
Metabolic associations with archaea drive shifts in
hydrogen isotope fractionation in sulfate-reducing bacterial
lipids in cocultures and methane seeps

K. S . DAWSON,1 , 2 M. R . OSBURN,1 , 3 A . L . SESSIONS1 AND V. J . ORPHAN1

1Division of Geological and Planetary Science, California Institute of Technology, Pasadena, CA, USA
2Penn State Astrobiology Research Center, Pennsylvania State University, University Park, PA, USA
3Department of Earth and Planetary Sciences, Northwestern University, Evanston, IL, USA

ABSTRACT

Correlation between hydrogen isotope fractionation in fatty acids and carbon metabolism in pure cultures of

bacteria indicates the potential of biomarker D/H analysis as a tool for diagnosing carbon substrate usage in

environmental samples. However, most environments, in particular anaerobic habitats, are built from meta-

bolic networks of micro-organisms rather than a single organism. The effect of these networks on D/H of lip-

ids has not been explored and may complicate the interpretation of these analyses. Syntrophy represents an

extreme example of metabolic interdependence. Here, we analyzed the effect of metabolic interactions on

the D/H biosignatures of sulfate-reducing bacteria (SRB) using both laboratory maintained cocultures of the

methanogen Methanosarcina acetivorans and the SRB Desulfococcus multivorans in addition to environmen-

tal samples harboring uncultured syntrophic consortia of anaerobic methane-oxidizing archaea (ANME) and

sulfate-reducing Deltaproteobacteria (SRB) recovered from deep-sea methane seeps. Consistent with previ-

ously reported trends, we observed a ~80& range in hydrogen isotope fractionation (elipid–water) for D. multiv-

orans grown under different carbon assimilation conditions, with more D-enriched values associated with

heterotrophic growth. In contrast, for cocultures of D. multivorans with M. acetivorans, we observed a

reduced range of elipid–water values (~36&) across substrates with shifts of up to 61& compared to monocul-

tures. Sediment cores from methane seep settings in Hydrate Ridge (offshore Oregon, USA) showed similar

D-enrichment in diagnostic SRB fatty acids coinciding with peaks in ANME/SRB consortia concentration sug-

gesting that metabolic associations are connected to the observed shifts in elipid–water values.
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INTRODUCTION

Compound-specific D/H analysis of fatty acids provides

information that may complement or independently con-

strain d13C data for understanding pathways of carbon

assimilation (Sessions et al., 1999; Valentine, 2009; Zhang

et al., 2009). For example, Zhang et al. (2009) found a

~500& range in D/H fractionation between lipids and

water (elipid–water) for pure cultures of Proteobacteria grown

with different substrates, and the magnitude of fraction-

ation was correlated to carbon metabolism. This led to the

hypothesis that the isotopic composition of NAD(P)H

reflects the catabolic pathway through which it is generated

and thereby impacts the dD of lipids as a reductant during

biosynthesis. The correlation of dD with carbon metabo-

lism in bacterial cultures by extension indicates the poten-

tial for hydrogen isotopic analysis of bacterial lipids to

distinguish between autotrophic and heterotrophic carbon

metabolism by micro-organisms in the environment

(Osburn et al., 2011).

In environmental samples with complex microbial com-

munities including hot springs (Naraoka et al., 2010;
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Osburn et al., 2011), particulate organic matter (Jones

et al., 2008), and marine sediments (Li et al., 2009)

ranges for elipid–water measured were comparable to those

observed in pure culture studies (Sessions et al., 2002;

Valentine et al., 2004; Campbell et al., 2009; Zhang et al.,

2009; Fang et al., 2014; Heinzelmann et al., 2015).

Although similar ranges occur in both environmental and

culture samples, the correlation of measurements from

environmental samples with carbon metabolism may be

complicated by the unknown influence of microbial meta-

bolic interactions on dD. In an effort to better constrain,

the potential impact of interspecies metabolic interactions

on the resulting elipid–water, we conducted a study using

pure cultures, cocultures, and environmental samples.

The anaerobic oxidation of methane (AOM) in marine

methane seeps is driven by methane-oxidizing archaea

(ANME) in association with sulfate-reducing Deltaproteo-

bacteria (SRB). Symbiotic micro-organisms, such as

ANME/SRB consortia, provide a means for testing the

impact of interconnected metabolisms on elipid–water. The

common marine methane seep representatives of this syn-

trophic association are members of the ANME-2 archaea

which form highly organized multicellular aggregations

with either a Desulfosarcina/Desulfococcus (DSS) or Desul-

fobulbaceae (DSB) partner (Boetius et al., 2000; Orphan

et al., 2001; Pernthaler et al., 2008; Schreiber et al.,

2010; Green-Saxena et al., 2014). AOM is an energeti-

cally limited metabolism made thermodynamically feasible

by the coupling of methane oxidation (ANME) to sulfate

reduction (SRB) through the exchange of electrons

(Hoehler et al., 1994; Stams & Plugge, 2009) and

potentially chemical species such as zero-valent sulfur

(Milucka et al., 2012) between archaeal and bacterial

partners.

Methanogenic archaea and SRB, which formed the basis

for initial hypotheses regarding AOM (Zehnder & Brock,

1980), also form syntrophic consortia (Stams & Plugge,

2009; Hillesland & Stahl, 2010). The interactions between

methanogens and SRB range from competitive to mutual-

istic depending on the availability of electron donors and

acceptors (Zinder, 1993; Raskin et al., 1996; Stams &

Plugge, 2009). SRB outcompete methanogens for electron

donors such as H2, formate, and acetate in the presence of

sulfate (Zinder, 1993; Raskin et al., 1996), while more

mutualistic interactions occur in low sulfate conditions

where fermenting SRB are coupled to hydrogenotrophic

methanogens through the production and consumption of

H2 (Stams & Plugge, 2009; Hillesland & Stahl, 2010).

Additionally, multispecies biofilm formation and structure

have been connected to more balanced SRB/methanogen

compositions in both high and low sulfate conditions likely

due to the dynamics of sulfate and electron donor trans-

port (Nielsen, 1987; Raskin et al., 1996; Brileya et al.,

2014).

Unlike their methane-oxidizing counterparts, there are

cultured representatives of SRB and methanogens

that allow for experiments on both monoculture and

cocultures. Here, we use the metabolically versatile SRB,

Desulfococcus multivorans, to examine trends in elipid–water
associated with several substrates. We hypothesized that

the naturally occurring trends in dD values of fatty acids

characteristic of SRB associated with ANME in methane

seep sediments from Hydrate Ridge, Oregon would corre-

spond to the elipid–water values of autotrophic D. multivo-

rans. Complexity in the environmental data led us to

further examine the effect of metabolic associations on

elipid–water using cocultures of D. multivorans with the

methanogenic archaeon Methanosarcina acetivorans.

MATERIALS AND METHODS

Culture strains and growth

D. multivorans (DSM 2059) was grown in both monocul-

ture and coculture with M. acetivorans (DSM 2834) on

20 mM formate, benzoate, lactate, pyruvate, glucose, succi-

nate, or acetate. Additionally, cocultures were grown on

the methanogenic substrates methanol (125 mM) or trim-

ethylamine (TMA) (40 mM). D. multivorans monoculture

media contained (g L�1): NaCl, 7.0; NaHCO3, 3.0;

MgCl2
.6H2O, 1.5; KCl, 0.5; NH4Cl, 0.3; KH2PO4, 0.2;

CaCl2
.2H2O, 0.15; cysteine-HCl, 0.25; and resazurin,

0.001. D. multivorans media was supplemented with the

SL-10 trace elements (Widdel et al., 1983) and DSM-141

vitamin solutions (Deutsche Sammlung von Mikroorganis-

men). Coculture and M. acetivorans media contained (g

L�1) the following: NaCl, 23.4; MgSO4
.7H2O, 9.44;

NaHCO3, 5.0; KCl, 0.8; NH4Cl, 1.0; Na2HPO4, 0.6;

CaCl2
.2H2O, 0.14; cysteine-HCl, 0.25; and resazurin,

0.001. Coculture media were supplemented with a

Na2SeO3 solution (3 lg L�1) and the vitamin and trace

element solutions DSM-141. All cultures were grown in

triplicate in 20-mL culture tubes containing 10 mL of

media, an N2:CO2 (80:20) headspace, a pH of 7.6, sealed

with butyl rubber stoppers, and reduced after sterilization

with a sodium sulfide solution to a final concentration of

1 mM. All cultures were grown at 32 °C without shaking.

Pure cultures of D. multivorans were maintained on lac-

tate, and M. acetivorans was maintained on methanol.

Cocultures were initially constructed by inoculating fresh

media with both D. multivorans and M. acetivorans where

lactate and methanol were provided as substrates. Both

monoculture and cocultures were transferred and grown to

stationary phase once on different substrates prior to inoc-

ulation of cultures for D/H experiments. Optical density

(OD) at 600 nm was used to determine growth curves and

to harvest cultures for D/H analysis during late exponen-

tial phase. Growth rates were calculated from OD600 values
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as described by Widdel (2010). Exponential phase cultures

were centrifuged for 10 min at 4500 9 g yielding cell

pellets ranging from 0.1 to 3.0 mg of dry mass. These

were stored at �80 °C before extraction. Aliquots of expo-

nential phase culture were fixed with paraformaldehyde for

microscopy analysis according to Dawson et al. (2013).

Sample collection

Samples were collected from Hydrate Ridge, Oregon as

part of the R/V Atlantis cruise 18–10 in September 2011.

Using the ROV Jason II, sediment push cores were col-

lected from several distinct seep environments characterized

by the presence of chemosynthetic clam beds (PC23) or

microbial mats (PC18, PC36, and PC47) as well as from

nearby reference sites (PC3) characterized by the absence

of seep microbial/macrofaunal communities at the sedi-

ment surface. Sediment push cores were processed ship-

board in 3-cm intervals according to Orphan et al. (2001)

and stored at �80 °C until lipid or DNA extraction.

PC3 (44°N 40.05 125°W 6.03) was collected as a refer-

ence core. Although no active methane seepage was

detected, carbonate nodules below the 6-cm horizon point

to low CH4 flux or past AOM activity. PC47 (44°N 40.02

125°W 6.00) was collected through a white microbial mat.

PC18 (44°N 40.02 125°W 7.51) was taken through a pink/

white microbial mat within an area of active methane vent-

ing. PC36 (44°N 40.02 125°W 6.00) was taken through a

yellow microbial mat and showed evidence of degassing dur-

ing recovery resulting in large air pockets in the core. PC23

(44°N 40.19 125°W 5.88) was recovered from a chemosyn-

thetic clam bed with live Calyptogena clams present in the 0-

to 3-cm horizon and 3- to 6-cm horizons.

Lipid extraction and quantitation

Frozen cell pellets were lyophilized and pre-weighed prior

to extraction. Lipid extraction and transesterification to

fatty acid methyl esters (FAMEs) were performed simulta-

neously at room temperature with 1 mL hexane and 2 mL

0.5 N NaOH in anhydrous methanol. The reaction was

neutralized after 10 min with 70 lL glacial acetic acid, and

the FAMEs were subsequently extracted with 2 mL water

and 2 mL hexane (Griffiths et al., 2010). A solution of

n-tricosane (40 ng lL�1) was used as an internal standard

for extraction efficiency and quantitation and was added

prior to transesterification.

Frozen sediment samples were lyophilized prior to

extraction. Lipid extraction followed the methods

described by Li et al. (2009). Sediment samples were

saponified with 0.5N NaOH in 4:1 methanol: water at

65 °C for 2 hours. The saponified material was subse-

quently acidified and extracted with methyl tert-butyl ether

(MTBE) and a 5% NaCl solution. Extracts were concen-

trated under a stream of N2 and then passed through a

column packed with acid-washed Cu filings to remove S0.

Compound classes were next separated by solid-phase

extraction (SPE) using 0.5 g of an aminopropyl stationary

phase (Phenomenex, Torrance, CA, USA). Fractions were

eluted as follows: F1, 5 mL hexane; F2, 8 mL 4:1 hexane:

dichloromethane (DCM); F3, 10 mL 9:1 DCM: acetone;

and F4, 10 mL 4% formic acid in DCM. F3, which con-

tained alcohols including archaeol (AR) and hydroxyar-

chaeol (AR-OH), was reacted with acetic anhydride/

pyridine to form acetyl ester derivatives. Fraction 4, which

contained fatty acids, was derivatized with BF3/methanol

to form fatty acid methyl esters (FAMEs).

FAMEs were analyzed by gas chromatography–mass spec-

trometry (GC-MS) on a Thermo-Scientific Trace-DSQ with

a ZB-5 ms column (30 m 9 0.25 mm, 0.25 lm i.d.) using

a PTV injector operated in splitless mode. The oven temper-

ature program was 100 °C to 320 °C (held 20 min) at 6 °C
min�1. Acetyl esters, including archaeol and hydroxyarchae-

ol, were analyzed by GC-MS on a Thermo-Scientific Trace-

ISQ with a ZB-5 ms column (30 m 9 0.25 mm, 0.10 lm
i.d.) using a PTV injector operated in splitless mode. The

oven temperature program was 100 °C to 310 °C (held

1 min) at 15 °C min�1, 310 °C to 330 °C at 2 °C min �1

(held 10 min). Archaeol was identified by comparison with

an authentic standard of 1,2-di-O-phytanyl-sn-glycerol (Av-

anti Polar Lipids Inc., Alabaster, AL, USA). Quantitation

was achieved using a flame ionization detector (FID) by

comparing the integrated FID signals from sample peaks to

a standard curve for a dilution series of 1,2-di-O-phytanyl-

sn-glycerol. Peak areas were calculated using THERMO XCALI-

BUR software version 2.1. Compound identification was

based on comparison of the mass spectra to the authentic

standard and retention time.

Hydrogen isotope measurements

After centrifuging cultures to pellet cells, an aliquot of the

supernatant was transferred to 2-mL glass vials and stored

at �20 °C. Water D/H analysis was carried out on a Los

Gatos DLT-100 Liquid–Water Isotope Analyzer. Samples

were measured in tenfold replicate and then normalized to

the VSMOW scale using a 2-point calibration against two

standards (dD = �117.0& and �10.6&) (Coplen et al.,

2006). Precision was � 1.2& (n = 79; 1r).
D/H ratios of FAMEs were measured using a Thermo-

Finnigan Trace GC coupled to a DeltaplusXP isotope ratio

mass spectrometer (IRMS) via a pyrolysis interface main-

tained at 1430 °C. An external standard comprising a mix-

ture of eight FAMEs was analyzed every sixth sample.

Samples were injected using a PTV injector operated in

splitless mode onto a ZB-5 ms column (30 m, 0.25 mm

i.d., 1.0 lm film) with a He carrier gas (1.4 mL min�1).

The GC oven temperature program was 100 °C (held
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1 min) to 205 °C at 20 °C min�1 to 220 °C at 0.6 °C
min�1 to 320 °C (held 8 min) at 20 °C min�1. Peaks were

identified by a comparison of relative retention time and

magnitude to GC-MS chromatograms. Isotope ratios were

calculated using ISODAT NT 2.0 software using methane ref-

erence gas peaks for calibration as previously described

(Wang & Sessions, 2008). The H3
+ factor was measured

daily and ranged from 2.182 to 2.848 across all analyses

(Sessions et al., 2001). Isotopic compositions are reported

in the conventional dD notation as permil (&) deviations

from the VSMOW standard. All data were corrected for

the addition of methyl hydrogen during derivatization.

The dD of methyl hydrogen was determined by the deriva-

tization and analysis of phthalic acid with a known dD.

The root-mean-squared error for the external FAME stan-

dard mixture averaged 4.0& (1.7–6.9&, n = 68). The

standard deviation for replicate analyses of culture samples

averaged 7.5& (n = 64) and of environmental samples

averaged 10.7& (n = 295). All samples were run in dupli-

cate. Fractionation between lipids and culture water was

calculated as el-w = (al-w � 1), where a = [(dl + 1)/

(dw + 1)] and are reported in & as per Coplen (2011).

Aggregate counts and microscopy of sediments and

cocultures

Sediment samples were fixed for microscopy immediately

after push cores were sectioned in 3 cm increments by

adding 4% paraformaldehyde (PFA) to sediment–seawater
mixtures in a 1:1 ratio and incubating at 4 °C for

12 hours. Fixed samples were washed with 39 phosphate-

buffered saline (PBS) and stored in 1:1 39 PBS: ethanol at

�20 °C. Laboratory cultures were fixed with a 3:1 mixture

of 4% PFA and 39 PBS after centrifuging to pellet 1 mL

of culture. Fixed cultures were incubated for 3 hours at

4 °C and subsequently washed and stored in the same

manner as sediment samples. Prior to microscopy in the

sediment samples, a Percoll (Sigma-Aldrich, USA) density

gradient was applied to concentrate cells and remove sedi-

ment particles. Briefly, 200 lL of well-mixed sediment

slurry, 700 lL 1M TRIS-EDTA buffer pH 8, and 100 lL
100 mM sodium pyrophosphate were combined and heated

at 60 °C for 3 min and then sonicated with an ultrasonica-

tion wand for 3 9 10s on ice. To the bottom of this mix-

ture, 1 mL Percoll was added and then centrifuged at

12000 9 g for 20 min. The band of cellular material that

formed at the Percoll/buffer interface was collected and

used for further microscopy.

Fluorescence in situ hybridization (FISH) was per-

formed as described previously (Gl€ockner et al., 1996),

using nucleotide probes targeting archaea (Arc915) (Stahl

& Amann, 1991), bacteria (EUB338mix) (Amann et al.,

1990), Desulfococcus/Desulfosarcina (DSS658) (Manz

et al., 1998), ANME-2c (ANME-2c-760) (Knittel et al.,

2005), and ANME (Eel_MsMx-932) (Boetius et al.,

2000). Oligonucleotide probes were labeled at the 50 end
with either a FAM or cy3 dye and used in a final concen-

tration of 5 ng lL�1 for FISH experiments. Following

hybridization, cells were stained with 40,6-diamidino-

2-phenylindole (DAPI) and mounted with Vectashield

(Vectashield Laboratories, USA). Populations of D. mul-

tivorans and M. acetivorans were determined from counts

of 1000–2000 DAPI-stained cells. Aggregate counts were

performed as described by Glass et al. (2014).

Sediment DNA extraction, sequencing, and analysis

DNA was extracted from all depth horizons of PC18 using

the MoBio Ultraclean soil kit (MO BIO Laboratories Inc.,

Carlsbad, CA, USA) following a previously published pro-

tocol (Goffredi et al., 2008). The V6 to V8 region of the

16S rRNA gene was amplified using the primers 926F (50-
AAACTYAAAKGAATTGRCGG-30) and 1392R (50AC-
GGGCGGTGTGTRC-30) (Matsuki et al., 2002) following

the method previously described (Soo et al., 2014). Multi-

plex identifiers were incorporated in the 1392R primer.

Amplicons were sequenced using the Roche 454 GS-FLX

Titanium platform at the Australian Centre for Ecogenom-

ics, University of Queensland (Brisbane, Australia).

Sequence data were demultiplexed and processed using a

modified version of the QIIME pipeline (Caporaso et al.,

2010). The modified pipeline included the following:

USEARCH (Edgar, 2010) for filtering, chimera checking

and operational taxonomic unit (OTU) identification; tax-

onomic assignment by comparison with the SILVA 111

reference database (Quast et al., 2013). Prior to sample

comparison, singletons were removed and all samples were

randomly subsampled to equal depth.

RESULTS

Substrate dependent D/H fractionation in fatty acids of

Desulfococcus multivorans in pure culture

The efficacy of elipid–water as a diagnostic proxy for central

metabolic pathway in SRB was studied using D. multivo-

rans grown on seven different carbon sources including

formate, benzoate, lactate, pyruvate, glucose, acetate, and

succinate. D. multivorans monoculture growth rates ran-

ged from 0.38 day�1 for lactate to 0.15 day�1 for acetate

and had an average growth rate of 0.21 � 0.08 day�1

(Table 1). Under all growth conditions, D. multivorans

produces four major fatty acids 12-methyl tetradecanoic

acid (ai-C15:0), hexadecanoic acid (C16:0), 14-methyl hexa-

decanoic acid (me-C16:0), and methylenehexadecanoic acid

(cy-C17:0), which represent on average 90% of total extract-

able fatty acids (Table 1 and Fig. S1). The abundance-

weighted mean elipid–water value calculated for the four most

© 2015 John Wiley & Sons Ltd
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abundant fatty acids had a range of 80& (117& 1r inclu-

sive). Within this 80& range, there are 4 groups of values

corresponding to carbon substrates associated with distinct

central metabolic pathways (Fig. 1 and Fig. 2): Wood–
Ljungdal – formate, �205&; benzoate metabolism – ben-

zoate, �187&; pyruvate metabolism – lactate, pyruvate,

�170&; TCA cycle – acetate, succinate, �132&. A large

standard deviation in the measurements from cultures

grown on formate causes a partial overlap with the

observed range for cultures grown on benzoate. Glucose

grown cultures (�130&) more closely resemble substrates

associated with the TCA cycle than pyruvate metabolism.

D/H fractionation in fatty acids during coculture of

Desulfococcus multivorans with Methanosarcina
acetivorans

Cocultures of sulfate-reducing D. multivorans and metha-

nogenic M. acetivorans were grown on six substrates (for-

mate, benzoate, pyruvate, acetate, methanol, and TMA).

Four of these substrates provide a direct comparison with

monocultures of D. multivorans (formate, benzoate, pyru-

vate, and acetate). Acetate can be utilized by both D. mul-

tivorans and M. acetivorans, while the other substrates (e.g.,

benzoate and pyruvate) are exclusive to D. multivorans

with conversion to metabolites that are subsequently

utilized by M. acetivorans. Methanol and trimethylamine

(TMA) utilization are exclusive to M. acetivorans with

conversion to metabolites that are subsequently utilized by

D. multivorans (Fig. 2). Both D. multivorans and M. ace-

tivorans were detectable by microscopy and by the presence

of characteristic fatty acids (D. multivorans) and a C30-iso-

prenoid lipid (M. acetivorans) in solvent extracts of cocul-

tures after growth on all six substrates. Additional

indications of growth by both organisms in cocultures

included a strong sulfide odor when cells were harvested

(D. multivorans) and evidence of gas production from the

generation of overpressure in the culture tubes and visible

distension of the butyl rubber stoppers (M. acetivorans).

Growth rates of both organisms in cocultures ranged

from 0.92 day�1 with TMA or methanol to 0.29 day�1

with acetate (Table 1). These rates reflect the relative

abundance of D. multivorans (average monoculture

growth rate = 0.21 � 0.08 day�1) and M. acetivorans

(average monoculture growth rates = 0.98 day�1). Fluo-

rescence in situ hybridization (FISH) analysis of coculture

composition by the time of harvesting (7–17 days) revealed

that the cocultures with higher growth rates were domi-

nated by M. acetivorans (75.3–85.7% in methanol or

TMA, respectively), while cocultures with lower growth

rates had a higher proportion of D. multivorans relative to

M. acetivorans (Table 1).

The same fatty acids (ai-C15:0, C16:0, me-C16:0, and

cy-C17:0) described above for D. multivorans were the most

abundant fatty acids in cocultures (Fig. S1) and were used

to calculate the abundance-weighted mean elipid–water val-

ues. The cocultures exhibit a reduced range in the

weighted mean elipid–water, 36& (45& 1r inclusive), com-

pared to the ~80& range observed in the monoculture.

Comparison of elipid–water for the same substrate between

monoculture and cocultures revealed D-enrichment of up

to 58& (formate, benzoate, and pyruvate) or D-depletion

of 41& (acetate), with the abundance-weighted means

from cocultures converging on an average elipid–water of

�161 � 15& (Fig. 1, Table 1).

Natural trends in D/H of SRB fatty acids from methane

seep sediments

Sediment depth profiles (0–15 cm) were analyzed in 3-cm

intervals from three characteristic methane seep habitats

including sediments underlying sulfide-oxidizing microbial

mats (PC18, 36, 47), chemosynthetic clam beds (PC23),

and low methane flux sediment outside of visible signs

of seepage (PC3). For all depth profiles, the dD values

of all measurable fatty acids differed by as much as 176&
within a single depth horizon (73.5–175.9&, avg =
134.4 � 27.5&), but for any individual fatty acid struc-

ture typically varied by < 40& (31.9 � 9.4&, n = 131)
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Fig. 1 Summary of D/H fractionation between fatty acids and water

observed in culture experiments of Desulfococcus multivorans (open sym-

bols) and cocultures of D. multivorans with Methanosarcina acetivorans

(filled symbols) grown on a variety of substrates. elipid–water values are pre-

sented as the weighted mean of the four most abundant fatty acids

(aiC15:0, C16:0, meC16:0, cyC17:0). Error bars are � 1 standard deviation.

D. multivorans displayed an 80& range in elipid–water when grown on differ-

ent carbon substrates including distinct values associated with growth on

substrates associated with the TCA cycle (acetate, succinate), pyruvate

metabolism (pyruvate, lactate), benzoate degradation (benzoate), and for-

mate metabolism (formate). Cocultures of D. multivorans and M. acetivo-

rans exhibited less variable elipid–water values across the range of substrates.

The shaded area indicated the ~40& range of coculture elipid–water.
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across all depths (Table 2). This variability between differ-

ent fatty acids is likely due to the diversity of micro-

organisms contributing to the sedimentary lipid pool,

either by in situ production or by deposition from pelagic

environments.

Although multiple sources of fatty acids are present

across the sampled depth profiles, a weighted mean dDfatty

acids was calculated from all measureable fatty acids at each

depth interval to examine whether they might reflect bulk

metabolic trends within different seep habitats (Table 2).

There was no significant difference in the weighted

mean dDfatty acids between microbial mats and clam beds

(P = 0.5396). However, the weighted mean dDfatty acids for

low methane flux sediment resulted in more positive values

and was significantly different than both the microbial mat

(P = 0.0005) and the clam bed sediments (P = 0.0039).

All of the depth profiles show an increase in the weighted

mean dDfatty acids that is not significantly correlated with

the concentration of sulfide (r = 0.4018, P = 0.0761) or

sulfate (r = �0.3770, P = 0.0710), but is significantly cor-

related with ANME-2/DSS aggregate abundance

(r = �0.7382, P = 5.8 9 10�5).

A subset of the fatty acids including several proposed as

diagnostic biomarkers for AOM associated SRB (i-C15:0,

ai-C15:0, C16:1 x5,6, cy-C17:0) (Elvert et al., 2003; Niemann

& Elvert, 2008) displayed greater variation in dD across

the depth profile. In particular, cy-C17-0, which was also

present in D. multivorans had a 50–90& range in mea-

sured dD with more D-enriched values corresponding to

depths with higher concentrations of ANME-2/DSS

aggregates and AR-OH (Fig. 3, Fig. 4 and Table 2).

Exceptions to the association of D-enrichment with aggre-

gate concentration include the top depth horizon of several

cores, as well as PC36, which was disrupted by degassing

Fig. 2 Map of the central pathways for carbon metabolism in Desulfococcus multivorans and Methanosarcina acetivorans showing the potential connections

between various pathways. The substrates used in these experiments are identified in bold. Dashed arrows indicate additional steps are present between the

displayed compounds.CoM – coenzyme M; CoB – coenzyme B; MFR – methanofuran; THMPT – tetrahydromethanopterin; F420 – coenzyme F420; ACDS –

acetyl-CoA decarbonylase/synthase complex; CoA – coenzyme A.

© 2015 John Wiley & Sons Ltd
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during retrieval resulting in mixing between depth hori-

zons.

To compare the isotopic compositions with 16S rRNA-

based archaeal and bacterial diversity, DNA was extracted

from 5 depth horizons in one of the microbial mat sedi-

ment samples (PC18) and sequenced by tag pyrosequenc-

ing on a Roche 454 GS-FLX Titanium platform. After

quality control filtering, the number of sequences per

depth was as follows: 0–3 cm – 1181; 3–6 cm – 1113; 6–
9 cm – 5463; 6–9 cm – 6710; 9–12 cm – 6710; and 12–
15 cm – 8002. Sample comparisons were carried out fol-

lowing the removal of singletons and random subsampling

to an even depth of 1113 sequences. A heat map and table

of the genera representing > 1% of sequences for each

depth horizon showed a peak in ANME-2 abundance at

the 3- to 6-cm depth horizon (Fig. 5, Table S1). The

Seep-SRB1 group of Deltaproteobacteria, which represents

a subclade within the DSS and is thought to be the domi-

nant bacterial lineage that associates with ANME-2 (Schre-

iber et al., 2010), was consistently the most abundant

bacterial genus detected below the 0- to 3-cm horizon.

Percentages of ANME groups relative to all archaeal

sequences and DSS and DSB relative to all bacteria show

peaks in both the ANME 2c and DSS sequence abundance

that correspond with peaks in cell aggregate counts as well

as the concentration of hydroxyarchaeol (AR-OH) and the

seep SRB biomarker cy-C17:0 (Fig. 3 and Fig. 4).

DISCUSSION

Correlation with carbon metabolism in SRB

Desulfococcus multivorans is a metabolically versatile SRB

with central carbon metabolic pathways that include the

Wood–Ljungdahl pathway, benzoate degradation, pyru-

vate metabolism, a modified glycolysis pathway, and the

TCA cycle (Brown et al., 2013) (Fig. 1 and Fig. 2). Dif-

ferences in the central metabolic pathway of D. multivo-

rans correlate to ranges in elipid–water values (Fig. 1).

However, the extent of variability occurs on a smaller

scale than the 500& range reported by Zhang et al.

(2009). The smaller and more D-depleted range of frac-

tionation for D. multivorans is consistent with other

described SRB such as Desulfobacterium autotrophicum

(Campbell et al., 2009) and Desulfobacter hydrogenophilus

(Osburn, 2013), as well as for sulfur-oxidizing bacteria

(Naraoka et al., 2010; Heinzelmann et al., In review).

While elipid–water for autotrophic growth conditions in

these three SRB overlap with previously shown ranges

for photoautotrophy and chemoautotrophy (Valentine,

2009; Zhang et al., 2009), these obligate anaerobes

show more negative values for heterotrophic growth

conditions compared to their aerobic and facultatively

anaerobic counterparts (Fig. 6).

The differences in elipid–water (Fig. 6) are likely due to

the physiology of SRB and may include slower growth

rates allowing greater equilibration between NAD(P)H

and cellular water (Kreuzer-Martin et al., 2006). Specific

growth rate-dependent effects on D/H fractionation

between intracellular and extracellular water have been

documented in the aerobic heterotroph Escherichia coli,

where in exponentially growing cultures, a greater propor-

tion of intracellular water was isotopically distinct from the

extracellular water as compared to those in stationary phase

(53% vs. 23%) (Kreuzer-Martin et al., 2006).The difference

observed in their experiments was due to the contribution

of water generated from metabolic reactions. However, in

our studies, the difference between growth rates for pure

cultures of D. multivorans on the various substrates was

small (0.15–0.38 day�1, avg = 0.21 � 0.08 day�1) and

not correlated with elipid–water, making growth rate alone an

unlikely source for the variation observed for the seven uti-

lized substrates. Kreuzer-Martin et al. (2006) also noted

that the dD values of metabolic water in stationary-phase

cultures were ~90& more negative than in exponentially

growing cultures, which was suggested to be a result of

reduced proton pumping. The slower exponential growth

rate of D. multivorans and other SRB relative to E. coli

could similarly result in D-depleted metabolic water and

explain the more negative elipid–water measured in this

experiment as compared to aerobic heterotrophs grown on

the same substrates (Zhang et al., 2009).

Influence of microbial interactions

In contrast to the SRB monocultures, elipid–water values for

cocultures of D. multivorans and M. acetivorans grown on

different substrates did not correlate with metabolic path-

way (Fig. 1) or distinguish between autotrophic (formate)

versus heterotrophic (benzoate, pyruvate, and acetate)

metabolism (Fig. 6). Rather, D/H fractionation was sur-

prisingly consistent across all incubation conditions and

with differing proportions of the two species in culture

(D. multivorans vs. M. acetivorans dominant). Changes in

elipid–water were particularly unexpected during coculture

growth on substrates exclusively utilized by D. multivorans

(formate, benzoate, and pyruvate) since these must be

metabolized through the same pathways as the monocul-

ture. While the mechanism is not fully understood at this

time, here, we consider three possibilities which may have

contributed to shifts in elipid–water during coculture growth.

One possible explanation for the difference in elipid–water
between monoculture and coculture could be that D. mul-

tivorans did not directly metabolize the provided carbon

source when grown with M. acetivorans. For example,

SRB, including D. multivorans, produce polyhydroxyalk-

anoate (PHA) granules for carbon storage (Hai et al.,

2004), which could represent a common carbon source in

© 2015 John Wiley & Sons Ltd

Interspecies interactions shift bacterial lipid D/H 9



all coculture conditions. Catabolic breakdown of carbon

storage granules and production of both acetyl-CoA and

NAD(P)H by the associated pathway could partially

explain the convergence to a common elipid–water. A correla-

tion between D-enrichment and utilization of internal car-

bohydrate stores has previously been reported in plant

lipids (Sessions, 2006). The intracellular PHA pool has

been shown to be in constant flux (Taidi et al., 1995) with

net degradation promoted by the absence of an external

carbon source (Jendrossek & Handrick, 2002). Differential

flux of PHA between monocultures and cocultures

might occur due to PHA degradation in carbon-limited
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counts. The dashed lines indicate the range of weighted mean elipid–water values for D. multivorans (�208 � 23& to �117 � 18&) and the D. multivorans/

M. acetivorans coculture (�165 � 15&). (B) 16S rRNA tag pyrosequencing data (C) for a microbial mat core from Hydrate Ridge North. The shaded region
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Fig. 4 elipid–water of cy-C17:0 fatty acid, characteristic of sulfate-reducing bacteria (DSS) associated with ANME-2, extracted from methane seep sediment push

cores within sulfide-oxidizing microbial mats (PC18, 36, 47), a chemosynthetic clam bed (PC23) and a low methane flux site (PC3). The size of the squares

correlates to the abundance of the ANME/SRB aggregates at the same depth interval. Samples with a greater abundance of ANME/SRB aggregates corre-

spond to more D-enriched cy-C17:0. Most aggregate containing samples have dD-cy-C17:0 within the same range observed for cocultures of Desulfococcus

multivorans and Methanosarcina acetivorans (dashed lines). The more D-depleted core top samples (filled squares) of PC23, PC36, and PC47 may reflect a

greater contribution from organisms within microbial mats. elipid–water for cy-C17:0 and the weighted mean for the coculture (shaded region) and D. multivo-

rans are shown for comparison.
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conditions during growth on competitive substrates (ace-

tate) or on substrates exclusive to M. acetivorans (metha-

nol, TMA). However, this cannot explain the results from

growth on substrates exclusive to D. multivorans (formate,

benzoate, and pyruvate). Additionally, cocultures were

propagated multiple times under the experimental condi-

tions prior to collection and lipid analysis making it unli-

kely that the observed growth could be due solely to

residual PHA granule utilization.

A second possible explanation is that the measured elipid–
water values for D. multivorans in coculture could be the

result of mixotrophic growth on provided and excreted sub-

strates. Metabolic by-products from M. acetivorans may

represent another source of substrates used by D. multivo-

rans in the coculture. M. acetivorans has been reported to

be capable of excreting organic acids such as acetate or

formate (Rother & Metcalf, 2004) or methyl sulfides

(Moran et al., 2008; Oelgeschl€ager & Rother, 2009).

D. multivorans growth on formate resulted in the most

D-depleted measurements of elipid–water, while growth on

acetate resulted in among the most D-enriched values

(Fig. 1). Cocultures converged on an average elipid–water of
�165 � 15&, which is approximately the mean of acetate

and formate growth (�168&). While acetate or formate

generated as a by-product of coculture growth will likely

have a different H isotopic composition than the substrate

solutions used in culturing experiments, the NAD(P)H

generated through by-product metabolism should have an

isotopic composition reflective of the catabolic pathway.

Moreover, substrates (including acetate) are expected to

contribute at most 25% of lipid hydrogen (see below).

Thus, mixotrophic growth on the provided substrate and

excreted acetate or formate could conceivably result in the

muted range of elipid–water values measured in the D. multiv-

orans and M. acetivorans cocultures.

Finally, changes in elipid–water between monoculture and

coculture might indicate an additional source of hydrogen

contributing to lipid biosynthesis. Several studies using D-

labeled tracers have determined the sources of hydrogen in

fatty acids to be NAD(P)H (~50%), acetyl-CoA (~25%)
and water (~25%) (Seyama et al., 1978; Saito et al., 1980;

Robins et al., 2003). An important feature of syntrophic

methanogenic communities is interspecies electron transfer,

the shuttling of reduced chemical species, particularly

through the transfer of molecular hydrogen and formate

(Stams & Plugge, 2009). Enzymes potentially involved in

electron transfer, including NADH-linked dehydrogenases,

NAD(P) transhydrogenases, and ferredoxin-NADP(+) re-

ductases, have been observed in the genomes of syntrophic

SRB (Sieber et al., 2012) and are present in a partial gen-

ome of D. multivorans (Brown et al., 2013). NAD(P)

transhydrogenases, which catalyze the transfer of reducing

equivalents between NADPH and NADH, were previously

discussed by Zhang et al. (2009) as a means to D-enrich-

ment of the NADPH pool in cases of high TCA cycle flux

(Sauer et al., 2004). While excess NADPH production

from the TCA cycle seems improbable in the slow growing

D. multivorans, the coupling of NAD(P) transhydrogenase

and ferredoxin-NADP(+) reductase in other SRB (Desulf-

ovibrio alaskensis G20, Desulfovibrio vulgaris Hildenbor-

ough) has been proposed as a means of energy

conservation (Pereira et al., 2011). NAD(P)H formed as a

result of interspecies hydrogen transfer could provide an

explanation for the observed convergence in elipid–water
measured for cocultures.

We observed shifts in elipid–water values between mono-

culture and coculture growth of D. multivorans on the

same substrates combined with the convergence of these

values. These observations indicate a change in the hydro-

gen sources for fatty acid synthesis which could include the

use of an alternative carbon source (storage granules, meta-

bolic by-products) and NAD(P)H production via alterna-

tive metabolic pathways or an additional source of

hydrogen related to the association of the methanogen and

SRB. The mechanism needs to be examined in future

studies; however, the experimental observation that the

same organism grown on the same substrates can exhibit
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SRB/Methanogen
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ε lip
id

-w
at

er
 (‰

)

−300

−200

−100

0

100

200

300

Fig. 6 Box plot comparison of D/H fractionation between fatty acids and

water reported for 8 species of Proteobacteria (filled squares) (Zhang et al.,

2009) (open squares) (Heinzelmann et al., In review) to the D/H fraction-

ation of the SRB including Desulfococcus multivorans (triangles) (this

study), Desulfobacter hydrogenophilus (filled circles) (Osburn, 2013), and

Desulfobacterium autotrophicum (open circles) (Campbell et al., 2009).

Autotrophic and heterotrophic growth conditions are shown in separately.

Autotrophic growth is distinguished from heterotrophic growth by lower D/

H ratios (larger fractionations). The three different SRB examined to date

exhibited a smaller range and a more D-depleted mean as compared to the

aerobic Proteobacteria in the Zhang et al. (2009). Cocultures of D. multiv-

orans and methanogenic archaeon M. acetivorans resulted in the smallest

range of fractionation and no observable differentiation between autotro-

phy (formate) and heterotrophy (benzoate, pyruvate, acetate, methanol,

and TMA) across the six substrates tested.
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significant differences in D/H ratio depending on whether

it is grown alone or in coculture has implications for inter-

pretation of these signals in the environment, especially in

ecosystems supporting syntrophic associations (e.g., AOM

described below).

Trends in sediment samples

While shifts in the abundance of various ANME groups are

seen by microscopy (all cores) and 16S rDNA tag pyrose-

quencing (PC18), the composition of the SRB community

(PC18) appears to remain consistent with depth (Fig. 3

and Fig. 5). Although, the SRB species composition does

not vary with depth, peaks in the concentration of diagnos-

tic biomarkers (i-C15:0, ai-C15:0, cy-C17:0) indicate changes

in the relative abundance of SRB to other bacteria (Fig. 5

and Table S2). This suggests that the observed trends in

dD of methane seep SRB biomarkers may be associated

with either depth related changes in substrate utilization or

with bacterial–archaeal associations rather than shifts in the

bacterial community.

To address the influence of either substrates or associa-

tion of SRB with ANME archaea, we focus on the diagnos-

tic biomarkers ai-C15:0 and cy-C17:0, which are present in

both sediment and culture conditions. Based upon previ-

ously reported carbon and hydrogen isotope data (Wegen-

er et al., 2008; Kellermann et al., 2012), we hypothesized

that the D/H ratios of diagnostic AOM SRB biomarkers

(e.g., cy-C17:0) would reflect chemoautotrophic growth.

However, while some of the dD values measured for both

cy-C17:0 and ai-C15:0 correlate to ranges observed in auto-

trophic SRB pure cultures, the majority of values are con-

sistent with what had been previously observed in pure

culture heterotrophs and notably the values measured in

our D. multivorans and M. acetivorans cocultures (Fig. 4

and Fig. 6). The more D-enriched dD values occur at the

depths with higher concentrations of aggregates, while

D-depleted dD values are associated with lower aggregate

concentrations (Fig. 3 and Fig. 4). The correlation

between aggregate concentration and D-enrichment

suggests that a similar mechanism for shifting elipid–water
may be occurring in both the methanogenic/sulfate-reduc-

ing cocultures as well as the cy-C17:0-producing SRB part-

ner of ANME archaea in the environmental methane seep.

In addition to methanogenesis rather than methanotro-

phy occurring, there were distinct differences between

growth conditions of the cultures and environmental sam-

ples. The D. multivorans and D. multivorans/M. acetivo-

rans cocultures were grown at temperatures and substrate

concentrations intended to optimize growth, while the

environmental conditions were both lower in temperature

and substrate availability. The methanol and TMA cocul-

ture conditions may be most comparable to environmental

conditions for SRB. In these conditions, the availability of

substrates was limited to potential excreted byproducts of

methanogen metabolism. However, elipid–water in the meth-

anol and TMA cocultures was comparable to other cocul-

tures with much higher substrate concentrations (Fig. 1).

In the coculture, growth on excreted substrates or the gen-

eration of additional NAD(P)H reducing intermediates

during interspecies electron transfer, are the more likely

hypotheses for the observed elipid–water convergence. Both

hypotheses are applicable to the AOM system where the

metabolism of the ANME/SRB consortia involves the

interspecies transfer of electrons and potential intermedi-

ates such as acetate, hydrogen and formate (Zehnder &

Brock, 1980; Strous & Jetten, 2004; Orcutt & Meile,

2008).

Implications for the interpretation of fatty acid D/H in

environmental samples

Microbial communities form interconnected biogeochemi-

cal networks which influence the geochemistry of natural

systems. Although isolates of certain micro-organisms can

be investigated in the laboratory, organisms rarely grow

alone in the environment. While elipid–water values for pure

cultures correlate with the central metabolic pathway of

individual bacteria (Zhang et al., 2009) and archaea

(Dirghangi & Pagani, 2013), this did not hold true in co-

cultures of a SRB and a methanogen. Additionally, the dD
values of cy-C17-0 in sediment depth horizons containing

high ANME-2/DSS aggregate abundance corresponds to

the same elipid–water value ranges for the methanogenic co-

culture analogues (Fig. 3 and Fig. 4). Methanogenic deg-

radation of organic matter often involves a community of

bacteria that produce substrates for the final step of meth-

ane formation by archaea (Stams, 1994; Thauer, 1998; Ko-

tsyurbenko, 2005; Strazpo�c et al., 2011) and anaerobic

methanotrophy likewise relies on the coupling of multiple

organisms (Hoehler et al., 1994; Boetius et al., 2000;

Orphan et al., 2001; Knittel et al., 2005). The syntrophic

nature and close association of cells in these communities,

which favors interspecies electron transfer (Stams & Plug-

ge, 2009) may explain the results of our coculture and

environmental studies as well as complicate the assessment

of autotrophy and heterotrophy based on D/H in some

environments.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the

online version of this article:

Table S1. Fatty acid concentration (µg g�1) and dD for sediment depth

profiles (0–15 cm) from three characteristic methane seep habitats including

sediments underlying sulfide-oxidizing microbial mats (PC18, 36, 47), che-

mosynthetic clam beds (PC23), and low methane flux sediment outside of

visible signs of seepage (PC3).

Table S2. Archaeal and Bacterial 16S rRNA tag pyrosequencing results

showing the number of sequences per taxa for genera representing greater

than 1% of at least one depth horizon from sediments underlying a sulfide-

oxidizing microbial mat (PC18).

Fig. S1. Partial GC-MS chromatograms for (A) D. multivorans and (B) the

D. multivorans/M. acetivorans co-culture grown on benzoate indicating

the four most abundant fatty acids (ai-C15:0, C16:0, cy-C17:0, me-C16:0) and

an internal standard (I.S.).

© 2015 John Wiley & Sons Ltd

16 K. S. DAWSON et al.


