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Abstract

A combination of radiotracer and pore-water concentration measurements provide evidence for the occurrence of
acetogenesis from CO, in anoxic marine sediments that are ordinarily dominated by sulfate reduction and methan-
ogenesis. In a month-long incubation experiment using sediments from Cape Lookout Bight, North Carolina, we
measured H, and acetate concentrations and monitored the incorporation of *CO, into *CH, and **C-acetate. De-
pletion of pore-water sulfate resulted in a period of elevated H, concentrations that made acetogenic CO, reduction
thermodynamically favorable. During this period, *“C-acetate was produced from *CO, at rates comparable to those
of methanogenesis or sulfate reduction during their respective periods of dominance in the incubation. Maintenance
of elevated but constant H, concentrations immediately following sulfate depletion likely reflects control by ace-
togenic bacteria, suggesting they were the dominant consumers of H, during this period.

Acetogenic bacteria are virtually ubiquitous in anaerobic
ecosystems as a result of their metabolic versatility. Schink
(1994) notes that **there is hardly any transformation process
in an anoxic environment in which homoacetogens do not
participate or with which they do not compete.” These or-
ganisms produce acetate through both fermentation of or-
ganic compounds and reduction of CO, (Drake 1994). Pure
cultures of acetogens generally catalyze these two reactions
simultaneously (Wood 1952), but it has been shown that
growth can be based exclusively on either reaction (Daniel
et al. 1990; Drake 1994; Schink 1994).

Because molecular hydrogen can serve as the reductant
for acetogenic CO, reduction (2CO, + 4H, —» CH,COOH
+ 2H,0), the favorability and occurrence of the reaction are
highly sensitive to ambient H, concentrations. Low H, con-
centrations, as might be maintained by proximal H,-consum-
ing organisms, have been shown to inhibit (Cord-Ruwisch
and Ollivier 1986; Heijthuijsen and Hansen 1986) and even
reverse (Lee and Zinder 1988) acetogenic CO, reduction.
The basis for this inhibition (or reversal) is amost certainly
thermodynamic: decreased H, concentrations translate to a
smaller thermodynamic driving force (AG less negative) for
the reaction. Progressively lower H, concentrations (more
positive AG values) would at first inhibit acetogenic CO,
reduction and then cause the reverse process to become en-
ergetically favorable.

Such thermodynamic inhibition of acetogenic CO, reduc-
tion is expected to prevail in most sediment ecosystems,
where the activity of terminal metabolic bacteria (e.g., me-
thanogens and sulfate reducers) maintains H, concentrations
at very low levels (Lovley and Goodwin 1988). For exam-
ple, a 10°C, Hoehler et a. (1994) measured H, concentra-
tions of 0.16 and 1.82 nM for sulfate-reducing and methan-
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ogenic sediments, respectively. Acetogenic CO, reduction is
unfavorable at these concentrations, with AG = +24.5 and
+1.63 kJ per mol acetate formed (given: P, = 0.07 atm
(2Co, 50 mM); {CH,COOH} 41 X 108 M
(XCH,COOH = 10 uM); AG°yye = —91.5 kJ mol ace-
tate ). In essence, sulfate-reducing and methanogenic bac-
teria outcompete acetogens for the common substrate H,.
Hence, while acetogenic CO, reduction is well documented
in pure culture studies, its role and importance in the envi-
ronment are poorly understood (Drake et al. 1994).

The few observations of acetogenic CO, reduction in sed-
iment ecosystems have al come from freshwater environ-
ments, where acetogens must compete with methanogens for
H, (Lovley and Klug 1983; Phelps and Zeikus 1984; Jones
and Simon 1985; Conrad et al. 1989; Nozhevnikova et al.
1993). This study was designed to look for acetogenic CO,
reduction in marine sediments, where sulfate reducers aso
compete for H,.

Seasonal acetate accumulation in Cape Lookout Bight
sediments—In the anoxic sediments of Cape Lookout Bight
(CLB), North Carolina, an annual temperature variation from
8 to 28°C causes the depth of sulfate penetration into the
sediment column to oscillate between 25 cm in the winter
and 10 cm in the summer (Fig. 1A) (Crill and Martens 1987;
Klump and Martens 1989). As a result of this oscillation,
sulfate in the 10-25-cm depth interval is rapidly depleted
during the spring (Fig. 1B), and the system shifts from sul-
fate reduction to methanogenesis as the dominant mode of
terminal metabolism. (This sequence of events is hereafter
referred to as the ** sulfate-methane transition period.””) San-
sone and Martens (1982) observed that acetate concentra-
tions in the 10—25-cm interval increase two orders of mag-
nitude to millimolar levels during this transition period (Fig.
1B). It is postulated that this accumulation reflects a tem-
porary decoupling of acetate production (by fermentative
bacteria) and consumption (by terminal bacteria) (Alperin et
a. 1994). When the supply of sulfate is exhausted, sulfate
reduction can no longer provide a sink for acetate. At the
same time, the methanogen population is low and unable to
keep pace with production of acetate. Acetate accumulates
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Fig. 1. The seasona accumulation of acetate in CLB sediments.
(A) Seasona variation in temperature (open circles) and depth of
sulfate penetration, defined as the 1-mM sulfate isopleth (solid line).
(B) Pore-water concentrations of sulfate (open circles) and acetate
(filled circles) at 13.5-cm depth. Data represent a compilation of
measurements from 1989 to 1991.

as a result of the production—consumption imbalance. We
hypothesize that this mechanism might also create a surplus
of H, during the sulfate—methane transition, creating a win-
dow of opportunity for acetogenic CO, reduction.

Alperin et al. (1992) reproduced the acetate accumulation
event in a laboratory sediment incubation experiment. This
study yielded stable isotopic evidence that suggested that
acetogenic CO, reduction may occur briefly during the sul-
fate—methane transition. We conducted a sediment incuba-
tion of shorter duration that was identical to that of Alperin
et al. (1992) with respect to the incubation vessel, sampling/
sediment processing methodology, and techniques for mea-
suring methanogenic CO, reduction rates and concentrations
of sulfate, CO,, and organic acids. Our experiment used sed-
iments from a broader depth interval (0-15 cm, from cores
taken in early May) with an incubation temperature of 22°C.
Sulfate reduction rates reported herein are calculated from
the decrease in sulfate concentrations observed with time.
These and all other rate and concentration data are reported
relative to volume of pore water (e.g., moles per liter of pore
water).

Measurement of acetogenesis rates and H, concentra-
tions—To better assess the role of acetogenic CO, reduction

in this system, we also measured concentrations of H, and
rates of “C-acetate production from #CO.,.

Rates of acetogenesis from CO, were determined by in-
oculating 2.5-ml aliquots of sediment with 25 ul of agueous
NaH“CO, (5 X 107 cpm injection-1). These samples were
incubated at 22°C in the dark for 24 h; incubations were
terminated by freezing the samples. Thawed samples were
immediately centrifuged, and the supernatant fluid was fil-
tered through 0.45-um filters. The bulk radioactivity of the
supernatant fluid (equivalent to the added *4CO, activity) was
determined by liquid scintillation counting a 100-ul aliquot.
In a second aliquot, acetate was isolated by high-pressure
liquid chromatography (HPLC) (Albert and Martens 1997)
with fraction collection; the activity of “C-acetate was de-
termined by liquid scintillation counting. Acetogenesis rates
were calculated using, rate = [2CO,]aa/2At, where a is the
recovered activity of “C-acetate per unit volume of pore
water, A is the added *#CO, activity per unit volume of pore
water, t is the incubation time, and « is the **C: *2C isotope
discrimination factor associated with acetogenesis. We used
avaue of 1.12 for o (Gelwicks et a. 1989). The factor of
2 in the calculation is used to obtain the rate in terms of
acetate production, which equals one-haf of CO, consump-
tion. Precision on replicate sediment samples averaged about
+10%. Tracer recoveries could not be determined due to the
inability to extract all pore water from the bulk sediment.

It is important to consider a potential artifact of determin-
ing acetogenesis rates in this fashion. It has been shown that
the acetate carboxyl group can exchange with the bulk CO,
pool (Eikmanns and Thauer 1984; Schauder et al. 1986; De
Graff et al. 1996). In our system, this could result in incor-
poration of **CQO, into the acetate pool without acetogenesis
taking place—causing an overestimate of rates. However, the
significant **C depletion of the acetate carboxyl carbon that
would result from an active exchange phenomenon is not
evident in acetate from CLB pore water (Blair and Carter
1992)—suggesting that if the exchange occurs at al in this
system, it is probably at a rate too small to bias our results.

Hydrogen concentrations were determined by two meth-
ods. The first two and last two samples of the experiment
(when hydrogen concentrations were at steady state) were
analyzed by the headspace equilibration technique of Lovley
and Goodwin (1988) as modified by Hoehler et al. (1994).
During the intermediate portion of the experiment (days 16—
20), potentialy rapid changes in pore-water H, concentra-
tions necessitated the use of an aternative methodology
based on that of Novelli et al. (1987). An aliquot of whole
sediment (10 ml) was rapidly dispensed into a nitrogen-
flushed vial containing 5 ml of 2 M NaOH. The vial was
quickly sealed and shaken, retarding biological activity and
partitioning the pore-water pool of hydrogen between the
sediment and headspace. The partial pressure of H, in the
headspace gas was determined in the same fashion as for
the headspace equilibration methodology (Hoehler et al.
1994) and was used to calculate the H, concentration in the
pore water (using Crozier and Yamamoto 1974). The pre-
cision of this method (=30% among replicate samples) is
not as good as with the headspace equilibration technique
(£5%). Comparison of the two methods on identical sam-
ples at steady state (both methanogenic and sulfate-reducing
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conditions) indicates the aternative methodology yields H,
concentrations that are generally higher by 3-6 nM than
those measured using the headspace equilibration technique.
All concentration and rate data for H, and other species are
reported relative to volume of pore water (e.g., moles per
liter of pore water).

Acetate and acetogenesis—During the initial 2 weeks of
the experiment, sulfate concentrations decreased at an ap-
proximately constant rate of about 300 uM d-* (Fig. 2A).
Sulfate reduction became sulfate limited sometime after the
concentration dropped below 200 uM (on day 16). Sulfate
reduction effectively stopped on day 17 when the concen-
tration reached 24 uM, similar to the threshold limit ob-
served for pure cultures of sulfate reducers (Ingvorsen et al.
1984). As sulfate became limiting, acetate concentrations be-
gan a period of increase that lasted at least 5 d, reaching a
peak of 536 = 10 uM (Fig. 2A). Because we have no acetate
concentration data for the period between 21 and 30 d, we
do not know exactly when the acetate concentration began
to decrease or if 536 uM is the highest level of acetate that
occurred during the experiment. This accumulation of ace-
tate is similar to that previously observed in CLB sediments
during the sulfate—methane transition (Sansone and Martens
1982; Alperin et a. 1992) and indicates that, for several
days, the competition for terminal metabolic substrates (i.e.,
fermentation products) was significantly relaxed.

Once sulfate became limiting, we observed “CO, reduc-
tion to both *#CH, and *“C-acetate (Fig. 2B). Rates of both
processes are reported here relative to product formation,
which normalizes the two in terms of hydrogen utilization
but not CO, consumption. Consistent with the hypothesis
that methanogens require a ** grow-in period’” following sul-
fate depletion, we observed a steady increase in methano-
genic CO, reduction rates from day 17 to the end of the
experiment. It is not clear whether the peak rate of 79 + 3
uM d-%, observed at the end of the experiment, represents
a steady-state methanogenesis rate or if the rate increase con-
tinued following the end of the experiment. By contrast, ace-
togenic CO, reduction, was a transient phenomenon associ-
ated with the sulfate—-methane transition dynamics. rates
peaked in the severa days following sulfate depletion and
had decreased substantially by the late stages of the incu-
bation. The process seems to have been quantitatively im-
portant with respect to carbon and electron flow during the
intermediate stage of the incubation, as the peak rate of ace-
togenesis (108 = 7 uM d-* on day 20) exceeded that of
methanogenesis. It is important to note that in our tracer
experiments, some of the *“C-acetate produced during an in-
cubation could have been subsequently consumed—so that
our calculated rates should be viewed as minimum estimates.
While this is unlikely to have been important during the
period in which acetate accumulated, it may represent asig-
nificant effect on the day-30 acetogenesis rate.

The role of H,—The occurrence of acetogenic CO, re-
duction in this experiment appears to be closely tied to var-
iations in H, concentrations (Fig. 2C). While the sediments
contained sulfate, H, concentrations were maintained below
2 nM, as previously observed for sulfate-reducing CLB sed-

iments (Hoehler et al. 1994, 1998). Acetogenic CO, reduc-
tion is thermodynamically unfavorable under these condi-
tions (Table 1) and was not detected by our tracer
experiments. As sulfate became limiting, H, concentrations
spiked to 2,600 = 240 nM, then decreased and leveled off
at about 120 nM. These elevated concentrations presumably
represent a relaxation of the competition for H, among ter-
minal metabolic bacteria and were sufficient to make ace-
togenic CO, reduction thermodynamically favorable (Table
1). During this period, we observed significant production
of “C-acetate from “CO,. By the end of the incubation, con-
ditions were approaching a methanogenic steady state and
H, concentrations were again maintained at low levels (13
nM at the last sampled date) that would make acetogenic
CO, reduction thermodynamically unfavorable (Table 1).
Acetogenesis rates had decreased substantialy by this point,
though some production of *“C-acetate was observed on day
30, when H, concentrations may still have been dlightly el-
evated (the closest measured value, 18 nM on day 25, trans-
lates to a thermodynamic driving force for acetogenic CO,
reduction of AG = —3.5 kJ mol acetate™?).

Because the increase in H, concentrations presumably re-
sults from the same production—consumption imbal ance that
causes acetate to build up, one might expect these two fer-
mentation products to accumulate at comparable rates—pro-
vided the flow of electrons through the two pools is similar
at steady state. However, the accumulation of H, we ob-
served following sulfate depletion, though substantial in the
relative sense, was minor in duration and absolute magnitude
compared to that of acetate. While acetate concentrations
increased for 5 d at approximately 100 uM d-* (Fig. 2A),
H, accumulated for only 1 d at <3% of that rate (Fig. 2C).
Following this 1-d buildup, H, concentrations actually de-
creased to about 120 nM and remained roughly constant at
that level for several days (Fig. 2C). The relatively rapid
return to an apparent steady state with respect to H, produc-
tion and consumption requires that a high-capacity H, sink
be present at the time of sulfate depletion. This requirement
is quite consistent with the ecology of homoacetogens. It is
likely that these organisms were already active in their ca-
pacity as fermenters (Schink 1994) when the sediments con-
tained sulfate. The elevated H, concentrations would make
the reductive pathway of their metabolism favorable, allow-
ing them to consume H, via acetogenic CO, reduction. This
would not require a cessation of their fermentative activity,
since the processes are known to occur simultaneously in
pure culture (Wood 1952).

The activity of acetogens appears, in fact, to be a control
on H, concentrations during the sulfate-methane transition
period. For several days following the initial H, spike, H,
concentrations remained constant at alevel one to two orders
of magnitude higher than those associated with methanogen-
esis or sulfate reduction. Lovley and Goodwin (1988)
showed that H, concentrations in sediment environments are
typically controlled by hydrogen-consuming bacteria and
that differing modes of terminal metabolism give rise to dis-
tinctly different steady-state hydrogen concentrations. We
hypothesized that the elevated H, concentrations on days 17—
20 reflected control by acetogenic bacteria. To test this hy-
pothesis, we assumed that H, concentrations during the early
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Fig. 2. Dynamics of the sulfate-methane transition in the sediment incubation experiment. (A)
Concentrations of sulfate (open circles) and acetate (filled circles) vs. time. (B) “C tracer-based
rates of methane (open circles) and acetate (filled circles) production from CO, vs. time. (C) Pore-
water H, concentrations (filled squares) vs. time. Note that H, concentration is plotted on a log
scale. In each plot, the vertical dashed line indicates the time at which sulfate concentrations become
limiting to sulfate reduction. For (B) and (C), error bars represent 1 SD about the mean of three

replicate sediment samples.

and late stages of the experiment reflected control by sulfate
reducers and methanogens, respectively, and used this as a
basis for evaluating whether acetogens might have controlled
the transition H, concentrations.

Hydrogen concentrations strongly influence the bioener-
getics of terminal bacteria, and it appears that minimum en-
ergy requirements ultimately determine the level of H, that
is maintained by an organism (Hoehler et al. 1998). Using
measured concentrations of H, and other relevant species,
the free energy yields (AG) obtained by methanogens and
sulfate reducers can be calculated as —19 and —23 kJ mol -*
of CH, or H.S, during their respective periods of dominance
(Table 1). During the period following sulfate depletion, the

elevated H, concentrations translate to an energy yield of
—18.6 to —21.5 kJ per mol acetate for acetogenic CO, re-
duction (Table 1). The similarity of the acetogenic energy
yields to those of methanogenesis and sulfate reduction
strongly suggests that hydrogen concentrations during the
transition period were controlled by acetogens in exactly the
same fashion as they were by methanogens or sulfate re-
ducers during the early and late stages of the experiment.
Overall, these experiments suggest that acetogenic CO,
reduction may play an important but transient role in marine
sediments that are ordinarily dominated by sulfate reduction
and methanogenesis. The occurrence and dynamics of the
process appear to be intimately tied to variations in H, con-
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Table 1. Thermodynamics of sulfate reduction, methanogenesis, and acetogenesis.

AGT for active AG for aceto-

Day Active TEAP* H, (nM) TEAP (kJ mole ) genesis (kJ mole 1)t

15 Sulfate reduction 16 01 -23+ 14 +19.5
17-20 Acetogenesis (?) 117-150 —-18.6—215 —-18.6—215

38 Methanogenesis 13.0 = 0.6 —188 + 0.6 +0.18

* TEAR, terminal electron-accepting process; *‘active TEAR” the predominant electron-consuming process dur-

ing a given time period.

T AG values were calculated using thermodynamic data from Barner and Scheuerman (1977) and are reported
in kJ per mole of major product (e.g. H,S, CH,, or CH,COOH); pH and al pertinent concentrations were
measured, with the exception of %H,S, which was assumed to have a concentration of 2 = 1 mM; reported
errors result from propagation of individual measurement (and estimated) errors through the AG calculation.

1 The free energy that would be available from acetogenic CO, reduction during the time period indicated. Note
that a positive AG indicates that acetogenesis would be thermodynamically unfavorable.

§ Calculated using the last measured acetate concentration, 80 uM (measured on day 30).

centrations. The relaxation of competition during the sulfate—
methane transition period that allows acetogenesis to occur
in our system may occur in other environments as well. Any
system that undergoes a rapid change from one mode of
terminal metabolism to another might be subject to similar
effects. Shannon and White (1996) report a seasona accu-
mulation of acetate in peats that may result from such a
mechanism. An analogous situation could also be generated
by periodic flooding of rice paddy or forest soils and the
resulting oscillation between aerobic and anaerobic respira-
tion processes (Sugimoto and Wada 1993). Thus, acetogenic
CO, reduction may represent a common periodic occurrence
in many environments.
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