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ABSTRACT

Chemosynthetic primary production supports hydrothermal vent ecosystems, but the extent of that produc-

tivity and its governing factors have not been well constrained. To better understand anaerobic primary

production within massive vent deposits, we conducted a series of incubations at 4, 25, 50 and 90 °C using

aggregates recovered from hydrothermal vent structures. We documented in situ geochemistry, measured

autochthonous organic carbon stable isotope ratios and assessed microbial community composition and

functional gene abundances in three hydrothermal vent chimney structures from Middle Valley on the Juan

de Fuca Ridge. Carbon fixation rates were greatest at lower temperatures and were comparable among

chimneys. Stable isotope ratios of autochthonous organic carbon were consistent with the Calvin–Benson–

Bassham cycle being the predominant mode of carbon fixation for all three chimneys. Chimneys exhibited

marked differences in vent fluid geochemistry and microbial community composition, with structures being

differentially dominated by gamma (c) or epsilon (e) proteobacteria. Similarly, qPCR analyses of functional

genes representing different carbon fixation pathways showed striking differences in gene abundance

among chimney structures. Carbon fixation rates showed no obvious correlation with observed in situ vent

fluid geochemistry, community composition or functional gene abundance. Together, these data reveal that

(i) net anaerobic carbon fixation rates among these chimneys are elevated at lower temperatures, (ii) clear

differences in community composition and gene abundance exist among chimney structures, and (iii) tre-

mendous spatial heterogeneity within these environments likely confounds efforts to relate the observed

rates to in situ microbial and geochemical factors. We also posit that microbes typically thought to be mes-

ophiles are likely active and growing at cooler temperatures, and that their activity at these temperatures

comprises the majority of endolithic anaerobic primary production in hydrothermal vent chimneys.

Received 2 October 2012; accepted 25 February 2013

Corresponding author. P. R. Girguis. Tel.: +(617) 496 8328; fax: +(617) 495 8848; e-mail: pgiruis@oeb.

harvard.edu

INTRODUCTION

The substantial animal and microbial biomass evident at

deep-sea hydrothermal vents is a result of chemolithoauto-

trophic primary productivity, whereby bacteria and archaea

generate energy from the oxidation of inorganic com-

pounds to ‘fix’ inorganic carbon (as reviewed in Sievert

& Vetriani, 2012). Numerous studies have documented

the diversity and distribution of epi- and endolithic microbial

communities within deep-sea hydrothermal vents (Reysenbach

et al., 2000; Reysenbach, 2002; Hoek et al., 2003; Schrenk

et al., 2003; Kormas et al., 2006; Nakagawa & Takai,

2008; Pag�e et al., 2008; Opatkiewicz et al., 2009; Flores

et al., 2011), and many cultivated representatives of these

communities are known to be chemolithoautotrophs (Takai

et al., 2003, 2006, 2009; Inagaki et al., 2004; Reysenbach

et al., 2006). Recent work has shown a relationship

between vent fluid composition and microbial community

composition that might also influence microbial metabolism,

including the mode and rate of carbon fixation (Inskeep

et al., 2010; Flores et al., 2011, 2012). However, this

supposition has not been tested using native microbial

communities at near in situ conditions.

Thermodynamic and bioenergetic models predict suffi-

cient chemical energy in vent fluids globally to support the

production of 1010–1013 g of microbial biomass annually
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(McCollom & Shock, 1997; Bach & Edwards, 2003). Studies

have shown that chemolithoautotrophic communities, both

free-living and symbiotic, support substantial densities of

macrofauna ranging from <1 kg m�2 (Juan de Fuca tube-

worms fields; Sarrazin & Jumiper, 1999) to 70 kg m�2

(Mid-Atlantic Ridge mussel beds; Gebruk et al., 2000),

which exceeds estimates of the average biomass in the

Brazilian Amazon forest (9–23 kg m�2; Houghton et al.,

2001). At vents, chemolithoautotrophic microbes support

carbon fixation by oxidizing reduced chemicals with a vari-

ety of electron acceptors ranging from oxygen to carbon

dioxide. Consequently, chemolithoautotrophs occupy the

full range of aerobic to anaerobic habitats that result from

the dynamic mixing of reduced hydrothermal fluid and

oxygenated seawater. Many vent chemolithoautotrophs are

facultative, fixing carbon under aerobic or anaerobic condi-

tions (e.g. Salinisphera hydrothermalis; Crespo-Medina

et al., 2009), but it is not known how their rates of carbon

fixation vary under different geochemical regimes. To date,

however, studies have empirically examined rates of carbon

fixation by chemolithoautotrophic symbioses (Felbeck,

1985; Fisher et al., 1989; Childress et al., 1991; Scott

et al., 1994; Scott & Cavanaugh, 2007), as well as in a

variety of hydrothermal plume fluids (Table S1; Campbell

et al., 2006; Chase et al., 1985; Kato et al., 2012; Mand-

ernack & Tebo, 1999; Minic & Thongbam, 2011; Nakag-

awa & Takai, 2008; Perner et al., 2007; Sievert et al.,

2008; Sievert & Vetriani, 2012; Sorokin, 1994; Tuttle,

1985; Wirsen et al., 1986, 1993). Fewer studies have

determined carbon fixation rates in hydrothermally influ-

enced sediments (summarized in Das et al., 2011), micro-

bial mats (Nelson et al., 1989; Wirsen et al., 1993) or vent

chimneys. To our knowledge, four studies have examined

carbon fixation in hydrothermal vent chimney deposits

(Wirsen et al., 1993; Polz et al., 1998; Eberhard et al.,

1995; Bonch-Osmolovskaya et al., 2011; Table S1),

although none have compared rates of primary productivity

across a range of temperatures and multiple structures, or

from habitats with varying geochemical and temperature

regimes. Although it is known that habitable regions

within chimney structures can be anaerobic (Tivey, 1995;

McCollom & Shock, 1997; Schrenk et al., 2003), no pre-

vious study of free-living microbial communities, to our

knowledge, has examined the environmental factors and

molecular mechanisms that might influence anaerobic

carbon fixation rates at hydrothermal vents.

In addition, little is known about the distribution of

biochemical pathways used to fix carbon within anaerobic

habitats at hydrothermal vents. There are six known

biochemical pathways by which autotrophic organisms

reduce inorganic carbon to organic carbon, three of which

are likely to play important roles at vents (the other three

pathways have, to date, only been found in specific taxa

and are still poorly understood, so they are not considered

here). Differences in the energy requirements and oxygen

and temperature sensitivity of these pathways likely result

in varied favourability at different physico-chemical condi-

tions (H€ugler & Sievert, 2011).

Briefly, the Calvin–Benson–Bassham (CBB) cycle is

found in many prokaryotes, including free-living and sym-

biotic c-proteobacteria (Berg, 2011). It is also the primary

carbon fixation pathway among cyanobacteria, algae and

plants and is therefore responsible for the majority of glo-

bal primary productivity. Ribulose-1,5-biphosphate carbox-

ylase/oxygenase (RuBisCO) and the gene encoding for

this enzyme are markers for the CBB cycle. RuBisCO is

more oxygen tolerant than the key enzymes of the other

carbon fixation pathways, conferring a significant advantage

in oxic to suboxic environments. However, in the environ-

ment, the distribution of RuBisCO may be limited by the

requirement of substantial activation energy as well as an

apparent thermal stability up to only approximately 75 °C
(Berg, 2011). The reductive tricarboxylic acid (rTCA) cycle

is typically observed in e-proteobacteria (known to be

abundant in hydrothermal vent microbial communities;

H€ugler & Sievert, 2011; Campbell & Cary, 2004; Camp-

bell et al., 2006). Based on gene abundance, it has been

suggested that microbes using the rTCA cycle are the

dominant contributors to vent primary productivity

(Campbell & Cary, 2004; Sievert et al., 2008), although

other studies suggest that microbes using the CBB cycle

might be dominant (Wang et al., 2009). ATP citrate lyase

(encoded by the acl gene), the key marker for the rTCA

cycle, is more oxygen sensitive than RuBisCO (H€ugler

& Sievert, 2011) and may require less activation energy in

highly reducing environments. Finally, the Wood–Ljung-

dahl (WL; also known as the reductive acetyl-CoA) pathway

is found in archaeal methanogens and is thought to be the

most thermal tolerant of the carbon fixation pathways

(Berg, 2011). It putatively requires the least amount of

activation energy in reducing environments, and it has been

primarily detected in strictly anaerobic organisms, likely due

to highly oxygen-sensitive enzymes. At present, molecular

targets that are specific to this pathway are lacking; there-

fore, the methyl coenzyme-M reductase (mcr) gene can be

utilized as a proxy for this pathway (Luton et al., 2002).

One long-standing question is how the nature and mag-

nitude of primary production varies within these dynamic

hydrothermal environments where steep thermal and geo-

chemical gradients are common. Here, we examine anaero-

bic primary productivity in three massive hydrothermal

deposits in the Middle Valley vent field along the Juan de

Fuca Ridge (Fig. 1) through a series of radiotracer incuba-

tions (conducted over a range of temperatures), in situ

geochemical analyses and molecular biological assessments

of diversity as well as phylogenetic and functional gene

abundances. Because vent deposits can consist of a range

of minerals and precipitates, not all of which are sulphides,
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we refer to these structures throughout as ‘chimneys’. We

hypothesized that carbon fixation rates would be highest at

the intermediate temperatures, in which both vent-derived

reductants and seawater-derived oxidants would be suffi-

ciently available, and consequently where biomass would

be highest. We further posited that the distribution of

genes representing these different pathways of carbon fixa-

tion would exhibit an in situ distribution consistent with

the conditions in which they are most favoured.

METHODS

Sample collection

Middle Valley is a sedimented hydrothermal system located

on the northern Juan de Fuca Ridge (Fig. 1A) and charac-

terized by a diversity of chimneys with varying tempera-

tures, as well as varying and elevated concentrations of

volatile reductants such as hydrogen (Cruse & Seewald,

2006). Samples and experiments presented here were col-

lected and conducted during the RV Atlantis expedition

AT 15–67 in July of 2010. Samples were collected using

the DSV Alvin (dive number 4625; 7/18/2010) from

Dead Dog (48° 27.365′ N, 128° 42.584′ W, depth

2405 m), Chowder Hill (48° 27.328′ N, 128° 42.550′ W,

depth 2398 m) and Needles (48° 27.466′ N, 128° 42.546′
W, depth 2412 m) chimneys (Fig. 1B). Prior to collection,

temperature was recorded using the onboard resistance

temperature detector (RTD) probe from an associated vig-

orously flowing chimney orifice. Temperatures were logged

both verbally (by the science observer) and digitally, and

the highest observed value is reported. An in situ mass

spectrometer (ISMS; configured and calibrated as described

by Wankel et al., 2010) was used to analyse dissolved

volatiles in both the vigorously venting fluid and ambient

seawater. After temperature and geochemical measure-

ments, we recovered the samples of hydrothermal vent

chimney from which these measurements were made. Sam-

ples were placed into thermally insulated collection boxes

using the submersible’s manipulator and brought to the

surface. Animals were removed from the chimney surfaces,

and samples were broken into smaller chunks using steril-

ized chisels and stored in gastight glass jars in filter-steril-

ized (0.2 lm) anaerobic, sulphidic (approximately 2 mM)

seawater. In the case of the Needles chimney, a conspicu-

ous darker mineral stratum was subsampled and treated

separately from the remainder of the Needles sample.

These are referred to as Needles-grey and Needles-white,

respectively. Samples were stored at approximately 4°C
until experiments were carried out 3 days later.

14C-INORGANIC CARBON INCUBATIONS

Samples of hydrothermal chimney were homogenized

under a nitrogen atmosphere in a commercial blender

(‘Xtreme’ model, Waring Inc.) with media consisting of

1:1 proportions of filter-sterilized (0.35 lm) bottom sea-

water collected outside the vent field using 20-L Niskin

bottles and sulphate-free artificial seawater (1.9 g L�1 KCl,

4.8 g L�1 CaCl2x2H2O, 23.3 g L�1 NaCl). The medium

was made anaerobic by sparging with nitrogen gas and

made sulphidic by the addition of pre-weighed sodium sul-

phide flakes. The final media also contained 2 mM sul-

phide, 14 mM sulphate and 18 lM nitrate and was adjusted

to pH 6.5 using 1 M HCl.

In an anaerobic glove bag, Balch tubes were filled with

approximately 15 mL of homogenized slurry and sealed

with blue butyl rubber stoppers. Sealed tubes were placed

A B

Fig. 1 (A) Location of Middle Valley on the

Juan de Fuca Ridge (From Bjerkg�ard et al.,

2000). (B) Map of hydrothermal vent

chimneys at Middle Valley’s Area of Active

Venting (AAV; after Stein & Fisher, 2001).

Chimneys sampled in this study are marked

with blue stars.
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in water baths at 25, 50 and 90 °C or refrigerated at 4 °C.
All samples were allowed to acclimate to temperature for

2 h prior to addition of 2.5 lCi 14C-bicarbonate label via

syringe and needle. Kill controls were attempted by the

addition of 1 mL of 1 M NaOH. Note that kill controls

proved to be ineffective, and accordingly, we used the t0
time points and non-labelled subsamples to best estimate

carbon fixation rates as described later. All incubations

were terminated with the addition of 1 mL glacial acetic

acid (to volatilize DIC) and frozen upside down (to reduce

the risk of DIC loss through the stopper) until analysis.

Initial (t0) time points were terminated immediately after

the addition of label, and experimental tubes were termi-

nated after 72 h. Experimental samples from each chimney

were run in triplicate at each temperature. However, one

biological replicate was lost from both the Dead Dog and

Needles-white samples that were incubated at 25 °C.
Upon thawing frozen samples, the volumes of sediment

and seawater were recorded from each tube to normalize

rate measurements. Solid sample volumes ranged from 2.26

to 10.08 mL, while the liquid phase ranged from 15.01 to

27.42 mL. The thawed samples were transferred to 15-mL

Falcon tubes and acidified to pH 4.0 using HCl in order to

convert DIC to CO2(g). The samples were mixed and

allowed to degas overnight. The mineral and aqueous

phases were separated by centrifugation (500g for 5 min) in

a Clinical 50 Centrifuge (VWR, Inc., Radnor, PA, USA).

The mineral phase was acidified again with 2 mL of 10%

HCl and equilibrated overnight. Mineral phases were

washed three times with deionized water. The final superna-

tant was decanted and analysed for DI14C. Three or six

weighed subsamples (0.08–1.3 g wet weight) of the mineral

phase from each sample were dried overnight, rehydrated

with 1 mL of DI water and 20 mL of EcoScintTM A scintil-

lation cocktail (National Diagnostics, Atlanta, GA, USA)

and shaken to resuspend the sample immediately prior to

analysis on a LS 600IC liquid scintillation counter (Beckman,

Inc., Brea, CA, USA). Counts lower than 30 counts per

minute (cpm) were considered below detection. Sealed 14C

standards (Perkin Elmer, Inc., Waltham, MA, USA) were run

alongside experimental samples, and efficiency throughout

analysis was observed to be 87% (SD = 3.41%).

Subsamples of sulphide slurry from both Dead Dog and

Needles-white without any added 14C inorganic carbon

were analysed as a control for non-specific activity, as well

as to determine the lower limits of detection. Some sam-

ples had reads up to 30 cpm g�1 of chimney material (with

an average of 17) due to a small amount of naturally

occurring radioactivity. Accordingly, carbon fixation rates

from any experimental subsamples with values below

30 cpm g�1 were considered below background levels and

therefore below detection limits. Although this lowers our

analytical sensitivity, it prevents artificial inflation of the

calculated carbon fixation rates.

To determine the quenching factor of the hydrothermal

deposits, a quench curve was run with non-labelled sample

from Needles chimney. Similar masses of non-labelled

chimney material were spiked with different activities of
14C-sucrose, ranging from 5 9 10�1 to 5 9 10�7 lCi.
Independently, different chimney masses were spiked with a

constant activity of 14C-sucrose (0.01 lCi). No quenching

was detected with any of the Middle Valley samples in the

mass range corresponding to the mass subsampled; however,

quenching was apparent with greater masses of material.

Determination of carbon fixation rates

Rates of carbon fixation were calculated as follows:

CFXrate ¼ ðAtn �At0Þ � ½DIC�
Atotal � t ð1Þ

where Atn = measured activity of the sample at time n (in

lCi/g, average of three or six subsamples); At0 = activity

of samples frozen immediately after adding label and shak-

ing, which was close to zero in all cases; DIC = total dis-

solved inorganic carbon of the media (in mmol

bicarbonate); Atotal = total activity added to experimental

incubation tube (lCi); t = incubation time in days.

Total dissolved inorganic carbon (DIC) in the media was

quantified from sterile gastight samples using a gas chroma-

tography mass–spectrometry (GCMS) system (Agilent

Headspace Sampler 7697A, GC System 7890A with inert

XL MSD with triple axis detector 5975C; Agilent Technol-

ogies, Santa Clara, CA, USA). Samples were run alongside

a set of standards, and DIC concentration was interpolated

from the linear fit to the calibration curve (R2 = 0.996).

Nitrate concentrations in the media were also deter-

mined post-cruise from NaOH-preserved samples of media

using NitraVer� Nitrate Powder Pillows (Hach, Inc., Love-

land, CO, USA) according to the manufacturer’s instruc-

tions, with the following exception: one packet was added

to 500 lL sample plus 500 lL deionized (DI) water

instead of 10 mL of sample. Samples were run alongside a

set of standards made in 3.5% salt solution and were quan-

tified using a Spectramax Plus384 XS Absorbance Micro-

plate Reader (Molecular Devices, Inc., Sunnyvale, CA,

USA) at 540 nm. Nitrate concentration was interpolated

from the linear fit to the calibration curve (R2 = 0.994).

Characterization of volatiles in vent effluent and bottom

seawater

An in situ mass spectrometer was used to quantify CO2,

CH4 and H2S concentrations in the high-temperature vent

fluid, as well as in nearby background seawater during the

dives where the sulphide deposits were collected (Wankel

et al., 2010, 2011). The instrument was configured, operated

and calibrated as previously described (Wankel et al.,
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2011). High-temperature samples were recovered by using

a wand with a gastight titanium heat exchanger, which

reduced the vent effluent temperatures to that of the ambi-

ent bottom seawater prior to in situ analyses.

Stable isotope analysis of endogenous organic carbon

Stable isotope analysis of the endogenous organic carbon

in the chimney deposits was carried out by the University

of New Hampshire Stable Isotope Lab using an ECS4010

Elemental Analyzer (Costech, Inc., Valencia, CA, USA)

interfaced with a DeltaPlus XP Mass Spectrometer

(Thermo Fisher Scientific, Inc., Waltham, MA, USA). Min-

eral samples, frozen at sea immediately upon collection,

were prepared by crushing the samples with a mortar and

pestle, rinsing and acidifying (10% HCl) for one hour and

then rinsing a final time in deionized water.

Scanning electron microscopy and energy dispersive X-ray

spectroscopy

Powder from the same samples used for stable isotope

analysis (prepared as previously, but without the acid rinse)

was analysed for bulk elemental chemistry using an Evo50

scanning electron microscope (SEM; Zeiss, Inc., Thorn-

wood, NY, USA) with an energy dispersive X-ray spectros-

copy (EDAX) detector. Elemental peaks were recorded at

10 kV from each sample of individual mineral grains, as

well as entire fields of view.

X-ray diffraction analysis

Mineral composition was confirmed through X-ray diffrac-

tion (XRD) analysis of the same samples used for SEM anal-

ysis by Margaret Tivey at the Woods Hole Oceanographic

Institution. Samples were scanned from 3° to 75° 2h using

copper (PW3123/00 curved Cu monochromator) X-radia-

tion at 30 mM and 40 kV. The Macdiff software package

(http://www.geol-pal.uni-frankfurt.de/Staff/Homepages/

Petschick/MacDiff/MacDiffInfoE.html) was used to identify

minerals from the peak output.

DNA extractions

DNA was extracted following a modified protocol of Santelli

et al. (2008). Chimney samples were crushed with a sterile

mortar and pestle (to ca. �1 mm diameter) and divided into

aliquots of approximately 0.5 g (up to 1.0 g). Samples were

washed with 0.1 N HCl and rinsed twice with 50 mM EDTA

and 10 mM Tris (pH 8.0). The samples were then added to a

PowerSoilTM bead-beating tube (MoBio Laboratories, Inc.,

Carlsbad, CA, USA). The mixture was incubated at 70 °C
for 10 min, after which 200 ng of poly-A (polyadenylic

acid) was added to the solution. The cells were disrupted by

bead beating (twice) in a FastPrep24 bead beater (MP

Biomedicals, Santa Ana, CA, USA) at 6.5 Nm s�1 for 60 s,

followed by three cycles of freeze–thaw disruption. The

supernatant was then treated according to the manufac-

turer’s protocols. Prior to elution, the filter and 100 lL TE

were heated to 50 °C for 5 min to improve yield. Three

aliquots per sample were extracted in parallel, and DNA was

pooled post-extraction. DNA was quantified using the

QubitTM fluorometer according to the manufacturer’s instruc-

tions (Life Technologies, Inc., Grand Island, NY, USA).

Quantitative PCR

Quantitative PCR (qPCR) was used to enumerate bacterial

and archaeal 16S rRNA genes, as well as key genes involved

in specific carbon fixation pathways. RuBisCO form II (cbbM

gene) was chosen to represent the CBB cycle, because it has

been found in higher abundance than form I in vent

environments (Elsaied & Naganuma, 2001; Elsaied et al.,

2007; Wang et al., 2009). Moreover, attempts to amplify

RuBisCO form I from these samples were unsuccessful. ATP

citrate lyase (aclB gene) was used to represent the rTCA

cycle and methyl coenzyme-M reductase (mcrA gene),

which is indicative of methanogens at vents (Ver Eecke et al.,

2012), was used to represent the archaeal WL pathway.

For assay development, genes of interest were amplified

from known culture strains (Table S2) and cloned using the

StrataClone vector (Agilent Technologies, Inc.) according to the

manufacturer’s instructions. The resulting plasmids were

extracted using the QiaprepTM Spin Miniprep Kit (Qiagen, Inc.,

Germantown, MD, USA), linearized by EcoRV digestion

(Fermentas, Inc.), purified using a Qiaquick PCR cleanup col-

umn (Qiagen, Inc.) and quantified with Quant-iT PicoGreenTM

assay (Life Technologies, Inc.) on a Spectramax Gemini XS fluo-

rometer (Molecular Devices, Inc.). Each pool was serially

diluted to concentrations ranging from108 to 101 copies lL�1.

Assays were performed using the PerfeCTa� SYBR� Green

FastMix�, Low ROXTM (Quanta Biosciences, Inc., Gaithers-

burg, MD, USA; primers and annealing temperatures speci-

fied in Table S2). Cycling conditions were as follows: 10 min

at 94 °C, followed by 40 cycles of 30 s at 94 °C, 60 s at the

annealing temperature (Table S2) and 60 s at 72 °C. Fluores-
cence was measured after 10 s at 80 °C. Dissociation curves

were calculated across a temperature range of 55–95 °C. Ct

for each well was calculated using the manufacturer’s soft-

ware. All reactions were performed on a StratageneTM

Mx3005PQPCR system (Agilent Technologies, Inc.).

Sequencing and phylogenetic analysis

Extracted DNA was sequenced using 454 FLX (Roche,

Inc., San Francisco, CA, USA) with TitaniumTM reagents

(Dowd et al., 2008) and established bacterial and archaeal

primers (Table S2). Data were analysed with Mothur (Schloss
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et al., 2009). Sequences were trimmed and quality checked,

aligned to the SILVA-compatible alignment database refer-

ence alignment, analysed for chimeras (via chimera.uchime

command), classified according to the Greengenes99 data-

base and clustered into OTUs at the 97% identity level.

Shannon and Simpson diversity indices and Chao estimates

were calculated using Mothur, which generated a random

subsample of sequences from each library to yield equally

sized samples (n = 1709 for bacteria, n = 338 for archaea)

for beta diversity calculations. Abundant OTUs not successfully

classified with the Mothur pipeline were identified using

Basic Local Alignment Search Tool (BLAST; Altschul et al.,

1990) using randomly selected (by mother) representative

sequences that were blasted manually.

Sequence accession numbers

The 16S rRNA sequences reported in this study have been

submitted to NCBI’s Sequence Read Archive (SRA) under

the accession numbers SRX154514 through SRX154519.

RESULTS

Chimney morphology, geochemistry and temperature

The three chimneys used in this study differed markedly in

shape, size and fluid chemistry (Table 1). Needles chimney

was a small, skinny spire approximately 50 cm tall and

30 cm wide at the base. The sample collected from

Needles was roughly 10 cm wide and was sectioned as

previously mentioned. Dead Dog chimney was approxi-

mately 40 cm tall with a much larger orifice and was about

20 cm wide at the point of collection. Chowder Hill chim-

ney, in contrast, consisted of two tall, thin spires, each with

a height between 5 and 9 m. The width of these spires var-

ied between 10 and 40 cm. Maximum recorded venting

fluid temperature for both Dead Dog and Chowder Hill

was 261 °C. At Needles, the maximum recorded vent tem-

perature was 123 °C, but the mineralogical composition of

that chimney (primarily anhydrite, which dissolves below

approximately 150 °C) implies that the structure was expe-

riencing temperatures of at least 150 °C prior to sampling.

Carbon fixation rates

The average carbon fixation rates per sample reported here

spanned three orders of magnitude (Fig. 2, Table 2).

Table 1 Geochemical characteristics of the chimneys used in this study

Needles Dead Dog Chowder Hill

Size estimation* 50 cm tall,

30 cm base,

10 cm spire

40 cm tall,

20 cm wide

5–9 m tall,

10–40 cm wide

Depth (m)† 2412 2405 2398

Max recorded

temp. °C‡

123 260.95 261.04

CH4 [mM]§
,

** 3.55 7.58 13.6

CO2 [mM]§
,¶,** 4.04 10.13 17.07

Estimated pH†† 5.98 5.642 6.057

pH compensated

CO2 [mM]**

8.096 14.521 37.686

Excess CO2
‡‡ 2.381 4.271 11.084

d13C ratio

(permil)§§
�25.04 � 0.24 �26.35 � 0.68 -25.39 � 0.18

Bulk Mineralogy¶¶ Anhydrite Anhydrite Anhydrite

*Based on laser sights recorded in DSV Alvin dive video.†From Alvin Frame

Grabber.‡Recorded by the Alvin temperature probe.§Data from ISMS, mean

of 10 highest measurements at site.¶Values are not pH compensated.

**Values are the mean of 10 highest values per site.††This is an estimate of

pH based on Butterfield et al., 1994; 1990 data.‡‡Excess CO2 values are rela-

tive to 3.4 mM measured in nearby bottom water.§§Mean of four replicate

measurements � SD of crushed, acid and DI water washed samples.¶¶Based

on Ames et al., 1993 and confirmed with SEM–EDX analysis.

A

B

Fig. 2 H14CO3
� incorporation measured in slurries of hydrothermal deposit

material and media designed to mimic diffuse hydrothermal fluid (2 mM sul-

phide, 14 mM sulphate, pH 6.5) conducted shipboard at four temperatures.

(A) Rates measured from all chimney samples across a 4–90°C temperature

gradient. Note the log scale. (B) Rates measured from the two Needles

subsamples across a 4–90 °C temperature gradient (data also shown in

panel a). Bars represent the mean � SD of the average value per experi-

mental treatment. N = 3 for each treatment, except in DD and Nw at

25 °C, in which N = 2. Blue dots represent the average of three replicate

analyses for each biological replicate. Abbreviations: Nw, Needles-white

(white); Ng, Needles-grey (light grey); DD, Dead Dog (dark grey); CH,

Chowder Hill (black). Asterisks represent rate values below detection level.
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These rates varied significantly as a function of incubation

temperature within the Needles-grey, Chowder Hill and

Dead Dog samples, with higher rates observed at cooler

thermal regimes (Kruskal–Wallis rank-sum test, P-values =
0.022, 0.025 and 0.036, respectively). Carbon fixation

rates within the Needles-white sample were not significantly

different between temperatures (P-value = 0.11). All four

chimney samples showed the highest rates at 4 °C, fol-

lowed by 25 °C (Fig. 2, Table 2; no significant difference

was found between rates at 50 and 90 °C; Wilcoxon’s

rank-sum test P-value = 0.60). Despite the similarity between

rates at 50 and 90 °C, rates were significantly different

across the four experimental temperatures (Kruskal–Wallis

rank-sum test, P-values < 0.05) for all samples except Nee-

dles-white (P-value = 0.11). Rates were also significantly

different between temperatures when all chimneys were

pooled into one data set (P-value = 1.52 9 10�7).

The range of carbon fixation rates also varied by chim-

ney. In Chowder Hill, the average rates per sample

spanned two orders of magnitude, while in Needles-grey,

they spanned approximately three orders of magnitude.

The highest observed carbon fixation rate was 64.0 nmol

C�g�1�d�1, measured in Needles-grey at 4 °C. Two sam-

ples (Needles-grey, 90 °C and Dead Dog, 50 °C) showed

no detectable carbon fixation. The lowest detectable rates

were 0.006 nmol C�g�1�d�1, observed in Chowder Hill

samples at 90 °C. Within-tube replicates also exhibited het-

erogeneity, with carbon fixation rates varying by up to

12 nmol C�g�1�d�1 among subsamples from the same

experimental tube. The average difference between the

lowest and highest subsample from the same homogenized

sample was 1.4 nmol C�g�1�d�1.

Volatile geochemistry via in situ mass spectrometry

Statistically significant differences in methane and carbon

dioxide (Table 1) as well as sulfide (Frank et al., 2013)

were observed among the three sites (one-way analysis of

means, P-value � 2.2 9 10�16). Consistent with lower

fluid temperature, Needles vent fluid had lower concentra-

tions of both CO2 and CH4 than the two higher temperature

chimneys. Because inorganic carbon speciates between

H2CO3*, HCO3
� and CO3

2� as a function of pH, data

are presented both without pH correction and with pH

compensation according to previous published values from

the same locations (our in situ pH electrode failed during

deployment; Table 1).

Stable carbon isotope ratios of autochthonous organic

matter

Stable isotope analysis revealed d13C values of autochtho-

nous organic matter of �25.04 for Needles, �26.35 for

Dead Dog and �25.39 for Chowder Hill (average of four

replicates, SD = 0.24; Table 1). Although the differences

between chimneys were small, they were statistically signifi-

cant (ANOVA, P-value = 0.005).

Mineralogy

Scanning electron microscope (SEM) with EDAX and XRD

of all four hydrothermal samples revealed that the structures

were dominated by anhydrite, consistent with previous min-

eralogical analyses of samples from Dead Dog and Chowder

Hill (Ames et al., 1993). These authors concluded that

active chimneys in Middle Valley are predominantly (>40%)
anhydrite, contain minor (1–5%) amounts of gypsum, pyrrho-

tite, and clay, minor to trace (<1%) amounts of sphalerite

and chalcopyrite, and trace amounts of pyrite, isocubanite,

galena, arsenopyrite, barite and chlorite. There were no

obvious differences in mineralogy samples, despite the obvi-

ous visual difference between the white and grey sections of

Needles.

Functional and taxonomic gene abundances

The DNA yields varied by chimney, with the highest yield

from Needles, followed by Chowder Hill, and then Dead

Dog (4603.2, 2467.5 and 1896.6 ng DNA g�1 chimney

material, respectively).

For all three chimneys, the number of archaeal 16S

rRNA gene copies exceeded bacterial 16S rRNA genes by

1–2 orders of magnitude (Fig. 3A). The number of copies

of the archaeal 16S rRNA gene per gram of material ran-

ged from 9.6 9 105 (Dead Dog) to 5.9 9 108 (Needles),

while bacterial 16S gene copy number ranged from

5.9 9 104 (Dead Dog) to 2.2 9 106 (Needles).

The abundance of genes selected as proxies for carbon fix-

ation also varied by chimney (Fig. 3B). The genes cbbM (Ru-

BisCO form II, representing the CBB cycle), aclB (ATP

citrate lyase, representing the rTCA cycle), and mcrA

(methyl coenzyme-M reductase, representing the archaeal

WL pathway) were detected in all vent samples (Fig. 3B).

cbbM and aclB gene copy numbers were within an order of

magnitude of each another within each chimney. In all cases,

Table 2 Measured rates of anaerobic carbon fixation reported in nmol C

fixed per g chimney per day.

Temperature

°C

Needles-

white

Needles-

grey

Dead

Dog

Chowder

Hill

4 12.02 33.63 7.15 6.1

25 2.55* 5.06 0.53* 0.87

50 0.15 0.14 0.03 0.07

90 0.17 0.05 0.06 0.06

Values represent the average of three samples, each of which was mea-

sured in triplicate (except where noted). These values correspond to those

presented in Fig. 2.*These treatments are represented by only two samples,

due to breakage.

© 2013 Blackwell Publishing Ltd

Carbon fixation in hydrothermal vent chimneys 7



mcrA was 1–3 orders of magnitude lower in abundance than

cbbM or aclB. cbbM genes dominated in Dead Dog, aclB

genes dominated in Chowder Hill and cbbM and aclB genes

were roughly equivalent in Needles (Fig. 3B). Note that

because RuBisCO form II was chosen to represent the CBB

cycle (see Methods), this may be an underrepresentation of

total RuBisCO abundance in these samples. Needles chimney

contained the highest abundances (normalized to either mass

of material extracted or DNA yield) of all three genes. Needles

and Chowder Hill showed the same pattern of abundance,

namely aclB > cbbM > mcrA. Dead Dog exhibited a different

pattern of cbbM > aclB > mcrA. The difference in abundance

of aclB genes between Needles and Chowder Hill was within

one order of magnitude, as was the difference in mcrA genes

between Dead Dog and Chowder Hill. All other differences

were greater than an order of magnitude among chimneys.

Microbial community composition

Pyrotag sequencing revealed strikingly different community

compositions among the sites (Fig. 4). The Dead Dog

bacterial sequence library was dominated by sequences classi-

fied as e-proteobacteria (49% of all bacterial sequences), with

7% of sequences classified as c-proteobacteria. In contrast,

Chowder Hill and Needles libraries were dominated by

sequences classified as c-proteobacteria (50 and 41% of

all bacterial sequences, respectively). 27% and 0.6% of the

bacterial sequences recovered from Chowder Hill and

Needles, respectively, were classified as e-proteobacteria.
The most abundant bacterial OTU in Needles (16% of

bacterial sequences) was allied to Thermodesulfovibrio, a

group of thermophilic sulphate reducers that belong to the

Nitrospirae clade and are thought to use the rTCA path-

way (H€ugler & Sievert, 2011). The most abundant bacte-

rial OTU from Dead Dog (11% of bacterial sequences) was

allied to Sulfurimonas paralvinellae, an e-proteobacteria
that is also thought to use the rTCA cycle (Takai et al.,

2006). Finally, the most abundant bacterial OTU from

Chowder Hill (27% of bacterial sequences) was allied to

e-proteobacteria from the sulphur-oxidizing taxa Sulfuri-

curvales (‘hydrothermal_eubacterium_PVB_OTU_6′). The

archaeal libraries were also distinct between Dead Dog and
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Fig. 3 (A) Bacterial and archaeal 16S rRNA

gene abundances at three hydrothermal

chimneys. DNA was not extracted from

Needles-grey and Needles-white separately

due to limited sample size. (B) Abundance of

gene markers representing the major carbon

fixation pathways thought to be important at

hydrothermal vents. cbbM, CBB cycle; aclB,

rTCA cycle; mcrA, methanogens/WL pathway.

Gene abundances are standardized to gram of

chimney material from which DNA was

extracted. Data represent the mean � SD of

three replicate qPCR runs per assay.
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Fig. 4 Taxonomic distribution of (A) bacterial and (B) archaeal 16S rRNA gene sequences from 454 pyrosequencing. Values are the proportion of total

sequences (n = 1709 for bacteria and 338 for archaea). Sequencing was unsuccessful for Chowder Hill archaea.

© 2013 Blackwell Publishing Ltd

8 H. C. OLINS et al.



Needles, with no shared OTUs. Archaeal sequencing was

unsuccessful for Chowder Hill samples. Thirty-six per cent of

Dead Dog archaeal sequences were allied to Archaeoglobus,

35% were unclassified archaeal sequences, 12% were Thermo-

protei sequences, 6% were Aciduliprofundaceae sequences

and 4% were Thermococci sequences. Needles, on the other

hand, had 92% unclassified sequences and 5% Cenarchaeum

(46 OTUs). It should be noted that commonly used archa-

eal primers have been shown to be inadequate in capturing

the diversity of deep subsurface and hydrothermal sediments

(Teske & Sørensen, 2008) and can exhibit cross-reactivity

with bacteria, limiting their utility in characterizing hydro-

thermal vent chimney communities.

The number of identified OTUs and the Chao OTU

estimate (Table S3) show that Needles was the most

diverse structure, followed by Dead Dog and then Chow-

der Hill. There was also variation in the representation of

rare taxa among the libraries. OTUs with fewer than 10

sequences represented 92%, 79% and 50% of the bacterial

library from Needles, Dead Dog and Chowder Hill,

respectively, and 28% and 9% of the archaeal library from

Needles and Dead Dog, respectively. Shannon and Simp-

son’s diversity indices, in contrast, indicate that Dead Dog

was more diverse than Needles, likely because these indices

are less sensitive to the presence of rare taxa (Table S3).

DISCUSSION

The abundance of biomass at hydrothermal vents is one

of their most striking features. While the vast abyssal

plane ecosystems are largely dependent on allochthonous

carbon from the overlying water column, hydrothermal

vent communities exploit the geochemical gradients driven

by the interaction of cold, oxidized bottom water with

the hot reduced crust to produce autochthonous carbon,

supporting enormous, if localized, biomass. Through tracer

incubations and co-registered geochemical/molecular bio-

logical analyses, we observed surprising patterns in anaero-

bic carbon fixation within hydrothermal and a striking

degree of heterogeneity that prohibited relating the in

situ geochemistry and quantitative molecular surveys to

the observed rates. The paragraphs below discuss these

observations in greater detail and further explore the rele-

vance of anaerobic carbon fixation to local and global

productivity.

Carbon Fixation Rates

The carbon fixation rates measured at Middle Valley (0.03

–33.63 nmol C�g�1�day�1) are comparable to those from

the few previous studies at hydrothermal vent chimneys

(summarized in Table S1; Bonch-Osmolovskaya et al.,

2011; Eberhard et al., 1995; Polz et al., 1998; Wirsen

et al., 1993), although direct comparisons are challenging

due to differences in reported rate units and experimental

design. Previously reported rate estimates from the surface

scrapings of vent chimneys were higher than rates from

subsurface scrapings (a maximum of 1292 nmol C�mL�1

slurry�day�1 versus 10.5 nmol C�g�1�day�1; to facilitate

comparison, we assumed 2.9 g per cm3 for the bulk chim-

ney material; Eberhard et al., 1995; Polz et al., 1998; Wir-

sen et al., 1993; Bonch-Osmolovskaya et al., 2011). Note

that subsurface scrapings were only incubated at high tem-

perature. If we assume that 1 g of chimney deposit is com-

parable to 1 mL of diffuse vent fluid, our highest rates are

between 1 and 2 orders of magnitude higher than many of

the published rates from hydrothermal fluid (most range

from 0.01 to 0.5 nmol C�ml�1�day�1; Table S1; Chase

et al., 1985; Mandernack & Tebo, 1999; Tuttle, 1985;

Tuttle et al., 1983; Wirsen et al., 1986, 1993). This is

notable considering that cell density within chimney depos-

its is often lower than within hydrothermal plumes

(Edwards et al., 2003; Schrenk et al., 2003; Takai et al.,

2004; Zhou et al., 2009), suggesting that rates may be

much higher on a per cell basis within these deposits.

While an increase in temperature is generally thought to

increase microbial metabolic rates (reviewed in Nedwell,

1999), here we measured a decrease in rate with increasing

temperature. The inverse relationship reported here may be

explained by the observation that hydrothermal vent

microbial communities are denser within and upon the

outer layers than deeper within the chimney structure

(Harmsen et al., 1997; Takai et al., 2001; Schrenk et al.,

2003). This relationship between carbon fixation rates and

temperature was also observed by Wirsen et al. (1993).

The dense outer-layer communities are likely adapted to

life at temperatures near that of ambient seawater (approxi-

mately 4 °C). Given our sampling regime, in which we

homogenized chimney material to facilitate replication for

statistical analyses, we posit that microbes adapted to life at

cooler temperatures dominated these samples – both in

abundance and activity.

Microbial community composition

This work includes, to our knowledge, the first investiga-

tion of in situ microbial communities in hydrothermal

chimneys from Middle Valley. Microbial community com-

position has been described for many hydrothermal vent

sites, including those along the Juan de Fuca Ridge

(Huber et al., 2002, 2003, 2006a,b, 2007; Cowen, 2003;

Schrenk et al., 2003; Nakagawa et al., 2006; Sogin et al.,

2006; Opatkiewicz et al., 2009; Zhou et al., 2009; Orcutt

et al., 2011). However, the Middle Valley chimneys are

quite different in mineralogy, as they are primarily com-

posed of anhydrite rather than sulphide minerals. Addition-

ally, while hydrothermal vent chimneys (including those of

the Juan de Fuca Ridge) have been described as dominated
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by e-proteobacteria (Zhou et al., 2009; Opatkiewicz et al.;

Flores et al., 2011; Reysenbach et al., 2000), our commu-

nity diversity assessments suggest that chimneys can also be

dominated by c-proteobacteria, and that chimneys in the

same vent field can have dramatically different representa-

tions of these major bacterial taxa.

These data further suggest that organisms canonically

described as meso- or thermophilic may be active at cooler

temperatures. It is known from both ecological surveys

and laboratory studies of cultivated vent microbes that

many e- and c-proteobacteria appear to be present in

cooler habitats and are metabolically active at lower tem-

peratures. As one example, Perner et al. (2007) showed

that low-temperature (approximately 5 °C) diffuse-flow

venting fluids from the Mid-Atlantic Ridge were domi-

nated by e-proteobacteria, lacked thermophiles and hyper-

thermophiles and contained a diversity of rTCA as well as

RuBisCO (form II) genes. Moreover, vent isolates such as

the e-proteobacteria Sulfurimonas paralvinellae (Takai

et al., 2006) and the c-proteobacteria Thiomicrospira

crunogena (Jannasch et al., 1985; Wirsen et al., 1998) are

known to be active and grow at temperatures down to

4 °C (although their realized optimal growth in the labora-

tory setting is approximately 30 °C). Similarly, members of

the e-proteobacterial genus Arcobacter are known to thrive

at cold seeps at ambient seawater temperatures (Wirsen

et al., 2002; Perner et al., 2007). The presence of phylo-

genetically allied ribotypes in our samples to these organ-

isms known to be successful at cool temperatures suggests

a potential within our microbial community for growth

and activity at cooler temperatures. Two abundant OTUs

from Needles and one from Dead Dog were identified as

most closely related to Thiomicrospira strains, and four

OTUs from Dead Dog were similarly identified as S. par-

alvinellae. One abundant OTU from Needles was identi-

fied as Arcobacteraceae. If these are indeed dominant in

situ, c-proteobacteria at Needles chimney may be moderate

psychrophiles and responsible for the majority of primary

productivity, while e- and c-proteobacteria may be respon-

sible for the majority of carbon fixation at Dead Dog and

Chowder Hill. Given the qualitative nature of PCR-based

16S libraries, additional analyses are required to establish

that these ribotypes are in fact dominant and active in situ.

Functional gene abundance

Quantitative assessments of gene abundance captured

site-to-site variation in genomic composition (and hence

functional potential) of hydrothermal chimney microbial

communities from Middle Valley, revealing that both

c- and e-proteobacteria can dominate these chimney com-

munities. They further reveal site-to-site variation in the

abundance (although not necessarily expression) of genes

representing the aforementioned three carbon fixation

pathways. Most importantly, however, these analyses

demonstrate that, despite comparable carbon fixation rates

across structures, there are marked, large-scale differences

in the phylotypic abundance and gene representation. The

similarities in rates among these different communities

underscore that direct measurements of microbial activity,

and not phylotype abundance or diversity, are the best

metric of primary productivity.

Contrary to our initial hypotheses, we did not find any

correlation between carbon fixation rates and patterns of

abundance of genes related to different carbon fixation

pathways. We examined this through qPCR of genes repre-

senting the CBB and rTCA cycles and the WL pathway

(cbbM, aclB and mcrA, respectively). These processes are

likely responsible for the majority of primary production

within vent ecosystems and may occur at different locations

within the vent deposits based on their specific energy

requirements and the oxygen tolerance of key enzymes

(reviewed in Bar-Even et al., 2012; Berg, 2011; Berg

et al., 2010; H€ugler & Sievert, 2011). The genes cbbM,

aclB and mcrA were detected in all vent samples (Fig. 3).

cbbM and aclB gene copy numbers were within an order of

magnitude of one another in each chimney, but mcrA was

1–3 orders of magnitude lower in abundance. However,

abundances of mcrA are on the same order of magnitude

as those reported recently from vent fluids elsewhere along

the Juan de Fuca Ridge (Ver Eecke et al., 2012).

We provide two potential explanations for the apparent

lack of correlation among these factors. First, these habitats

exhibit tremendous biological and geochemical heteroge-

neity, and very little is known about how these communi-

ties vary at small spatial scales (Perner et al., 2012). Vent

fluid and seawater chemical reactions result in a large

degree of mineralogical heterogeneity (Tivey, 2007), which

may support or stimulate microbial heterogeneity (in terms

of community composition or activity) at the mineral grain

scale. Indeed, there is some evidence that microbial com-

munities at hydrothermal vents are influenced significantly

by mineral substrate (Edwards et al., 2003; Suzuki et al.,

2004; Kormas et al., 2006; Toner et al., 2012). Sample

heterogeneity is also evident in the data presented here, as

we observed variation in rates among subsamples from seemingly

homogenized material. The second possible explanation is

the difference between metabolic potential (examined via

DNA) and metabolic activity, which may or may not be

reflected in the DNA-based picture of these communities.

Further work is needed to investigate the differences

between the total community and the active community in

this and other systems.

Isotopic evidence of carbon fixation pathways

Stable carbon isotope ratios of the total autocthonous

organic carbon (TOC) within each structure can be used
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to constrain the reaction pathways and hence the activity

of the primary producers. Because the CBB cycle, rTCA

cycle and WL pathway have different isotopic fractiona-

tions, this approach enables us consider their relative con-

tributions to biomass and, hence, primary productivity.

d13C values of total organic carbon (d13CTOC) from all

native chimney samples were approximately �25& (Table 1).

If we assume that in situ carbon fixation is occurring

primarily in water with a DIC composition somewhere

between that of background seawater from the Juan de

Fuca Ridge (�1.40&; Walker et al., 2008) and hydrother-

mal plumes within the habitable range (approximately

60 °C) from actively venting structures along the Juan de

Fuca Ridge (roughly �6% to �7&; Proskurowski et al.,

2004; Walker et al., 2008), then the apparent fractionation

in these samples was approximately �24 to �18&, which

is consistent with biomass generated primarily via the CBB

cycle. Biomass generated by the CBB cycle has generally

been observed to have delta values in the range of �18 to

�29& depending on the form of RuBisCO (�11% to

�30& for Form I and �18% to 23& for form II; Boller

et al., 2011; House et al., 2003; Pearson, 2010). Delta

values for RuBisCO-generated biomass are generally,

though not always, more negative than those for biomass

generated using the rTCA cycle (�2 to �13&; Fuchs,

1989; House et al., 2003; Pearson, 2010) and substantially

more positive than values expected for biomass generated

by the WL pathway (�34 to �40&; Fuchs, 1989; House

et al., 2003; Pearson, 2010).

The observed d13CTOC represents a composite of all car-

bon fixation processes (both anaerobic and aerobic) at

vents and could be explained by various contributions from

the rTCA cycle, WL pathway and CBB cycle. Future stud-

ies should specifically aim to identify the fractional contri-

butions of these different modes of carbon fixation to vent

productivity in carefully subsampled sections of chimneys

representing inner, middle and outer zones, as well as the

role of oxygen in regulating the distribution and magnitude

of carbon fixation in chimneys and other vent habitats.

Previous gene abundance data indicate that hydrothermal

vent environments may be dominated by both the CBB

cycle (Wang et al., 2009) and the rTCA cycle (Campbell

& Cary, 2004; Sievert et al., 2008). However, our data

seem to be consistent with a dominance of the CBB cycle

over the rTCA cycle in contributing to net primary

productivity in these environments.

It should also be noted that these sulphide-amended

anaerobic incubations would not support carbon fixation

by aerobic or microaerophilic chemolithoautotrophs and

consequently only represent a fraction of the community

engaged in chemolithoautotrophy. In these incubations,

the most abundant electron donors were sulphide in the

medium, reduced sulphur compounds present in the initial

sample and ammonium or acetate present initially or

produced during the incubation. Potential electron accep-

tors included nitrate (18 lM) and sulphate (14 mM) from

the media, and possibly elemental sulphur and iron (III)

present in the inoculum. Although there are many anaero-

bic energy metabolisms known to be coupled to carbon

fixation at hydrothermal vents (e.g. Fe2+-oxidation, S-oxi-

dation, H2-oxidation, methanogenesis, sulphate reduction;

reviewed in Fisher et al., 2007; Orcutt et al., 2011), we

suggest that the majority of the observed carbon fixation is

attributable to microbially mediated sulphide oxidation

using nitrate as an oxidant. This would be consistent with

the high representation of c- and e-proteobacterial sulphur
oxidizers in these samples (i.e. OTUs related to Sulfuri-

monas). Future studies should examine the contribution of

aerobic and microaerophilic carbon fixation to net primary

productivity.

Implications

The similarities in the rates presented here to those from

previous studies of fluids or hydrothermal deposit material

provided an opportunity to make first-order estimates of

primary productivity in hydrothermal chimneys at mid-

ocean ridge systems. Given that carbon fixation rates are

comparable with hydrothermal chimneys along the East

Pacific Rise (Tuttle, 1985; Wirsen et al., 1986; Bonch-

Osmolovskaya et al., 2011; Sievert & Vetriani, 2012), the

Mid-Atlantic Ridge (Wirsen et al., 1993; Eberhard et al.,

1995; Polz et al., 1998) and the Juan de Fuca Ridge

(Chase et al., 1985), we assumed that these samples accu-

rately represent the actively venting chimneys at Middle

Valley and used these rates and other metrics to develop a

first-order estimate of the extent of carbon fixation attrib-

utable to active deep-sea hydrothermal chimney deposits.

At 4 °C, anaerobic carbon fixation rates, extrapolated

annually, ranged from 26.80 to 147.53 lg C per year per

gram of chimney material.

We assumed a total mass of venting chimneys of

2,480,000 g for Middle Valley’s Area of Active Venting

(AAV; 800 9 350 m) based on chimney volume estimates

from our dive videos, published documentation of the

number of active chimneys at AAV (Ames et al., 1993)

and the assumption of chimney density of 2.9 g/cm�3

(which is the density of both anhydrite and ocean crust).

From this, we estimated the amount of carbon fixed annu-

ally at AAV to range from 66.26 to 365.36 g. When the

90 °C rates were used for this estimation, we arrived at

0.53–1.88 g C fixed annually. Regardless, the maximum

annual estimate of anaerobic primary productivity within

actively venting hydrothermal vent chimneys was three

orders of magnitude lower than estimates of annual pri-

mary productivity in surface waters of the Pacific Ocean

when normalized per metre squared (0.0002 and 0.1 g C �
m�1 � year�1 for AAV and Pacific Ocean, respectively;
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Behrenfeld & Falkowski, 1997), and a diminutive fraction

of the estimated 1010 – 1013 g of global microbial biomass

that could be produced annually from the energy found in

vent fluids (McCollom & Shock, 1997; Bach & Edwards,

2003). It has been estimated that there are 500 to 5000

hydrothermal vent fields globally (Hannington et al.,

2011), but before further extrapolation, additional rate

measurements are needed that better represent the variety

of habitats at vent fields, especially from cooler hydrother-

mal environments such as diffuse-flow areas, hydrothermal

sediments and extinct chimneys or rubble.

CONCLUSIONS

Data from tracer incubation, molecular and natural abun-

dance stable isotopic data sets presented here demonstrate

the potential role of anaerobic carbon fixation the net pro-

ductivity at hydrothermal vents along the Juan de Fuca

ridge. The similarity in patterns of carbon fixation rates, as

well as the d13CTOC across all chimneys suggests that simi-

lar processes of carbon fixation (in terms of both pathway

and rate) are active under in situ conditions. It therefore

seems likely that all these chimneys harbour a particular

physico-chemical niche, that is, cooler regimes replete with

nitrate, wherein functionally comparable (but phylogeneti-

cally distinct) microbial taxa are responsible for the major-

ity of primary productivity. However, as seen in these data,

DNA-based surveys of microbial density, distribution and

functional potential might not correlate with activity and,

if used as a proxy, may misrepresent rates of carbon fixa-

tion. While these data did not capture the precise drivers

of primary productivity, they are compelling because they

indicate that geographically close, geochemically distinct

structures show similar patterns in activity despite different

microbial communities. These data underscore the fact that

hydrothermal vents are highly heterogeneous environments

with respect to both geochemistry and microbiology and

underscore the importance of matching the resolution of

geochemical measurements with the scale of microbial

measurements to better discern the factor(s) governing

primary production.
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