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Lake Mendota sediments and the immediate overlying water column were
studied to better understand the metabolism of the methanogenic precursors H2/
C02 and acetate in nature. The pool size of acetate (3.5 ,uM) was very small, and
the acetate turnover time (0.22 h) was very rapid. The dissolved inorganic carbon
pool was shown to be large (6.4 to 8.3 mM), and the turnover time was slow (111
h). C02 was shown to account for 41 ± 5.5% of the methane produced in sediment.
Acetate and H2/CO2 were simultaneously converted to CH4. The addition of H2
to sediments resulted in an increased specific activity of CH4 from H14003 and
a decrease in specific activity ofCH4 from [2-14C]acetate. Acetate addition resulted
in a decrease in specific activity ofCH4 from H14CO3-. The metabolism ofH14CO3-
or [2-14C]acetate to 14CH4 was not inhibited by addition of acetate or H2. After
greater than 99% of added [2-14C]acetate had been turned over, 42% of the label
was recovered as 14CH4, 20% was recovered as 14C02, and 38% was incorporated
into sediment. Inhibitor studies of [2-14C]acetate metabolism in sediments dem-
onstrated that CHC13 completely inhibited CH4 formation, but not C02 produc-
tion. Air and nitrate addition inhibited CH4 formation and stimulated C02
production, whereas fluoroacetate addition totally inhibited acetate metabolism.
The oxidation of [2-14C]acetate to 14CO2 was shown to decrease with time when
sediment was incubated before the addition of label, suggesting depletion of low
levels of an endogenous sediment electron acceptor. Acetate metabolism varied
seasonally and was related to the concentration of sulfate in the lake and
interstitial water. Methanogenesis occurred in the sediment and in the water
immediately overlying the sediment during periods of lake stratification and
several centimeters below the sediment-water interface during lake turnovers.
These data indicate that methanogenesis in Lake Mendota sediments was limited
by "immediate" methane precursor availability (i.e., acetate and H2), by compe-
tition for these substrates by nonmethanogens, and by seasonal variations which
altered sediment and water chemistry.

In anaerobic environments, organic matter is
degraded via several trophic levels. Methano-
genic bacteria are terminal organisms in the
anaerobic microbial food chain present in fresh-
water sediments. Methanogens alter thermo-
dynamically unfavorable decomposition reac-
tions by metabolizing H2 and allow for complete
mineralization of organic matter by converting
acetate to CH4 (18, 34).
Acetate and H2/CO2 have been shown to be

the major immediate precursors for methano-
genesis in anaerobic ecosystems (18, 34). The
relative amounts of methane derived from each
of these substrates vary in different environ-
ments. Acetate has been shown to account for
approximately 70% of the methane produced in
anaerobic digestors (10, 26). Koyama (13) has
demonstrated that 60% ofthe methane produced
in paddy soils was derived from acetate. In Lake

Vechten sediments, Cappenberg (5, 8) reported
that 70% of the evolved methane was produced
from the methyl position of acetate. Belyaev et
al. (1) have calculated that 36 to 98% of the
methane produced in several Russian lakes was
derived from C02.
Numerous factors have been shown to influ-

ence methanogenic activity in sediments. Mal-
lard and Frea (19) demonstrated that the pro-
duction of methane in Lake Erie sediments was
enhanced by the addition of methanol, acetate,
ethanol, propanol, butyrate, and hydrogen gas.
Similarly, Cappenberg (4) reported that meth-
ane production in Lake Vechten sediments was
stimulated by lactate, acetate, and formate. Or-
emland (22) has shown that methanogenesis in
marine sediments was stimulated by the addi-
tion of 70% H2. The addition of nitrate (15) and
sulfate (4, 33) have been shown to inhibit meth-
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ane production in anoxic sediments. Oremland
and Taylor (23), however, have noted that slow
rates of methanogenesis occurred in marine sed-
iments even in the presence of high concentra-
tions of sulfate.
The methyl position of acetate has been

shown to be oxidized to CO2 in anaerobic sedi-
ments. Cappenberg (8) reported that 13% of the
methyl position of acetate was converted to CO2
in Lake Vechten sediments. Furthermore, ace-

tate oxidation was shown to increase with the
addition of sulfate to sediments (6) and to de-
crease with depth in a sediment core (7).
A detailed investigation was initiated in 1972

to help understand the environmental parame-

ters that regulate methanogenesis in Lake Men-
dota, Wis. Methanogenesis was found to be se-

verely limited by temperature, and the observed
rates of methanogenesis varied seasonally (36).
The increased rates ofmethanogenesis that were
associated with seasonal changes correlated with
increased numbers of methanogens and in-
creased rates of metabolic activity when sedi-
ment temperatures more closely approximated
the optimum temperature for methanogenesis
(37 to 420C). Radioisotopic studies (32) demon-
strated that known energy sources for methan-
ogenic bacteria were readily metabolized in sed-
iments and that methane formation via CO2
reduction was greatly limited by low in situ H2
concentrations. The addition of H2, glucose, for-
mate, and ethanol stimulated sediment meth-
anogenesis and CO2 reduction. Winfrey and Zei-
kus (33) showed that sulfate inhibited sediment
methanogenesis by altering normal carbon and
electron flow during anaerobic mineralization. It
was suggested that sulfate-reducing and meth-
ane-producing bacteria compete for H2 and ace-

tate when sulfate is present in sediments. In the
present paper, we report on precursor pool sizes
and turnover times, the amounts of methane
derived from the carbon precursors CO2 and
acetate, and the effect of environmental param-
eters on the anaerobic metabolism of acetate in
Lake Mendota.

MATERIALS AND METHODS
Sampling procedures. Sediment grab samples

were collected from Lake Mendota throughout the
year at a site under 18 m of water as previously
described (32, 36). In situ sediment temperatures var-

ied from 3 to 12°C throughout the sampling period.
Sediment cores were taken with a Jenkins core sam-

pler (36). Cores were sectioned in the laboratory as

follows. The water overlying the sediment was re-

moved by siphoning while being gassed with N2. A
plunger was inserted into the tube, the core was in-
verted, and sections were extruded through the bot-
tom. Sections were transferred to N2-gassed glass bot-
tles, sealed with a no. 6 neopreme stopper, and stored

at in situ temperature. It is important to note that
considerable compression of cores (approximately 30%
in cores taken by scuba divers) occurred during collec-
tion. Therefore, sediment water chemistry determined
from the pore water "peeper" described below may
not correlate exactly with core sections. Water above
the sediment was sampled with a peristaltic pump
(Horizon Ecology Co.). Water was collected from the
outlet tube of the pump in 10-ml glass syringes (Glas-
pak), and 10 ml was injected into N2-gassed anaerobic
tubes (18 by 240 mm; Bellco Glass Co.). Tubes were
stored on ice until returned to the lab where isotopic
additions were made.

Sediment pore water was sampled with the Plexi-
glas pore water peeper (9) as previously described (33).
Similar results were obtained from chemical assays
done on water collected by either the pump or the
pore water peeper.

Experimental procedures. The pool size of dis-
solved inorganic carbon (CO32- + HC03- + H2CO3) in
Lake Mendota was determined as described by Stain-
ton (27) with the modification that sealed anaerobic
tubes were used instead of syringes.
Due to the extremely small pool size of acetate in

Lake Mendota sediment, sediment pore water was
concentrated before analysis. Freshly collected sedi-
ment was transferred to 250-ml centrifuge bottles and
centrifuged at 4°C for 15 min at 4,000 x g on a Sorvall
RC-5 centrifuge. The supernatant was ifitered through
a 0.45-um membrane filter (Millipore) into a sterile
flask. The filtrate (200 ml) was then transferred to a
1,000-ml round-bottomed vacuum flask, and the pH
was adjusted to 10 by the addition of 3 N NaOH. The
flask was fitted to a roto-evaporator (Brinkmann In-
struments) and evaporated to dryness. The residue
was redissolved in a known volume of water and was
adjusted to pH 1.0 with HCI. A 4-pl sample was then
removed for gas chromatographic analysis.
The turnover rate constant (k) of acetate in sedi-

ments was determined by following the decrease of [2-
'4C]acetate in sediments. Formaldehyde (1%) was
added to duplicate tubes that contained [2-14C]acetate
(105 cpm) and 10 ml of sediment at 10-min intervals
for 1 h. The tubes were then centrifuged for 15 min at
750 x g, and the supernatant was filtered through a
0.45-pm membrane filter. The filtrate was niixed for 1
min under a stream of 100% CO2 to remove the dis-
solved H14C03-/14C02 produced from [2-14C]acetate.
This treatment removed greater than 99% of the ra-
dioactivity when a known amount of H14CO3- was
added to distilled water. Sediment pore water collected
1 h after the addition of [2-"4C]acetate was added to a
Dowex AG-1 X-10 formate column (0.7 by 15 cm) to
determine whether acetate was the only radioactive
compound present. The column was eluted with an
increasing formic acid gradient, and 1-ml fractions
were collected. Acetate was the only radioactive peak,
and 95% of the added radioactivity was recovered in
this peak. A 0.5-ml sample of the filtrate from each
time point was counted in 10 ml of Triton X-100
scintillation cocktail on a Packard Tri-Carb scintilla-
tion counter. The Triton X-100 cocktail contained the
following constituents dissolved in 3 liters of toluene:
1 liter of Triton X-100, 16 g of PPO (2,5-diphenyloxa-
zole), and 1 g of dimethyl POPOP [1,4-bis-(5-phenyl-
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oxazolyl)benzene]. The efficiency of counting obtained
with this cocktail was 75 to 80%. Sediment k values
were then calculated by plotting the natural log counts
per minute versus time and determining the slope of
the line.

Isotope tracer experiInents were performed in du-
plicate as previously described (32). All experiments
were carried out in anaerobic tubes (18 by 142 m)
which contained 10 ml of sediment or lake water.
Sediment grab samples were used for all experiments
unless stated otherwise. All experiments were incu-
bated at 100C in the dark. Each experiment was done
with duplicate tubes and repeated a minimum of two
times to ensure reproducibility.
Gas chromatographic procedures. Evolved

gases were quantified with the gas chromatography-
gas proportional counting system described by Nelson
and Zeikus (20). Gas samples (0.4 cm3) were removed
with a 1-cm3 glass syringe fitted with a miniert pres-
sure-lock syringe valve (Supelco). The syringe was

flushed with O2-free N2 before removal of gas samples
to prevent addition of 02 to experimental tubes. Dis-
solved methane was determined by the gas stripping
technique of Rudd et al. (25) with the modification
that sealed anaerobic tubes were used instead of sy-
ringes. Measured 04CO2 values were corrected for bi-
carbonate equilibrium and dissolved 14CO2 with Bun-
sen absorption coefficients (27). The validity of these
calculations was tested by adding a known amount of
H14CO3- to sediment and measuring the amount of
'4CO2 in the headspace. By using these calculations,
greater than 90% of the added H14C03- was accounted
for.

Acetate was quantified with a Packard 419 gas
chromatograph with a flame ionization detector. A
Teflon column (6 feet by 1/8 inch [ca. 183 by 0.32-cm
ID]) packed with 3% Carbowax-20 M 0.5% H3PO4 on
60/80 Carbopack B (Supelco) was used for the sepa-
ration. The following conditions were used: He carrier
gas, 60 cm3/min; H2, 30 cm3/min; air, 300 cm3/min;
oven temperature, 1700C; injector temperature, 2000C;
detector temperature, 2000C.

Analysis of sulfate and sulfide. Sulfide was as-
sayed by the method of Pachmayr as described by
Caldwell and Tiedje (3). Sulfate was quantified by the
turbidometric method of Tabatabai (29). Optical den-
sity was measured on a Gilford model 240 spectropho-
tometer.

Gases, chemicals, and radioactive com-
pounds. All gases used were passed through heated
copper filings before use to remove any traces of 02.
Mixtures of H2 and N2 were made with a gas propor-
tioner (Matheson Gas Products). Aqueous stock solu-

tions of reagent grade sodium acetate (1 M), sodium
nitrate (1 M), CHCl3 (1 mM), and fluoroacetate (100
mM) were prepared and stored in N2-gassed serum
vials sealed with black rubber bungs (Bellco). The
following radioactive chemicals (Amersham/Searle)
were used: NaH"4CO3, specific activity 60 mCi/mmol;
sodium [2-'4C]acetate, specific activity 56 mCi/mmol.

RESULTS

Pools and turnover times of methano-
genic precursors. To determine the availabil-
ity of methanogenic precursors in sediment, the
pool sizes and turnover rate constants (k values)
of acetate and dissolved inorganic carbon were
measured. The results of these determinations
are shown in Table 1. The pool size of acetate
was very low (2.7 to 4.5 ,tM), which was near the
detection limit of the assay method. A turnover
rate constant of 4.51 h-1 was calculated for ace-
tate in sediments, giving a turnover time of 0.22
h. The concentration of dissolved inorganic car-
bon ranged from 6.4 to 8.3 mM in sediments.
Turnover calculations indicated that the carbon-
ate pool was being turned over very slowly in
sediments (k = 0.009 h-') and had a turnover
time of 111 h. From these determinations, the
turnover rate of acetate was calculated to be
15.7 ,Lmol/liter-h, and the turnover rate of C02
was 66.6 ,tmol/liter. h.

Effect of precursor pool sizes on the
amounts of methane derived from acetate
and H2/CO2. Experiments were initiated to de-
termine the amount of methane produced from
acetate and H2/CO2. Because the pool size of
acetate was extremely small and near the limit
of detection, it was not possible to accurately
determine the percentage of methane produced
from acetate. However, the percentage of meth-
ane derived from C02 was determined as follows.
H14CO3- (2.4 x 106 dpm) was added to tubes
containing 10 ml of sediment and an N2 gas

phase. Experimental tubes were mixed under a
stream of N2 to remove dissolved methane in
the sediment and incubated at 100C. After 13 h
of incubation, the specific activity (SA) of C02
and CH4 was determined. The SA of C02 did not
change significantly during this period (Table
2). From the ratio of the SA of CH4 to the SA of

TABLE 1. Turnover times and pool sizes of methanogenic precursors in Lake Mendota sediments'

Methanogenic Pool sizes (mM) Turnover rate Turnover Tumnover rate
precursor Range Mean constant (h-') time (h) (sedol/liter of

Acetate 2.7 X 10-3-4.5 X 10-3 3.5 x 10-3 4.5 0.22 16
DICb 6.3-8.4 7.4 0.009 111 67
H2' ND-3 x 10-3

a Sediment was collected on various dates throughout 2 sampling years.
hDIC, Dissolved inorganic carbor!
'Data previously reported (32). SD, Not detectable.
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TABLE 2. Percentage of methane derived from CO2 in Lake Mendota sedimentsa
Methane analysisb C02 analysisb % CH4 from

Experiment C02
no. ymol dpm (xl-3) SA (dpm/ ,umol dpm (X10-3) SA (dpm/

mnol) rumol)
1 0.86 86.0 100 2.46 540 220 46
2 0.91 91.6 100 2.27 500 220 46
3 0.91 86.0 92.8 1.99 500 251 37
4 0.72 62.0 84.8 1.09 408 242 35

i+S 0.85±0.09 81±12.8 94.8±6.8 2.1±0.34 484±56 233±15.6 41±5.8

a Sediment was collected on 15 February 1978; in situ temperature was 30C.
b Total gas present per tube.

C02, the percentage of methane derived from
C02 was calculated. An average of 41% (±5.5%)
of the methane produced in Lake Mendota sed-
iment was found to arise from C02 reduction.
Comparable results were obtained for sediments
examined on various dates throughout the sam-
pling year.
Experiments were designed to determine how

acetate or H2 additions affected the amount of
methane arising from acetate fernentation or
C02 reduction. Sediment tubes were gassed with
varying concentrations of H2 (0 to 50%) and
mixed to equilibrate sediment pore water with
the H2 and to remove endogenous methane in
the sediment. N2 accounted for the remainder of
the gas phase. H14CO3- (1.25 x 106 dpm) or [2-
14C]acetate (1.25 x 106 dpm) was added to each
tube, and the tubes were mixed and incubated
at 100C. With the addition of hydrogen, the SA
of methane from H14CO3 increased from 9.0 to
18 to 21 (Fig. 1A). The SA of methane produced
from [2-14C]acetate decreased eightfold with the
addition of hydrogen. The addition of large
amounts ofH2 (greater than 50%) did not further
change the SA of methane from H14C03- or [2-
14C]acetate. The partial pressures of added hy-
drogen did not significantly decrease within the
time course of this experiment. Although the
addition of hydrogen decreased the specific ac-
tivity of methane derived from acetate, it is
important to note that N2 additions did not
significantly affect the amount of 14CH4 pro-
duced from [2-14C]acetate (Fig. 1B).
To test the effects of increased acetate pools

on the conversion of H14CO3- to methane, in-
creasing concentrations of sodium acetate (0 to
5 mM) were added to anaerobic tubes containing
10 ml of sediment. After acetate additions were
thoroughly mixed, H14CO3 (1.25 x 106 dpm) was
added, and the tubes were incubated at 100C.
The SA of methane evolved from H14CO3- de-
creased approximately threefold with increasing
concentrations of added acetate (Fig. 2A). The
effect of acetate additions on the SA of methane
derived from [2-14C]acetate was not examined
because the added acetate would dilute the iso-
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FnG. 1. Effect ofH2 additions on the conversion of
[2-'4C]acetate and H14CO3 to methane in Lake Men-
dota sediments. Sediment was collected on 22 October
1975; in situ temperature was 5°C. (A) SA of CH4
derived from H'4CO3- (at 13 h) and [2-14C]acetate (at
1 h). (B) 14CH4 produced at 1 h from [2-14C]acetate.
Error bars represent ±1 standard deviation.

tope in the acetate pool. Changes in the SA of
the evolved methane would be a result of a
change in the SA of the acetate and not due to
a change in the amount of methane produced
from acetate. Figure 2B shows that acetate ad-
ditions did not significantly affect the conversion
of H14CO3 to 14CH4.
Anaerobic oxidation of acetate. Ex-

periments were initiated to determine the extent

L

5

5
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TABLE 3. Amount of CO2 and CH4 derived from the
methyl position of acetate in Lake Mendota

sedimenta
Experi- 14CH4' (dpm x 14C02C (dpm x RI value

1 5.20
2 5.83
3 5.48
4 5.30

20

o
x

310

0

i ± S 5.48 ± 0.25 2.60 ± 0.83 0.08±

B.

l T -- D

1 a
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ACETATE (mM)

FIG. 2. Effect of acetate additions on the conver-

sion of H'4CO3- to methane in Lake Mendota sedi-
ment. Sediment was collected on 12 April 1976; in
situ temperature was 5°C. (A) SA ofCH4 derived from
W4C03 (at 150 h). (B) '4CH4 produced at 150 h from
H14C03-. Error bars represent ±1 standard deviation.

of the oxidation of the methyl group of acetate
to C02 in sediments and the factors that influ-
enced its oxidation. To determine how much of
the methyl of acetate was converted to CH4 and
C02, 1.3 x 106 dpm of [2-14C]acetate was added
to sediment, and the amount of 14CH4 and 14CO2
produced was measured after nine turnovers
(i.e., 2 h) had elapsed. This allowed for removal
of greater than 99% of the [2-14C]acetate from
the acetate pool. Table 3 shows that 42% of the
isotope was recovered as 14CH4, 20% was re-
covered as 14CO2, and 38% was incorporated into
sediment. To show the degree of acetate oxida-
tion to C02, a respiratory index (RI value) was
used. The RI value is defined as follows: RI
value = 14CO2/(14CO2 + 14CH4), where 14CO2 and
14CH4are produced from [2-14C]acetate. An RI
value of 1.0 indicates oxidation of acetate only
to C02, whereas increasing lower values indicate
increasing amounts of methane formed from the
methyl position of acetate. The RI value for
acetate metabolism in sediments was 0.32. How-
ever, considerable variation (±50%) in this value
was observed with sediment grab samples col-
lected on different dates.

a Sediment was collected on 15 February 1978; in
situ temperature was 3°C.

b Recovery of acetate as CH4 was 42%.
c Recovery of acetate as C02 was 20%.

To test whether the CO2 produced from the
methyl position of acetate in sediments was due
to methane-producing bacteria, [2-14C]acetate
(1.25 x 10' dpm) was added to sediment that
contained various inhibitors (Table 4). Inhibi-
tors were added 8 h before the addition of [2-
"4C]acetate. CHC13, an inhibitor of methane pro-
duction, completely inhibited acetate conversion
to methane, but caused only slight inhibition of
acetate oxidation to C02. Both air and nitrate
completely inhibited methanogenesis from ace-

tate, but stimulated acetate oxidation. Fluoroac-
etate inhibited both acetate conversion to meth-
ane and oxidation to C02.
Experiments were designed to determine the

basis for the large variance in the amount of the
methyl of acetate oxidized to C02 in sediment
samples collected on different dates. To test
whether electron acceptors were present which
allowed acetate respiration to C02, sediment was
incubated in the lab to allow consumption of
endogenous electron acceptors. At various time
intervals, [2-'4C]acetate (1.25 x 106 dpm) was
added to the sediment, the amounts of evolved
14CH4 and 14CO2 were monitored with time, and
the RI value was calculated. The RI values
shown (Fig. 3) were determined 30 min after the
addition of the [2-14C]acetate. As the incubation
time increased, more 14CH4 and less 14CO2 were

produced from methyl-labeled acetate, and the
RI value decreased from 0.49 to 0.15. Identical
results were obtained with sediments collected
when the lake was stratified.
Effect of sediment depth and seasonal

variation on [2-_4C]acetate metabolism.
Sediment cores and water overlying the sedi-
ment were collected to examine acetate metab-
olism at different depths in the core and in the
water immediately above the sediment. [2-
14C]acetate (1.25 x 106 dpm) was added to an-
aerobic tubes containing 10 ml of lake water or

sediment, and RI values were determined. Sul-
fate and sulfide concentrations were also moni-
tored at each sampling depth. Experiments were
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TABLE 4. Effect of inhibitors on [2-14C]acetate
metabolism in Lake Mendota sediments

Gas produced (dpm
Inhibitor x 10-3) RI value

14C4 14C02

Nonea 157 44.8 0.22
100 ,iM CHC13G 0.0 37.0 1.00
0.1 mM fluoroacetatea 0.0 0.0
100% Airb 0.0 85.7 1.00
5 mM NO3-b 0.0 97.7 1.00

a Sediment was collected in November, 1976; in situ
temperature was 5°C. Values were determined after
1.5 h of incubation.

b Sediment was collected on 21 February 1977; in
situ temperature was 3°C. Values were determined
after 1.0 h of incubation. Air was added by mixing a
tube open to the atmosphere for 1 min. These tubes
were mixed again in air (1 miin) when the isotope was
added.

0.6*

04
LLI

cJ

cr 0.2

l a

I a

U 100 200 300
INCUBATION TIME (h)

FIG. 3. Effect of sediment incubation time before
isotope addition on [2-14C]acetate metabolism in
Lake Mendota sediment. Sediment was collected on
16May 1977; in situ temperature was 9°C. Error bars
represent ±1 standard deviation.

repeated at various times of the year to test the
effect of stratification and lake turnovers on
acetate metabolism. Figure 4A shows the con-
centration of sulfide and sulfate in Lake Men-
dota sediment and overlying water during sum-
mer stratification. Sulfide was present in the
water above the sediment at a concentration of
about 1 jug/ml and aboutx3 jig/ml in the sedi-
ment. Sulfate was present in water 1 m above
the sediment at 8 jig of SO42--S per ml and
decreased gradually to 6.6 jig/ml at the interface.
Sulfate was not detected below the sediment-
water interface. An RI value of 1.0 was calcu-
lated for water collected between 10 and 100 cm
above the interface (Fig. 4B). The RI value
began to decrease at 5 cm above the interface,
indicating the production of methane from ace-
tate in the water column above the sediment. RI

values of 0.3 to 0.4 were calculated in the sedi-
ment, indicating acetate was being metabolized
primarily to methane. During periods of ice
cover, Lake Mendota undergoes reverse strati-
fication, and oxygen is again depleted in the
water above the sediment. Experiments with
cores and water samples collected during Feb-
ruary, 1978, revealed that methanogenesis again
occurred in the water above the sediment. An
RI value of 0.75 was calculated at 5 cm above
the sediment-water interface, whereas samples
above this depth had RI values of 1.0. RI values
between 0.3 and 0.5 were measured in the sedi-
ment core.

Figure 5 shows the results of an experiment
performed during the fall turnover when oxygen
was mixed throughout the water column of the
lake. Sulfide (Fig. 5A) was absent in the aerobic
waters above the sediment, increased to a max-
imum of 1.0 ,ug/ml immediately below the sedi-
ment, and decreased in deeper regions of the
core. Sulfate was present at 8 ,ug of S04-S per
ml in the water overlying the sediment, but was
not detectable in the sediments. Figure 5B shows
that acetate is metabolized only to CO2 in the
water above the sediment and even below the
interface. Methane production from acetate was
first detected at 5 cm below the interface. RI
values of 0.5 to 0.6 were calculated for sediment
core sections. Experiments performed during the
spring turnover revealed results similar to those
obtained during the fall turnover.

DISCUSSION
These results demonstrate that methanogen-

esis in Lake Mendota is limited by methanogenic
precursor availability. The pool sizes of acetate
reported here and of H2 (32) were very minute
and turned over rapidly in sediments. C02, how-
ever, was abundant in sediments, and the CO2
pool turned over more slowly. Thus, methano-
genesis in this aquatic ecosystem differs signifi-
cantly from man-made anaerobic sewage diges-
tors where anaerobic decomposition has been
reported to be limited by the rate at which
methanogenic bacteria ferment acetate (12, 34).
In Lake Mendota sediments the rate-limiting
step in methanogenesis appears to be the rate at
which H2 and acetate are supplied to the small
methane precursor pool. This fact may in itself
be a reflection of the rate at which microorga-
nisms catabolize particulate matter (i.e., biopol-
ymers) into immediate methane precursors.
Strayer and Tiedje (28) have also shown H2
limitation of methanogenesis in Lake Winter-
green sediments. However, in this sediment en-
vironment, methanogenesis was not stimulated
by acetate addition, suggesting that acetate me-
tabolism to CH4 was occurring at or near the
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FIG. 4. Relation between acetate metabolism and sulfur water chemistry in Lake Mendota during summer

stratification. (A) Lake and interstitial water chemistry. Samples were collected on 29 June 1977. Symbols:
S2- (pg/ml), samples collected by pump (a); S2- (pg/ml), samples collected from pore water peeper (0); S04-
S (pg/ml), samples collected bypump (-); S04-S (pg/ml), samples collected from pore waterpeeper (0). (B) RI
values in sediment and bottom waters. Water and sediment core were collected on 2 July 1977; in situ
temperature was 11.20C. Symbols: RI value in water column (A); bars indicate RI value in sections of
sediment core. The length of the bar designates the thickness of core section used for sediment samples. The
shaded area in the figure indicates the region of the sediment-water interface.

maximal rate. It is important to note that both
H2/CO2 and acetate were simultaneously con-

verted to methane in sediments, even in the
presence of excess H2 or acetate. This indicates
that metabolism of these substrates is not mu-

tually exclusive in nature and suggests that ace-
tate fermentation by methanogens does not re-

quire low H2 partial pressures as has been sug-

gested for decomposition of higher fatty acids
(2). Van den Berg et al. (30) showed that H2
addition had no effect on acetate catabolism by
an enrichment culture. Kaspar and Wuhrmann
(11) reported that acetate turnover in sewage

sludge was not affected by an increase in the H2
partial pressure. Acetate has been shown to be
metabolized by pure cultures of Methanosar-
cina in the presence or absence of H2 (30a, 35).
This organism has been isolated from Lake Men-
dota sediments (30b, 36). The significance of
acetate metabolism by Methanosarcina in na-

ture has not been established. The turnover rate
of acetate in laboratory cultures (30a) under
optimal conditions (370C in complex medium)
by M. barkeri isolated from Lake Mendota sed-
iments is approximately 50 times greater in the
presence or absence of added H2 than the rate

observed here in sediments. Thus, organisms
with metabolic properties similar to M. burkeri
(16, 17, 30a, 30b) may be of importance to sedi-
ment methanogenesis.
The amount of methane formed from acetate-

carbon and C02-carbon has been shown to vary
significantly in different lake sediments (1, 8). In
Lake Mendota sediments 41% (±5.5%) of the
methane was derived from HCO3-C. It was not
possible to derive a statistically significant value
for the amount of methane formed from acetate-
C because of the variation in pool size, rapid
turnover rate, and metabolism of [2-14C]acetate
to both 14CO2 and 14CH4. Based on the assump-
tion that C02 and acetate alone are the methane-
carbon precursors in nature (18), 59% of the
methane would be formed from acetate in Lake
Mendota sediments. However, CH30H, CH3NH2
(30b), and other undescribed substrates may also
be of significance to total methane formation.
The differences in values observed for the

origin of methane in various lake sediments (1,
8) may be a result of variations in interstitial
water chemistry and microbial activities. The
relative concentrations of H2 and acetate in sed-
iments were shown to determine what the major
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FIG. 5. Relation between acetate metabolism and sulfur water chemistry in Lake Mendota during fall
turnover. (A) Lake and interstitial water chemistry. Samples were collected on 3 November 1977. Symbols are
the same as in Fig. 4. (B) RI values in sediment and bottom waters. Water and sediment collected on 3
November 1977; in situ temperature was 10.4°C. Symbols are the same as in Fig. 4. Surface sediments (2 and
5 cm below interface) were collected by lowering the end ofthepump tubing the designated distance below the
sediment-water interface. The sediment-water interface (shaded area) is considerably wider than in Fig. 4
because of the inclusion ofRI values calculated from surface sediments collected with thepump.

methane-carbon precursor will be. In the pres-
ence of excess H2, C02 was the major methane-
carbon precursor, whereas acetate was the major
precursor when excess acetate was added to
sediments. These results support the hypothesis
of Zeikus et al. (35) that acetate may be the
major methane precursor under conditions of
limiting H2. The simultaneous conversion of the
methyl position of acetate to C02 and CH4 in
Lake Mendota sediments and the variances of
RI values observed in different sediment sam-
ples are also significant in evaluating the amount
of methane derived from acetate. Oxidation of
significant amounts of acetate would further
limit the amount of acetate available for meth-
anogenesis. In addition, acetate and H2 (32) con-
sumption by nonmethanogens (33) indicate that
other sediment anaerobes share the role of
methane-producing bacteria as terminal orga-
nisms in anaerobic microbial food chains.
The anaerobic oxidation of the methyl of ace-

tate to C02 reported here has previously been
observed in the sediments of Lake Mendota (32,
33) and Lake Vechten (6-8). Equal amounts of
C02 and CH4 were produced from the methyl of

acetate in freshly collected (1 h) sediment. The
amount of C2-acetate converted to C02 in situ
may be even greater than demonstrated in Lake
Mendota sediment as the amount of oxidation
to C02 rapidly decreased with older sediment
samples. The low levels of C2-acetate metabo-
lism to C02 observed in the presumed absence
of endogenous electron acceptors (e.g., So,
SO42-) may be a result ofmethanogenic bacteria.
In the presence of methanol or methylamine
significant amounts of C2-acetate are converted
to C02 by M. barkeri (30a); smaller amounts of
C02 are produced by methanogens (30a, 35) in
the presence of H2/C02.
The oxidation of acetate in the presence of

CHC13, an inhibitor of methanogenesis, demon-
strated that nonmethanogens were largely re-
sponsible for this process in freshly collected
sediments. Complete oxidation of acetate to C02
has only been demonstrated in organisms which
use the tricarboxylic acid cycle and transfer elec-
trons to an external electron acceptor. Total
inhibition of acetate metabolism by fluoroace-
tate suggests that tricarboxylic acid cycle en-
zymes are involved in acetate oxidation. Fluo-
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roacetate has been shown to result in the for-
mation of fluorocitrate a potent inhibitor of
aconitase (14). Lack of activity in this enzyme
would result in an inactive tricarboxylic acid
cycle. The addition of sulfate (33), air, and ni-
trate stimulated oxidation of the methyl of ace-
tate, although these electron acceptors were not
detected in Lake Mendota sediment. Thus, there
is some question as to what the electron acceptor
used for acetate oxidation is in Lake Mendota
sediment. Pfennig and Biebl (24) have recently
isolated Desulfuromonas acetoxidans, which is
able to anaerobically oxidize acetate to C02 us-
ing elemental sulfur as a terminal electron ac-
ceptor. Sulfur may well be the endogenous elec-
tron acceptor, because Nriagu (21) has measured
between 13 and 36 ,tg of elemental sulfur per ml
in Lake Mendota sediments. Thus, D. acetoxi-
dans or metabolically similar organisms may be
responsible for acetate oxidation in Lake Men-
dota sediments.

In surface sediments and the overlying anaer-
obic waters, sulfate is likely the major electron
acceptor responsible for acetate oxidation. In the
anaerobic sulfate-containing waters overlying
Lake Mendota sediments, acetate was converted
primarily to C02. The amount of acetate oxida-
tion sharply decreased, however, when sulfate
became depleted immediately below the sedi-
ment-water interface. These data suggest that
both methanogenesis and sulfate reduction are
important processes in carbon mineralization in
Lake Mendota. Widdel and Pfennig (31) have
demonstrated that Desulfotomaculum acetoxi-
dans grows by acetate oxidation using sulfate as
a terminal electron acceptor. This species or
other metabolically similar bacteria may be re-
sponsible for anaerobic oxidation in waters over-
lying Lake Mendota sediment and could com-
pete with methanogens for acetate as an energy
source.
The results presented here demonstrate the

dynamic nature ofmethanogenesis in Lake Men-
dota. Methanogenic rates have been shown in
several lakes to be highest in surface sediments
(18, 34), although the water chemistry and mi-
crobial activities in this region drastically change
with seasonal turnovers. Methanogenic activity
in Lake Mendota clearly reflects these seasonal
changes. During periods of stratification, meth-
anogenesis was observed in the water overlying
the sediment, but was first detected several cen-
timeters below the sediment-water interface
during periods of turnover. During turnovers,
oxygenated water is mixed throughout the water
column, and oxygen-sensitive methanogens ap-
pear to be inhibited. Mixing of increased
amounts of sulfate from overlying waters with
surface sediments may further inhibit methan-

APPL. ENVIRON. MICROBIOL.

ogenesis after oxygen depletion. Due to the ex-
tremely small pool size of acetate in Lake Men-
dota, competition for this energy source between
methanogenic and acetate-oxidizing organisms
may greatly affect methanogenesis. Nutrient
limitation and the rapid metabolism of endoge-
nous substrates with time are important consid-
erations in sampling and designing experiments
to assess microbial activities in sediments. Be-
cause of these considerations, it is also important
to recognize that laboratory experiments may
not accurately demonstrate actual in situ activ-
ities. The data presented here further demon-
strate differences in various anaerobic ecosys-
tems and emphasize that care should be taken
when comparing Lake Mendota sediments to
other methanogenic environments.
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