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Introduction

In submarine hydrothermal systems, inorganic carbon is
the primary carbon source (Shively et al., 1998; Nakagawa
& Takai, 2008). However, diffuse and end-member
hydrothermal fluids can also contain various organic
compounds other than methane (Holm & Charlou, 2001;
Rogers & Amend, 2006; Konn et al., 2009; Charlou et al.,
2010; Lang et al., 2010; Reeves et al, 2014). Organic
acids, lipids, and hydrocarbons are formed in the deep
subsurface by serpentinization and subsequent Fischer—
Tropsch-type processes under elevated temperature and
pressure (Shock & Schulte, 1998; Holm & Charlou,
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Diffuse hydrothermal fluids often contain organic compounds such as hydro-
carbons, lipids, and organic acids. Microorganisms consuming these com-
pounds at hydrothermal sites are so far only known from cultivation-
dependent studies. To identify potential heterotrophs without prior cultivation,
we combined microbial community analysis with short-term incubations using
C-labeled acetate at two distinct hydrothermal systems. We followed cell
growth and assimilation of '>C into single cells by nanoSIMS combined with
fluorescence in situ hybridization (FISH). In 55 °C-fluids from the Menez
Gwen hydrothermal system/Mid-Atlantic Ridge, a novel epsilonproteobacterial
group accounted for nearly all assimilation of acetate, representing the first aer-
obic acetate-consuming member of the Nautiliales. In contrast, Gammaproteo-
bacteria dominated the '*C-acetate assimilation in incubations of 37 °C-fluids
from the back-arc hydrothermal system in the Manus Basin/Papua New Gui-
nea. Here, 16S rRNA gene sequences were mostly related to mesophilic Marin-
obacter, reflecting the high content of seawater in these fluids. The rapid
growth of microorganisms upon acetate addition suggests that acetate consum-
ers in diffuse fluids are copiotrophic opportunists, which quickly exploit their
energy sources, whenever available under the spatially and temporally highly
fluctuating conditions. Our data provide first insights into the heterotrophic
microbial community, catalyzing an under-investigated part of microbial car-
bon cycling at hydrothermal vents.

& Seewald, 2007), homoacetogenesis (Drake et al., 2008;
Lever et al., 2010) or by the vent-associated macrofauna
(Pimenov et al., 2002). Thus, elevated concentrations (3—
35 pmol L") of formate and acetate have been measured
in venting fluids from shallow and deep-sea hydrothermal
systems (Amend et al., 1998; Lang et al., 2010).

Early cultivation-independent studies showed that
radioactively labeled acetate and glucose were consumed
by yet unknown microorganisms in (diffuse) hydrother-
mal fluids of the Galapagos Rift (Tuttle et al., 1983), the
East Pacific Rise (Tuttle, 1985), the Guaymas Basin (Karl
et al., 1988; Bazylinski et al., 1989), and at the Loihi
Seamount (Karl et al., 1989). Beyond these studies, little

2001). Furthermore, simple organic compounds are is known about the microorganisms consuming

formed by thermal decomposition of biomass (McCollom
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cultivation-dependent approaches phylogenetically
diverse, mostly thermophilic strains from Deinococcus-
Thermus, Thermotogae, Proteobacteria, Deferribacterales,
and Archaea were shown to thrive on organic carbon
(Pley, 1991; Huber et al., 1995; Marteinsson et al., 1995;
Raguénes ef al., 1996). Genomes of vent-associated Epsi-
lonproteobacteria (Sulfurimonas/Sulfurovum-group, Camp-
bell et al., 2006; Sievert et al., 2007; Yamamoto & Takai,
2011) also indicate a certain potential for organic carbon
consumption. It was proposed that these hydrogen- and
sulfur-oxidizing lithoautotrophs might use simple organic
compounds like acetate as growth supplement (Sievert
et al., 2008).

Our objective was to identify microorganisms assimilat-
ing organic carbon other than methane in discharged dif-
fuse fluids without prior cultivation. In general, diffuse
fluids can cover a large temperature range (2.8 to
> 100 °C) and usually consist of seawater mixed with hot
end-member fluids (Wankel et al., 2011). For our analy-
sis, we sampled sulfidic, diffuse fluids from two deep-sea
hydrothermal systems, the Menez Gwen hydrothermal
system at the Mid-Atlantic Ridge (MAR) and the Manus
Basin back-arc system off the coast of Papua New Guinea.
In situ temperatures of the diffuse fluids ranged from 25
to 56 °C (Menez Gwen) and from 4 to 73 °C (Manus
Basin). We incubated four different fluids at in situ tem-
peratures with '*C-labeled acetate as model compound to
follow the assimilation of organic carbon (Wright & Hob-
bie, 1966; Hoppe, 1978; Berg et al., 2013) and monitored
changes in the microbial community by 16S rRNA gene
pyrotag-sequencing, 16S rRNA gene clone libraries and
fluorescence in situ hybridization (FISH). In contrast to
previous environmental studies using '’C-labeled tracers
(Vandieken et al., 2012; Berg et al., 2013), we applied
lower substrate concentrations (10 and 30 pmol L™" ace-
tate) and shorter incubation times (8—12 h) to minimize
experimentally introduced bias. Finally, we identified >C-
acetate assimilating populations by combining nanometer
scale secondary ion mass spectrometry (nanoSIMS) with
FISH. Our approach to combine 16S rRNA gene diversity
analysis, single cell identification and nanoSIMS measure-
ments provide insights into the identity and activity of
uncultured microorganisms consuming organic carbons
in diffuse hydrothermal fluids.

Materials and methods

Site description and sampling

Diffuse fluids from the Menez Gwen hydrothermal vent
field (37°50'N, 31°30'W) were sampled in September/
October 2010 at 828 m depth during the cruise M82-3
on board of the R/V Meteor. Menez Gwen is a basalt-
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hosted hydrothermal system located southwest of the Az-
ores on the MAR. We sampled diffusely venting fluids at
the site Woody Crack (WC), a fissure in the basalt crust
of . 1 m length and 0.2 m width. In situ temperatures
ranged from 25 to 56 °C with a pH of ¢. 4.9 (Table 1).
Additional samples were collected from the hydrothermal
plume (WC-P, 23 m above Woody Crack) and from bot-
tom water above a patch of the vent mussel Bathymodio-
lus azoricus (WC-M, Supporting Information, Fig. SI).
For a more detailed description of the sampling site see
Marcon et al. (2013).

Diffuse fluids from the Manus Basin (MB) back-arc
spreading center off the coast of Papua New Guinea were
recovered in June/July 2011 during cruise SO-216 of the
R/V Sonne. Here, we sampled the felsic-hosted hydrother-
mal vent fields North Su (3°47'S, 152°06'W) and Fenway
(3°43'S, 151°40'W). At the North Su (NS), underwater
volcano diffuse fluids were recovered from two venting
fissures in the seafloor in ¢. 1200 m water depth (NS-I:
1640 °C, pH ¢ 7.1 and NS-II: 54-73 °C, pH ¢ 3.6).
From the smaller vent field Fenway (FW) located north-
east of North Su in the PACMANUS area, cold but shim-
mering diffuse fluids were sampled above a patch of
vestimentiferan tube worms in 1706 m depth (3.7 °C, pH
c. 7.3) (Fig. S1, Table 1).

During both cruises, samples were collected with the
remotely controlled flow-through system (Kiel Pumping
System — KIPS; Schmidt et al., 2007) mounted onto the
remotely operated underwater vehicle ROV Quest (MA-
RUM, Bremen). At Woody Crack, the flasks (675 mL, Sa-
villex) of the KIPS system were prefilled with ambient
bottom seawater obtained by a CTD cast. At the Manus
Basin sites, flasks were prefilled with de-ionized water,
which was exchanged for ambient seawater during the
ROV descent. At all sites, the pumping rate was c.
' and pumping time per sample was set at
3 min ensuring exchange of flask volume by sample vol-
ume at least four times. A temperature probe located next
to the KIPS sampling nozzle was used to monitor tem-
perature during sampling. Fluid samples from multiple
KIPS bottles were combined and divided into subsamples
for microbial community analysis, stable isotope (SI)-
incubation experiments, and geochemical analysis.
Because of the limited fluid volume (< 6 L) that could be
retrieved per sampling event, several ROV dives were nec-
essary to recover sufficient fluid volumes for separate

1 L min~

experiments at sites Woody Crack and North Su-II (sam-
ples WCa-c, NS-Ila, and NS-IIb, Table 1).

Fluid geochemistry
Ammonium concentrations were determined photometri-

cally by nesslerization (Bower & Holm-Hansen, 1980).
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Nitrate was measured according to Braman & Hendrix
(1989) using a CLD 60 NO, analyzer (Eco Physics). Total
dissolved sulfide was determined spectrophotometrically
in zinc acetate fixed samples as described in Cline (1969).
Acetate concentrations in Woody Crack fluids were only
measured by high pressure liquid chromatography
(HPLC) in the home laboratory. Acetate in Manus Basin
fluids was detected at the sampling site by in situ mass
spectrometry (ISMS) at AMU 60 (Bach, 2011) and was
also measured by 2D-high-pressure ion chromatography
(HPIC, ICS-5000 HPIC, Thermo Scientific, Darmstadt,
Germany) in the home laboratory. Oxygen concentrations
and pH data for Manus Basin diffuse fluids (Table 1)
were measured on board directly after fluid retrieval,
while reported Mg** concentrations represent preliminary
data obtained by ion chromatography (IC) measurements
in the home laboratory (data kindly provided by C. Bre-
uer). Detailed geochemical data will be published else-
where by E.P. Reeves and A. Koschinsky.

16S rRNA gene pyrotag diversity analyses in
diffuse hydrothermal fluid samples

For 16S rRNA gene diversity analyses, we filtered diffuse
fluids (samples WCb, FW, NS-I and NS-IIb, Table 1)
through polyethersulfone (PES) membranes (0.22 pm
pore size, Milipore, Darmstadt, Germany) attached to the
KIPS system. Membranes were stored at —80 °C until
DNA was extracted with the Ultra Clean Soil DNA Kit
(MoBio Laboratories, Carlsbad) as instructed in the man-
ual. Bacterial 16S rRNA genes were amplified by PCR
with primers GM3F and 907RM (Muyzer ef al., 1995,
1998) in ten parallel reactions using the Phusion High
Fidelity DNA Polymerase (NEB, Ipswich). PCR products
were pooled, gel purified and 454-pyrosequenced at the
Max Planck Genome Center (Cologne, Germany). Further
details on PCR and sequencing are provided in the
Methods S1. Sequence reads > 200 bp were analyzed with
the bioinformatics pipeline of the sitva database project
(Quast et al., 2013) as described in Klindworth et al.
(2013). Descriptive sequence statistics are presented in
Table S1.

13C-acetate and ">N-ammonium incubations

We used 330 mL of diffuse fluids from Woody Crack
(Menez Gwen) for onboard stable isotope (SI)-incuba-
tions in 1000 mL (at Menez Gwen) glass bottles. For
experiments with fluids from the Manus Basin, we used
150 mL of fluids in 500 mL glass bottles. For oxic experi-
ments the headspace was air, while for anoxic incubations
fluids and headspace were flushed with N,/CO, (80/20)
for several minutes. To allow re-adaption of microorgan-
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isms, the fluids were pre-incubated at in situ temperature
for 1 h before addition of '*C-acetate and '’N-ammo-
nium. To diffuse fluids from Woody Crack (WCa, WCc),
we added sodium 1-"’C-acetate (99 atom-percent '*C
[AT% C = (C/(**C + '*C)) x 100], Sigma-Aldrich) at
a final concentration of 10 pmol L™'. For incubations of
fluids from the Manus Basin (FW, NS-I, NS-IIa), we
increased '’C-acetate concentrations to 30 pmol L™' to
ensure sufficient labeling, as onboard ISMS detected a
compound with the atomic mass unit 60 that possibly
was acetic acid (Bach, 2011). To all incubations, we also
added '"N-ammonium chloride (98 AT% N [AT%
BN = (®N/(°N + "N)) x 100], Sigma-Aldrich) as a
general activity marker at a final concentration of
10 pmol L™". As live controls oxic and anoxic incuba-
tions were set up to which no >C-acetate was added. For
dead controls, we added formaldehyde (final concentra-
tion 1%) to substrate-amended diffuse fluids. For each
experimental set up duplicate (FW, NS-I, NS-Ila) or trip-
licate (WCa) incubations were performed. Fluids were
incubated at in situ temperatures for 8 h (55 °C, WCa
and 72 °C, NS-IlIa), 10 h (37 °C, NS-I), or 12 h (4 °C,
FW). Incubations were stopped by addition of formalde-
hyde (final concentration 1%) and fixed for 1 h at room
temperature. From each bottle, 50-100 mL aliquots were
filtered on a glass fiber filter (type GF, 0.7 um pore size,
Millipore, Darmstadt, Germany) for bulk SI measure-
ments. The remaining volume was filtered on multiple
gold-palladium coated polycarbonate membranes (type
GTTP, 0.2 um pore size, Millipore, Darmstadt, Germany)
for nanoSIMS and CARD-FISH analyses. All filters were
air-dried and stored at —20 °C.

Isotope ratio mass spectrometry (IRMS)

For bulk measurements of '>C and '°N content, GF fil-
ters were analyzed by gas chromatography-isotope ratio
mass spectrometry (GC-IRMS). Before combustion, GF
filters were decalcified in a hydrochloric acid (37%)
atmosphere for 24 h in a desiccator (Musat et al., 2008).
Then the isotope abundance was measured in the
released CO, and N, after flash-combustion of GF filters
in excess oxygen at 1050 °C in an automated elemental
analyzer (Thermo Flash EA, 1112 Series, CE Elantech,
Lakewood, NJ) coupled to a Delta Plus Advantage mass
Thermo  Fisher

spectrometer Scientific,

Waltham, MA).

(Finnigan,

Total cell counts (TCC) and CARD-FISH

For TCC and CARD-FISH counts, 100 mL of diffuse flu-
ids and of the hydrothermal plume were formaldehyde-
fixed on board (final concentration 1%, overnight at

FEMS Microbiol Ecol 90 (2014) 731-746
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4 °C) and filtered on polycarbonate membrane filters
(type GTTP, 0.2 um pore size, 25 mm filter diameter,
Millipore, Darmstadt, Germany). For TCC, cells were
stained with 4’,6-diamidino-2-phenylindole ~ (DAPI).
CARD-FISH was performed as described earlier (Ishii
et al., 2004; Teira et al., 2004). Details of the applied oli-
gonucleotide probes are listed in Table S2. For double
hybridizations, filters were consecutively hybridized with
two probes (Pernthaler et al, 2004) using Alexa488 and
Alexa594 fluorochromes (Invitrogen, Karlsruhe, Ger-
many).

Marking and mapping of hybridized cells for
nanoSIMS

To combine CARD-FISH identification of single cells
with nanoSIMS analysis, we used correlative microscopy.
The position of cell assemblages identified by CARD-
FISH on the filter was marked using a laser (Laser Micro-
dissection Microscope, DM6500B, Leica, Wetzlar, Ger-
many). Fields of view with a suitable distribution of
hybridized cells were marked with numbers, arrows, and
borders to guarantee recovery of cells during nanoSIMS
analysis. Microscopic images were taken for orientation
purpose during the nanoSIMS analysis and for postpro-
cessing with the Look@nanosivs software (Polerecky et al.,
2012).

NanoSIMS analysis

Hybridized cells within the marked areas on the filters
were analyzed with a nanoSIMS 50L instrument (Cameca,
Gennevilliers, Cedex-France). Secondary ions 12¢)
BcT, PCMNT, *C°NT, and **S” were simultaneously
recorded for each individual cell using five electron multi-
pliers. Samples were presputtered with a Cs" primary ion
beam of 400-500 pA to remove surface contaminations,
to implant Cs* ions and to achieve a stable ion emission
rate. During analysis, the samples were sputtered with a
0.8-1.8 pA Cs" primary ion beam focused into a spot of
50-100 nm diameter that was scanned over an analysis
area of 5 x 5 um to 30 x 30 um with an image size of
256 x 256 pixel or 512 x 512 pixel and a counting time
of 1 ms per pixel. The individual masses were tuned for
high mass resolution (around 7000 MRP). Respective
mass peaks were tuned directly on the sample. Depending
on the fields of view (5 x 5pum to 30 x 30 pm),
between 20 and 100 planes were recorded.

The measured data were processed using the
LOOK@NANOSIMS ~ software (Polerecky ef al., 2012). The
images of one field of view recorded during one measure-
ment were drift corrected and accumulated. Regions of
interest (ROI) corresponding to individual cells were

FEMS Microbiol Ecol 90 (2014) 731-746
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defined using images of 12c, C"N™, and **S”. For
each ROI PC/(°C + C), CPN/(’CPN + *CMN),
and ?28/"2C ratios were calculated. Ratios with more than
10% trend (increase or decrease) with depth were
excluded from further analysis.

Calculation of assimilation per biovolume

Assimilation of >C and "N per biovolume was calculated
for 135 cells from Woody Crack fluids (Menez Gwen),
for 35 cells from FW and for 65 cells from NS-I fluids
(Manus Basin). Most cells were rod-shaped, and cell vol-
ume was calculated based on measured values of cell
diameters and cell lengths by adding up the respective
volumes of a sphere and a cylinder. For biovolume-to-
biomass conversion, we used a calibration factor of
0.38 pg C um * known for small heterotrophic bacteria
(Lee & Fuhrman, 1987). The calculated biomasses were
correlated with the C/(**C + '>C) ratio and corrected
for dead control bulk measurements, assuming that only
13C-labeled acetate was present in the incubations, as we
could not detect natural acetate in fluids (100%-labeling).
The nitrogen content of cells was calculated based on a
conversion factor of 3.7 for C: N mass ratio for hetero-
trophs (Lee & Fuhrman, 1987), correlated with the 15N/
("N + N) ratio and corrected for bulk measurement of
dead controls.

16S rRNA gene libraries and phylogenetic
analyses

Bacterial 16S rRNA genes were amplified by filter-PCR
(Kirchman et al,, 2001) or from filter-extracted DNA
(Ultra Clean Soil DNA Kit, MoBio Laboratories, Carls-
bad) of formaldehyde-fixed samples collected at the end
of PC-acetate incubations. Primers GM3F and GMA4R,
(Muyzer et al., 1995) or primers GM5F (Muyzer et al.,
1995) and 907RM were applied. After gel purification,
PCR products were cloned and Sanger-sequenced. Further
details are given in the Methods S1.

Phylogenetic analysis was performed with the ars soft-
ware package (Ludwig et al., 2004) based on a sequence
alignment with the SINA aligner (Pruesse et al., 2012)
against the siva 16S rRNA SSU reference database,
release 111 (Quast et al., 2013). Phylogenetic trees were
calculated with nearly full-length sequences (> 1400 bp)
using a 50% conservation filter and the maximum likeli-
hood algorithm raxmr with 100 bootstraps (Stamatakis
et al., 2005) implemented in Ars. Nucleotide substitutions
were weighted according to the GTR model (Lanave
et al., 1984). Partial sequences were added to the tree
using the maximum parsimony algorithm without allow-
ing changes in tree topology.
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Nucleotide sequence accession numbers

Nucleotide sequences from this study were deposited in
the EMBL, GenBank, and DDBJ nucleotide database with
the accession numbers HG962423-HG962430 for full-
length sequences and HG819042-HG819115 for partial
sequences from Menez Gwen, and HG818825-HG819041
for partial sequences from Manus Basin. The 16S rRNA
gene pyrotag sequences have been deposited at Sequence
Read Archive under sample accession numbers ERS3-
77555-ERS377558.

Results

Geochemistry of diffuse hydrothermal fluids

Diffuse fluids sampled at Woody Crack (Menez Gwen,
MAR) consisted of 100% seawater that interacted with a
vaporous phase enriched in reduced compounds (Reeves
et al., 2011). The fluids displayed the typical sulfidic
odor, which is in line with previous measurements of
1.7 mmol kg ' sulfide in other Menez Gwen fluids
(Charlou et al., 2000),
influenced fluids. Furthermore, modeling revealed
60 mmol kg™' sulfide above mussel patches surrounding
Woody Crack (Marcon et al., 2013). Acetate was not
detected by 2D-HPIC at a detection limit of
1 umol L™'. Ammonium concentrations in fluids ranged
from 5 to 8 umol L™'. Nitrate concentrations were
between 16 and 18 pumol L' (Table 1). Oxygen was
detected by ISMS only qualitatively (S. Hourdez, pers.
commun.).

For the diffuse fluids in the Manus Basin end-member
hydrothermal fluid accounted for 8% (Fenway, FW) to
30% (North Su-II, NS-II) (Table 1). These values were
calculated from Mg>* concentrations in diffuse fluids
(Table 1), seawater Mg”"
(1286.2 ug mL ™), and the generally assumed absence of
Mg** in end-member hydrothermal fluids. In the 4 °C
fluid (FW, Manus Basin), sulfide concentrations were
close to the detection limit (c. 2 pmol L"), while 14—
66 pmol L' were detected in the 37 °C (NS-I) and 113—
302 pmol L™ in the 72 °C (NS-Ila) fluid (Table 1).
Ammonium concentrations ranged from 1.9 pmol L'
(FW, NS-I) to up to 30 pmol L~ (NS-1la). Oxygen ran-
ged from 2.2 to 4.9 mg L' (Table 1), equaling saturation
values from 45 to > 100%. While acetic acid was possibly
detected by ISMS measurements in fluids from Manus
Basin (Bach, 2011), exact acetate measurements by 2D-
HPIC were hampered by strong background of other, yet
unknown compounds. For all diffuse fluids sampled in
this study, detailed geochemical data will be published
elsewhere by E.P. Reeves and A. Koschinsky. All chemical

indicating  hydrothermally

standard concentration
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data clearly indicated a hydrothermal contribution to the
fluid composition.

Microbial community composition in diffuse
fluids from Woody Crack (Menez Gwen)

To characterize the microbial community and to identify
potential organic carbon-consuming microorganisms in
the 55 °C diffuse fluid at Woody Crack, we determined
TCC and conducted CARD-FISH and 16S rRNA gene
pyrotag  sequencing. TCC were 1.6 + 0.3 x 10°
cells mL™", of which 99% were identified as Bacteria by
CARD-FISH (Table S3). Bacterial 16S rRNA gene pyro-
tags (6798 reads) were dominated by Epsilonproteobacteria
(51% of all reads, Fig. 1), which accounted for 10% of
TCC (Fig. 2 and Table S3). Gammaproteobacteria
accounted for 10% of 16S rRNA gene pyrotags, but made
up 65% of TCC. Here, it has to be taken into account
that two different fluids samples were used for CARD-
FISH and pyrotag analysis (Table 1). The observed dis-
crepancies could reflect the highly dynamic nature of the
sampled vents. Moreover, most epsilonproteobacterial ge-
nomes encode 3—4 rRNA operons, possibly leading to an
overrepresentation of Epsilonproteobacteria in sequence
data. Moreover, samples for pyrotags and FISH experi-
ments were retrieved from separate ROV dives (Table 1).
Alphaproteobacteria accounted for 18%, while all other
bacterial groups made up < 5% of 16S rRNA gene pyro-
tags.

The majority (85%) of epsilonproteobacterial pyrotags
was related to the mesophilic, lithoautotrophic genera
Sulfurimonas, Sulfurovum, and Arcobacter within the order
Campylobacterales (Fig. 1). These genera are often domi-
nant members in sulfidic, hydrothermal environments in
the deep-sea (Campbell et al., 2006; Sievert et al., 2007).
Nautiliales constituted 10% of epsilonproteobacterial 16S
rRNA gene pyrotags (Fig. 1). This order harbors metabol-
ically diverse organisms including mixo- and autotrophic
thermophiles (Campbell et al, 2001, 2006; Mir-
oshnichenko et al., 2002). Most of the gammaproteobac-
terial pyrotags were affiliated with sequences from
Oceanospirillales (e.g. SUP05) and Alteromonadales (e.g.
Psychromonas).

Microbial community composition in diffuse
fluids from the Manus Basin

Although the three diffuse fluids from the Manus Basin
covered a large temperature range (4, 37 and 72 °C),
TCC were similar and ranged from 2.2 to 6.2 x 10*
cells mL ™! (Fig. 2, Table S3). Bacteria accounted for 58—
85% and Archaea for 8-11% of TCC (Table S3). In total,
10 516 bacterial 16S rRNA gene pyrotags were recovered.
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Fig. 1. Diversity of the bacterial community analyzed by 16S rRNA gene pyrotags in diffuse fluids from Woody Crack (WCb), Fenway (FW),

North Su-I (NS-I), and North Su-llb (NS-lib).
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Fig. 2. (a) TCC and abundances (CARD-FISH) of Gammaproteobacteria and Epsilonproteobacteria in diffuse fluids (WC, FW, and NS-I) and in
oxic acetate/ammonium incubations. Triplicates were counted in incubations from Woody Crack fluids (WCa) and source diffuse fluids from
North Su-l, while duplicates were counted for Fenway and North Su-l incubations. Other samples were not counted in replicates. (b)
Epifluorescent images of NautMG-cells (green fluorescence) by probe Naut842 in diffuse fluids (upper panel) and in 'C-acetate/ammonium
incubation experiments (lower panel) using CARD-FISH. Scale bars represent 5 pum.

In all samples Proteobacteria clearly dominated the com- 57% of pyrotags, whereas they contributed only 4% of
munities, accounting for 84-91% of pyrotags (Fig. 1). In  TCC (Fig. 2, Table S3). Numerous sequences were related
the 4 °C fluids (FW), Gammaproteobacteria made up  to the SUPO05 clade (Fig. 1), which it is not targeted by
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the general probe Gam42a, thus leading to an underesti-
mation of the abundance of Gammaproteobacteria by
CARD-FISH. Some sequences grouped with heterotrophic
genera such as Acinetobacter, Marinobacter, and Altero-
monas (Fig. 3). Epsilonproteobacteria (all Campylobacte-
rales) accounted for 12% of 16S rRNA gene pyrotags
(Fig. 1) and for 4% of TCC (Table S3).

In both fluid samples from the North Su vent field
(37 °C, NS-1 and 72 °C, NS-IIb) Epsilonproteobacteria
constituted the major fraction of 16S rRNA gene pyrotags
(78-85%), whereas CARD-FISH indicated abundances of
7-15% of TCC (Table S3). Again, this discrepancy is pos-
sibly caused by the higher rRNA operon number in epsi-
lonproteobacterial genomes or possibly by different
community compositions as a consequence of separate
sample collections at NS-II (Table 1). In the 37 °C fluid
sample, (NS-I) the majority of all epsilonproteobacterial
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4°C (Fenway, MB)

W 37°C (North Su-l, MB)
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B 72°C (North Su-lla, MB)

> 70% bootstrap

@® >90% support

Fig. 3. Phylogenetic reconstruction of 16S
rRNA gene sequences of
Gammaproteobacteria and
Epsilonproteobacteria in diffuse fluids
(pyrotags) from Woody Crack (Menez Gwen),
from the three Manus Basin fluids and from
'3C-acetate incubation experiments (clones).
The dark gray rectangle indicates the
NautMG-group targeted by probe Naut842.
The light dark rectangle indicates groups
targeted by competitors to probe Naut842.
Numbers of sequences per OTU (97 %
sequence identity cut-off) are given in
parenthesis. Scale bar represents 10%
estimated sequence divergence.

sequences (90%) was related to the Campylobacterales,
while sequences related to the Nautiliales represented a
minor fraction (9% of epsilonproteobacterial sequences).
In contrast, > 93% of epsilonproteobacterial sequences
from the 72 °C fluid (NS-IIb) were classified as Nautili-
ales (Fig. 1). According to CARD-FISH results, Gamma-
proteobacteria were similarly abundant (5-15%) as
Epsilonproteobacteria (Table S3) and made up 4-7% of
16S rRNA gene pyrotags in NS-I and NS-IIb fluids. The
gammaproteobacterial pyrotags were also related to Aci-
netobacter and to Alteromonas (Fig. 3).

Acetate-assimilation by Epsilonproteobacteria
in diffuse fluids from Woody Crack

To identify microbial populations that actively assimilate
organic carbon in fluids from Woody Crack (WCa), we
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CARD-FISH

WCa (55°C, 8 h)

FW@4°C, 12h)

Fig. 4. NanoSIMS images of '3C-acetate and
>N-ammonium uptake by single cells in
incubation experiments at Menez Gwen and
Manus Basin. Upper row: (a—c) Woody Crack
(WCa, 55 °C, 8 h). Middle row (d-f): Fenway
(FW, 4 °C, 12 h). Lower row (g—i): North Su
(NS-I, 37 °C, 10 h). Left column (a, d, g)
CARD-FISH images: Epsilonproteobacteria
were detected by green and
Gammaproteobacteria by red fluorescence.
Middle column (b, e, h): carbon isotope ratio
13¢/(3C+12C). Right column (c, f, i): Nitrogen
isotope ratio "*N/(">N+"4N).

followed the assimilation of the model compound C-
acetate in bulk samples (Fig. S2, Table S4) and in individ-
ual cells (Figs 4 and 5) using short-term experiments at
in situ temperature (55 °C). Besides 13C-acetate, we also
added '°N-ammonium as a general activity marker. TCC
only increased in incubations with oxic headspace, while
TCC did not change in anoxic '’C-acetate and acetate-
free control incubations (Fig. 2, Table S3). Bulk 3C- and
"N-content in oxic incubations was higher than in the
dead controls (0.8-1.1 excess AT% '>C and 19.1-25.3
excess AT% N, respectively), while in anoxic '*C-acetate
and acetate-free control incubations '>C- and/or °N-con-
tent were not elevated (Fig. S2, Table S4). These results
indicated that '’C-acetate and '°’N-ammonium were
assimilated into cell material only under oxic conditions.
During the 8 h of incubation the community signifi-
cantly shifted from a Gammaproteobacteria-dominated
(65% of TCC in diffuse fluids) to an Epsilonproteobacte-
ria-dominated community (86% of TCC) (Fig. 2; Table
S3). The Epsilonproteobacteria grown in oxic '*C-acetate
incubations were further identified by 16S rRNA gene
sequencing and CARD-FISH. Almost all retrieved epsilon-
proteobacterial sequences were affiliated to the family
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Nautiliaceae and formed a separate branch with 94.2%
sequence identity to Nautilia profundicola (Fig. 3).
We  designated this novel sequence cluster as
‘NautMG-group’. The large majority of gammaproteobac-
terial clone sequences recovered from this experiment
affiliated with the heterotrophic genus Alcanivorax
(Fig. 3). To quantify the NautMG-group Epsilonproteo-
bacteria in incubations and diffuse fluids, we designed the
specific oligonucleotide probe Naut842 (Fig. 3, Table S2).
This probe targeted 84-87% of TCC in all triplicate oxic
13C-acetate incubations (Fig. 2), indicating that the large
majority of epsilonproteobacterial cells grown on '*C-ace-
tate indeed belonged to the NautMG-group. In the source
diffuse fluids (WCa), the NautMG-cells made up 0.8% of
TCC (Fig. 2, Table S3), in bottom waters above a nearby
Bathymodiolus-mussel bed (WC-M) they accounted for
0.3% (not shown), but were not detectable in the hydro-
thermal plume obtained from 23 m above Woody Crack
(WC-P). During the 8 h incubation, the abundance of
the NautMG-group multiplied by 290-fold and increased
from 1.3 x 10> to 3.8 x 10° cells mL™! (Table S3,
Fig. 2), equaling a generation time of ¢. 42 min. For
Gammaproteobacteria, no net-growth was observed and
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Fig. 5. NanoSIMS analysis of '>C-acetate and
T>N-ammonium assimilation by single cells of
Gammaproteobacteria and
Epsilonproteobacteria. Upper row: Woody
Crack (WCa, 55 °C). Middle row: Fenway
(FW, 4 °C). Lower row: North Su-I (NS-I,

37 °C). Scatter plot shows assimilation rates in
fmol cell™" after 8 h (WCa), 12 h (FW) or

10 h (NS-I) incubation. The significance level
of linear regression analysis was < 0.05.
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abundances of FISH-detectable cells declined in "*C-ace-
tate incubations (Fig. 2, Table S3).

We selected two of the triplicate incubations (WCa-R1,
WCa-R3) to confirm a consumption of '*C-acetate by the
NautMG-group using nanoSIMS. Epsilonproteobaterial
and gammaproteobacterial cells (135 cells in total) were
identified by CARD-FISH before nanoSIMS analyses.
Correlative microscopy and nanoSIMS showed that all
analyzed epsilonproteobacterial cells (n = 132) clearly
incorporated °C and "°N, whereas the few gammaproteo-
bacterial cells found (n = 3) incorporated little or no
label (Figs 4 and 5, Fig. S4). Epsilonproteobacterial cells
displayed large differences in '>C- and '°N-assimilation
per biovolume. Most cells (n = 89) showed both relatively
low "C (0.03-0.8 fmol cell ') and low "N (0.12—
1.4 fmol cell™") incorporation. Twenty-two cells showed
high "°N (up to 4.0 fmol cell '), but low ">C assimilation
(< 0.8 fmol cell !). Nineteen cells assimilated both high
N (up to 3.8 fmol cell™!) and high C (up to
1.7 fmol cell ', Fig. 5), when compared to the average
15N and '*C assimilation (*’N: 1.2 + 0.9 fmol cell !, *C:
0.4 £+ 0.4 fmol cell ™).

Acetate-assimilation by Gammaproteobacteria
in Manus Basin diffuse fluids

Similar incubations with '*C-acetate and '’N-ammonium
were performed with diffuse fluids from three sites at the
Manus Basin hydrothermal system (FW, NS-I, NS-IIa). In
the oxic 4 and 37 °C incubations, bulk content of °C
and "’N was higher than in anoxic incubations and dead
controls (Fig. S2, Table S4). In the oxic 72 °C incubation,
bulk content of *C and "N was not clearly higher than
in the dead controls (Fig. S2).

In the oxic 4 °C (FW) and 37 °C (NS-la) '*C-acetate
incubations, the TCC increased up to 11-fold, while TCC
in anoxic incubations and acetate-free controls did not
change or changed only slightly (Fig. 2, Table S3). At
both temperatures, the observed growth could be attrib-
uted to Gammaproteobacteria, which were the most abun-
dant group after incubations (Fig. 2, Table S3). For the
4 °C incubations, this was supported by a 16S rRNA gene
library that was dominated by sequences of the seawater-
associated and heterotrophic genera Alferomonas and
Marinobacter (Fig. 3). Notably, both gene libraries from
duplicates of the 37 °C incubations were dominated by
Marinobacter hydrocarbonoclasticus (98-99.7% sequence
identity) and also contained few sequences related to Alt-
eromonas marina (99-99.6%). Here, Gammaproteobacteria
multiplied in average by 64-fold (Fig. 2).

In the 72 °C incubations (NS-II), TCC decreased in
anoxic '“C-acetate and in oxic, acetate-free controls,
whereas they were slightly increased in oxic '*C-acetate
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incubations (Table S3). Cells could not be further identi-
fied by CARD-FISH, most likely because of an over-fixa-
tion with formaldehyde at 72 °C. The 16S rRNA gene
library of the nanoSIMS-analyzed replicate exclusively
contained sequences with 94-99.9% sequence identity to
the Acinetobacter species (Fig. 3). Archaeal 16S rRNA
genes could not be amplified from the 72 °C incubations.

The incorporation of >C and "N into single gamma-
proteobacterial cells was confirmed by nanoSIMS and
CARD-FISH (Figs 4 and 5). In the 4 °C fluids, (FW) only
little *C-acetate was assimilated by gammaproteobacterial
cells (n =32) with up to 0.3 fmol cell ! ¥C. The few
identified epsilonproteobacterial cells (n = 3) assimilated
no or very little 13C and N (Figs 4 and 5). In the 37 °C
(NS-1) incubation, the cellular '*C-assimilation among
gammaproteobacterial cells (n = 59) varied strongly and
ranged from 0.01 to 0.9 fmol cell ™', while epsilonproteo-
bacterial cells (n = 6) assimilated no or little °C and °N
(Figs 4 and 5). In the 72 °C (FW) incubation, we found
few, not-further identifiable cells, clearly enriched in both
13C and N (Figs S3 and S4).

Discussion

In our study, we confirm that microbial populations in
diffuse hydrothermal fluids assimilate nonmethane
organic carbon during short-term incubations over a
temperature range from 4 to 72 °C. For a further identifi-
cation of the active microbiota, we combined nanoSIMS
analysis of '’C-acetate assimilating cells with 16S rRNA
gene sequencing and CARD-FISH. These molecular meth-
ods allowed us to detect community shifts and sufficient
SI-labeling in cells after incubation periods of only 8-
12 h. The added acetate levels were close to those mea-
sured previously at other hydrothermal sites (Lang et al,
2010) or those in pelagic, sulfidic redoxclines (Albert
et al., 1995; Ho et al., 2002). Using this approach, we
avoided extended incubation times and high substrate
levels as generally applied for stable isotope-probing of
acetate-assimilating microorganisms in environmental
studies (Boschker et al., 1998; Pester et al., 2010; Vandie-
ken et al., 2012; Berg et al., 2013; Miyatake et al., 2013).
Notably, our results complement earlier findings by
Tuttle et al. (1983) and Karl et al. (1989), who observed
significant assimilation of acetate in diffuse fluids by
unknown microorganisms in long-term incubations. In
our study, none of the lithoautotrophic clades frequently
observed at hydrothermal vents (Sulfurimonas, Sulfur-
ovum, SUP05) were stimulated, although even strict auto-
trophs may use acetate as supplementary carbon source
(Wood et al., 2004). Moreover, the facultative autotroph
Sulfurimonas gotlandica GD1 grows with acetate using
nitrate as electron acceptor (Grote et al., 2012). Sulfide
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and nitrate were clearly present in all incubations, but no
acetate uptake was detected in anoxic incubations. Possi-
bly, concentrations of oxygen and/or acetate used in our
experiments were not in the range preferred by these
groups and/or the incubation times were too short for
switching from lithoautotrophic to heterotrophic growth.
Instead, heterotrophic populations less abundant in the
diffuse fluids were stimulated.

Acetate-assimilation in diffuse fluids of the
Manus Basin

In the 4 °C and 37 °C diffuse fluids from the Manus
Basin the microbial communities shifted within 8-12 h
from Epsilonproteobacteria- to Gammaproteobacteria-dom-
inated communities. Here, growth of typical seawater het-
erotrophs like Alteromonas and Marinobacter well
reflected the high seawater-content (> 70%) and the psy-
chro- to mesophilic temperature range in the studied dif-
fuse fluids. In particular, Marinobacter strains are
metabolically flexible and use various organic substrates
including acetate over a large temperature range (Kaye &
Baross, 2000; Handley et al., 2009). Moreover, the domi-
nance of Marinobacter in the 37 °C incubations (NS-I) is
consistent with the frequent detection of Marinobacter in
other diffuse fluids, in seawater close to hydrothermal
discharges (Huber et al., 2007; Kaye et al., 2011) and
other samples of hydrothermal origin (Rogers et al., 2003;
Santelli et al., 2008). Their competitive advantage over
other acetate-consuming microorganisms in our 37 °C-
experiments and their widespread occurrence in seawater
surrounding hydrothermal habitats suggests that the Mar-
inobacter-group could be an important heterotroph in the
vicinity of hydrothermal vents.

In the 72 °C incubation (NS-IIa), we detected acetate-
assimilating cells and exclusively recovered sequences of
the Acinetobacter-group. This suggests that the Acinetobac-
ter-group possibly also harbors at least thermo-tolerant
members. In support of this, mesophilic Acinetobacter-
epibionts have been isolated from thermo-tolerant Alvi-
nella worms thriving at hydrothermal sites (Jeanthon &
Prieur, 1990; La Duc et al., 2007). More importantly, yet-
uncultured Acinetobacter have been implicated in the deg-
radation of hydrothermally-formed aromatic hydrocar-
bons in 68 °C-brine pools indicating an activity even
under thermophilic conditions (Wang et al., 2011).

Acetate-assimilation in diffuse fluids of Woody
Crack/Menez Gwen

At Woody Crack, a yet undescribed epsilonproteobacterial
group phylogenetically affiliated with Nautiliales was
almost exclusively responsible for the measured assimila-
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tion of acetate at 55 °C under oxic conditions. It was not
stimulated in anoxic incubations or acetate-free controls.
To date, all known Nautiliales are thermophilic and typi-
cally occur at hydrothermally active sites (Campbell et al.,
2006). So far, heterotrophic Nautiliales are yet unknown
to grow with acetate (Campbell et al, 2001; Mir-
oshnichenko et al., 2002; Pérez-Rodriguez et al., 2010).
Moreover, most Nautiliales are anaerobes or micro-aero-
philes (Miroshnichenko et al, 2002, 2004; Alain et al.,
2009; Pérez-Rodriguez et al., 2010). The NautMG-group
identified here is thus the first example of an aerobic, ace-
tate-consuming member of the Nautiliales. Although we
detected the NautMG-group as the only epsilonproteo-
bacterial phylotype after the incubation, individual cells
displayed remarkable differences in '’C and '°N uptake.
The most parsimonious explanation is that during the
multiple division cycles the cellular >C and >N content
accumulated from generation to generation resulting in
incrementally higher labeling of the daughter cells.
However, quantitative data on cellular SI uptake after a
FISH-SIMS protocol have to be cautiously interpreted as
formaldehyde fixation and CARD-FISH can lead to an
underestimation of SI uptake (Musat et al., 2014).

Significance of acetate-consuming bacteria in
diffuse fluids

Given the facts that acetate was not or not unambigu-
ously measurable and that the enriched candidate hetero-
trophs were relatively rare in the source diffuse fluids,
acetate-dependent heterotrophy likely played a minor role
in situ. Accordingly, the pyrotag datasets indicated a prev-
alence of lithotrophic sulfur-oxidizers and thus a largely
autotrophy-based microbial community. However, evi-
dence is accumulating that geochemical properties, tem-
perature and the microbial community composition of
diffuse fluids at hydrothermal systems are highly dynamic
in time and space (Perner et al., 2013). The limited avail-
ability of organic carbon and the rapid dilution of vent-
ing fluids with seawater provide only a very narrow
window, where conditions like temperature and substrate
concentrations are favorable for heterotrophic growth.
Consequently, microorganisms experience rapid changes
in their immediate vicinity and require strategies to sur-
vive and to efficiently exploit temporarily available
resources. We therefore propose that the observed quick
cell growth upon acetate addition reflects an opportunis-
tic, copiotrophic lifestyle of the NautMG-group and
Gammaproteobacteria such as Marinobacter sp. as adapta-
tion to the fluctuating conditions at hydrothermal vents.
Here, the seawater bodies surrounding hydrothermal
vents may serve as a reservoir for different heterotrophic
microorganisms.
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Outlook

While the detected acetate-assimilating populations were rare
in the source diffuse fluids, these organisms might be more
abundant in other compartments at hydrothermal vent sys-
tems. They could thrive at venting crack rims or in mussel beds,
where conditions are less dynamic and concentrations of
organic compounds may be higher. This would be in line with
previous hypotheses that meso- and thermophiles in diffuse
fluids are actually sessile organisms detached and flushed out
from the subsurface by fluid venting (Summit & Baross, 2001;
Huber et al., 2003; Takai et al., 2004). Further studies in other
hydrothermal compartments are desirable to quantify the gen-
eral importance of organic carbon turnover at hydrothermal
vent sites. Future SI-labeling experiments should test a wider
range of temperatures, oxygen concentrations, and other
organic carbon sources such as formate, which is the major abi-
otically formed organic acid in hydrothermal fluids (McCollom
& Seewald, 2001; Lang et al., 2010). Additionally, SI-labeling
experiments could be combined with transcriptomic and pro-
teomic analyses to identify the involved metabolic pathways.
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Additional Supporting Information may be found in the
online version of this article:

Table S1. Descriptive statistics of bacterial 16S rRNA
gene 454-pyrosequences.

Table S2. Oligonucleotide probes applied in this study.
Table S3. TCC and CARD-FISH results in diffuse fluids
and in incubation experiments.

Table S4. Bulk "C- and ""N-content determined by
IRMS in oxic and anoxic incubations and acetate-free
control incubations given as mean AT% (AT%
BCe = Bc/(BPC + ’C)) x 100 and as mean AT%
BN = (N/(*°N + “N)) x 100).

Fig. S1. Upper panel: sampling sites of this study (red
dots). Lower left panel: Woody Crack (WC) with associ-
ated fauna (Bathymodiolus mussels, crabs). Middle panel:
North Su (NS) with ROV-arm holding KIPS system and
a coupled temperature sensor. Right panel: tube worms at
Fenway (FW).

Fig. S2. Bulk "’C- and '"N-content of oxic acetate incu-
bations and dead controls given in AT% (AT%
PC = (Pc/(PC + *C)) x 100; and AT% "N = ("°N/
("N + "N)) x 100).

Fig. $3. NanoSIMS analysis of '*C-acetate and '°N-
ammonium uptake by single cells in incubation experi-
ments with North Su-Ila fluids (NS-IIa, 72 °C) from
Manus Basin.

Fig. $4. Comparison of labeling of individual cells in *C-
acetate (AT% '°C = (">C/("°C + '*C)) x 100) vs. "N-
ammonium (AT% "N = (N/(">N + N)) x 100) from
incubation experiments analyzed by nanoSIMS.

Methods S1. 16S rRNA gene libraries, 454-pyrotag
sequencing and probe design.
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