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We compared the metabolism of methanol and acetate when Methanosarcina barkeri was grown in the
presence and absence of Desulfovibrio vulgaris. The sulfate reducer was not able to utilize methanol or acetate
as the electron donor for energy metabolism in pure culture, but was able to grow in coculture. Pure cultures
of M. barkeri produced up to 10 ,umol of H2 per liter in the culture headspace during growth on acetate or

methanol. In coculture with D. vulgaris, the gaseous H2 concentration was c2 jimol/liter. The fractions of
14Co2 produced from [14C]methanol and 2-[l'Clacetate increased from 0.26 and 0.16, respectively, in pure

culture to 0.59 and 0.33, respectively, in coculture. Under these conditions, approximately 42% of the available
electron equivalents derived from methanol or acetate were transferred and were utilized by D. vulgaris to
reduce approximately 33 ,Lmol of sulfate per 100 ,umol of substrate consumed. As a direct consequence,

methane formation in cocultures was two-thirds that observed in pure cultures. The addition of 5.0 mM sodium
molybdate or exogenous H2 decreased the effects of D. vulgaris on the metabolism of M. barkeri. An analysis
of growth and carbon and electron flow patterns demonstrated that sulfate-dependent interspecies H2 transfer
from M. barkeri to D. vulgaris resulted in less methane production, increased CO2 formation, and sulfide
formation from substrates not directly utilized by the sulfate reducer as electron donors for energy metabolism
and growth.

The transformation of H2 is an important biochemical
reaction performed by terminal bacterial trophic groups
during the anoxic decomposition of organic matter. If H2
accumulates in the environment, thermodynamically unfa-
vorable conditions for organic acid and alcohol degradation
may result (36). Three diverse bacterial groups which can
consume H2 as an energy source are the methanogens, the
sulfate reducers, and the acetogens (37). Methanogens have
been extensively studied for their ability to consume H2 and
participate in interspecies H2 transfer (5, 24, 26, 34, 35) as
the final electron acceptor. Both acetogenic and sulfate-
reducing bacteria have been shown to function as net H2
producers in syntrophic cultures with methanogens (4-6, 16,
24, 27, 35). Even acetate has been shown to be oxidized by
syntrophic cultures with methane formed indirectly from H2
and CO2 (Zinder and Koch, Arch. Microbiol., in press).
Sulfate reducers grown under sulfate-limiting conditions can
oxidize ethanol or lactate in the presence of methanogens
(4). Under these conditions, the methanogens act as the
terminal electron acceptor for catabolic oxidation reactions
performed by the sulfate reducers. Zhilina and Zavarzin (38)
reported the presence of sulfate reducers in crude
Methanosarcina enrichment cultures transferred on metha-
nol and proposed that the methanogen may have produced
H2 which was subsequently utilized by the sulfate reducer.
However, because the enrichment contained many types of
bacteria, definitive conclusions were not possible. It was
recently demonstrated that Methanosarcina species produce
and consume H2 during growth on various organic sub-
strates, including acetate and methanol (11, 20; J. Krzycki,
R. Conrad, and J. G. Zeikus, submitted for publication).

* Corresponding author.

In anoxic freshwater sediments, sulfate reducers have
been suggested to compete with methanogens for common
energy sources, such as acetate and H2 (12, 33). Sulfate
reducers have been shown to possess more favorable kinetic
properties than methanogens for metabolism of H2 (8, 10, 14,
25). In previous Lake Mendota studies (33; Phelps and
Zeikus, submitted for publication), dramatic increases in
14CO2 production from 2-[14C]acetate or [14C]methanol were
observed when sulfate concentrations were increased by
lake turnover or after the addition of exogenous sulfate to
stratified sediments. In addition, when Desulfovibrio
vulgaris and sulfate were added to the stratified sediments,
more 14CO2 was produced from [14C]methanol or 2-
[14C]acetate, suggesting that H2 consumption by sulfate
reducers could alter the sedimentary metabolism of
methanogens. This was of particular interest because meth-
anol- or acetate-degrading populations of sulfate or sulfur
reducers were not detectable at significant levels in Lake
Mendota sediments, which contain very low levels of elec-
tron acceptors, except during turnover.
The purpose of this study was to test the hypothesis that

H2 consumption by D. vulgaris could alter the internal
carbon and electron flow of Methanosarcina barkeri grown
on organic substrates which alone could not support the
growth of the sulfate reducer. Sulfate-dependent interspe-
cies H2 transfer between a methanogen and a sulfate reducer
provides a new physiological mechanism for ecological
interactions between these anaerobic bacteria in freshwater
ecosystems similar to Lake Mendota sediment (31-33).

MATERIALS AND METHODS

Gases, chemicals, and isotopes. The nitrogen, H2, N2-CO2
(95:5), and H2-C02 (80:20) used were more than 99.9% pure
(Matheson Gas Co., Joliet, Ill.) and were passed over
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copper-filled Vycor furnaces (Sargent-Welch Scientific Co.,
Skokie, Ill.) to remove oxygen. All chemicals used were of
reagent grade and were obtained from Mallinckrodt (Paris,
Ky.) or Sigma Chemical Co. (St. Louis, Mo.). Radioactive
2-[14C]acetate (56 mCi/mmol) was obtained from Amersham
Corp. (Arlington Heights, Ill.) and was dissolved in water.
Radioactive [14C]methanol (50 mCi/mmol) dissolved in water
was purchased from ICN (Irvine, Calif.). Radioactive
[14C]formate (55 mCi/mmol) in ethanol-water (7:3) and
14HC03- (46 mCi/mmol) in alkaline solution were obtained
from New England Nuclear Corp. (Boston, Mass.).

Organisms and growth conditions. M. barkeri strain MS (9,
30) and D. vulgaris strain Madison (3) were grown on
modified PBB medium (7, 15) supplemented with organic
substrates and an N2-CO2 (95:5) gas phase or with 2.0
atmospheres (220 kPa) of H2-CO2 (80:20). Modifications to
PBB medium included addition of 5.0 to 20.0 mM sodium
bicarbonate, 0.15% MOPS [3-(n-morpholine)propanesul-
fonic acid] buffer, 20 to 30 mM sodium sulfate, 0.05% yeast
extract, and 0.05% cysteine hydrochloride as medium reduc-
tant. Sulfide was removed from the vials containing the
cysteine hydrochloride solution by repeatedly flushing and
evacuating the vials with filter-sterilized N2 gas. A titanium-
containing reducing solution (17) was added dropwise as an

additional reducing agent as required. The substrates used
for growth included methanol (50 to 80 mM), sodium acetate
(30 to 60 mM), and H2-CO2 (220 kPa). Experiments were

conducted in 158-ml serum vials (Wheaton Scientific, Mill-
ville, N.J.) containing 75 ml of medium with a final pH of
6.88 to 7.02. Inoculated vials were incubated with shaking in
the inverted position at 37°C.
M. barkeri inocula were grown in triplicate 11-liter car-

boys containing modified PBB medium and either ethanol
plus acetate (40 mM each), acetate (50 mM), or H2-CO2
(pressurized to 100 kPa daily). Carboys containing methano-
genic cultures grown on H2-CO2 were stirred with a magnetic
stirrer. After 10 to 12 days of incubation, the cells were

harvested by allowing the methanogenic clumps to settle to
the bottom of the carboy and then displacing the spent
medium by an overpressure of N2. The final 50- to 100-ml
dense suspension of M. barkeri was transferred into a sterile
158-ml serum vial which contained 0.5 ml of cysteine hydro-
chloride (2.5%) and 0.05 ml of the titanium reducing solu-
tion. Samples (approximately 0.2 ml) from each dense sus-
pension (H2-CO2-methanol-, or acetate-grown cells) were
added to serum vials by using a 1.0-ml glass syringe and a
27-gauge needle.
D. vulgaris inocula were grown on the same medium in

serum vials containing H2 as the electron donor. When
growth reached 75% of maximum (change in optical density
at 660 nm, 0.3), the pressurized vials were centrifuged and
inverted, and the spent medium was expelled through vent-
ing needles. The cells were suspended in the basal medium
and washed two times. Cell suspensions were prepared so

that inocula of 0.2 to 1.0 ml corresponded to 0.78 to 30 mg
(dry weight) of D. vulgaris per liter of medium.

Quantification of fermentation parameters. A 2.0- to 4.0-ml
portion of culture broth was aseptically removed with a

syringe at each sample time. Tubes containing 2.75 ml of
anaerobic 0.04% zinc acetate received 0.25 ml of broth for
the determination of sulfide (33). Another 0.25-ml sample
and 25 RI1 of 1.0 N phosphoric acid were used for sulfate
analyses (33). Fatty acid and alcohol determinations were

conducted immediately on 0.1-ml samples, as described
previously (7). Changes in optical density at 660 nm, pH, and
dry weight were determined with 2.0-ml samples. Because

M. barkeri cells formed large clumps which settled to the
bottom of vessels, optical density measurements reflected
the sulfate-reducing biomass and were not useful for mea-

suring growth of the methanogen. Dry weight analyses were

performed by using predried polycarbonate membrane filters
(pore size, 0.2 ,um; Nuclepore Corp., Pleasanton, Calif.)
dried for 24 h at 103°C.
The growth of D. vulgaris in cocultures was determined by

measuring the amounts of desulfoviridin (23) per milligram
(dry weight) of cells in 1.0-ml samples. Cells were sedi-
mented by centrifugation, suspended in 1.0 ml of 0.6 N
NaOH to extract desulfoviridin, and centrifuged again. The
alkaline supernatant was then assayed for desulfoviridin by
using a spectrophotofluorometer (American Instrument Co.,
Silver Spring, Md.) with an excitation wavelength of 365 nm
and an emission wavelength of 716 nm. The biomass of D.
vulgaris in cocultures was determined from a standard curve
of dry weight versus fluorescence intensity.
Samples for measuring gaseous end products were ob-

tained by using 1.0-ml syringes equipped with Pressure-Lok
valves (Minnert, Anspec Co., Ann Arbor, Mich.). Gaseous
CH4, 14CH4, CO2, and 14CO2 were measured by using a gas
chromatograph-gas proportional counting system as previ-
ously described (19), with total CO2 determined from acidi-
fied controls and by using Bunsen coefficients and Henry's
Law calculations. Lower methane concentrations were de-
termined by using a flame ionization gas chromatograph (33).
Trace amounts of H2 in the headspaces of culture bottles
were measured by the mercury oxide-to-mercury vapor
technique (29), using a 1.0-ml gas sample obtained with a

Gas-Tight syringe (Glenco, Houston, Tex.). The lower de-
tection limit was 10 parts of H2 per billion (10 nl of H2 per
liter). Gas samples greater than S ppm (5 pu1liter) were

diluted before analysis with air made free of H2 by passage
over a metal oxide converter (Hopkalit; Dragerwerke,
Lubeck, Federal Republic of Germany). The total amounts
of H2 present in the headspaces of the culture bottles were
calculated from the H2 mixing ratios, volumes, and pres-
sures of the headspaces, as measured with a mechanical
needle monometer.
The percentage of carbon recovery was calculated as

follows: (micromoles of CO2 + micromoles of CH4/micro-
moles of substrate consumed x number of carbon positions
in substrate) x 100. The percentage of electron equivalents
recovered was calculated as follows: (total electron equiva-
lents of products produced by one species/total electron
equivalents observed in products) x 100.

TABLE 1. Comparison of H2 concentrations during growth of
M. barkeri on methanol or acetate in the absence and presence of

D. vulgarisa
H2 concn (,umol/liter of gas

Substrate Culture headspace) after incubation for:
24 h 72 h 120 h

Methanol Monoculture 4.83 5.42 9.75
Coculture 2.96 4.83 2.17

Acetate Monoculture 1.29 5.37 10.5
Coculture 0.46 0.50 0.54

a Cultures were grown in 158-ml serum vials which contained 75 ml of PBB
medium, substrate at a concentration of 100 mM, 20 mM bicarbonate, 20 mM
phosphates, 0.05% yeast extract, and 0.05% MOPS buffer (pH 7.0). The initial
inocula were 20 mg of M. barkeri per liter and 2.4 mg of D. vulgaris per liter.
The H2 concentration at zero time was 1.5 ± 0.2 ,umol/liter.
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TABLE 2. Comparison of methanol fermentation by M. barkeri in pure culture and in coculture with D. vulgarisa

Product formation (,umol/
% of electron equiva-

Growth 100 tamol of substrate lents converted by:
Utiliz- consumed)
ation of Change Fraction of Carbon Electron

Culture methanol in Change in Change in "CO2 producedb recovery recovery
(pmol) optical methanogen sulfidogen CO, CH4 H, HS M) ( M. barkeri D. vulgaris

density dry wt (mg/ dry wt - H
at 660 liter) (mg/liter)
nm

Pure 712 56 28.1 65.4 0.039 0.26 ± 0.026 93 87 100
M. barkeri

Coculture 550 0.13 43 22 33.5 59 0.016 18.6 0.32 ± 0.03 94 105 76 24
with 1x
D. vulgaris

Coculture 690 0.15 50 55 32 43.5 0.014 34.8 0.58 ± 0.12 86 101 58 42
with 4x
D. vulgaris
a We used 158-ml serum bottles that contained 75 ml of PBB medium, 20 mM sodium sulfate, substrate at a concentration of 60 mM, 30 mM bicarbonate, 0.15%

3-(n-morpholine) propanesulfonic acid buffer, 30 mM phosphates, 0.05% yeast extract, and an N,-CO2 (95:5) gas phase. The pH remained between 6.9 and 7.2 in
all vials. The inocula used were 25 mg (dry weight) ofM. barkeri per liter, 7.8 mg (dry weight) of D. vulgaris per liter (1 x D. vulgaris), and 30 mg (dry weight) ofD.
v,ulgaris per liter (4x D. vulgaris). The bottles were incubated for 120 h at 37°C.
bCalculated as follows: dpm of 14CO,/(dpm of '4CO2 + dpm of '4CH4).

RESULTS

Fermentation analysis in pure culture. Initial studies in our
laboratory demonstrated that during growth on acetate, M.
barkeri produced H2 as a trace gas during methanogenesis
(20; J. Krzycki, R. Conrad, and J. G. Zeikus, submitted for
publication). As shown in Table 1, M. barkeri produced
trace amounts of H2 during growth on either acetate or
methanol. As expected, D. vulgaris could not utilize meth-
anol or acetate as an electron donor for growth in this
medium. Both M. barkeri and D. vulgaris utilized H2 as an
electron donor for growth in modified PBB medium. Under
these conditions, the sulfate reducer exhibited greater H2
consumption activity and a faster growth rate than the
methanogen.

Fermentation analysis in coculture. Preliminary studies
demonstrated that D. vulgaris could be repeatedly trans-
ferred as a culture partner when M. barkeri was grown in
medium containing either methanol or acetate as a carbon
and energy source. We performed experiments to examine
the relationship among substrate consumption, growth, and
production of methane, hydrogen, and sulfide in pure cul-
tures and cocultures (Table 2). In pure culture, M. barkeri
consumed 712 ,umol of methanol and displayed a threefold
increase in biomass during the 5-day experiment. Stoichio-
metrically, 25% of the carbon from methanol was expected
to yield C02, and the fraction of "CO2 recovered from
['4C]methanol was 0.26. Similarly, for every 100 ,umol of
methanol consumed, 28, and 65 ,umol of CO2 and CH4,
respectively, were recovered. For every 1,000 ,umol of
methanol consumed, 0.4 p.mol of H2 was detected in the gas
phase.
When M. barkeri was grown on methanol in a coculture

with a D. vulgaris inoculum of 7.8 mg (dry weight) per liter,
both populations grew, as evidenced by increases in dry
weight and optical density at 660 nm. Because of clump
formation by M. barkeri, only the growth of D. vulgaris
could be estimated by light scattering and optical density.
Also, a 20% increase in the fraction of 14CO2 and CO2 formed
per mol of methanol consumed was observed. Less H2
accumulated, less CH4 was produced, and 18.6 ,umol of
sulfide was formed per 100 ,umol of methanol consumed. D.

vulgaris converted 24% of the available electron equivalents
to sulfide, whereas the methanogen utilized 76% of the
electron equivalents for methanogenesis. This fermentation
exhibited balanced carbon and electron recovery.
When M. barkeri was grown on methanol in a coculture

with a D. vulgaris inoculum of 30 mg (dry weight) per liter,
higher levels of methanol oxidation to C02, sulfate reduc-
tion, and growth of the sulfate reducer were observed.
Under these conditions, the fraction of 14CO2 produced from
methanol was twice that in the methanogenic pure culture,
and only two-thirds as much methane was formed. Again,
less H2 was detected in the coculture than in the
monoculture. D. vulgaris utilized 42% of the electron equiv-
alents in methanol to produce 34.8 J.Lmol of sulfide per 100
,umol of methanol consumed.
Table 3 shows the effects of D. vulgaris on acetate

metabolism by M. barkeri. In a monoculture, M. barkeri
produced 1 mol ofCH4 per mol of acetate consumed, and, as
is typical of this strain, 16% of the methyl group of acetate
was oxidized to CO2 (9). Additionally, 0.29 ,umol of H2 was
evolved per 100 ,umol of acetate consumed. In coculture D.
vulgaris increased its biomass, whereas the methanogen
produced only two-thirds as much methane per unit of
substrate consumed, and H2 accumulation was an order of
magnitude lower than H2 accumulation in the monoculture.
The fraction of 14CO2 produced from 2-[14C]acetate doubled
in the coculture, and significantly more total CO2 was
formed; 30% of the electron equivalents available to the
methanogen were utilized for the reduction of sulfate. At the
elevated D. vulgaris inoculum levels 33% of the electron
equivalents in acetate were used to reduce sulfate to
sulfide.
We performed additional experiments in which [14C]form-

ate, [14C]methanol, and 2-[14C]acetate were added to
cocultures after 1 day of incubation to evaluate whether
these metabolites were passed from the methanogen to the
sulfate reducer. If formate had been the intermediate
substate transfered between the organisms, additions of
[14C]formate would have produced 14CO2. Less than 5% of
the [14C]formate added to methanol- or acetate-grown
cocultures produced 14Co2, and the formate concentration
remained at <100 ,uM (data not shown), indicating that
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TABLE 3. Comparison of acetate fermentation by M. barkeri in pure culture and in coculture with D. vulgarisa

Product formation (,umol/ % of electron equiva-
Growth 100 ,lmol of substrate lents converted by:

Utiliz- consumed)
ation of Change Fraction of Carbon Electron

Culture acetate in Change in Change in '4CO produced5 recovery recovery
(I'mol) optical methanogen sulfidogen CO, CH4 H, HS- M. barkeri D. wi'lgaris

density dry wt (mg/ dry wt - -

at 660 liter) (mg/liter)
nm

Pure 490 48 82 98 0.29 0.16 ± 0.017 90 98 100
M. barkeri

Coculture 436 0.06 38 32 117 66 0.015 28.2 0.32 ± 0.06 91 93 70 30
with 1x
D. vulgaris

Coculture 500 0.10 38 20 110 66 0.010 33 0.43 ± 0.02 85 99 66 33
with 4x
D. vulgaris
a For experimental conditions, see Table 2, footnote a.
b See Table 2, footnote b.

formate was not an intermediary metabolite utilized for
sulfate reduction in the cocultures. When ["4C]methanol was
added after 1 day of incubation to acetate-grown cocultures,
it was not significantly utilized, nor was acetate significantly
utilized in methanol-grown cocultures. Controls showed that
inhibition of sulfate reduction resulted in typical methano-
genic fermentation of methanol. When sodium molybdate
(5.0 mM), a widely used inhibitor of sulfate reduction (13,
21), was added to M. barkeri cultures containing methanol
and a 30-mg (dry weight) per liter D. vulgaris inoculum, the
D. vulgaris biomass decreased 50% during the 5-day exper-
iment (as estimated by desulfoviridin), and the fraction of
1'4CO2 produced from ['4C]methanol was 0.3 + 0.11. Only
5% of the electron equivalents of methanol were converted
to sulfide. Similar to the methanogenic monoculture, for
every 100 ,umol of methanol consumed 70 ,umol of CH4, 30
,umol of C02, and less than 4 iLmol of sulfide were formed
(data not shown). In cocoulture experiments in which the
organisms were grown on acetate, addition of molybdate
also increased methane production and decreased sulfide
formation.

In separate control experiments, the effects of H2 addition
on coculture acetate metabolism were examined. When
2-[14C]acetate and 5% H2 gas were added to 3-day-old
cocultures growing on acetate, the fraction of 14CO2 pro-
duced during the following 8 h decreased from 0.29 ± 0.03 to
0.18 ± 0.02. Hydrogen was consumed by D. vulgaris, and
sulfate was reduced to sulfide. These data demonstrated that
when excess H2 was added to cocultures, the sulfate reducer
consumed the H2, produced sulfide, and no longer had an

effect on acetate catabolism by M. barkeri. Similarly, the
significant decrease in the H2 pool size of cocultures (Table
1) was due to H2 consumption by D. vulgaris.

DISCUSSION

Our data demonstrated that during coculture growth of M.
barkeri with acetate or methanol as a carbon and energy

source, D. vulgaris decreased methanogenesis as a conse-

quence of linking interspecies hydrogen transfer to sulfate
reduction. Hydrogen was judged to be the electron donor for
sulfate reduction in cocultures because it was detected at
higher levels in monocultures of M. barkeri than in

cocultures and, when added to cocultures, it decreased
14Co2 production from 2-[14C]acetate. These results provide
the first well-documented evidence that sulfate reducers can
grow via interspecies H2 transfer by utilizing reducing equiv-
alents generated by methanogens grown on organic sub-
strates. Thus, these results further extend the significance of
competition between methanogens and sulfate reducers for
hydrogen. Furthermore, these results provide a physiologi-
cal mechanism for how higher sulfate levels in freshwater
sediments can lead to increased oxidation of organic sub-
strates to CO2 in lieu of direct substrate utilization by the
sulfate-reducing populations.
The trophic association of D. vulgaris with M. barkeri in

crude methanol enrichment cultures was first established by
Zhilina and Zavarzin (38). Sulfate is generally removed from
basal culture media to aid in selective enrichment and to
maintain culture purity of methanogens (36). Recently,
Archer (2) reported that Desulfovibrio and other H2-con-
suming bacteria were present in a methanogenic enrichment
grown on a basal mineral medium containing acetate as the
carbon and energy source. During growth on acetate or
methanol in pure cultures, hydrogen is apparently produced
by M. barkeri more readily than it is consumed, and hydro-
gen accumulates as a trace gas (20). However, the signifi-
cance of hydrogen production from organic substrates dur-
ing growth of M. barkeri is only clearly recognized in
cocultures when D. vulgaris consumes the produced hydro-
gen and links this consumption to sulfate reduction and
growth.

Classical reports on interspecies H2 transfer involve dis-
placing unfavorable thermodynamic equilibra by eliminating
accumulation of H2, which enables an organic compound-
degrading species and an H2-consuming species to grow in
an obligately syntrophic relationship (4, 5). Our results do
not describe a synergistic metabolic interaction or commu-
nication (37) between two partners per se, but rather an
antagonistic or competitive behavior based on loss of a
potential electron donor for the methanogen. Thus, in
coculture, D. vulgaris appears to keep the hydrogen partial
pressure low enough to shift the apparent equilibrium con-
stant of the catabolic redox system of the methanogen such
that considerable H2 is produced and more substrate is
oxidized to CO2 in lieu of methane. This phenomenon
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appears at first glance to be nonbeneficial for M. barkeri
because of the potential loss of energy conservation that is
coupled to methanogenesis. However, it is possible that
under the coculture conditions, M. barkeri could transform
more substrate per unit time, couple H2 production with
maintaining ionic or pH gradients, or conserve energy during
the oxidation of the substrate.
H2 competition between methanogens and sulfate reduc-

ers may be more environmentally significant than is gener-
ally believed (1, 8, 10, 13) because H2 consumption by
sulfate reducers results in less methanogenesis from organic
methane precursors and H2-CO2. In neutral-pH, anoxic
freshwater sediments, elevated levels of sulfate correlate
with enhanced oxidation of 2-[14C]acetate or ['4C]methanol
(10, 13, 31, 33). This phenomenon has been generally accred-
ited to sulfate reducers and methanogens which compete for
acetate as an energy source (28, 31). Although acetate-
utilizing sulfate or sulfur reducers have been isolated (22),
their population levels and activities in freshwater sediments
have not been established. Elsewhere we propose that the
enhanced oxidation of methanol or acetate in the presence of
high sulfate concentrations in Lake Mendota sediments is in
part due to interspecies H2 transfer processes rather than to
direct competition between methanogens and sulfate reduc-
ers for organic substrates.
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