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Microbial productivity at hydrothermal vents is among the highest
found anywhere in the deep ocean, but constraints on microbial
growth and metabolism at vents are lacking. We used a combina-
tion of cultivation, molecular, and geochemical tools to verify pure
culture H2 threshold measurements for hyperthermophilic metha-
nogenesis in low-temperature hydrothermal fluids from Axial Vol-
cano and Endeavour Segment in the northeastern Pacific Ocean.
Two Methanocaldococcus strains from Axial and Methanocaldo-
coccus jannaschii showed similar Monod growth kinetics when
grown in a bioreactor at varying H2 concentrations. Their H2

half-saturation value was 66 μM, and growth ceased below 17–
23 μM H2, 10-fold lower than previously predicted. By comparison,
measured H2 and CH4 concentrations in fluids suggest that there
was generally sufficient H2 for Methanocaldococcus growth at
Axial but not at Endeavour. Fluids from one vent at Axial (Marker
113) had anomalously high CH4 concentrations and contained
various thermal classes of methanogens based on cultivation
and mcrA/mrtA analyses. At Endeavour, methanogens were
largely undetectable in fluid samples based on cultivation and
molecular screens, although abundances of hyperthermophilic het-
erotrophs were relatively high. Where present, Methanocaldococ-
cus genes were the predominant mcrA/mrtA sequences recovered
and comprised ∼0.2–6% of the total archaeal community. Field
and coculture data suggest that H2 limitation may be partly ame-
liorated by H2 syntrophy with hyperthermophilic heterotrophs.
These data support our estimated H2 threshold for hyperthermo-
philic methanogenesis at vents and highlight the need for coupled
laboratory and field measurements to constrain microbial distribu-
tion and biogeochemical impacts in the deep sea.

It is estimated that perhaps a third [56–90 petagrams (Pg)] of
the Earth’s total bacterial and archaeal carbon (106–333 Pg)

exists within marine subsurface sediments (1–3). These global
estimates do not include microbial carbon in igneous ocean
crust, wherein an additional 200 Pg of carbon has been proposed
to exist primarily within its porous extrusive layer (layer 2A),
where hydrothermal fluids circulate through basalt as old as 65
Ma (4). Therefore, microbes in marine sediments and ocean
crust have the potential to have a significant impact on bio-
geochemical fluxes and carbon cycles in the deep ocean. Meth-
anogenesis and sulfate reduction are often the predominant
anaerobic microbial processes in many deep subsurface marine
sediments, especially near continental margins (5, 6), and
methanogens and sulfate reducers are also frequently found in
deep subsurface terrestrial basalts (7–9). However, models of
the rates and constraints of various aerobic and anaerobic
biogeochemical processes in deep subsurface environments,
especially within hard rock, are nascent because of these envi-
ronments being difficult to access. This has generated interest
in quantitatively modeling habitability and biogeochemical
processes within the deep subsurface using bioenergetic pre-
dictions of microbial metabolism, based on the supply of geo-
chemical energy and the metabolic energy demand of the
organisms (10–13).

Deep-sea hydrothermal vents are among the most productive
regions within igneous ocean crust and provide a starting point
for modeling subseafloor microbial processes associated with
hydrothermal circulation in basalt. Thermophilic and hyperther-
mophilic methanogens belonging to the order Methanococcales
are commonly found autotrophs in vent environments (14–21).
These organisms anaerobically convert H2 and CO2 into biomass,
CH4 and H2O. Limited data suggest that the abundances of
methanogens and the extent of methanogenic fluid chemistry al-
teration are elevated in ultramafic vent sites, where serpentini-
zation leads to high H2 concentrations (16, 19–21), and at volcanic
eruption sites, where posteruption H2 is also more abundant (14,
22–25). In contrast, methanogen abundances and fluid alterations
are often low to undetectable in other midocean ridge and vol-
canic arc hydrothermal systems, where H2 concentrations are also
relatively low (20, 26–29). This pattern of H2-limited methano-
genesis generally fits those predicted in bioenergetic models (11,
13), but the temperature-dependent maintenance energy data
used for these models lack data for methanogenesis and all other
anaerobic metabolisms above 65 °C (30). Without empirically
determined growth kinetic constraints, H2 availability cannot be
shown definitively to be a key factor driving methanogen abun-
dance and distribution at thermophilic growth temperatures in
vent systems.
The purposes of this study were to define the Monod growth

kinetics on H2 and minimum H2 concentrations required for
the growth of Methanocaldococcus jannaschii and two Meth-
anocaldococcus species isolated from deep-sea hydrothermal
vents at Axial Volcano, strains JH146 and JH123. Sequencing
and quantitative PCR (qPCR) analysis were used to determine
the diversity and abundance of methanogen-specific methyl
coenzyme M reductase (mcrA) genes in low-temperature vent
fluids from Axial Volcano and nearby Endeavour Segment. The
abundances of thermophilic and hyperthermophilic metha-
nogens and hyperthermophilic heterotrophs were determined
using culture-dependent techniques from the same fluids. Fi-
nally, these data were correlated with fluid geochemistry from
the two sites, as well as with methanogen abundance and geo-
chemical data from vent sites worldwide, to link our predictions
of high-temperature methanogenesis with in situ measurements.
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Results and Discussion
Growth Kinetics and H2 Limitation ofMethanocaldococcus spp. Three
hyperthermophilic Methanocaldococcus species were grown in
a gas flow-controlled bioreactor at either 82 °C or 70 °C to de-
termine the effect of H2 concentration on growth. Two of the
organisms (JH146 and JH123) had been purified from low-
temperature hydrothermal fluids collected at Axial Volcano in
2008. The third organism was the commercially available M.
jannaschii DSM 2661 strain. All three organisms had longer
doubling times and lower maximum cell concentrations with

decreasing H2 concentrations (Fig. 1 and Fig. S1). The minimum
H2 concentration for the growth of M. jannaschii was between 17
μM and 23 μM (Fig. 1A), whereas the minimum concentration
for strains JH146 (Fig. 1B) and JH123 (Fig. S1) was between
10 μM and 17 μM. Statistically, there was no difference in the
H2-dependent Monod growth kinetic parameters, namely, the
growth rate half-saturation constant (Ks) and maximum growth
rate (μmax), for the three organisms (Fig. 1C). The Ks for the
pooled data for all three strains was 66 μM. The effect of hy-
drostatic pressure on our minimum H2 and Ks estimates was not
tested. Pressure has a very minor effect on values of standard
molal Gibbs energy (ΔGr°) for reactions occurring in the aqueous
phase (11, 31). Growth rates and hydrogenase activities of
M. jannaschii increased modestly with pressure (32–34). However,
it is not known whether pressure significantly affects the organ-
ism’s affinity for aqueous H2, and this is area for future research.
In comparison, the H2 Ks values for the mesophilic metha-

nogens Methanospirillum hungatei andMethanobacterium bryantii,
each grown at 37 °C, were 6.6 μM and 18 μM, respectively (35,
36), and the minimum H2 threshold for M. bryantii was 2.4 μM
(36). Therefore, the generally higher demand for H2 by Meth-
anocaldococcus spp. may be a reflection of higher growth energy
requirements for hydrogenotrophic methanogens at hyper-
thermophilic temperatures, as previously predicted (11). The
minimum H2 threshold for methanogenesis at 82 °C in this study
was more than 10-fold lower than had been predicted (11), but
this reflects the need to refine the parameters used to predict
maintenance energies for hyperthermophiles in bioenergetics
models through experimentation. For example, increasing the
activation energy (Ea) in the Hoehler model (11) from 69.4 to
80 kJ mol−1 decreases cellular maintenance energies at 82 °C
more than 36-fold, which would predict a lower minimum H2
threshold for the organisms. Others have suggested that the Ea is
as high as 110 kJ mol−1 (37).

Gas Fluid Chemistry at Axial Volcano and the Endeavour Segment.
The efficacy of our H2-dependent growth kinetic values as an
explanation for the general hyperthermophilic methanogen dis-
tribution patterns observed in deep-sea hydrothermal vents was
tested using high- and low-temperature vent fluids emanating
from the seafloor and from hydrothermally active black smoker
sulfide chimneys. Using the deep-sea research submarine Alvin,
the samples were collected in 2008 and 2009 from the caldera of
Axial Volcano (depth of 1,520 m) and from the Main, High Rise,
and Mothra vent fields along the Endeavour Segment (depth
of ∼2,200 m). These sites are both on the Juan de Fuca Ridge
midocean spreading center in the northeastern Pacific Ocean and
are 235 km apart (Fig. S2). Axial Volcano was previously shown
to be a site of anomalously high CH4 in low-temperature hydro-
thermal fluids attributable to subseafloor methanogenesis (38).
Hydrothermalfluids (233 total) ranging in temperature from2.7 °C

(background seawater) to 352 °C were collected with a hydro-
thermal fluid sampler [HFS (38), 167 samples] and with discrete ti-
tanium gas-tight samplers thatmaintain seafloor hydrostatic pressure
(66 samples). The concentrations of H2, CH4,ΣCO2, andMg2+ were
measured from each gas-tight sample (Table S1). Aqueous dis-
solved gas concentrations in pure end-member hydrothermal flu-
idswere estimated by extrapolating theirmeasured concentrations
in high-temperature gas-tight fluids to a zero Mg2+ fluid (Table
S1). H2 concentrations in pure hydrothermal fluids were generally
higher at Axial Volcano than those from the Endeavour Segment
(Fig. 2), except at the ASHES vent field at Axial (Table S1). Es-
timated H2 concentrations at 82 °C through conserved mixing of
end-member hydrothermal fluid with seawater indicate that H2
concentrations would be 82 μmol kg−1 ± 43 μmol kg−1 (SD) at
Axial Volcano and 18 μmol kg−1 ± 8 μmol kg−1 at the Endeavour
Segment. Based on our laboratory studies, H2 concentrations in
Axial Volcano hydrothermal fluids are largely above the predicted
Ks necessary for hyperthermophilic methanogen growth (except
ASHES) but are near or below the minimum H2 threshold in
Endeavour Segment fluids. Although H2 drawdown to concen-
trations below that predicted for the mixing of end-member
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Fig. 1. Growth of M. jannaschii (A) and Methanocaldococcus strain JH146
(B) at 82 °C on H2 concentrations of 10 μM (solid red circle), 16.5 μM (solid
black circle), 22.5 μM (solid green circle), 37 μM (solid turquoise circle), 45 μM
(solid gray circle), 67 μM (solid orange circle), 90 μM (open black circle), 180
μM (solid blue circle), and 225 μM (solid purple circle). (C) Monod growth
kinetic plot for M. jannaschii (solid black circle) and strain JH146 (solid red
triangle) at 82 °C and strain JH123 (solid turquoise triangle) at 70 °C.
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hydrothermal fluid and seawater has been observed previously in
diffuse hydrothermal fluids, presumably attributable to microbial
consumption (25, 38, 39), this is unlikely to havemuch effect on the
H2 concentration experienced by hyperthermophiles because
these organisms are the first to use the H2 derived from the hy-
drothermal fluid during mixing and cooling.
At Axial Volcano, two vent sites (Virgin Mound and Marker

151) had high-temperature hydrothermal fluids with much higher
end-member CH4 and ΣCO2 concentrations than all the other
vent sites sampled (Table S1). The only other anomalously high
CH4 concentrations at Axial Volcano were found in low-tem-
perature (20–34 °C) hydrothermal fluids from the Marker 113
site, which were 17.5 μmol kg−1 in a 26 °C gas-tight fluid sample
and ranged between 9.0 μM and 66.1 μM in five HFS fluid
samples. The end-member ΣCO2 concentration (59.6 mmol kg−1)
for the Marker 113 gas-tight fluid sample was more typical of all
other vents at Axial, except Virgin Mound and Marker 151, and
its CH4/ΣCO2 ratio was sevenfold higher than the nearest high-
temperature fluids in the International District and Coquille vent
fields. These findings suggest that the anomalously high methane
at Marker 113 had a significant biogenic component. No large
CH4 anomalies indicative of extensive methanogenesis were ob-
served in low-temperature hydrothermal fluids from the En-
deavour Segment or elsewhere at Axial Volcano.

Most Probable Number Concentration Estimates, qPCR, and Diversity
of Methanogens. Twenty-eight of the low-temperature (<43 °C)
HFS fluid samples and 8 active black smoker chimney samples
were used for three-tube most probable number (MPN) estimates
of thermophilic and hyperthermophilic methanogens and hyper-
thermophilic sulfur-reducing heterotrophs. At Axial Volcano,
methanogens in our 55 °C and 85 °C MPN estimates were only
found in Marker 113 fluids of the five vent sites sampled (Table
S2) and from the interior of an active black smoker chimney
collected at El Guapo vent (Table S3). At the Endeavour Seg-
ment, methanogens were found in only 2 of the 18 low-tempera-
ture fluids (S&M and Boardwalk, Table S2) and in 3 of the 6
chimney samples (Table S3). The S&M and Boardwalk vents had
estimated H2 concentrations in pure hydrothermal fluids up to
104.1 μmol kg−1 and 92.7 μmol kg−1, respectively (Table S1),
suggesting that they might have H2 concentrations capable of
supporting low levels of hyperthermophilic methanogenesis.
Hyperthermophilic, anaerobic heterotrophs were found in all but
one of the samples at both Axial Volcano and Endeavour, and, on
average, they were found at concentrations that were more than
100-fold higher than the hyperthermophilic methanogens (Tables

S2 and S3). Because hyperthermophilic heterotrophs and
methanogens are both anaerobes and have similar temperature
and pH ranges for growth, oxygen, temperature, or pH would not
have limited the growth of the methanogens at these sites.
qPCR results showed that low-temperature hydrothermal fluids

are dominated by bacteria that comprise 84–98% of the total
prokaryotic community (Fig. 3A). The methanogen-specific gene
mcrA (and its paralog mrtA) was only found in 3 of 17 low-tem-
perature hydrothermal fluids examined (Table S2). Within these
fluids, methanogens comprised only a small fraction of the total
archaeal community (0.2–6%) (Fig. 3A). NomcrA was detected in
a background seawater sample (depth of ∼1,500 m) from near
Axial Volcano. The total gene copies of archaea and bacteria were
elevated in all the vents sampled in comparison to this background
sample, indicating enrichment of microbes in the vent fluids, as
noted from cell count data in low-temperature diffuse fluids
(Table S2). Methanocaldococcus, Methanothermococcus, and Meth-
anococcus dominated the mcrA sequences found in the three vent
fluids from Marker 113 as well as in the 9-m vent at Axial Volcano
and in the Easter Island vent at Endeavour (Fig. 3B), although
relative abundances were nearly 100-fold lower in the En-
deavour sample compared with the two Axial samples (Fig. 3A).
All themcrA sequences from the 9-m vent matched those found
at Marker 113, and both vents shared sequences with the Easter
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Fig. 2. H2 concentrations in hydrothermal fluids collected at various tem-
peratures from Axial Volcano (solid black circle) and the Endeavour Segment
(solid red circle). The green box represents the H2 concentrations between
70 °C and 82 °C that support Methanocaldococcus spp. growth, as shown in
Fig. 1. The black and red lines are for end-member mixing between seawater
and the hydrothermal fluid with the highest average gas concentration from
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Fig. 3. (A) Comparison of total gene copy number per nanogram of vent
fluid DNA for bacteria 16S rDNA (blue), archaea 16S rDNA (yellow), and
mcrA/mrtA (red). Error bars represent the SEs of average gene copies per
nanogram of DNA. (B) Comparison of the relative abundance of 6% dif-
ference operational taxonomic unit (OTU) groups for all mcrA/mrtA
sequences from all vent fluid samples.

13676 | www.pnas.org/cgi/doi/10.1073/pnas.1206632109 Ver Eecke et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1206632109/-/DCSupplemental/pnas.201206632SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1206632109/-/DCSupplemental/pnas.201206632SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1206632109/-/DCSupplemental/pnas.201206632SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1206632109/-/DCSupplemental/pnas.201206632SI.pdf?targetid=nameddest=ST3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1206632109/-/DCSupplemental/pnas.201206632SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1206632109/-/DCSupplemental/pnas.201206632SI.pdf?targetid=nameddest=ST3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1206632109/-/DCSupplemental/pnas.201206632SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1206632109/-/DCSupplemental/pnas.201206632SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1206632109/-/DCSupplemental/pnas.201206632SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1206632109/-/DCSupplemental/pnas.201206632SI.pdf?targetid=nameddest=ST3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1206632109/-/DCSupplemental/pnas.201206632SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1206632109/-/DCSupplemental/pnas.201206632SI.pdf?targetid=nameddest=ST2
www.pnas.org/cgi/doi/10.1073/pnas.1206632109


Island vent. A number of uncultivated methanogen groups
(ANME-1 and MCR-2A clusters) were found at the Easter
Island vent but not at the Marker 113 vent or the 9-m vent.
Collectively, our culture-dependent and independent analyses
suggest that Methanocaldococcus abundances are generally
very low at the Endeavour Segment and Axial Volcano, with the
exception of the Marker 113 and 9-m sites. This is in agreement
with previous culture-dependent and independent surveys at
Endeavour (29, 40).
Many low-temperature vent sites (or so-called “diffuse vents”)

are located just meters away from focused high-temperature
fluid flow, possibly confining hyperthermophiles to a thin and
shallow subsurface biotic reaction zone, where they would yield
little net growth and biogenic fluid chemistry alteration. A ver-
tical temperature profile of the Quest diffuse vent mussel bed
near high-temperature venting in the Logatchev Field on the
Mid-Atlantic Ridge went from <20 °C to 190 °C within a span of
12 cm (41). The Easter Island and 9-m vents are low-tempera-
ture vent sites that are 10–20 m from focused high-temperature
venting, whereas S&M and Boardwalk host diffuse venting di-
rectly on high-temperature vent structures. In contrast, the
Marker 113 vent site at Axial Volcano consists entirely of diffuse
venting out of basaltic rock, with the closest known high-tem-
perature venting more than 730 m away (Fig. S2). Marker 113
lies between the Coquille and International District vent fields
along the south rift zone, where volcanic eruptions occurred in
1998 (38) and 2011 (42). These fields had high-temperature
venting with end-member H2 concentrations up to 384.8 μmol kg−1
and 428.1 μmol kg−1, respectively, in 2008 and 2009 (Table S1).
It is possible that a volumetrically larger subsurface biotic re-
action zone heated by a deep magma source and a long resi-
dence time of hydrothermal fluids within this zone are important
factors leading to anomalously high methane concentrations at
the Marker 113 vent.
The minimum H2 concentration for hyperthermophilic metha-

nogen growth determined in this study also appears to hold for
other systems (Table S4). Mariner Field at Lau Basin, TOTO
Caldera in the Mariana Arc, Brothers Volcano in the Kermadec
Arc, and Lucky Strike on the Mid-Atlantic Ridge all had end-
member hydrothermal fluidH2 concentrations that were below our
growth threshold at 82 °C, and no hyperthermophilic methanogens
were found at those sites, although hyperthermophilic, anaerobic
heterotrophs were found in significant concentrations (20, 26–28).
In contrast, Iheya North Field, Kairei Field, Logatchev Field, and
Rainbow Field had end-member H2 concentrations in hydrother-
mal fluids between 200 μM and 5.9 mM, and hyperthermophilic
methanogens were found at these sites in direct proportion to the
concentration of H2 present within the system (16, 17, 20). Geo-
chemical evidence for methanogenesis was found in 20.4–24.7 °C
diffuse vent fluids from Tubeworm Pillar at 9°N East Pacific Rise,
where H2 concentrations had been drawn down to 6–10 μM (25).
Genes for Methanococcales uptake hydrogenase were found in
<20 °C diffuse fluids fromQuest at the Logatchev Field, which had
H2 concentrations of 21 μM (41). Therefore, the H2 threshold
predicted in this study appears to be broadly applicable as a general
explanation of hyperthermophilic methanogen distribution in
deep-sea hydrothermal systems.

H2 Syntrophy Between Methanogens and Heterotrophs.H2 from high-
temperature fluids is unlikely to be the only source of H2 available
for methanogenesis in deep-sea hydrothermal vent environments.
Some hyperthermophilic, anaerobic heterotrophs produce H2 as
an end-product, even when grown with sulfur as a terminal elec-
tron acceptor (43). In two of our MPN tubes, methanogens were
found growing in coculture with hyperthermophilic heterotrophs
where no H2 had been added initially (Tables S2 and S3), sug-
gesting syntrophic (or at least commensal) growth between the two
organisms. Hyperthermophilic methanogens have previously been
shown to grow solely on the H2 produced by hyperthermophilic
heterotrophs, which was proposed to ameliorate growth inhibition
by high H2 concentrations in the latter organisms (44, 45). To test
for commensalism, Thermococcus sp. strain CL1 isolated from the

Cleft Segment deep-sea vent site 140 km south of Axial Volcano
on the Juan de Fuca Ridge (46) was grown at 82 °C with and
without Methanocaldococcus sp. strain JH146 from Marker 113
(Fig. 4). The results show initial H2 production, followed by H2
consumption and CH4 production in the mixed culture bottles
relative to heterotrophic growth and H2 production alone (Fig.
4A). Initial H2 production rates by the heterotroph with and
without the methanogen were identical until the onset of meth-
anogenesis. This supports the idea that hyperthermophilic heter-
otrophs can provide hyperthermophilic methanogens with H2 in
situ, especially in otherwise H2-limited hydrothermal vent systems.
FISH staining and microscopy for Thermococcus and Meth-

anocaldococcus species in our cocultures suggest that these
organisms grow in aggregates, where the heterotrophs signifi-
cantly outnumber the methanogens (Fig. 4B). Previous estimates
of H2 production rates by a hyperthermophilic heterotroph (43)
and H2 consumption byMethanocaldococcus strain JH146, based
on a 4:1 H2 consumption-to-CH4 production ratio, suggest that
27–47 hyperthermophilic heterotrophs could produce enough H2
to sustain a single Methanocaldococcus cell (47). This would be
possible at Axial Volcano and the Endeavour Segment, given the
relative and colocalized abundances of hyperthermophilic het-
erotrophs and methanogens in our MPN results (Tables S2 and
S3). H2 syntrophy would be constrained by the availability of
organic material, which may flow in from mesophilic bacteria and
macrofauna that colonize the cooler outer surfaces of active
hydrothermal sulfide chimneys (often only a few centimeters
away from the hyperthermophiles in our samples) and the basalt
seafloor in regions of diffuse venting. The exterior surfaces of
active sulfide chimneys on the Juan de Fuca Ridge are often
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Fig. 4. (A) H2 production by Thermococcus strain CL1 when grown at 82 °C
with (solid black circle) and without (open black circle) Methanocaldococcus
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grown in coculture with strain CL1. Concentrations of H2 and CH4 are in
micromoles per Balch tube. (B) FISH staining of strains CL1 (green) and JH146
(red) grown in coculture.
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heavily colonized by Paralvinella spp. polychaete worms that
form tubes below the surface, and hyperthermophilic hetero-
trophs were found on the worms and in their tubes and associ-
ated substratum (46, 48). Hyperthermophilic methanogens may
serve as primary producers in deep-sea vents only when abioti-
cally derived H2 concentrations are sufficiently high, such as after
a volcanic eruption or in ultramafic rock-hosted vent sites.

Conclusion. Although there are several factors that can limit the
growth of hyperthermophiles in deep-sea hydrothermal vents
(e.g., temperature, pH, redox potential), the results of this study
demonstrate that H2 availability at concentrations of at least 17–
23 μM at hyperthermophile growth temperatures is one of the
key determinants for the presence of Methanocaldococcus spe-
cies. This predicted value is a minimum threshold, given the
otherwise optimal growth conditions in our bioreactor study, and
might increase with differences in growth energy costs under less
optimal environmental conditions. Our results also point to the
importance of commensalism or syntrophy between hyperther-
mophile species in a system that is energy-limited. Ultimately,
our ability to model the growth and metabolite production rates
of methanogens and other microbes at various temperatures will
enable us to make better predictions regarding the habitability
and bioenergetics of various regions of the subseafloor. Bio-
geochemical models of the microbial impact on carbon flux and
chemical cycling within the deep sea and the ocean crust will
then require the development of reactive transport models for
the subseafloor that further integrate additional physical,
chemical, and biological parameters.

Materials and Methods
Growth Media and Organisms Used. The growth media for the hyper-
thermophilic methanogens, the heterotrophic sulfur reducers, and the co-
culture of methanogens and heterotrophs are based on those described
previously and are defined in SI Materials and Methods. M. jannaschii DSM
2661 was purchased from Deutsche Sammlung von Mikroorganismen und
Zellkulturen (DSM). Methanocaldococcus strains JH146 and JH123 and
Thermococcus strain CL1 are from the culture collection in the laboratory of
one of the authors (J.F.H.).

For the H2 limitation experiments, a 2-L bioreactor with gas flow control,
incubation temperatures of 82 °C and 70 °C (±0.1 °C), and a pH of 6.0 (±0.1 pH
unit) was prepared with 1.7 L of “282mod” medium. The reactor was
degassed through a submerged fritted bubbler with a mixture of CO2 (7.5 mL
of gas min−1), H2, and argon. The H2 gas flow rate and H2 concentration
varied for different growth kinetics experiments: 2.3 mL min−1 (16.5 μM H2),
3 mL min−1 (22 μM H2), 6 mL min−1 (45 μM H2), 12 mL min−1 (90 μM H2), 24 mL
min−1 (180 μM H2), and 30 mL min−1 (225 μM H2). For 10 μM H2, 2.2 mL min−1

of H2/argon (5:95 ratio) was used. Argon was added to balance the total gas
flow at 37.5 mL of gas min−1. The aqueous H2 concentration in the reactor at
all H2 flow rate settings and both incubation temperatures was measured by
drawing ∼25 mL of fluid from the bottom of the reactor directly into anoxic
60-mL serum bottles and measuring the head-space gas with a gas chro-
matograph. DTT (4.8 mM) was added to reduce the bioreactor fully. The re-
actor was inoculated with 25 mL of a logarithmic growth-phase culture of M.
jannaschii, strain JH146, or strain JH123. During growth, samples were drawn
from the reactor and cell concentrations were determined using phase-con-
trast light microscopy and a Petroff–Hausser counting chamber. Each growth
kinetic experiment for each organism was run in duplicate or triplicate.

Field Sampling. Samples were collected in August–September 2008 and in June
2009 from the Main, High Rise, and Mothra vent fields along the Endeavour
Segment and from the caldera of Axial Volcano, both on the Juan de Fuca
Ridge in the northeastern Pacific Ocean (Fig. S2), using the deep-sea research
submarine Alvin. For each vent fluid sampled, the maximum temperature of
the fluid was measured using a temperature probe attached to the Alvin. The
HFS pumped vent fluid through a titanium nozzle and measured the tem-
perature of the fluid at 1 Hz just inside the nozzle. Fluid sample containers
were either collapsible Tedlar plastic bags with valves within rigid housings,
PVC piston samplers, or titanium piston samplers. All samplers have check
valves to prevent the samples from leaking out or being drawn out of the
containers. Sample valves were closed on arrival on deck, and samples were
stored under refrigeration until processed. For DNA analysis, the HFS pulled
1–4 L of low-temperature fluid through a Sterivex-GP (0.22-μm pore size,

Millipore) filter in situ at a flow rate of ∼150 mL min−1. These filters were
frozen immediately at −80 °C on vehicle recovery.

Fluid Chemistry Analyses. Concentrations of H2, CH4, ΣCO2, and Mg2+ in each
of the gas-tight fluid samples were determined as previously described (24,
38). Mg2+-corrected sampling temperatures for the gas-tight fluid samples
were based on the proportion of seawater Mg2+ measured in the sample
relative to the maximum fluid temperature measured for that fluid imme-
diately before sampling. Subsamples of HFS fluids were taken directly from
the collapsible bags and piston samples into syringes without exposure to air
for shipboard analysis of H2 and CH4 using gas chromatography. If a gas head-
space was present, the gas-phase and liquid-phase volumes were measured
and both phases were sampled and analyzed by gas chromatography.

MPN Estimates. Once on deck, 50 mL of 28 different HFS fluid samples were
transferred by syringe into sealed anoxic serum bottles, which were then
flushed with argon and reduced with 0.25% each of cysteine·HCl and
Na2S·9H2O. Five black smoker chimney samples were also collected. A total
of 12–14 g of the soft porous wurtzite-sphalerite–rich material from the
interior of the chimney and, when possible, 5–8 g of the scraped hard-sili-
cate–enriched exterior of the chimney were added to separate degassed
serum bottles containing 50 mL of sterile artificial seawater composed of the
salts in DSM medium 141. These were then flushed with argon and reduced
with 0.25% each of cysteine·HCl and Na2S·9H2O. A detailed description of
the MPN estimates is provided in the supplemental material.

Sequencing of mcrA. DNA was extracted as previously described (49), and
details of the sequencing are described further in SI Materials and Methods.
Amplification of mcrA and its paralog mrtA was performed using both the
ME primer set (50) and the MCR primer set (51). Following PCR, the three
reactions for each sample were combined, purified, and ligated into pCR4-
TOPO vectors. For each library, 48–96 clones were randomly selected, grown
overnight at 37 °C, and collected by centrifugation. Plasmid DNA was iso-
lated and sequenced bidirectionally with primers T3 and T7 using AB Big-
Dye3.1 (Applied Biosystems) chemistry and analyzed with an AB 3730xl
Genetic Analyzer (Applied Biosystems). The GenBank nucleotide sequence
accession numbers for the sequences in this study are HQ635140
through HQ635763.

qPCR of mcrA. qPCR TaqMan assays (52, 53) were used to determine the
abundance of bacterial and archaeal 16S rRNA genes in environmental vent
fluids as previously described (54). mcrA/mrtA gene copies were determined
by qPCR SYBR assays run simultaneously with TaqMan assays. Multiple
alignments of mcrA/mrtA sequences obtained from this study were used to
design a previously undescribed forward primer designated qmcrA-F-ALT (5′-
GAR GAC CAC TTY GGH GGT TC-3′). Used in combination with the reverse
primer ML-R (50), the resulting amplicon was 265 bp. Primer specificity was
confirmed by amplifying, cloning, and sequencing environmental sample
A4-Sx12 from Axial Volcano. Plasmid DNA standards were extracted from
the Endeavour Segment Easter Island vent fluid sample, purified, and line-
arized using the WizardPlus SV Minipreps DNA Purification System (Prom-
ega). A 1:10 dilution series of the plasmid beginning with an initial
concentration of ∼0.037 ng μL−1 was used to produce standard curves with
R2 values greater than 0.999 and efficiencies ranging from 91–96%. Each
20-μL reaction contained Power SYBR Green PCR Master Mix (Applied Bio-
systems), 1 unit of AmpErase Uracil N-glycosylase (Applied Biosystems), for-
ward and reverse primers at optimized concentrations of 6 μM,
diethylpyrocarbonate-treated water, and 2 μL of DNA template. Reaction
conditions were identical to those for TaqMan assays except for the addition
of a melting curve analysis to determine amplicon specificity with temper-
ature increases from 60 °C to 95 °C in increments of 0.3 °C every 15 s.

Coculture of Methanogen and Heterotroph. To test for H2 commensalism,
Thermococcus sp. strain CL1 (46) and Methanocaldococcus sp. strain JH146
were grown in modified DSM 399–141 medium (SI Materials and Methods) at
82 °C. A coculture was established and maintained through several transfers.
Growth kinetics experiments were conducted with concomitant H2 and CH4

measurements for each strain grown individually and in coculture. For
cocultures, Balch tubes containing 10 mL of media were inoculated with 0.1
mL of logarithmically growing coculture and 0.05 mL of logarithmically
growing methanogen pure culture. During growth, duplicate tubes were
permanently removed from incubation at various time points. Once cooled to
room temperature, the volume of gas within each tube was measured with
a pressure-lock syringe. H2 and CH4 were measured using gas chromatogra-
phy. For visualization of cellular interactions, subsamples of coculture
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experiments were analyzed with FISH using the probes Tcoc164 (5′-CAV RCC
TAT GGG GGA TTA GC-3′) and MC504 (5′-GGC TGC TGG CAC CGG ACT TGC
CCA-3′) for Thermococcales and Methanocaldococcaceae, respectively, as de-
scribed previously (55, 56) and in SI Materials and Methods.
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