temperature samples shared
85%, cold and hot samples 86%, and medium and hot cores
90% of their OTUs (0-24 cm sediment depth). The reference core
(PC32, cold), taken outside of the hydrothermal vent field, shared
between 70 and 77% of its OTUs with any other cores taken
within the surveyed area, while the percentages of shared OTUs
was higher among samples within the vent field ranging from 83
and 90% (all T categories compared). Further OTU partition-
ing revealed that the number of unique OTUs in cold (3 OTUs)
and hot habitats (4 OTUs) was lower than that of intermediate
temperatures (18 OTUs) (Figure 4B).

Microbial habitat connectivity at Guaymas

Mat presence was generally associated with lower OTU num-
bers for the upper 10cm of sediment, with average values of
93 £ 58 for mat-covered sediments vs. 149 £ 61 OTUs for mat-
free sites (see also Figure S5), concurring with previous work
suggesting that the sulfide- and methane-rich regime selects for
a more specialized microbial community than in normal sur-
face sediments (Lloyd et al., 2010). However, when taking all
sediment depths into account, no clear difference in total OTU
numbers between mat-covered (2-198 OTUs) and mat-free sites
(1-223 OTUs) could be detected. The percentage of shared OTUs
between mat-free and mat-covered sediments ranged from 63 to
88%. Multivariate analyses with the full data set (n = 188) indi-
cated that variation in OTU number could be best explained by
variation in SD (32%), space (X + Y; 7%) and T (4%), altogether
explaining 52% of the total variation (Figure 4A).

CHANGES IN BACTERIAL COMMUNITY STRUCTURE

When considering all samples on the NMDS ordination plot
(Figure 5) a clear separation appeared between samples that con-
tained <70 OTUs and those with a higher richness (as determined
by a frequency distribution analysis; Figure S6). Overall, sam-
ples with OTU numbers <70 OTUs were less similar to each
other (i.e., communities were more heterogeneous) than the ones
with OTU numbers higher than 70 OTUs (Figure 5A). They were
mostly associated with sediment layers deeper than 10 cm and a
temperature range of 20-96°C, depending on core and sampling
location (Figure 5B; Table S1). Samples with OTU numbers >70
OTUs were mostly associated to cold (19 samples, i.e., 18% of
all samples) or medium temperature (73 samples or 70%) con-
ditions and generally originated from the top 10 cm surface layers
(81 samples, i.e., 77% of all samples) (Figure 5C; Figure S7). No
significant pattern was found to be associated with variation in
mat color (Figure 5D), but within the group of samples with >70
OTUs, mat-free sediment samples were more similar to each other
than mat-associated ones (Figure 5D).

When taking all contextual parameters analyzed here into
account, 24% of the observed variation in bacterial community
structure could be explained (Figure 4A; n = 188). Most of the
variation was explained by SD (7%) and MC (4%), followed by
spatial distance (X 4+ Y, 3%), T (2%) and WD (2%), when tak-
ing the variations of each other parameter into account (partial
regression analyses done via variation partitioning). All of these
factors had highly significant (P < 0.001) effects. Beta dispersion
analyses revealed that medium temperature cores contained the
highest community heterogeneity (average distance to centroid:
0.60), as compared to hot (average distance to centroid: 0.58),
and cold cores (average distance to centroid: 0.46). Tukey’s HSD
tests indicated highly significant differences between cold cores
and all other categories (P < 0.001), but no significant difference
between hot and medium cores (P > 0.05).

DISCUSSION

IMPACT OF TEMPERATURE ON BENTHIC BACTERIAL COMMUNITIES

AT GUAYMAS BASIN

Guaymas Basin hydrothermal sediments are rich in hydro-
carbons, methane, hydrogen sulfide, and contain a variety of
other potential microbial energy sources, supporting complex
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FIGURE 3 | Activity and biomass of microbial communities associated
with different temperature ranges. (A) Potential sulfate reduction rates and
(B) sulfate concentrations were determined in adjacent cores (not available
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of sediment before coring. Circles and triangles correspond to mat-covered
and mat-free sediments, respectively.

anaerobic and aerobic microbial communities (Bazylinski et al.,
1988; Martens, 1990; Dhillon et al., 2005; Biddle et al., 2012).
Furthermore, the sediments at Guaymas Basin are characterized
by a wide range of temperatures (3—200°C), thus crossing the
realms of psychrophilic, mesophilic and thermophilic bacterial
communities, as well as abiotic zones within small spatial scales
(McKay et al., 2012). Temporal dynamics in fluid flow may also be
high and can add substantial variation in fluxes of electron donors
and acceptors as well as temperature (Gundersen et al., 1992). It is
important to note that in sifu temperatures obtained during sam-
pling could rather be snapshots in time, and a site vented by very
hot fluids a few days before may still show substantial disturbance
effects after cooling, such as low cell counts and a low richness
and sulfate reduction activity.

Guaymas Basin sediments are long known to be an interest-
ing natural laboratory for the study of temperature-dependent
oxidation of methane and sulfate reduction, and both processes
have been found over a wide range of temperatures (Weber and
Jorgensen, 2002; Kallmeyer and Boetius, 2004; Holler et al., 2011;
Biddle et al., 2012). In general, at 20°C potential microbial sul-
fate reduction was strongly repressed below 4-5 cm (Figure 3A),
despite the presence of sulfate and methane as well as other
electron donors throughout the core, a phenomenon previously
observed for Guaymas Basin sediments (Martens, 1990; Elsgaard
et al., 1994; Weber and Jorgensen, 2002; Dhillon et al., 2005;
Biddle et al., 2012; McKay et al., 2012).

Potentially, episodic heat pulses by upward advecting hot flu-
ids may act as strong disturbances to the microbial assemblages
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FIGURE 4 | (A) Partitioning of the variation in total cell numbers (AODC),
bacterial OTU numbers (alpha-diversity) and ARISA bacterial community
structure (beta-diversity) as a function of environmental and spatial
parameters. The plot depicts the percent explained variation by each
significant contextual parameter. Environmental variables (E) included T

medium

(subsurface temperature), MC (mat presence/color) and SD (sediment depth).
Spatial variables (S) included WD (water depth) as well as X + Y (spatial
distance). (B) OTU partitioning according to the three temperature categories,
namely cold (T < 10°C), medium (10°C < T < 40°C) and hot (T > 40°C), with
T measured in the upper 10 cm of sediment.

270 OTUs 0-10.5 cm
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FIGURE 5 | NMDS plot of bacterial community structure based on a
Bray-Curtis distance matrix (stress 0.16). Color coding was done
according to (A) bacterial OTU number threshold (70 OTUs), (B) sediment
depth, (C) subsurface temperature as categories cold (T < 10°C), medium
(10°C < T < 40°C) and hot (T > 40°C, T measured in the upper 10 cm of
sediment), and (D) mat color.

selected by certain temperature ranges in space and time. Upward
advection of very hot fluids >100°C could even lead to steriliza-
tion of the present assemblages, which then will be repopulated
by the surface communities. This may explain the reduction or
disappearance of biomass and diversity below 5-10 cm sediment
depth detected in total cell numbers (Figure 3C), as well as bac-
terial OTU numbers (Figure S3). A substantial decline in cell
numbers within a decimeter of the seafloor has also been observed
in other highly fluid-flow advected marine sediments (Losekann

et al., 2007; Griinke et al., 2011), as well as in disturbed seep
environments such as submarine mud volcanoes (Pop Ristova
etal., 2012). If such geophysical disturbances can affect microbial
abundances, they are also likely to affect community diversity and
function. Even though archaeal diversity was not covered by our
molecular approach, it is known for instance that archaea isolated
from Guaymas Basin have demonstrated susceptibility to heavy
metals (Edgcomb et al., 2004) or to the combination of low pH,
high sulfide and low temperature typically present in vent fluids
(Lloyd et al., 2005).

The rapid loss of OTU number and microbial activity with
sediment depth and increasing temperature indicate that from
a relatively diverse community, only few members can occupy
the niches available in the deep hot sediments at Guaymas
(Figures 3-5). Interestingly, most of these OTUs were not unique,
but occurred throughout the surface sediments sampled from
the vent field. Hence, it seems likely that the prevailing diverse
communities of bacteria in the highly reduced surface sediments
of Guaymas Basin are functioning as a seed bank to deeper
depths, and that many community members are adapted to a
relatively wide range of temperature conditions. This is in gen-
eral accordance with findings on the relatively broad temperature
ranges of anaerobic methane oxidizers and sulfate reducers at
Guaymas (Elsgaard et al., 1994; Weber and Jorgensen, 2002;
Kallmeyer and Boetius, 2004; Holler et al., 2011; Biddle et al.,
2012). Furthermore, ANME1-Guaymas archaea were previously
found at temperatures between 20 and >90°C, suggesting their
eurythermal nature and adaptation to fluctuations in temperature
and heat flow (Biddle et al., 2012). Most likely the small-scale vari-
ation in space and time of the upward advective transport of hot
hydrothermal fluids, and downward mixing of seawater penetrat-
ing surficial sediments (Gundersen et al., 1992) is likely exerting a
substantial challenge to the microbial community, leading to sub-
stantial losses in diversity with sediment depth, and blurring a
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typical temperature-induced zonation of microbial habitats in the
sediments.

OTHER NICHE EFFECTS ON BACTERIAL COMMUNITY COMPOSITION
Beggiatoa mats are generally linked to steep gradients and high
fluxes of sulfide, DIC and CHy; they can be flushed by oxy-
genated seawater (Gundersen et al., 1992) and indicate hotspots
of CHy and sulfur cycling (Lichtschlag et al., 2010; Lloyd et al,,
2010; Griinke et al., 2012; McKay et al., 2012). Their distribu-
tion across the investigated area at Guaymas Basin was patchy
and not directly related to bathymetry or temperature regimes.
Thus, we investigated whether the sampled areas may repre-
sent hotspots of bacterial diversity, especially via the presence of
Beggiatoa that have been proposed to be acting as ecosystem engi-
neers at Guaymas Basin by “providing specialized habitats for
unique assemblages of species, thereby creating seafloor biodi-
versity hotspots” (Levin and Dayton, 2009). OTU number was
compared across different mat types and mat-free sediments. In
the top 2.5 cm sediment layers, mat-covered sediments were asso-
ciated on average with fewer OTU with 137 OTU (n = 30) as
compared to 162 OTU (n = 14) in mat-free sediments (two-
sample Wilcoxon test, W = 115, P = 0.0172). These numbers are
comparable to those found in and around sulfide-oxidizer mats
at cold seeps along the Norwegian continental margin (on aver-
age 121-166 OTUs in 0-2.5cm sediment depth; Griinke et al,,
2012). The total OTU number of 439 detected in Guaymas Basin
sediments was similar to bacterial OTUs from a cold seep site at
the West African margin (~3200 m water depth, 450 OTUs; Pop
Ristova et al., 2012). The percentage of shared OTUs between
mat-covered and mat-free sediments (63-88%, 0-24 cm) was
slightly higher than what has previously been found in a study on
bacterial sulfide oxidizer mats at the Norwegian margin (41-63%,
0-2.5cm; Griinke et al., 2012), and for other chemosynthetic
communities at the cold seep REGAB of the West African mar-
gin (average 74%, 0—10 cm; Pop Ristova et al., 2012). The effects
on community diversity of mat presence and color (correspond-
ing to different Beggiatoa spp.) (McKay et al., 2012), could not
be further disentangled in this study, because of the highly vari-
able temperature regimes within the different mats. Although
mat-forming sulfide oxidizers of the family Beggiatoaceae have
previously been shown to specifically associate with certain types
of bacteria (Kojima et al., 2006; Prokopenko et al., 2006; Teske
et al., 2009), our results overall did not support the idea that
the presence Beggiatoa mats was associated with higher bacte-
rial diversity or specificity as compared to neighboring mat-free
sediment communities.

SPATIAL EFFECTS ON BACTERIAL COMMUNITIES

The investigated hydrothermal field at Guaymas Basin was
characterized by various structures typical for vent fields such
as chimneys and mounds overgrown with Beggiatoa mats
(Figure 2A), and dense Beggiatoa mats covering surface sedi-
ments (Figures 2B,C; Jannasch et al., 1989), vent chimneys and
sulfide spires (Figures 2D-F). There was a slightly elevated area
in the middle of the investigated area, where the water depth
reached only 1995 m as compared to >2000 m in the other areas,
however, this feature was not distinctly related to a temperature

Microbial habitat connectivity at Guaymas

gradient. Nevertheless, we explored whether spatial distance and
bathymetry (mounds vs. troughs on the landscape level) had an
effect on community assemblage.

The complex interplay of environmental and spatial factors on
microbial diversity has already been observed in patchy terrestrial
environments (e.g., Ramette and Tiedje, 2007b). Our analyses of
0.05km? of the Guaymas hydrothermal field showed that most
tested biological variables, i.e., total cell numbers, OTU numbers
and beta-diversity, were significantly influenced by spatial fac-
tors (X, Y or WD) at the scale of meters to hundreds of meters
(Figure 4A). Total cell numbers were positively correlated with
bathymetry, so that elevated landscape features showed a lower
microbial biomass (based on partial linear regression models),
but they were not correlated with latitude and longitude. OTU
numbers were correlated to the geographic positions of the sam-
ples (both increasing with Y and decreasing with X), but not to
the bathymetric features. Changes in overall bacterial commu-
nity structure could be related to changes in both bathymetry
and geographic locations, yet we were unable to determine which
environmental variables were explaining these spatial community
patterns.

By comparing the effects of each investigated parameter, envi-
ronmental factors (T, SD, MC) always explained more of biologi-
cal variation than combined spatial variables (X, Y, WD), in total
cell numbers, OTU number, and beta-diversity. This is consistent
with a recently published review on the current knowledge about
what processes influence the distribution of microbes, and the
percentages of total explained variation in our study are compa-
rable to the overall reported mean of 50% across studies (Hanson
et al., 2012). It should be noted that, because not all selective
environmental variables can be assessed in field studies, and
especially their past temporal variation remains unknown, pure
spatial effects on community structure may be potentially overes-
timated (Cottenie, 2005; Hanson et al., 2012). Interpreted within
a metacommunity ecology framework (Leibold et al., 2004), our
findings overall suggest that Guaymas bacterial communities are
subjected to a combination of species sorting (i.e., to disper-
sal associated with niche differentiation) and of mass effect (i.e.,
dispersal effects through source-sink relationships).

CONCLUSION

Guaymas Basin hydrothermal sediment bacterial communities
displayed a high variation in community richness and activ-
ity on small spatial scales. Community activity, abundance and
richness declined substantially with increasing temperature, indi-
cating that only few microbial types of the core community of the
investigated vent field were adapted to populate deep hot sedi-
ments at temperatures >10°C and higher (Figure S7). However,
community similarity was high across the different temperature
regimes and habitat types sampled, and across the entire range
of temperature regimes—from normal deep-sea settings to the
predicted limits of life >120°C—only few unique microbial types
were detected. This is best explained by the scenario of connected
bacterial habitats, where temporary disturbances by the upward
expulsion of hot fluids can locally decrease cell activity, biomass
and diversity, and where a repopulation occurs by a diverse,
eurythermic and more stable surface community of the highly
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reduced Guaymas sediments. Besides temperature and sediment
depth, the presence of microbial mats, local bathymetry and spa-
tial orientation in the vent field also showed significant effects
on community richness and composition, but due to the com-
plexity of the vent field, no distinct spatial gradient was detected,
indicative of active but chaotic upward venting in space and time.
Bacterial habitats seemed highly interconnected across the inves-
tigated vent area, which may be a consequence of dynamically
fluctuating temperatures and biogeochemical factors.
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INTRODUCTION

Deep-sea hydrothermal vent fields are areas on the seafloor with high biological
productivity fueled by microbial chemosynthesis. Members of the Aquificales genus
Persephonella are obligately chemosynthetic bacteria, and appear to be key players
in carbon, sulfur, and nitrogen cycles in high temperature habitats at deep-sea
vents. Although this group of bacteria has cosmopolitan distribution in deep-sea
hydrothermal ecosystem around the world, little is known about their population structure
such as intraspecific genomic diversity, distribution pattern, and phenotypic diversity.
We developed the multi-locus sequence analysis (MLSA) scheme for their genomic
characterization. Sequence variation was determined in five housekeeping genes and
one functional gene of 36 Persephonella hydrogeniphila strains originated from the
Okinawa Trough and the South Mariana Trough (SNT). Although the strains share
>98.7% similarities in 16S rRNA gene sequences, MLSA revealed 35 different sequence
types (ST), indicating their extensive genomic diversity. A phylogenetic tree inferred
from all concatenated gene sequences revealed the clustering of isolates according
to the geographic origin. In addition, the phenotypic clustering pattern inferred from
whole-cell matrix-assisted laser desorption ionization-time of flight mass spectrometry
(MALDI-TOF/MS) analysis can be correlated to their MLSA clustering pattern. This study
represents the first MLSA combined with phenotypic analysis indicative of allopatric
speciation of deep-sea hydrothermal vent bacteria.

Keywords: population structure, biogeography, deep-sea hydrothermal vent, Persephonella, Aquificales, MLSA,
MALDI-TOF/MS, chemolithoautotroph

genera found in deep-sea hydrothermal systems occurring not

Mixing of hydrothermal fluids and ambient seawater at the
seafloor creates physically and chemically dynamic habitats for
microorganisms. Vent fluids physicochemistry is variable both
spatially and temporally as a result of subsurface geological and
geochemical processes (Edmond et al., 1979; Butterfield and
Massoth, 1994; Butterfield et al., 2004). Diverse microorgan-
isms including both Archaea and Bacteria have been isolated in
pure cultures from various hydrothermal fields (Nakagawa and
Takai, 2006). In addition, culture-independent studies revealed
the dominance of yet-to-be cultured microorganisms in deep-
sea hydrothermal environments (Haddad et al., 1995; Takai and
Horikoshi, 1999; Reysenbach et al., 2000; Corre, 2001; Teske
et al., 2002), and provided insight into the great heterogene-
ity of microbial communities between hydrothermal systems.
The heterogeneity can be correlated to differences in the geo-
logical and chemical properties between different vents (Takai
et al., 2004; Nakagawa et al., 2005a,b; Takai and Nakamura,
2011). On the other hand, there are also some cosmopolitan

only in the Mid-Ocean Ridge systems but in the Back-Arc
Basin systems and the Volcanic Arc systems (Takai et al., 2006;
Nakagawa and Takai, 2008; Kaye et al., 2011). Members of the
genus Persephonella belonging to the order Aquificales, obligately
sulfur- and/or hydrogen-oxidizing, chemoautotrophic, ther-
mophilic bacteria, are widely distributed in deep-sea hydrother-
mal systems (Reysenbach et al., 2000, 2002; Takai et al., 2004;
Nakagawa et al., 2005a,b; Ferrera et al., 2007; Takai et al., 2008).
Although the widespread occurrence of this group suggests that
they may play important role, many questions remained about
their physiology, metabolism, and ecology within the environ-
ment because of the difficulty in isolating these strains. Some iso-
lates have been characterized (Gotz et al., 2002; Nakagawa et al.,
2003), and implied their role in carbon, sulfur and nitrogen cycles
in high temperature habitats at deep-sea vents (Reysenbach et al.,
2002; Ferrera et al., 2007). However, little is known about the
spatial or biogeographical pattern of Persephonella microdiversity
and phenotypic heterogeneity.
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Weak biogeographical signals in microbial communities are studied at the phenotypic level (Rossell6-Mora et al., 2008), how-
usually explained by the hypothesis of microbial cosmopolitanism  ever, genetic and phenotypic correlation has not been explored.
formulated by Bass Becking (Wit and Bouvier, 2006). However, We investigated the spatial diversity pattern of Persephonella
recent studies have explored the effects of dispersal limitation population by the combined use of comparative genetic and
on microbial biogeography. Like macroorganisms, the genetic phenotypic characterizations.
similarity negatively correlated with geographic distance, i.e.,
distance-decay relationship, have been reported for cyanobacte- MATERIALS AND METHODS
ria, sulfate-reducing bacteria, marine planktonic bacteria, and  FIELD SITE AND SAMPLING
hyperthermophilic archaea (Papke et al., 2003; Whitaker et al., Samples, i.e., chimney structures, fluids, and sediments, were col-
2003; Vergin et al., 2007; Oakley et al., 2010). In addition, the lected with R/V Natsushima and ROV Hyper-Dolphin or R/V
biogeographical diversity pattern was reported in detail for mem-  Yokosuka and DSV Shinkai 6500 from the Okinawa Trough (OT)
bers of the “deep-sea hydrothermal vent euryarchaeota 2” (Flores  in 2007 and 2009, or the South Mariana Trough (SMT) in 2010
et al., 2012). Microbial biogeographical studies have been usually  (Table 1). Vent fluids from the OT are characteristic in the high
based solely on genetic data. Microbial biogeography was recently  contents of methane and carbon dioxide (Kawagucci et al., 2011).

Table 1 | Information of samples and cultivation temperature.

Strains Originated Origins Sodium Isolated Sequence similarity to
samples sulfide temperature (°C) P hydrogeniphila 29W" (%)
OT-1 CS Iheya North, OT + bb 99.7
OT-2 CS Iheya North, OT — 55 99.6
OT-3 Cl Iheya North, OT + 55 98.9
OT-4 CS Iheya North, OT — 55 99.6
OT5 CS Hatoma Knoll, OT — 55 99.7
MT-6 Cl Urashima, SMT — 55 99.6
MT-7 Cl Urashima, SMT + 55 99.5
MT-8 CS Urashima, SMT — 55 99.5
MT-9 CS Urashima, SMT + bb 99.5
MT-10 Cl Urashima, SMT + 55 99.7
MT-11 CA Urashima, SMT + 55 99.5
MT-12 CS Urashima, SMT + bb 99.5
MT-13 Cl Urashima, SMT — 47 99.6
MT-14 CS Urashima, SMT + 47 99.5
MT-15 CS Urashima, SMT + 70 99.5
MT-16 Cl Urashima, SMT — 70 99.6
MT-17 CS Urashima, SMT — 55 99.6
MT-18 CS Urashima, SMT + 55 99.5
MT-19 CA Urashima, SMT + bb 98.7
MT-20 CA Urashima, SMT + 47 98.7
MT-21 CA Urashima, SMT + 70 99.5
MT-22 SE Snail, SMT — 55 99.5
MT-23 HR Snail, SMT — 55 99.5
MT-24 HR Snail, SMT + 55 99.6
MT-25 CS Archaean, SMT — 55 98.7
MT-26 Cl Archaean, SMT + bb 98.7
MT-27 CA Archaean, SMT — 55 99.5
MT-28 CS Archaean, SMT — 55 99.7
MT-29 BS Archaean, SMT — 55 99.5
MT-30 FW Archaean, SMT — 55 99.5
MT-31 CS Archaean, SMT — 55 99.5
MT-32 CS Archaean, SMT + 55 99.6
MT-33 CA Archaean, SMT — 55 99.7
MT-34 CS Archaean, SMT — 47 99.5
MT-35 CS Pika,SMT — 55 99.5
MT-36 Cl Pika,SMT + 55 99.5

CS, chimney surface,; Cl, chimney inside parts; CA, all of chimney,; SE, sediment sample; HR, rock influenced by vent fluids; FS, fluid sample; BS, biological sample;
+, presence of sodium sulfide; —, absence of sodium sulfide. Sequence similarity was based on 16S rRNA gene sequences of each strain.
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Among the OT hydrothermal fields, this study focused on the
Theya North and Hatoma Knoll (Figure1). In the SMT, four
vent sites were studied (Figure 1). The Archaean site is located
at a ridge flank, about 2km apart from the backarc-spreading
axis. Discharging fluids (Tmax = 318°C) was acidic and depleted
in CI~ (CI™ =401 mM) (Ishibashi et al., 2006). Pika site is
located on an off-axis knoll, about 5km from the axis. Fluid
chemistry (Tmax = 330°C) of Pika site showed brine-rich sig-
nature (CI~ = 600 mM) (Ishibashi et al., 2006). Urashima site
is newly discovered in 2010, and located at the northern foot
of the western peak of the same knoll as Pika. Snail site is
located on the active backarc-spreading axis. After retrieval on
board, each of the chimney structures were sectioned immediately
into the exterior surface and the inside parts, and slurried with
25ml of sterilized seawater in the presence or absence of 0.05%
(w/v) neutralized sodium sulfide in 100 ml glass bottles (Schott
Glaswerke, Mainz, Germany). Bottles were then tightly sealed
with butyl rubber caps under a gas phase of 100% N3 (0.2 MPa).
Similarly, fluid, sediment, and biological samples were prepared
anaerobically in 10 ml glass bottles. Samples were stored at 4°C
until use.

ENRICHMENT, ISOLATION, AND PHYLOGENETIC ANALYSIS

Serial dilution cultures were performed using the MMJHS
medium (Takai et al., 2003) containing a mixture of elec-
tron donors and electron acceptors for hydrogen/sulfur-oxidizing
chemoautotrophs at 47, 55 and 70°C. MMJHS medium included
1 g each of NaHCO3, Na,5,03.5H,0, and NaNOs, 10 g of S% and
10 ml vitamin solution (Balch et al., 1979) per liter of MJ syn-
thetic seawater [gas phase: 80% H; +20% CO;, (0.3 MPa)]. To
obtain pure cultures, dilution-to-extinction was repeated at least
2 times (Baross, 1995). The purity was confirmed routinely by
microscopic examination and by sequencing of the 16S rRNA
gene using several PCR primers. Genomic DNA was extracted
from isolates using the UltraClean Microbial DNA isolation Kit
(MoBio Laboratories, Inc., Solana Beach, CA, USA) following the
manufacturer’s protocol. The 16S rRNA gene of each isolate was
amplified by PCR using LA Taq polymerase (TaKaRa Bio, Otsu,
Japan) as described previously (Takai et al., 2001). The primers
used were Eubac 27F and 1492R (Weisburg et al., 1991). These
amplicons were bidirectionally determined by the dideoxynu-
cleotide chain-termination method. Almost complete sequences
of the 16S rRNA gene were assembled using Sequencher ver 4.8

subduction zone. (B) Location of four vent sites in the South Mariana Trough.

South Mariana Trough

FIGURE 1 | Sampling sites. (A) Location of the Iheya North field and Hatoma Knoll in the Okinawa Trough, and the South Mariana Trough. Blue line indicates
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(Gene Codes Corporation, Ann Arbor, MI, USA). In order to
determine the phylogenetic positions of isolates, the sequences
were aligned using Greengenes NAST alignment tool (DeSantis
et al., 2006), and compiled using ARB software version 03.08.22
(Ludwig et al., 2004).

MULTI-LOCUS SEQUENCE ANALYSIS

Intraspecies diversity among isolates was evaluated using multi-
locus sequence analysis [MLSA; formerly called multilocus
sequence typing (MLST)] technique (Gevers et al., 2005).
MLSA represents a universal and unambiguous method for
strain genotyping, population genetics, and molecular evo-
lutionary studies (Whitaker et al., 2005; Mazard et al,
2012). Genes selected for MLSA were tkt (transketolase),
atpA  (ATP synthase, A subunit), dnaK (Hsp 70 chap-
eron protein), napA (nitrate reductase, large subunit), metG
(methionyl-tRNA synthetase), and gyrB (DNA gyrase, B sub-
unit). Primers (Table 2) were designed according to the pub-
lished complete genome sequences of Aquificales members, i.e.,
Persephonella marina EX-H1T (NC_012439) (Reysenbach et al.,
2009), Sulfurihydrogenibium azorense (NC_012438) (Reysenbach
et al., 2009), Sulfurihydrogenibium sp. YO3AOP1 (NC_010730)
(Reysenbach et al., 2009), Hydrogenobaculum sp. Y04AAS1
(NC_011126) (Reysenbach et al., 2009), Aquifex aeolicus VF5
(NC_000918) (Deckert et al., 1998), and Hydrogenivirga sp. 128-
5-R1-1 (NZ_ABHJ01000000) (Reysenbach et al., 2009). ClustalX
version 2.0 was used for the alignment of nucleotide sequences
(Larkin et al., 2007). PCR were performed under the follow-
ing conditions: 96°C for 1 min, 35-38 cycles of 96°C for 20s,
annealing for 45 s at temperatures shown in Table 2, and 72°C for
2 min. The PCR products were confirmed by 1% agarose gel elec-
trophoresis and purified with exonuclease I and shrimp alkaline

phosphatase. If necessary, bands were excised and purified using
Wizard® SV Gel and PCR Clean-up System (Promega, Madison,
WI, USA). Purified PCR products were used as templates for
Sanger sequencing reaction. The sequences were assembled and
edited using Sequencher ver 4.8, and aligned with ClustalX. The
sequences were translated into amino acid using Transeq program
(EMBOSS; European Molecular Biology Open Software Suite).
Z-test, non-synonymous (Ka)/synonymous (Ka) substitution,
and Tajima’s D test were performed as described elsewhere
(Vergin et al., 2007). Briefly, values of Ka and Ks were determined
using the software program SWAAP ver 1.0.3 (Pride, 2000), set
to the Li method with a window size of 90 and step size of 18.
Z-test was performed using MEGA ver 5.05 software (Tamura
etal., 2011) with the following options: purifying selection, over-
all average, 1000 bootstrap replicates, pairwise deletion and the
Pamilo—Bianchi—Li method. Tajima’s D based on the total num-
ber of mutation were calculated using DnaSP ver 5 (Librado
and Rozas, 2009). The combination of allele types for each iso-
late defined the sequence type (ST). Phylogenetic trees were
constructed by the maximum likelihood (ML) method using
MEGA ver 5.05. ML bootstrap support was computed after 100
reiterations. Split decomposition trees were constructed with
SplitsTree ver 4 using the Neighbor-Net algorithm (Huson, 1998).
The levels of genetic variation within and between pop-
ulations were calculated with the Arlequin ver 3.5 software
(Excoffier and Lischer, 2010). Fsy values were estimated for
groups of two or more strains and were tested for signifi-
cance against 1000 randomized bootstrap resamplings. Average
pairwise genetic distance and standard error based on 500
bootstrap resamplings of each population were estimated using
MEGA ver 5.05. Mantel test was performed with XLSTAT soft-
ware (www.xlstat.com). Sequences obtained in this study have

Table 2 | Primers and PCR conditions for MLSA.

Genes Primer name Primers (5'-3') Primer combination and Amplicon
annealing temperature (°C) size (bp)
atpA101F ADGTDGGWGAYGGTGTYGC P 050
atpA atpA1081R CGTTRATAGCWGGTCTDATACC :
atpA983R ACGTCACCBGCYTKWGTTTC 101F-083R: 52 882
ok dnak464F GDCARGCWACMAARGAYGC o _»
na dnak1118R GCMACWACYTCRTCDGG
" qyrB377F CTYCAYGGWGTWGGWGC o 1186
9y gyrB1563R TCWACRTCRGCRTCHGYCAT
napA181F TTCTGTGGWACDGGWTGYGG
. NapABIOF* ATGGCWGARATGCAYCC . ,
nap napA1714R CKBGCHGCTTTRATCCARTG 181F-1713R: 59 163
napA1347R* GRTTVAWWCCATTGTCCA
- metG145F ACRGGWACMGATGARCATGG . 586
me metG831R GCDGGCCARTAWACDGYATG
tht tkt478F AWSGSYGTRGGTATGGC o) 1063
tkt1541R TGKGTWGGDCCRTCYTC

*Primers used for sequencing reaction.
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been deposited in DDBJ/EMBL/GenBank under Accession No.
AB773894-AB774147.

GEOCHEMICAL ANALYSIS

Chemical compositions listed in Table 6 were analyzed as pre-
viously described (Takai et al., 2008; Toki et al., 2008). End-
member fluids compositions were estimated by the conventional
method, that is extrapolation to Mg = 0 of linear relationship of
concentration of each species to Mg among the obtained samples
(Von Damm et al., 1985).

PREPARATION OF BACTERIAL SAMPLES FOR WHOLE-CELL
MALDI-TOF/MS

Samples for whole-cell matrix-assisted laser desorption
ionization-time of flight mass spectrometry (MALDI-TOF/MS)
were prepared as described in Hazen et al. (2009). Briefly,
Persephonella strains were cultured in 3 ml of MMJHS medium
at their isolated temperatures (Table 1). Following incubation,

cells were washed once in 1ml of 0.85% NaCl and twice in
Iml of 50% ethanol at 4°C. Cell pellets were weighed and
resuspended in 1% trifluoroacetic acid (TFA) to yield a final
concentration of 0.2 mg cells/il of 1% TFA. Equal volumes of
the TFA bacterial suspension and the MALDI-TOF/MS matrix
solution (10 mg/ml sinapinic acid in 50% acetonitrile, 50% water,
and 0.1% TFA) were mixed in a microcentrifuge tube, and then
1.0 1 of this mixture was spotted in triplicate on a stainless steel
MALDI-TOF/MS sample plate (corresponding to approximately
1.4 x 108 cells/spot). Samples were allowed to air dry before
being loaded in the mass spectrometer.

MALDI-TOF/MS AND DATA PROCESSING

All mass spectra were acquired using the MALDI-TOF/MS spec-
trometer (4700 proteomics analyzer; Applied Biosystems, Foster
City, CA, USA) in the linear and positive-ion modes. The laser
(N2, 337 nm) intensity was set above the ion generation thresh-
old. Mass spectra were recorded in the m/z range of 2000-14,000.

MT-33 (Archaean)
OT-5 (Hatoma Knoll)
MT-27 (Archaean)
MT-6 (Urashima)
MT-30 (Archaean)
MT-36 (Pika)
MT-10 (Urashima)
MT-8 (Urashima)
OT-3 (lheya North)
MT-26 (Archaean
MT-34 (Archaean
MT-14 (Urashima
MT-20 (Urashima
MT-13 (Urashima)
MT-21 (Urashima)
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- Persephonella hydrogeniphila (AB086419)

MT-25 (Archaean)
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MT-7 (Urashima)

MT-29 (Archaean)

OT-1 (Iheya North)
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|

FIGURE 2 | Phylogenetic relationship of isolates and representative
Persephonella species as determined by neighbor-joining analysis of 16S
rRNA gene sequences. Tree was constructed by using 1119 sites that could be

Aquifex pyrophilus (M83548)

unambiguously aligned. Origins of isolates and DDBJ accession numbers are
shown in parentheses. Branch points conserved with bootstrap values of
>75% (filled circle) and bootstrap value of 50-74% (open circles) are indicated.
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Table 3 | Genetic features at the six MLSA loci.

Gene Sequence length Nucleocid identity Amino acid identity Ka/Ks Theta V4 Tajima’s D
tkt 810 95.8 (6.5) 97.5 (4.12) 0.0131 (0.0215) 0.05286 7.4 —0.77603
atpA 669 96.3 (5.5) 99.7 (0.45) 0.0062 (0.153b) 0.04456 7.4 —0.59903
dnak 495 94.6 (9.1) 98.0 (8.04) 0.0024 (0.0461) 0.11838 4.8 —2.05655
napA 882 94.8 (4.3) 97.9 (2.75) 0.0581 (0.0812) 0.05326 8.9 —0.06984
metG 555 95.9 (6.0) 98.4 (2.48) 0.0381 (0.0754) 0.04858 5.3 —0.61694
gyrB 843 95.6 (6.1) 99.5 (0.68) 0.0146 (0.0269) 0.05223 7.1 —0.57104

Average nucleotide identities (ANI) and synonymous (Ks) vs. non-synonymous (Ka) substitutions were determined from 36 different Persephonella isolates.

Table 4 | Allelic properties at six loci of Persephonella isolates analyzed in this study.

Strains Sequence type Allele no. at locus Origin

atpA dnakK gyrB metG napA tkt
MT-1718 1 1 1 1 1 2 2 Urashima, SMT
MT-31 2 1 6 3 3 3 Archaean, SMT
MT-33 3 1 2 2 1 3 Archaean, SMT
MT-22 4 1 1 12 1 10 14 Snail, SMT
MT-11 5 2 2 4 5 5 Urashima, SMT
MT-28 6 2 5 3 10 12 Archaean, SMT
MT-12 7 2 10 " 5 13 Urashima, SMT
MT-25 8 2 3 6 3 Archaean, SMT
MT-10 9 2 2 19 1 15 2 Urashima, SMT
MT-6 10 2 13 15 5 5 16 Urashima, SMT
MT-9 " 2 4 2 4 14 21 Urashima, SMT
MT-35 12 3 4 3 4 3 4 Pika,SMT
MT-27 13 3 5 3 4 3 8 Archaean, SMT
MT-16 14 4 6 4 4 13 6 Urashima, SMT
MT-13 15 4 6 4 4 6 6 Urashima, SMT
MT-15 16 4 14 4 4 6 19 Urashima, SMT
MT-20 17 5 3 16 2 2 17 Urashima, SMT
MT-21 18 5 15 18 2 2 2 Urashima, SMT
MT-7 19 6 2 3 1 1 4 Urashima, SMT
MT-8 20 6 2 3 1 1 20 Urashima, SMT
MT-29 21 7 2 5 7 1 1 Archaean, SMT
MT-19 22 8 3 1 2 2 Urashima, SMT
MT-32 23 9 8 7 8 4 Archaean, SMT
MT-23 25 10 4 8 1 8 9 Snail, SMT
MT-24 26 1 2 9 9 9 10 Snail, SMT
MT-36 27 12 9 10 1 3 11 Pika, SMT
MT-30 28 13 12 3 1 " 5 Archaean, SMT
MT-26 30 14 2 13 6 12 1 Archaean, SMT
MT-14 31 15 4 3 3 3 3 Urashima, SMT
MT-34 32 16 4 17 1 3 18 Archaean, SMT
OT1 33 17 16 20 12 7 22 Ilheya North, OT
OT2 34 18 17 21 13 16 23 Ilheya North, OT
OT4 35 19 18 22 14 7 24 Ilheya North, OT
OT3 36 20 19 23 15 17 7 Iheya North, OT
OT56 37 21 20 14 16 18 15 Hatoma Knoll, OT
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FIGURE 3 | Neighbor-Net graph based on the concatenated sequences of
6 protein-coding genes of Persephonella isolates showing a bushy
network structure indicative of homologous recombination. Scale bar

represent 0.1 substitutions per nucleotide position. Origins of isolates are
indicated as follows: light blue, Iheya North; blue, Hatoma Knoll; red,
Archaean; orange, Snail; green, Pika; brown, Urashima.
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FIGURE 4 | Maximum likelihood tree based on concatenated sequences of all MLSA loci. Origins of isolates are indicated as follows: light blue, Iheya
North; blue, Hatoma Knoll; red, Archaean; orange, Snail; green, Pika; brown, Urashima.
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The acceptance criteria, based on 1000 laser shots per spot,
were signal intensities between 2000 and 55,000 counts and a
signal/noise ratio of 10 or greater.

Raw mass spectra from three spots were normalized using Data
Explorer software (Applied Biosystems, Foster City, CA, USA) by
baseline correction and combined to generate an averaged peak
list. The peaks around 2000 m/z were excluded as noise.

The peaks were ranked according to their signal intensities,
and the top 15 most intense peaks were chosen for further anal-
ysis. The relative intensity ratio was calculated for the 15 peaks.
Squared distance was estimated based on the presence or absence
of peaks by Ward’s minimum variance method using MVSP
software ver 3.21 (Kovach Computing Services, Wales, UK). The

presence or absence of peaks was determined within a tolerance
of 14 Da.

RESULTS

ISOLATION OF Persephonella STRAINS

We investigated a total of 36 Persephonella strains originating
from various hydrothermal samples from the OT (4 strains from
Theya North, and 1 strain from Hatoma Knoll) and the SMT
(16 strains from Urashima site, 10 strains from Archaean site, 3
strains from Snail site, and 2 strains from Pika site) (Figure2
and Table 1). All of the 36 strains shared >98.7% 16S rRNA
gene similarities with one another and with P. hydrogeniphila
29WT.
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GENETIC DIVERSITY OF Persephonella POPULATION

We developed a MLSA scheme for the Persephonella population
based on five housekeeping genes and a functional gene. The
gene fragments sequenced varied from 501 to 882bp in length
(Table 1), and nucleotide sequence similarity at MLSA loci varied
from 94.6 to 96.3% (average 95.8%). We obtained concatenated
sequences of 4254 bp and identified a total of 702 variable posi-
tions. Ratios of non-synonymous to synonymous substitutions
(Ka/Ks) were much smaller than 1 for all loci (Table 3), indi-
cating the genes were subject to purifying selection, conforming
to the general requirements for MLSA loci (Maiden, 2006). This
was statistically supported by the high values from the Z-test
(Table 3).

POPULATION GENETIC STRUCTURE

Typing based on sequences of six protein-coding gene fragments
revealed 35 different STs among 36 isolates, indicating the high
genetic diversity of Persephonella population (Table 4). The num-
ber of different alleles per locus varied between 16 for metG and
24 for tkt. Strains MT-17 and —18 had identical sequences for all
MLSA loci. These strains were isolated from the same chimney
sample, but the slurries were prepared in the presence (used for
strain MT-18) or absence (used for strain MT-17) of 0.05% (w/v)
sodium sulfide. In other cases, the presence of sodium sulfide in
slurries resulted in the isolation of strains classified into different
STs (Table 1).

Table 5 | Fst values between each population.

Snail Archaean Pika Urashima SMT oT
Snail 0.0000
Archaean —0.0173 0.0000
Pika —0.4221 —-0.3450 0.0000
Urashima —0.0130 0.1200 —0.1909 0.0000
SMT — — — — 0.0000
oT — — — — 0.8711 0.0000

P-values <0.05 are bold.

The split graph obtained from the concatenated sequence
data displayed bushy network structures with complex parallel-
ogram formation indicative of extensive homologous recombi-
nation (Figure 3). The result of PHI test (Bruen et al., 2006)
for the concatenated sequences also showed the presence of the
past recombination events during the evolution of Persephonella
(p < 0.05).

POPULATION DIFFERENCE BETWEEN THE OT AND THE SMT

A ML phylogenetic tree derived from the concatenated align-
ment of six loci showed two different clades with high bootstrap
support (Figure4). The two clades corresponded to the two
geographic regions, showing that the SMT strains share a com-
mon evolutionary history distinct from the OT strains. The Fst
value confirmed that the OT and the SMT populations were
significantly different (Fst = 0.8711, p < 0.05) (Table 5).

CORRELATION BETWEEN CHEMISTRY AND GENETIC DIVERSITY

Geochemical analysis revealed that different vent fluids had dis-
tinctive end-member chemical compositions (Table 6). Although
the vent fluids from Archaean and Pika were respectively

0.70

o N o 14
w » I3 @
=] o =) I=1
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o
N
o

0 500 1000 1500 2000 2500
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FIGURE 5 | Relationship between genetic and geographic distance
(R? = 0.98). 7, number of base substitutions per site from between
sequences.

Table 6 | End-member compositions of vent fluids from the OT and the SMT.

Venting sit Sampling Tmax*? pH** CI- Na K Ca Mn NH} S0~ H,S
year °C mmol/kg mmol/kg mmol/kg mmol/kg pmol/kg wmol/kg mmol/kg mmol/kg

Iheya North*'(NBC) 2007 309 5.0 557 407 72.4 21.9 6.58 x 102 1.71x103 0 -
Hatoma Knoll*2 2000 240 5.2 381 285 54.6 17.0 483 x 102 7.20x 103 - -
Urashima 2010 280 3.0 623 456 37.0 31.9 2.22 x 103 <100 4.1 2.4

Snail 2010 61 3.5 558 442 28.4 28.0 1.84 x 103 <100 —-0.41 2.0
Archaean 2010 318 3.0 401 312 33.0 15.8 1.28 x 103 <100 -0.24 9.6

Pika 2010 322 3.0 469 444 31.6 37.8 1.14 x 103 <100 —2.98 7.0

¥ Kawagucci et al. (2011).
*2 Kishida et al. (2004).

* Maximum temperature.
* Measured at 25° C.

—, No data.
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Cl™-depleted and -enriched in 2004 and 2005 (Ishibashi et al.,
2006), no significant difference was found between them in this
study. We assessed the relative contributions of environmental
factors (such as pH and maximum temperature of vent flu-
ids) and geographic distance to Persephonella genetic structure
using the Mantel test. The pH of SMT vent fluids (pH 3.0-3.5)
were significantly lower than those (pH 5.0-5.2) of OT (Table 6).
However, we found no significant correlation between the genetic
distance and the absolute difference in vent fluid pH and temper-
ature (Mantel r = —0.28, p = 0.4). In contrast, a large, significant
correlation coefficient (Mantel r = 0.993, p < 0.0001) was found
in a Mantel test of all pairwise comparisons of the genetic and the
geographic distance between strains (Figure 5).

WHOLE-CELL MALDI-TOF/MS ANALYSIS
MALDI-TOF/MS fingerprinting of whole microbial cells was
highly reproducible. A peak at m/z 9678 in the MALDI-TOF/MS

spectra was detected in all strains despite their geographical origin
(Figure 6). Some peaks were detected in some strains with rel-
atively low intensities. Cluster analysis based on the presence
or absence of peaks identified two clusters that would corre-
spond to the geographical regions of isolation (Figure?7). Two
Persephonella trees, one generated from the whole-cell MALDI-
TOF/MS data and a ML tree from concatenated MLSA sequences,
show similar topologies (Figure 7).

DISCUSSION

Here we investigated the microdiversity and phenotypic het-
erogeneity of extremely thermophilic chemolithoautotrophic
bacteria in deep-sea hydrothermal vents. Genetic and phe-
notypic differences corresponding to the geographic origins
were discovered by the combined use of MLSA and whole-
cell MALDI-TOF/MS fingerprinting. The biogeography of
hydrothermal vent-associated microbial community has been
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well studied (Takai et al., 2004; Nakagawa et al., 2005a,b; Kato
etal., 2010). Members of the genus Persephonella have been found
in global hydrothermal vent fields, however, their genetic and
phenotypic heterogeneities were poorly understood.

GENETIC DIFFERENCE BETWEEN OT AND SMT POPULATIONS

We identified 35STs among 36 Persephonella strains by MLSA
based on 6 protein-coding genes, indicating high genetic diversity
of Persephonella population. The same ST is rarely shared among
Persephonella strains, however, all SMT strains have the same alle-
les with other SMT strains but not with OT strains in one or more
MLSA loci, suggesting that OT and SMT populations are signifi-
cantly different. Likewise, two OT strains, i.e., OT-1 and -4, have
the same allele (no. 7) at napA (Table 4), although the number of
OT strains obtained in this study is small.

The split decomposition tree showed the evidence of recom-
bination (Figure 3), which might contribute to increased STs.
Previous studies showed that recombination generated the large
number of unique combinations of alleles in some archaea and
bacteria (Suerbaum et al., 2001; Whitaker et al., 2005; Doroghazi
and Buckley, 2010).

BIOGEOGRAPHY OF Persephonella
The phylogenetic analysis based on concatenated gene sequences
separated the strains into two clusters according to their geo-
graphic origins (Figure 4). The Fsy value supported significant
biogeographical isolation between SMT and OT populations.
These results indicate that ubiquitous occurrence of Persephonella
in deep-sea vents has not resulted from widespread contemporary
dispersal but is an ancient historical legacy.

The microbial distribution seems to be not only influenced
by local environmental conditions (Martiny et al., 2006). In this
study, we observed clear correlation between the genetic distance

and the geographic distance of isolates (Figure 5) as described in
thermophilic archaea (Whitaker et al., 2003; Flores et al., 2012).
On the contrary, genetic distance has no significant correlation
with the difference in vent fluid pH and temperature. We cannot
rule out the possibility that other factors not determined in this
study, including grazing pressure and virus activity, may be cor-
related with the genetic difference of Persephonella. Recently, H,
concentration in vent fluids was shown to have an impact on the
formation of microbial community structures in deep-sea vents
(Takai and Nakamura, 2011).

CORRELATION BETWEEN GENOTYPIC AND PHENOTYPIC
HETEROGENEITY

Some peaks in the MALDI-TOF/MS spectra were shared among
some Persephonella strains. Major peaks of whole-cell MALDI-
TOF/MS analysis are considered to reflect ribosomal proteins
(Fenselau and Plamen, 2001; Ryzhov and Fenselau, 2001) and
thus are independent of growth conditions (Bernardo et al,
2002). There were also some minor peaks that were specific
to SMT or OT strains. Likewise the concatenated nucleotide
alignment of MLSA loci, MALDI-TOF/MS data clustered the
strains into two distinct groups corresponding to the geo-
graphic regions (Figure 7), suggesting that protein expression of
Persephonella is tuned to function optimally in their original habi-
tats. The genotypic and phenotypic correlation found among
Persephonella isolates indicates the occurrence of allopatric
speciation.

CONCLUSION

By using both comparative genetic and phenotypic population
characterizations, this study for the first time indicated
the Persephonella populations were geographically distinct.
Since the Persephonella members are extremely thermophilic
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chemoautotrophs endemic to deep-sea vents, considerable dis-
persal barriers for the migration to spatially distinct niches
should exist. Focal points raised by this study for future
research include the effects of cold, oxic deep-sea conditions
on the viability of deep-sea vent (hyper) thermophiles during
the dispersal, the biogeographical comparison with other ubiq-
uitous thermophiles with different metabolic traits (e.g., het-
erotrophic fermenters and methanogens), and the comparison
with moderately thermophiles or mesophiles with similar
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INTRODUCTION

Phase separation is a ubiquitous process in seafloor hydrothermal vents, creating a large
range of salinities. Toxic elements (e.g., arsenic) partition into the vapor phase, and thus
can be enriched in both high and low salinity fluids. However, investigations of microbial
diversity at sites associated with phase separation are rare. We evaluated prokaryotic
diversity in arsenic-rich shallow-sea vents off Milos Island (Greece) by comparative analysis
of 16S rRNA clone sequences from two vent sites with similar pH and temperature
but marked differences in salinity. Clone sequences were also obtained for aioA-like
functional genes (AFGs). Bacteria in the surface sediments (0-1.5cm) at the high salinity
site consisted of mainly Epsilonproteobacteria (Arcobacter sp.), which transitioned to
almost exclusively Firmicutes (Bacillus sp.) at ~10cm depth. However, the low salinity
site consisted of Bacteroidetes (Flavobacteria) in the surface and Epsilonproteobacteria
(Arcobacter sp.) at ~10cm depth. Archaea in the high salinity surface sediments
were dominated by the orders Archaeoglobales and Thermococcales, transitioning to
Thermoproteales and Desulfurococcales (Staphylothermus sp.) in the deeper sediments.
In contrast, the low salinity site was dominated by Thermoplasmatales in the surface and
Thermoproteales at depth. Similarities in gas and redox chemistry suggest that salinity
and/or arsenic concentrations may select for microbial communities that can tolerate
these parameters. Many of the archaeal 16S rRNA sequences contained inserts, possibly
introns, including members of the Euryarchaeota. Clones containing AFGs affiliated with
either Alpha-or Betaproteobacteria, although most were only distantly related to published
representatives. Most clones (89%) originated from the deeper layer of the low salinity,
highest arsenic site. This is the only sample with overlap in 16S rRNA data, suggesting
arsenotrophy as an important metabolism in similar environments.

Keywords: microbial diversity, arsenic, hydrothermal, gradients, milos, phase separation

Shallow-sea and deep-sea hydrothermal systems also differ in

Geochemical gradients often dictate microbial community struc-
tures, and metabolic processes directly influence these gradients.
In hydrothermal systems, steep gradients generate redox disequi-
libria that can provide the necessary energy for a wide diversity
of Archaea and Bacteria. Since their discovery in the 1970s, deep-
sea hydrothermal environments have garnered much attention in
this regard, with a number of studies linking geochemical com-
position, reaction energetics, and metabolic diversity (e.g., Flores
et al, 2011; Meyer-Dombard et al., 2011). Their shallow-sea
counterparts provide highly complementary research opportu-
nities that are often overlooked. These systems are ubiquitous,
readily accessible, and geochemically diverse; many exhibit geo-
logical, chemical, and biological characteristics similar to those
found at deep-sea vents.

several key ways (Dando et al., 1999; Pichler, 2005; Tarasov et al.,
2005; Price et al., 2012). For example, the evolved discharging
hydrothermal fluids in shallow-sea systems may have originally
been seawater, meteoric water, or a mixture of the two. They
often occur within the photic zone and thus provide the oppor-
tunity for both chemosynthetic and photosynthetic microbial
metabolisms. They are most often associated with arc volcan-
ism, which provides the heat source that drives hydrothermal
circulation. Well known examples of shallow-sea hydrothermal
systems are found near the Tabar-Feni (Pichler et al., 1999,
2006), the Aeolian (Italiano and Nuccio, 1991; Amend et al.,
2003), the South Aegean (or Hellenic; Varnavas and Cronan,
1988; Dando et al., 1995), the Caribbean (McCarthy et al., 2005),
and the Kurile-Kamchatka island arcs (Tarasov et al., 1990).
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In addition, some shallow-sea vent systems also occur in other
areas related to faulting (e.g., Bahia Concepcidn; Forrest et al.,
2005) or serpentinization reactions (e.g., New Caledonia; Cox
et al., 1982). Many of these shallow-sea systems are sediment
covered, allowing steep vertical and horizontal geochemical gra-
dients to evolve as reduced, low pH, high temperature fluids
mix with overlying seawater (e.g., Price et al, 2007). Across
the geochemical gradients, “niches” of potential energy develop
that constrain the resident microbial communities. While most
shallow-sea hydrothermal fluids seem to be sulfur- and/or iron-
rich, they can also be elevated in potentially toxic elements
such as As, Sb, Cr, Pb, Cd, Cu, Zn, and Hg (Varnavas and
Cronan, 1988; Koski et al., 2001; Pichler et al., 2006; Price et al.,
2012).

Many seafloor hydrothermal systems are modified by phase
separation (German and Von Damm, 2003; Von Damm et al,,
2003), resulting in vent fluids that can vary drastically in salin-
ity, from <6 to ~200% of seawater values (German and Von
Damm, 2003). The resultant high and low salinity fluids differ
markedly in the concentrations of many solutes, but the rela-
tion to microbial community structures has not been adequately
considered. Previous investigations indicate that the vapor phase
fluids may be enriched in important electron donors, such as Hy,
relative to the high salinity brine phase, and may contribute to
stratification of microbial communities (Nakagawa et al., 2005;
Nunoura and Takai, 2009). Arsenic is known to partition into
the vapor phase (Pokrovski et al., 2002; Price et al., 2012). If
the hydrothermal reservoir is enriched in arsenic and undergoing
phase separation, this element can therefore be elevated in both
high and low salinity discharging hydrothermal fluids. The high-
est As levels in a marine hydrothermal fluid were reported for the
shallow-sea hydrothermal vent system in Palaeochori Bay, Milos
Island, Greece (Price et al., 2012). There, high arsenic concen-
trations were reported for high and low salinity fluids; typically
in the range of 30 wM, but as high as 78 uM in the low salin-
ity fluids, suggesting As partitions into the vapor phase in this
system.

The purpose of this investigation was to identify the dominant
bacterial and archaeal lineages in Palacochori Bay in an attempt
to understand the link between geochemical gradients and micro-
bial groups, including arsenic oxidizers. These relationships were
investigated at two sites with similar pH and temperature, but
different salinities.

SITE CHARACTERISTICS

Gas discharge defines an ~35km? area of hydrothermal venting
around Milos, making it one of the largest shallow-sea hydrother-
mal systems described to date (Figures 1A,B; Dando et al., 1995).
The most intense venting occurs in Palacochori Bay, where
CO;-rich gases and hydrothermal fluids discharge through sand
(Figures 1A—C, 2). Nearby—but little explored—Spathi Bay, to
the east, also features abundant hydrothermal venting, although
free gas emissions are less abundant. The high salinity hydrother-
mal fluids in Palaeochori Bay were slightly acidic (pH ~5),
sometimes highly sulfidic (up to 3 mM), and warm (ambient to
~110°C; Stitben and Glasby, 1999; Valsami-Jones et al., 2005;
Price et al., 2012).
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FIGURE 1 | (A) Location of Milos Island (box) and other calc-alkaline
volcanoes (shaded) along the Aegean island arc (dotted line). (B) Milos
Island and the location of Palaeochori and Spathi Bays (box). Stippled
offshore areas around the island are mapped gas emissions by echo
sounding (Dando et al., 1995). (C) Location of our study site (box) in
Palaeochori Bay.

The occurrence of orange, white, or brown microbial mats and
hydrothermal precipitates on the seafloor sediments are a major
feature of the hydrothermal system. The different colors corre-
late to different sediment temperatures, where the hottest areas
(>90°C) are typically covered by bright yellow native sulfur or
orange-colored arsenic sulfide deposits (Figure 2A). White mats
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FIGURE 2 | (A) Photograph of the RP site investigated in this study. P-O,
Palaeochori orange; P-W, Palaeochori white; and P-B, Palaeochori
background. Geochemical profiles and sediment cores were sampled at
~P-W. (B) Photograph of the TW site. Geochemical and microbiological
samples for this study are indicated at the location of TW.

make up the largest areas of hydrothermal venting throughout the
bay, and display mid-range temperatures (e.g., ~45-85°C). In the
lower temperature areas (~30-35°C), brown colored manganese
and/or iron oxide deposits are present (Figure 2A).

Several microbiological investigations were carried out for
the high salinity sites in Palaeochori Bay, although none to
date targeted low salinity environments. They included culture-
dependent and molecular-based microbiological studies, as well
as the isolation of several new bacterial and archaeal species
(Jochimsen et al., 1997; Dando et al., 1998; Brinkhoff et al.,,
1999; Sievert et al.,, 1999, 2000a,b; Arab et al., 2000; Sievert
and Kuever, 2000; Schlesner et al.,, 2001; Bayraktarov et al.,
2013). One study investigated the microbial ecology and arsenic
functional genes in lower temperature 0—6cm pooled sedi-
ments at the same high salinity site investigated here (Nitzsche,
2010). Results indicated a high diversity in the bacterial com-
munity sequences of Gamma-, Delta-, and Epsilonproteobacteria,
Bacteroidetes, and Cyanobacteria. Closest cultivated relatives were
associated with photo- and chemotrophic lifestyle and seemed

mostly to be involved in sulfur cycling. Archaeal sequences pre-
dominantly affiliated with Thermoplasmatales or Thermococcales.
Screening for arsenic functional genes indicated affiliation with
either Alpha- or Betaproteobacteria, although affiliation with
Gammaproteobacteria was noted. These studies indicated that
metabolisms based on sulfur, either oxidation of H,S or reduc-
tion of SOi_, may be dominant at the high salinity sites,
although dissimilatory iron reducing (DIR) Bacteria are abun-
dant in some Felll-rich sediments. They also suggest that both
heterotrophic and chemotrophic metabolisms are possible, with
a range from mesophilic to hyperthermophilic functioning, and
that arsenite oxidase genes are present at the high-salinity, lower
temperature sites. This study expands on these investigations
by studying the microbial ecology at greater sediment depth
than the previous investigations and for the first time com-
pares community structure between a high salinity and low
salinity site.

MATERIALS AND METHODS

SITE DESCRIPTION

Two sites in Palaeochori Bay [Rocky Point (RP) and Twinkie
(TW)] were investigated in this study; both are ~100 m offshore
in ~4.5 m deep water (Figures 1C, 2A,B). Preliminary data indi-
cate nearly identical pH and temperature profiles, although the
RP site was demonstrably more saline than the TW site. The RP
site features concentric rings of colored sediments, with orange in
the center, transitioning to white and then brown (Figure 2A).
The TW site is located ~8 m due east of the RP site and con-
sisted primarily of white mats with some gas bubbles at the north
side of the patch. Samples for this study were collected from the
white areas from both sites (“P-W” in Figure 2A and “TW” in
Figure 2B).

Field sampling protocols

Pore fluids and sediments for geochemical and microbiologi-
cal analyses were collected by SCUBA. Sediments were cored
with polycarbonate tubes (Arthur Kriiger GmbH) and capped
underwater with rubber end caps. Pore fluids were either col-
lected in situ into a BD™ (Becton, Dickinson and Company)
60mL syringe from a tube inserted into the sediments, or
extracted through holes in the core tube once onshore using
10mL syringes attached to rhizons (long filters which can
be inserted into the core; Rhizosphere) following Seeberg-
Elverfeldt et al. (2005). Sediment cores were sliced for subse-
quent microbiological analyses. Each core slice was aseptically
placed into sterile bags and frozen on dry ice. Samples were
then shipped on dry ice back to the laboratory and kept frozen
at —80°C.

Samples for free gas geochemistry were obtained by invert-
ing a serum bottle under water and holding it over the streaming
gas bubbles. Once the gas had completely filled the bottle, it was
capped and crimped underwater with little to no seawater inside
the bottle. Pore fluids for dissolved gases were sampled at 10 cm
depth in the sediments by inserting a tube into the sediments, and
filling a syringe. Subsequently, these pore fluids were put into N;-
filled 60 mL serum bottles until a reverse meniscus formed, then
capped and crimped.
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Geochemistry

Temperatures were measured in situ using a temperature probe
in a custom-built underwater housing (constructed at the Max
Planck Institute for Marine Microbiology, Bremen, Germany).
The pH was measured on shore using a WIW pH meter 3210
with Mic-D electrode with temperature compensation. Analytical
uncertainties were approximately £0.1°C for temperature and
40.1 for pH. Pore fluid concentrations of Fe2t, NOj3, NOj,
and NH3 were analyzed in the field using a HACH spectropho-
tometer. Samples for free (CO,, O,, N, He, H,, CO, and CHy)
and dissolved (He, Hy, Oz, Ny, CO, CHy, and CO;) gases
were shipped on ice to the Istituto Nazionale di Geofisica e
Vulcanologia, Palermo (Italy), for analysis. Pore fluid samples
for anion analysis (Br, Cl, and SOi_) were filtered in the field
(0.2wm), placed on dry ice, and kept frozen until measure-
ment in the laboratory. Samples for analysis of major seawa-
ter cations (Na, Ca, K, B, Sr), minor elements (Si, Ba, Mn,
Fe), and trace elements (Li, Rb, Cs) were preserved in the
field by filtering (0.2 wm) and acidification with 0.1% ultrapure
HNO:s.

LABORATORY PROTOCOLS

Geochemistry

Major anions were analyzed using a Dionex ion chromatogra-
phy system, whereas major cations were measured by induc-
tively coupled plasma-optical emission spectrometry (ICP-OES;
Perkin-Elmer Optima 3300). Lithium, rubidium, and cesium
were measured by inductively coupled plasma-mass spectrome-
try (ICP-MS; High-resolution double-focusing ICP-MS Thermo
Finnigan Element 2). Free (CO;, O,, H, CO, and CHy4) and dis-
solved (H,, O;, CO, CHy, and CO;) gases were measured on a
Perkin Elmer 8500 gas chromatograph equipped with a double-
detector (TCD-FID) using argon as carrier gas (Italiano et al,,
2009).

Microbiology
DNA extraction, PCR, and Cloning. Bulk environmental
(genomic) DNA was extracted from ~0.5¢g of sediment accord-
ing to the protocol outlined in the MPBio FastDNA® spin kit,
and stored at —20°C. Amplification of 16S rRNA genes for
both Archaea and Bacteria was performed by polymerase chain
reaction (PCR) using primer sets 27F/1492R and 21F/1391R,
respectively (Lane, 1991), on a Hybaid PCR express thermocycler.
A total reaction volume of 20 or 50 L was prepared, containing
1x PCR buffer, 0.25 mM each dNTPs, 0.5 uM each forward and
reverse primer, 0.5-2 uL DNA template depending on sample
concentration, and 5 U Taq DNA polymerase (5 PRIME). DMSO
was added to some samples to increase reaction yield. The
final volume was adjusted with autoclaved milli-Q water. The
amplification was initiated with denaturation at 95°C for 5 min,
followed by denaturation (at 95°C for 1min), annealing (at
55°C for Archaea, 52°C for Bacteria, for 1 min), and elongation
(at 72°C for 1 min) for 30-35 cycles. A final extension step was
carried out at 72°C for 10 min. Agarose gel electrophoresis was
performed to verify amplification.

Degenerate primer sets used for arsenite oxidase functional
gene (aioA-like) amplification were AOX-F-A2 (5-TGC

ATCGTCGGCT  GYGGNTAY-3') and AOX-R-E2 (5-
TTCGGAGTTATAG GCCGGNCKRTTRTG-3') (Zargar et al,
2012) on a Hybaid PCR express thermocycler. These primers
target the aoxB gene sequence of the arsenite oxidase operon and
typically result in ~670 bp product. A total reaction volume of
50 WL was prepared, containing 1x PCR buffer, 0.25 mM each
dNTPs, 0.5 uM each forward and reverse primer, 0.5-2 pL DNA
template depending on sample concentration, and 5U Taq DNA
polymerase (5 PRIME). DMSO was added for some samples to
increase reaction yield, and the final volume was adjusted with
autoclaved milli-Q water. The amplification was initiated with
denaturation at 95°C for 1min, followed by denaturation (at
95°C for 0.5 min), annealing (at 57°C for 0.5 min), and elonga-
tion (at 72°C for 1 min) for 35 cycles. A final extension step was
carried out at 72°C for 5min. Agarose gel electrophoresis was
performed to verify amplification.

PCR products were cloned separately using the pCR4-TOPO®
Plasmid Vector Kit with One Shot TOP10 chemically compe-
tent Escherichia coli cells. Volumes of 25, 50, and 100 iL of each
transformation reaction were spread on selective LB agar plates
containing ampicillin and incubated overnight at 37°C. White
colonies were transferred with sterile toothpicks into 2.5mL, 96
well microtiter plates containing a final volume of 200 L of LB
medium. After an overnight incubation at 37°C, 100 uL aliquots
of liquid cultures were pipetted into a 96 well standard microplate
with 20 % glycerol and shipped frozen to Beckman Coulter for
sanger sequencing.

16S rRNA gene clone library analysis. Forward and reverse
sequence fragments were trimmed and assembled using Geneious
version 5.6.3, created by Biomatters (http://www.geneious.com/).
Contigs were checked for chimeras using Mothur (Schloss et al.,
2009) and Bellerophon (Huber et al., 2004). Sequences were clas-
sified using Mothur’s Bayesian classifier and the RDP training set
version 9 (Wang et al., 2007). Sequences were also aligned, com-
pared, and clustered into operational taxonomic units (OTUs)
using the default settings in Mothur. Representative OTUs at the
97 % sequence identity were selected and used to search for simi-
lar sequences in NCBI’s nr/nt database using nucleotide BLAST
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). Organisms with com-
plete genomes, closest cultured representatives, or sequences iso-
lated from relevant hydrothermal or arsenic-rich environments
were added as references to the 16S rRNA and aioA-like phy-
logenetic trees. The 97% OTU representatives and the database
reference sequences where realigned in Mothur, and imported
into Geneious. The PHYML plugin (Guindon and Gascuel, 2003)
was used to construct a maximum likelihood tree for bacterial and
archaeal sequences.

Several richness and evenness calculations were performed
using their respective commands in Mothur. These include cal-
culations for rarefaction curve data, Sobs (the observed richness
reported, OTU), chao (the Chaol estimator for richness), and
the simpsoneven and shannoneven (both index-based measures
of evenness), all at 97% cutoff.

For aioA-like gene sequences, assembly and vector trim-
ming was also done in Geneious. Trimmed sequences were
searched against Ref Seq using BLASTx. Sequences that hit
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arsenite oxidase subjects with an e-value lower than e-40 were
used to build the tree. Selected bacterial aioA-like genes where
taken from Genbank and also added to the tree for reference.
Sequences were aligned and compared in Geneious using both
nucleotide and amino acid translation. The aioA tree was built
using PHYML.

SUBMISSION OF NUCLEOTIDE SEQUENCE AND ACCESSION NUMBERS
Sequence data for 16S rRNA bacterial and archaeal clone
libraries were submitted to GenBank under accession num-
bers KF278514-KF278557 and KF278485-KF278513, respectively.
Partial nucleotide sequences for the arsenite oxidase genes were
submitted under accession numbers KF303544-KF303564.

RESULTS

GEOCHEMISTRY

Table 1 presents the geochemical data, including temperature,
pH, Fe?*, NOj3, NO;, NH3, and major and minor elements,
collected from RP and TW sites. For comparison, seawater val-
ues, as well as a depth profile from a control site, were included.
Temperature and pH were very similar between sites, but Mg?*
and SOi_ concentrations were depleted in both RP and TW sam-
ples. Furthermore, major cations, such as Na, Ca, K, B, and Sr,
were enriched in the RP samples, but depleted in the TW sam-
ples, relative to seawater. Major anions, such as Cl and Br, are
also enriched in RP samples but depleted in TW samples, rela-
tive to seawater. Most minor elements, including Si, Li, Rb, Fe,
and Ba, were enriched in both fluids, although only slightly so in
the TW fluids. Mn was only enriched in the RP samples. Arsenic
concentrations followed a different pattern compared to all other
elements. Both sites were highly enriched in this element, but in
this case, the TW site was much more so, with a maximum con-
centration of 31.7 WM compared to 9.4 uM at RP. Depth profiles
of temperature, pH, and concentrations of Cl and As are also
shown in Figure 3. Note that the values of temperature and pH
for RP and TW were similar with depth, but values for Cl and As
differed markedly between sites (Figure 3). Table 2 presents the
dissolved and free gas data collected for this study. Dissolved gases
were sampled at 10 cm depths at equivalent temperature and pH.
Both RP and TW free gas was mostly CO», followed by N, O,
H,, CH4, He, and CO, although H,S concentrations in the free
gas phase were not analyzed. Dissolved gases followed a similar
trend.

MICROBIOLOGY

Richness and evenness

The total number of clones generated for Bacteria per site is
as follows: RP 0-1.5 (51), RP 3-4.5 (41), RP 9-10.5 (53), TW
0-1.5 (56), TW 3—4.5 (23), and TW 9-10.5 (27). The total num-
ber of clones generated for Archaea per site was: RP 0-1.5 (27),
RP 3-4.5 (34), RP 9-10.5 (47), TW 0-1.5 (40), TW 3-4.5 (35),
and TW 9-10.5 (66). Rarefaction analyses of the 16S rRNA gene
sequences for Bacteria (Figure A1A) and Archaea (Figure A1B)
indicated that the RP 0-1.5 sample displayed the highest diver-
sity, with 22 OTUs out of 51 sequences. The steep slope for the
RP 0-1.5 sample indicates that a large fraction of the species
diversity remains to be discovered. The same is true for the RP

3-4.5 layer, which had 13 OTUs out of 41 sequences. The RP
9-10.5 sample had the lowest bacterial diversity for all sam-
ples analyzed. However, the TW 0-1.5 sample had the lowest
bacterial diversity of all TW samples, with 12 OTUs out of 56
sequences. The TW 9-10.5 layer diversity was similar to TW
0-1.5, only slightly more diverse, and a slight development of
an asymptotic curve. The TW 3-4.5 layer had the highest bac-
terial diversity of all TW samples, with a slope similar to the
RP 0-1.5 sample. The RP site showed a clear decrease in bac-
terial diversity vs. depth, although the TW site did not follow
this pattern. Hydrothermal environments, compared with many
other marine environments, are often dominated by relatively few
taxa (Polz and Cavanaugh, 1995; Schrenk et al., 2004). Therefore,
in theory, fewer clones may be necessary for adequate sam-
pling and evaluation of diversity. However, it is important to
note that these curves may be most useful for assessing relative
differences in the diversity of major groups between sites and
depths.

For the archaeal OTUs, both sites showed increasing diversity
vs. depth (Figure A1B). Archaeal OTU diversity for the TW 0-1.5
layer was the lowest, sequences from TW 3-4.5 slightly more so,
with the TW 9-10.5 layer having the highest diversity. The RP 0—
1.5, RP 3-4.5, and RP 9-10.5 samples followed a similar trend,
with increasing archaeal diversity vs. depth. Each of the archaeal
rarefaction curves level off to the right of the plot, suggesting the
archaeal diversity may have been sampled adequately.

Richness indices for Bacteria and Archaea for each site vs.
depth are presented in Table 3. The Chaol index indicated that
generally the bacterial communities were more diverse in the
surface layers of the RP site relative to any other sample, and
both RP and TW bacterial richness decreased with depth. Both
the Shannon index and Simpson index indicated that the most
diverse samples were RP 0-1.5 and TW 3-4.5, and that the RP
site bacterial richness decreases vs. depth, whereas the TW site has
the highest bacterial richness in the 3—4.5 depth sample. Each of
these three indices generally indicated that archaeal richness was
highest in the deepest samples with overall richness increasing vs.
depth.

Bacterial affiliations

The diversity and distribution of bacterial 16S rRNA clones at the
phylum (Figure 4A) and class (Figure 4B) levels were investigated
for three depths at RP and TW. The RP 0-1.5 cm sediments were
dominated by the phylum Proteobacteria (40 out of 51 clones),
followed by representatives from the Firmicutes (6), Bacteroidetes
(2), Actinobacteria (1), Aquificae (1), and Deferribacteres (1)
(Figure 4A). Within the Proteobacteria, the Epsilon class domi-
nated (Figure 4B), with nearly all clones identified as Arcobacter
spp. Minor classes include Deltaproteobacteria (7 clones), Bacilli
(6), and 1-2 clones each affiliated with Actinobacteria, Aquificae,
Flavobacteria, and Deferribacteres (Figure 4B). In the 3-4.5cm
layer, the Firmicutes phylum dominated (33/41), followed by
Proteobacteria (6), and one clone each of Bacteroidetes and
Actinobacteria (Figure4A). The Firmicutes consisted almost
entirely of Bacillus spp. (100% confidence); the Proteobacteria
were composed of the Epsilon (4) and Gamma classes (2)
(Figure 4B). The deepest layer investigated at RP (9-10.5cm)
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FIGURE 3 | Depth profiles of temperature, pH, chloride and arsenic sites with respect to Cl and As concentration. Seawater values are indicated
concentrations at the RP and TW sites. Note (1) similarities between the with a filled circle, RP data are indicated with a dark gray filled diamond, and
RP and TW site with respect to T and pH, and (2) differences between these TW data are indicated with a light gray filled triangle.

Table 2 | Free and dissolved gas collected for this study*.

FREE CO2 (%) 02 (%) N2 (%) He (ppm) Hz (ppm) CO (ppm) CHj (ppm)

RP 925 0.13 0.67 70 11450 0.7 916

T™W 935 0.39 1.2 1.7 14635 2.2 1890.0
[mL(STP)/L*]

Dissolved CO, 0, N> He H, co CHa

RP 50.9 0.0256 24 **bd| 0.0077 0.00029 0.0058

TW 245.9 0.0109 3.2 0.00027 0.0004 0.00027 0.0303

*Note: TW free and RP and TW dissolved gases are averages (n = 3; free gas for RP was only collected once).

**bdl, below detection limit.

#Dissolved gas data reported as mL of gas at standard temperature and pressure per liter of water.

was also dominated by the Firmicutes phylum (51/53; Figure 4A),
with 47 clones identified as Bacilli (Figure 4B), predominantly
within the genus Bacillus.

At TW in the 0-1.5 cm layer, Bacteroidetes dominated (37/56;
Figure 4A), with 36 of those affiliating with the Flavobacteria
(Figure 4B). The other phyla include Proteobacteria (16),
Actinobacteria (2), and Thermotogae (1) (Figure4A). Within
the Proteobacteria, 14 affiliated with the Epsilon class (genus
Arcobacter), and 2 with the Gamma class (Figure4B). The
TW 3-4.5cm layer was dominated by the Aquifiacae (13 of
23 clones; Figures4A,B), especially Thermosulfidibacter spp.
(often with 100% confidence). The other phyla in this sam-
ple included Actinobacteria, Planctomycetes, Proteobacteria,
Thermodesulfobacteria, and Thermotogae (Figure4A). The
deepest (9-10.5cm) sediment sample at TW was dominated by
the Proteobacteria, followed by Bacteroidetes, Thermotogae, and
Chloroflexi (Figure 4A). Within the Proteobacteria, the Epsilon
class (Arcobacter spp.; 18 of 27) dominated, followed by the Beta
(3) and Gamma classes (2) (Figure 4B).

The bacterial 16S rRNA phylogenetic tree (Figure 5) includes
the OTUs from our 16S rRNA clone libraries and some of their
closest relatives, both isolates and other uncultured clones. Three

OTUs represented >5 clones each, which are noted in the Figure 5
with a green star (173 total clones), and 50 OTUs represented <5
clones (78 total clones). OTU 23 represents 80 clones from the
RP site (4 in the top layer, 29 in the middle, and 47 in the deep-
est layer). This OTU closely affiliates with the Firmicutes class
(Bacillus spp.; Figure 5). OTU 30 (54 clones) affiliates with the
Epsilonproteobacteria and was identified in all samples, except RP
9-10.5cm. OTU 39 (39 clones) affiliated with Bacteroidetes and
was identified almost exclusively in the TW 0-1.5 cm layer.

Archaeal affiliations

The diversity and distribution of archaeal clones at the three
depths of RP and TW sediments is shown in Figures 6A
(phylum) and B (class). At both sites, Euryarchaeota dom-
inated in the surface layers (Figure6A). At RP, most of
the clones affiliated with the Archaeoglobi (16/27; specifically
the genus Ferroglobus) and Thermococci (8/27; specifically the
genera Palaeococcus and Thermococcus) (Figure 6B). At TW,
clones affiliating with Thermoplasmata (Euryarchaeota) dom-
inated (31 of 40 clones; Figure6B; specifically the genus
Thermogymnomonas). Two clones affiliated with Thermoprotei
(Crenarchaota). At both sites, with increasing depth, the phyla
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Table 3 | Microbial diversity richness indices for bacterial and archaeal
depth profiles from RP and TW sites in Palaeochori Bay.

Kingdom Site Sobs* Chao Shannon Simpson
RP 0-1.5cm 22 73 2.2 0.2

< RP 3-4.5¢cm 13 79 1.3 0.5

ﬁ RP 9-10.5cm 4 5 0.5 0.8

QO

§ TW 0-1.5¢cm 12 30 1.4 0.4
TW 3-4.5cm 1 19 2.2 0.1
TW9-10.5cm 8 10 1.4 0.4
RP 0-1.5cm 9 10 1.9 0.2

E RP 3-4.5¢cm 14 19 2.3 0.1

§ RP 9-10.5¢cm 14 19 2.2 0.1

Q

s: TW 0-1.5¢cm 10 12 1.3 0.5
TW 3-4.5cm 1 26 2.1 0.1
TW9-10.5cm 20 42 2.4 0.1

*Sobs, number of OTUs identified.

changed from predominantly Euryarcharota to more and mostly
Crenarchaeota. The middle layer at RP (3-4.5cm) was domi-
nated by Archaeoglobi (Euryarchaeota), followed by Thermoprotei
(Crenarchaeota; Figure 6B). The Archaeoglobi were again affiliated
with genus Ferroglobus, while the Thermoprotei genera included
Staphylothermus, Pyrodictium, and Thermofilum. The deepest RP
site (9-10.5 cm) was dominated by Thermoprotei (Crenarchaeota;
Figure 6B), with 42 of 47 clones affiliating with 5 genera includ-
ing Thermofilum (25) and Staphylothermus (10). In the mid-
dle TW layer (3—4.5 cm), Euryarchaeota affiliated predominantly
with Archaeoglobi (15; Ferroglobus sp.), and Thermoplasmata (9;
Thermogymnomonas sp.), while the Crenarchaeota were entirely
composed of Thermoprotei (5) (Figure 6B; specifically the gen-
era Hyperthermus and Thermofilum). The TW 9-10.5 sequences
affiliated with Thermoprotei (Crenarchaeota; 30 clones; genus
Thermofilum), Archaeoglobi (Euryarchaeota; 11 clones; genus
Ferroglobus) and Thermoplasmata (Euryarchaeota; 22 clones;
genus Thermogymnomonas) (Figure 6B). Note, only one clone in
all the libraries (RP 9-10.5) affiliated with the Korarchaeota.

The 16S rRNA archaeal phylogenetic tree (Figure 7) includes
the OTUs from our 16S rRNA clone libraries and some of
their closest relatives, other clones, and related isolates. Twelve
OTUs represented >5 clones each, and are indicated by a
green star in Figure7 (212 total clones), and 20 OTUs repre-
sented <5 clones (37 total clones). Primary OTUs affiliated with
Thermoprotei (Crenarchaeota), and Thermococci (Euryarchaeota;
Figure 7). Many sequences were <90% similar to other archaeal
representatives found in public databases and therefore do not
cluster with any major group. A considerable fraction of our
archaeal sequences (~20%) contained large ~26—80 bp “inserts,”
possibly introns (Burggraf et al., 1993). The OTU sequences
containing these inserts (OTUs 8, 1, 30, 5, 3, 27, 2, 33, and
4) passed comprehensive quality and chimera checks, and are
therefore included in the phylogenetic tree, and indicated with
an asterisk, “x” (Figure 7). BLAST hits indicate they are related
to the Euryarchaeota (Archaeoglobi or Thermoplasmata), and
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FIGURE 4 | Diversity and distribution of clones within bacterial phylum
(A) and class (B) clone libraries for three depths of RP and TW
sediment layers investigated in this study. Each color represents the
percentages of each taxon in the total respective clone library, as
determined by screening of full length 16S rRNA gene sequences. Depths
are 0-1.5, 3-4.5, and 9-10.5 cm, and indicated at the bottom of site
designation.

Crenarchaeota (Thermoprotaeles or Desulfurococcales). Five of the
top six OTUs with the highest number of clones contained these
inserts (8, 1, 30, 3, and 27). OTU 27 (39 clones) was found
in all samples except RP 0-1.5 (Figure 7), and is identifiable to
Thermoprotei according to the RDP classification. Three OTUs
(8, 30, and 1; 38, 38, and 13 clones, respectively) were distantly
related to Archaeoglobi or Thermoplasmata. OTU 12 (25 clones)
poorly affiliated with Archaeoglobi (38% ID), which results in it
being separate from the other groups in the phylogenetic tree
(Figure 7, top left).

Arsenic functional genes

A phylogenetic tree of the aioA-like functional genes (AFGs)
is shown in Figure8, and includes sequences from our clone
library, related isolates and other uncultured clones. Sequences
affiliated with those detected in Beta (Ralstonia and Burkholderia
genera), and Alpha classes of the Proteobacteria (Polymorphum,
Roseovarius and Bradyrhizobium genera) cluster into two distinct

Frontiers in Microbiology | Extreme Microbiology

July 2013 | Volume 4 | Article 158 | 193


http://www.frontiersin.org/Extreme_Microbiology
http://www.frontiersin.org/Extreme_Microbiology
http://www.frontiersin.org/Extreme_Microbiology/archive

Price et al.

Microbiology of hydrothermal vents off Milos

Sulfitobacter mediterraneus (gil4691405)
100 OTU 25 A(1)

OTU 40 ® (1)
OTU 10(1)
Coxiella burnetii (NC_010117)
OTU 29 A(1)
Thioalkalivibrio sulfidophilus (NC_011901)
OTU 41@ (1)

(1)

OTU 16 A
100 OTU30(2)

O
=

Uu20(1)

100 OTU 12 A (1)

OTU7 A (2)
OTU 114 (1)

OTU 154 (1)
OTU 50 A0 (1,3)

OTU 27 A(1)
OTU 84 (1)
OTU 174 (1)

100

76

OTU 28

2 OTU 26 A (1)

76
76

OTU 32

100

Thioalkalimicrobium cyclicum (NC_15581)
Methylomicrobium alcaliphilum (NC_016112)

Ralstonia solanacearum (NC_017574)
100_rBurkholderia sp. CCGE1002 (NC_014117)

Haliangium ochraceum (NC_013440)
Geobacter uraniireducens (NC_009483)

Desulfatibacillum alkenivorans (NC_011768)

-Syntrophobacter fumaroxidans (NC_008554)

95]OTU 23 AAA (4,
Bacillus licheniformis (NC_006322)

Geobacillus sp. WCH70 (NC_012793)
OTU 34 AA (1,4)
991 Anoxybacillus flavithermus (NC_011567)
Deferribacter desulfuricans (NC_013939)
OTU 43 @ (1)
Caldithrix abyssi (NZ_CM001402)

Melioribacter roseus (NC_018178)
OTU 13 A (1)
Acidimicrobium ferrooxidans (NC_013124)

OTU 44 @ (1)

FAiphaproteobacteria

Gammaproteobacteria

-Betaproteobacteria

—Deltaproteobacteria

29,47) %

AQ) Firmicutes

}Deferribacteres

—-Bacteroidetes

A (1) . X
—Actinobacteria

rOTU 45 AA@O (1,1,1,1)

| Propionibacterium acnes (NZ_GL383467)
OTU 53 ©(1)

OTUG6 O (1)
Dehalococcoides sp. GT (NC_013890)
OTU 470 (2)

~Chloroflexi

= Unknown

OTU

18 A (1) [Affiliation

100
24OTU 48 ©

100

-Ammonifex degensii (NC_013385)
Thermoanaerobacter tengcongensis (NC_003869)
OTU 51 @ (3)

71§OTU 52 @ (4)
OTU 46 ©(1)

hermotoga naphthophila (NC_013642)

100
N
100

oTU 49 @ (1)

) -Aquificae

Desulfurobacterium thermolithotrophum (NC_015185)
Thermovibrio ammonificans (NC_014926)
OTU4AA(3)
Thermotogales
—OTU 19 A(1) 8

90

OTU 20 A (1)

100

RP TW OTU22 A

0-15A @

100

Campylobacterales bacterium (NZ_DS995291)
OTU 31 AA(1,1)
OTU 42 @ (1)

99k Sulfurimonas autotrophica (NC_014506)
-Arcobacter nitrofigilis (NC_014166)
100rOTU 5 AO (1,1)

OTU 30 AA®@O (25,1,10,1,17) %
OTU 14 A (1)

Sulfurospirillum barnesii (NC_018002)

L—O0TU374A (1)

—Epsilonproteobacteria

(1)

3-45A @
9-105 /A O

0.2
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found for representatives from the 16S rRNA bacterial clone libraries.
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Green stars indicate the OTUs with the highest number of clones.
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FIGURE 6 | Diversity and distribution of clones within archaeal phylum
(A) and class (B) clone libraries for three depths of RP and TW
sediment layers investigated in this study. Each color represents the
percentages of each taxon in the total respective clone library, as
determined by screening of full length 16S rRNA gene sequences. Depths
are 0-1.5, 3-4.5, and 9-10.5 cm, and indicated at the bottom of site
designation.

lineages (Figure 8). Most of the AFGs associated with Beta class
had no closely related cultured representative. A total of 105
clones across 22 taxa contained the AFG. Of these, 93 were from
the TW site, with 57, 24, and 12 clones from the surface, middle,
and deepest layers, respectively. At the RP site, the AFG was found
only in the surface (5 clones) and middle (7 clones) layers.

DISCUSSION

MICROBIAL DIVERSITY

Our 16S rRNA gene sequence data indicate that bacterial and
archaeal communities in the hydrothermally influenced sedi-
ments of Palaecochori Bay differ significantly when comparing the
same depths of the RP high salinity and TW low salinity sites,
although they have approximately the same temperature and pH
(Figures 4-8, Table 1). Archaeal and bacterial class distribution

between each site and vs. depth is shown in Table 4, and indi-
cates that several classes were exclusive to either the RP or TW site.
For example, comparing the 0-1.5 cm sediment depth, Aquificae,
Deferribacteres, Bacilli, and Deltaproteobacteria were only present
in the RP site, whereas Sphingobacteria and Thermotogae were
only present in the TW sample (Table 4; Figures 4A,B). The same
is true for the other sediment horizons, with distinct bacterial
affiliations only occurring at one or the other site. Of the major
bacterial groups, the Firmicutes were only present in the RP sam-
ples, while none were present in any of the TW sample depths.
The 9-10.5 layer has zero overlapping bacterial classes between
RP and TW sites (Table 4). Betaproteobacteria were identified in
the TW sample from this depth, the only time this group was seen
in any of the samples.

Differences in the archaeal communities in surface samples
are also quite distinct; e.g., Archaeoglobi is dominant at the
RP site while Thermoplasmata was dominant at the TW site
(Figures 6A,B). As was the case for the Bacteria, there exist some
groups at RP, which were not found at the TW site, and vice
versa (Table 4). For example, the RP surface sample did not con-
tain Thermoprotei, a dominant archaeal group for the TW site.
In the deepest layer, the RP site contained Thermococci, but no
Thermoplasmata (Table 4). These results suggest that the major
archaeal and bacterial groups in Palaeochori Bay are distinctly
different in the high vs. low salinity sites.

THE ROLE OF PHASE SEPARATION

Subcritical phase separation is a ubiquitous process in hydrother-
mal systems, but its effect on microbial communities is rarely
evaluated. Investigations of the Iheya North Field back-arc
hydrothermal system south of Japan, suggested that subseafloor
phase-separation and segregation may influence the supply of
energy and carbon to vent-associated chemolithoautotrophs and
related microbial communities (Nakagawa et al., 2005). When
comparing microbial communities of gas-depleted “normal”
fluids (i.e., those related to the remaining fluid phase after
phase separation has taken place) to gas-enriched fluids (i.e.,
those which are related to the vapor phase; German and Von
Damm, 2003), chemolithotrophs associated with gas-dependent
energy metabolism, such as hydrogenotrophic methanogenesis,
were more abundant. Another study investigated differences in
microbial communities in phase separated hydrothermal fluids
from the Yonaguni Knoll IV hydrothermal field in the south-
ern Okinawa Trough (Nunoura and Takai, 2009). While fluids
showed variability in the physical and chemical compositions
(e.g., gas content), the microbial communities were relatively
similar. There, chemolithotrophic hydrogen oxidation was the
primary metabolism, and it was suggested that similarities in
microbial communities could have been due to elevated con-
centrations of hydrogen in both types of fluids. Thus, microbial
diversity may be influenced by a change in the concentration of
potential electron donors as a result of phase separation (i.e., dis-
solved gases such as H,), not necessarily from salinity differences
alone, although halotolerance cannot be ruled out. As we discuss
below, metabolisms based on dissolved gases such as H; are pos-
sible at each site investigated here, but do not seem to play a
dominant role in influencing major groups.
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recovered, as indicated by the sample key in Figure 5. The number of
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was used as an outgroup. Sequences containing inserts are noted with
an "x." Green stars indicate the OTUs with the highest number of
clones.

Our geochemical results indicate that salinity and arsenic
concentrations are among the most variable parameters when
comparing RP with TW pore fluid compositions (Tables 1, 2;
Figure 3). Free gas data indicate that O, Ny, He, Hy, CO,
and CHy4 were only slightly higher for TW compared to RP
(Table 2). Dissolved gas data suggest that no significant dif-
ferences between sites exists for O,, CO, and H, concentra-
tions; the dissolved CHy is slightly higher in the TW pore flu-
ids (Table 2). For the redox sensitive species analyzed in this

study, dissolved Fe’*, NOj3, and NO; were slightly higher,
while NH3 was slightly lower, in fluids from the TW site
(Table 1). Hydrogen sulfide concentrations can be very elevated
(up to 3mM) in high salinity fluids, but were essentially equal
(~0.25mM) in both high- and low-salinity hydrothermal flu-
ids analyzed for this study (Druschel et al., unpublished data;
Table 1). These geochemical parameters suggest that the phase
separation process at Milos may create differences in concen-
trations of dissolved gases, as well as some other important
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redox couples, which could ultimately be contributing to the
variability in microbial communities when comparing high-
vs. low-salinity sites. However, we suggest that these differ-
ences are not significant, and therefore differences in microbial
diversity may be influenced more by salinity and/or arsenic
concentrations.

DOMINANT BACTERIAL METABOLISMS

The genus Arcobacter, which dominates the RP 0-1.5 cm sample,
can grow at moderately thermophilic and halophilic conditions,
utilizing nitrogen or sulfur, including sulfide oxidation (Wirsen,
2004; Donachie et al., 2005; Pati et al., 2010). For example, A.
nitrofigilis, isolated from the roots of a salt marsh plant, can fix
nitrogen (Pati et al., 2010). “Candidatus Arcobacter sulfidicus”
has been shown to produce large white sulfur mats in hydrother-
mal environments (Wirsen, 2004), and related organisms may be
responsible for the large white mats observed in Palaecochori Bay
(Sievert et al., 1999). The white sulfur mats contain elemental sul-
fur, which may be the end product of sulfide oxidation. However,
a comparison of our representative 16S rRNA gene sequence

(OTU 30; Figure 5) against this and other Arcobacter species indi-
cated only a 91-93% sequence similarity (BLAST comparison
Max ID).

In the deeper RP sediments, Firmicutes dominate, in particu-
lar, Bacillus sp. This group is phenotypically highly diverse, and
includes obligate aerobes, facultative anaerobes, chemotrophs,
and heterotrophs, halotolerant members, and organisms that
tolerate a wide range of temperatures (Graumann, 2012). Our
representative sequence (OTU 23) is most closely related to
B. licheniformis DSM 13 (Figure5) which, along with many
other members of the Bacilli, can reduce nitrate to N, (Nakano
and Zuber, 1998). Other investigations suggest that Mn(II) oxi-
dation (Dick et al, 2006) and arsenate reduction may also
be mediated by Bacillus spp. (Switzer et al., 1998). Four new
strains of Bacillus were isolated from shallow-sea hydrother-
mal vents—two from Panarea and Vulcano Islands (Italy)
(Maugeri et al., 2002; Spano et al.,, 2013), and two from the
sediments in Palaeochori Bay (Milos) (Sievert et al., 2000a;
Schlesner et al., 2001). The Milos isolates are Halothiobacillus
kellyi, a mesophilic, obligately autotrophic, strictly aerobic,
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Table 4 | Bacterial and archaeal class distribution arranged by site and by depth.

Depth (cm) Bacterial class Archaeal class
RP TW RP TW

0-1.5 Actinobacteria Actinobacteria NP Thermoprotei
Aquificae NP Archaeoglobi Archaeoglobi
Flavobacteria Flavobacteria Methanomicrobia NP
Deferribacteres NP Thermococci Thermococci
Bacilli NP Thermoplasmata Thermoplasmata
NP* Sphingobacteria
Deltaproteobacteria NP
Epsilonproteobacteria Epsilonproteobacteria
Gammaproteobacteria Gammaproteobacteria
NP Thermotogae

3-4.5 Actinobacteria Actinobacteria Thermoprotei Thermoprotei
Sphingobacteria NP Archaeoglobi Archaeoglobi
Bacilli NP NP Methanomicrobia
NP Aquificae Thermococci Thermococci
NP Planctomycetacia Thermoplasmata Thermoplasmata
NP Deltaproteobacteria
Epsilonproteobacteria Epsilonproteobacteria
Gammaproteobacteria NP
NP Thermodesulfobacteria
NP Thermotogae

9-10.5 Actinobacteria NP Thermoprotei Thermoprotei
Chloroflexi NP Archaeoglobi Archaeoglobi
Bacilli NP NP Thermoplasmata
NP Flavobacteria Thermococci NP
NP Thermomicrobia Candidatus Korarchaeum NP
NP Betaproteobacteria
NP Epsilonproteobacteria
NP Gammaproteobacteria
NP Thermotogae

*NP not present.

chemolithoautotrophic, sulfur-oxidizing bacterium (Sievert et al.,
2000a), and Filobacillus milensis, a halophilic, faculatively
anaerobic, endospore-forming heterotroph (Schlesner et al,
2001). In addition, 39 of 80 aerobic mesophiles isolated from
Milos by Dando et al. (1998) are phenotypically similar to
Bacillus sp.

The most abundant bacterial group in the surface sample at
Twinkie (TW 0-1.5) was Bacteroidetes. However, the RDP classi-
fication confidence was quite low even at the class level (average
74%), suggesting many possibilities for representatives from this
phylum. The representative OTU for these sequences is OTU
39, which had 35 out of 39 clones in the TW 0-1.5cm sam-
ple. Due to the low confidence identification of this group, it is
not affiliated with any other main group in the bacterial phylo-
gentic tree (Figure 5, bottom left). BLAST results most closely
identified with uncultured clones, making identification of pri-
mary metabolisms difficult. The phylum Bacteroidetes contains
among the most abundant microbes in coastal marine waters
(Alonso et al., 2007). Cultured representatives from this phylum

are typically heterotrophs, non-thermophilic, and use complex
organic substrates, either by aerobic respiration or fermenta-
tion (Kirchman, 2002). They can also be found in hydrother-
mal environments. For example, Kormas et al. (2006) detected
Bacteroidetes spp. on a white smoker chimney at 9° N, East Pacific
Rise. Recently, Sylvan et al. (2012) suggested that Bacteroidetes
replaced “normal” microbial communities once smoker chim-
neys become inactive. Sievert et al. (2000b) and Nitzsche (2010)
both identified Bacteroidetes as dominant members in the white
areas from Milos sediments, but temperatures were in both cases
quite lower than for our study (~20°C less). This suggests the
possibility that Bacteroidetes activity is limited to lower temper-
ature environments. Temperatures were comparable between the
RP and TW sites (i.e., <~ 40°C), but salinity was quite differ-
ent, suggesting the lack of Arcobacter in place of Bacteroidetes at
the TW site may also be influenced by halotolerance. However,
as discussed, dissolved gases and other redox couple concentra-
tions may play a role, as they are slightly elevated in the TW pore
fluids.
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The TW 3-4.5 site was dominated by Thermosulfidibacter
sp., whose closest cultured representative is Thermosulfidibacter
takaii, a thermophilic, sulfur-reducing chemolithoautotroph
from a deep-sea hydrothermal vent at the Yonaguni Knoll 1V,
Southern Okinawa Trouph (Nunoura et al., 2008). Growth was
observed within the temperature range of 55-78°C, and 0.5-
4.5% NaCl. Temperatures at this sediment depth should be near
50°C,