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Due to anaerobic conditions, peatland soils store globally significant amounts of carbon and are an
important source of methane, a potent greenhouse gas. One component of anaerobic carbon cycling,
homoacetogenesis (i.e., acetate formation from carbon dioxide and dihydrogen via the acetyl-CoA
pathway), has rarely been quantified in natural environments because it is commonly viewed as being
thermodynamically unfavorable. Here we show that in a laboratory incubation using a tracer method,
homoacetogenesis occurred at significant rates in soils from three peatlands (bog, intermediate fen, and
cedar swamp) despite thermodynamic conditions that appeared to be unfavorable for this process.
Homoacetogens consumed dihydrogen at rates up to 3- to 10-times faster than methanogens, and
homoacetogenesis accounted for 16—63% of total acetate production, with the balance likely coming
from fermentation processes. Our results show that homoacetogenesis can play an important role in
regulating acetate dynamics, methane production, and carbon cycling in peatlands.
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1. Introduction

Understanding the mechanisms controlling anaerobic carbon
(C) cycling in peatlands is essential because they contain up to one-
third of the world’s soil carbon, emit globally significant amounts of
methane (CHy), and are likely to represent an important feedback
to future climate change (Gorham, 1991; Ise et al., 2008). The basic
dynamics of organic C mineralization in wetland soils are in prin-
ciple well known (Bridgham et al., 2013; Megonigal et al., 2004;
Reddy and DeLaune, 2008). During anaerobic carbon mineraliza-
tion, acetate is a key intermediate metabolite that provides sub-
strates for various groups of microorganisms, such as sulfate and
iron-reducing bacteria, and methanogens (Fig. 1). Acetate can be
produced by the fermentation of more complex organic polymers
or via homoacetogenesis (i.e., acetate formation from carbon
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dioxide (CO;) and dihydrogen (H;)). The production of acetate is an
important control over CH4 dynamics because acetate serves as the
substrate for acetoclastic methanogenesis, while homoacetogens
potentially compete for Hy with hydrogenotrophic methanogens
(Drake et al., 2009; Megonigal et al., 2004).

Homoacetogenesis is the reduction of CO, with Hj to acetate via
the acetyl-CoA pathway (2CO, + 4H; — CH3COOH + 2H,0)
(Diekert and Wohlfarth, 1994; Drake et al., 2006). This reaction is
generally considered to be thermodynamically unfavorable as a
result of low Hy partial pressure in bulk porewater, which is com-
mon in many anaerobic habitats, including peatlands (Goodwin
and Zeikus, 1987), because of H, consumption by microorganisms
such as sulfate and iron reducers (Megonigal et al., 2004). In
methanogenic environments (i.e. those with low concentrations of
inorganic TEAs), methanogens and homoacetogens are the main H;
consumers, with methanogens generally thought to dominate
(Hoehler et al., 1999; Lovley and Klug, 1983; Jones and Simon, 1985).
Nonetheless, it has been suggested that homoacetogens can
outcompete methanogens at low temperature (Conrad and Wetter,
1990; Kotsyurbenko et al., 1993; Nozhevnikova et al., 1994; Liu and
Conrad, 2011), likely due to higher growth rates at low temperature
than methanogens (Conrad et al., 1989; Kotsyurbenko et al., 1996,
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Fig. 1. Pathways for anaerobic decomposition of complex organic carbon.
TEA = terminal electron acceptor.
Adapted from Megonigal et al. (2004).

2001). Past studies have also implied that homoacetogenesis can
occur under seemingly thermodynamically unfavorable conditions,
yet the mechanisms remain elusive (Conrad et al.,, 1989; Heuer
et al., 2009).

Since soils of most northern peatlands have low concentrations
of TEAs (Blodau et al., 2002; Janssens, 2005), current anaerobic
carbon cycling theory suggests that methanogenesis should
dominate anaerobic decomposition (Fig. 1). However, studies have
shown that anaerobic peatland soils frequently produce little CHy
and accumulate acetate (Hines et al., 2001; Duddleston et al., 2002;
Hines et al., 2008; Keller and Bridgham, 2007; Bridgham et al.,,
2013). The mechanisms underlying these dynamics are very
poorly understood, but one possible explanation is that homo-
acetogenesis may prevail in these soils at typical growing season
temperatures (Duddleston et al., 2002). In support of this hypoth-
esis, we recently observed substantial acetate accumulation at 17 °C
during an anaerobic incubation of peat soils (Ye et al., 2012). To
understand the source of this acetate, we anaerobically incubated
soil samples from a bog, an intermediate fen, and a cedar swamp
from the Upper Peninsula of Michigan, USA in the laboratory with
a 14C—COz tracer and measured rates of CO, respiration, homo-
acetogenesis, hydrogenotrophic methanogenesis, and acetoclastic
methanogenesis in these soils.

2. Materials and methods
2.1. Sample preparation

The current study was run concurrently with a large pH-
controlled experiment (Ye et al., 2012), which suggested signifi-
cant rates of homoacetogenesis in peatland soils. To minimize po-
tential pH artifacts, we used peat samples at a pH equal to or closest
to their native pHs. Thus, the bog peat was incubated at pH 3.5 (0.2

pH unit lower than the native), fen peat at pH 4.5 (equal to the
native), and swamp peat at pH 6.5 (0.5 pH unit higher than the
native). pH within a site can easily vary by half of a pH unit
seasonally, so these incubation pHs are reasonable.

Peat samples were collected from three peatlands in the Upper
Peninsula of Michigan, USA in August 2009 (Table 1). Four cores
were extracted with PVC tubes (10-cm diameter, 15-cm length)
from below the water table in hollows from each site and trans-
ported on ice to our laboratory at the University of Oregon and
frozen at —20 °C until use. After thawing at room temperature in an
anaerobic glove box filled with 2% H, and 98% N, gas (Coy Labo-
ratory Products Inc., Grass Lake, MI, USA), each peat core was ho-
mogenized by hand after the removal of woody material, large
roots, and green vegetation. A subsample was dried at 60 °C for 3
days to determine the moisture content. Approximately 120 g of
peat from each core was transferred to a 440 mL Mason jar and
mixed well with 240 mL of degassed and deionized water, followed
by the adjustment of pH to the targeted value with either 10 N HCI
or 10 N NaOH. The pH was adjusted daily in the glove box during
the first week of incubation and once every 2 or 3 days afterward
when pH changes in most of the slurries were <0.2 pH units. After
pH adjustment, the slurries were capped and bubbled with oxygen-
free N, gas for 10—15 min and then incubated in the dark at 17 °C,
which was the average field temperature when the peat cores were
collected.

2.2. COy and CH4 production, CH4 pathway, acetogenic CO»
reduction

On Days 2, 7, 15, and 43 of the incubation, 10 g of slurried peat
from each sample was transferred into a 40 mL vial (I-Chem, VWR
International LLC, CA, USA) in the glove box following pH adjust-
ment. The peat slurries were capped and bubbled with oxygen-free
N, gas for 5—10 min. Following the addition of 0.1 mL of
3.5 uCi mL~! NaH'COs3, the slurries were gently shaken and incu-
bated at 17 °C in the dark. After incubation for 48 h, slurries were
shaken to release trapped gas bubbles and headspace CO; and CHy4
were quantified by gas chromatography using a flame ionization
detector equipped with a methanizer (SRI Instruments, Torrance,
CA, USA), while “CO, and “CH,4 production were measured
concurrently with an in-line radioactive gas detector (LabLogic
Systems Inc., Brandon, FL, USA). Production of CH4 and CO, were
calculated as the sum of production in both gas and liquid phases
(Stumm and Morgan, 1995). Porewater was then collected from the
same subsamples and filtered with a Whatman GF/F glass fiber
filter (Sigma—Aldrich, MO, USA), followed by a second filtration
with a 0.22 pm syringe filter (Tisch Scientific, OH, USA). Acetate
concentrations of the water samples were determined with a
Dionex DX500 ion chromatograph system equipped with an HC-75
column (Hamilton Company, Reno, ND, USA), with the effluent of

Table 1
Physical and biological characterizations of the sampling sites.
Location Dominant Peat pH Water-table
vegetation depth depth?®
Bog Michigan Sphagnum 380cm 3.7 -34cm
(N46°6'6", spp.
W88°16'25")
Intermediate ~ Wisconsin Sphagnum 340cm 45 -23cm
fen (N46°12'48”,  spp.
W89°30'2”
Cedar swamp  Michigan Thuja 290cm 6.0 -16cm
(N46°14'41",  occidentalis L.
W89°32/38")

2 Measured from hollow surface.
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the acetate peak subsequently collected with an in-line fraction
collector (Amersham Biosciences, Piscataway, NJ, USA). The activity
of C-acetate in the collected effluent was quantified with a liquid
scintillation counter (Beckman Instruments Inc., Fullerton, CA, USA)
corrected for a recovery rate for “C-acetate of 65% that was
determined empirically by us.

Hydrogenotrophic methane production (CHanyq) was calculated
as described by Keller and Bridgham (2007), i.e.

CHapya = a[z coz} a/Atg (1)

where a is the recovered activity of “CHg, >~CO; represents the
available CO, pool, « (=1.12) is the C:'%C isotope fractionation
factor for hydrogenotrophic methanogenesis, A is the activity of
available H'4COg3, t is the incubation time, and g is the dry mass of
peat in the slurry. Unlike Keller and Bridgham (2007), we utilized
values averaged over the entire incubation period for >°CO, and A
(Ye et al., 2012). Acetoclastic methanogenesis was defined as the
difference between hydrogenotrophic CH4 production and total
CH4 production. In our pilot experiments, acetoclastic methano-
genesis was greatly underestimated with C-acetate, which has
also been reported by Avery et al. (1999).

Homoacetogenesis (H) was calculated as described by Hoehler
et al. (1999) with slight modification, i.e.

H = a[z coz] o/2Atg 2)

where a is the recovered activity of “C-acetate, and the other
variables are the same as described previously. The factor 2 ac-
counts for 2 mol of CO, being consumed for every mole of acetate
produced. We also made a crude estimate of the amount of C-
acetate that was converted into CH4 via the acetoclastic pathway by
multiplying the rate of acetoclastic methanogenesis by one half of
the specific activity of acetate at the end of the incubation (as an
estimate of the activity at the half way point).

2.3. Acetate production

We assumed that acetoclastic methanogenesis was the major
acetate sink and calculated gross acetate production as:

Gross acetate production = acetate (t,) — acetate (t;)
+ acetoclastic methanogenesis

(3)

where, [acetate (t;) — acetate (t1)] was the change in porewater
acetate pool size between two sampling time intervals. We further
assumed that 1 mol of acetate produces 1 mol CHy via the aceto-
clastic pathway (Conrad, 1999).

2.4. Thermodynamic calculations

Acetate concentration and the partial pressure of CO, and CHy
were used to calculate the minimal H; partial pressures for Gibbs
free energy (AG) = O for both hydrogenotrophic methanogenesis
and homoacetogenesis (Conrad and Wetter, 1990).

2.5. Statistical analyses

Rates of methanogenesis, CO, production, homoacetogenesis,
and concentrations were analyzed with the MIXED procedure of
SAS 9.1 (SAS Institute) with time as a repeated variable. Tukey’s test
at « = 0.05 was performed to detect significant differences between

individual sites and time intervals. Data were log-transformed if
that significantly improved the overall distribution. Pearson cor-
relations were used to examine relationships between variables.

3. Results
3.1. CH4 production

CH4 was mostly produced by acetoclastic methanogenesis in all
peats during the 43-day incubation (Fig. 2). Both acetoclastic and
hydrogenotrophic CH4 production, and thus overall CH4 produc-
tion, were lowest in the bog peat throughout the incubation. Rates
of acetoclastic CH4 production were similar in the swamp and fen
peats on Days 2 through 15, but rates decreased to half of the initial
value in the swamp peat from Day 15 to 43. In contrast, acetoclastic
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Fig. 2. CH, production rates in peat from a bog (circle), an intermediate fen (square),
and a cedar swamp (triangle). A, acetoclastic production; B, hydrogenotrophic pro-
duction; error bars indicate 41 standard error (n = 4).
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CH4 production in the fen peat more than doubled during the same
period (Fig. 2A). The rate of hydrogenotrophic CH4 production in
swamp peat did not change significantly during the incubation. On
Day 2, hydrogenotrophic methanogenesis in the fen was highest,
but it decreased sharply during the first week and continued to
decrease more slowly thereafter (Fig. 2B), such that rates of
hydrogenotrophic CH4 production in the fen and swamp peats were
similar after Day 7.

3.2. CO, production

CO, production did not change significantly through time in
either the bog or swamp peats, and it was lowest in bog peat over
the entire incubation (Fig. 3). CO, production was initially much
greater in the fen peat than in both the bog and swamp peats, but it
decreased to one-third of the initial value from Day 2 to 7 and
remained relatively stable and similar to the swamp peat thereafter
(Fig. 3).

3.3. Acetate concentration

Acetate concentration increased rapidly through time in the fen
peat through Day 15 and was higher than in the other two peats,
but the concentration decreased by 43% on Day 43 (Fig. 4). Acetate
concentration continued to increase through time in the bog peat at
a more moderate rate, so that by Day 43 the concentration was not
significantly different from the fen peat. In the swamp peat, acetate
concentration decreased from Day 7 to Day 43 such that it was
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Fig. 3. CO, respiration rates in peat from a bog (circle), an intermediate fen (square),
and a cedar swamp (triangle). Error bars indicate +1 standard error (n = 4).

more than 20-times lower than that of the bog and fen peats on Day
43 (Fig. 4).

3.4. Homoacetogenic production

We calculated that on average only 0.2% of the “C-acetate was
converted to CHy4 via the acetoclastic pathway, with a maximum of
2.5% (data not shown), so our rates of homoacetogenesis based on
the net accumulation of C-acetate were not unduly under-
estimated. On Day 2, homoacetogenesis in the fen peat was 15- to
30-times higher than in the bog peat and swamp peats (Fig. 5).
However, the rate decreased significantly from Day 2 to Day 7, at
which time it was not different from the swamp or the bog peats.
Rates of homoacetogenesis in all peats did not change significantly
from Days 7 to 15. However, the rate in the swamp peat was higher
than the bog and fen peats on Day 15. Similarly, this rate did not
change significantly in all peats from Day 15 to Day 43 and there
were no differences among peats on Day 43.

4. Discussion
4.1. The occurrence of homoacetogenesis

Rates of anaerobic carbon mineralization and the ratio of its end
products, CO, and CHy, are the result of a suite of complicated in-
teractions among multiple microbial functional groups (Fig. 1). One
component of such interactions, homoacetogenesis, is generally
considered thermodynamically unfavorable in many anaerobic
environments, primarily due to the low H, concentration resulting
from its consumption by TEA reducers or methanogenic archaea
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Fig. 4. Acetate concentration in peat from a bog (circle), an intermediate fen (square),
and a cedar swamp (triangle). Error bars indicate +1 standard error (n = 4).
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(Megonigal et al,, 2004; Drake et al., 2006). Thus, homoaceto-
genesis is commonly considered less important in carbon cycling
and has rarely been quantified in natural environments (Hoehler
et al., 1999; Lovley and Klug, 1983; Jones and Simon, 1985; Drake
et al., 2006).

In the present study we quantified homoacetogenesis produc-
tion with radioactive tracers in soils from three peatland types.
While our laboratory incubation study did not measure in situ rates
of the biological processes that produce and consume acetate, it
does suggest that homoacetogenesis is potentially an underap-
preciated carbon pathways in peatlands as it contributed 16—63% of
acetate production and consumed Hj at rates up to 3- to 6-time
faster than hydrogenotrophic methanogenesis during the 43-day
incubation.

By Day 2, we detected the reduction of 4CO, to both C-acetate
and C-CHy in all samples (Figs. 2B and 5), indicating that both
homoacetogenesis and hydrogenotrophic methanogenesis were
occurring simultaneously. Thermodynamic calculations suggest
that for homoacetogenesis to have occurred the minimal H; partial
pressure had to be 40 Pa (17 umol L~ 1), 24 Pa (10 pmol L), and 7 Pa
(3 pmol L1 in peat from the bog, fen, and swamp, respectively.
Typical H, partial pressures of 3—11 Pa (1—5 pmol L~!) (measured
separately in another experiment under similar conditions) are
sufficient for methanogens to prevail in all peats, but too low to
explain the observed homoacetogenesis in soils from the bog and
fen. This apparent discrepancy can be explained if Hy-consuming
homoacetogens rely mainly on interspecies H, transfer from syn-
trophic bacteria rather than on porewater Hj, like some metha-
nogens (Conrad et al, 1985; Conrad and Babbel, 1989) and
acetogens (Leadbetter et al., 1999; Drake et al., 2006). Other studies
have also suggested homoacetogenesis can occur in seemingly

thermodynamically unfavorable environments, such as anaerobic
rice paddy soils (Conrad et al., 1989) and deep seafloor sediments
(Heuer et al., 2009).

Reduction of a mole of CO, via either homoacetogenesis or
hydrogenotrophic methanogenesis requires 4 mol of H,. Therefore,
the ratio of homoacetogenesis to hydrogenotrophic CH4 production
describes the relative proportion of Hy utilized by the two pro-
cesses. Our results suggested that 3- to 10-times more H, was
consumed by homoacetogenesis than hydrogenotrophic meth-
anogenesis on Day 2 in the 3 different peats (Fig. 6). While the rates
of both processes generally declined over the course of the incu-
bation, hydrogenotrophic methanogenesis surpassed homoaceto-
genesis by Day 7 in the fen peat, by Day 15 in the swamp peat, and
by Day 43 in the bog peat (Fig. 6). Our results demonstrate that
homoacetogens are capable of dominating Hy consumption over
hydrogenotrophic methanogens in peatlands at moderate tem-
peratures (17 °C), reflecting the mid-summer conditions in our sites
when the greatest carbon mineralization rates occur. Competition
between methanogens and homoacetogens for Hy ultimately in-
fluences the flow of C and electrons to either acetate or CHy.
However, if there is a compensatory response of acetate conversion
into CH, via the acetoclastic pathway, there may be little overall
effect on net CH4 production. While there was a tendency for rates
of acetoclastic methanogenesis to increase over time in our study
(Fig. 2A), we still observed substantial acetate accumulation in bog
and fen peat (Fig. 4), suggesting that acetoclastic methanogenesis
did not fully compensate for acetate production.

Declining rates of homoacetogenesis over time were not asso-
ciated with greater hydrogenotrophic methanogenesis rates
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Fig. 6. Ratio of homoacetogenesis to hydrogenotrophic methanogenesis measured
using 'C-CO, in peat from a bog (circle), an intermediate fen (square), and a cedar
swamp (triangle). Error bars indicate &1 standard error (n = 4).
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(Figs. 2B and 5). In fact, rates of homoacetogenesis and hydro-
genotrophic methanogenesis were positively correlated (* = 0.76,
p < 0.001). This implies the coexistence of homoacetogenesis and
hydrogenotrophic methanogenesis during the entire course of our
experiment, but it is still reasonable to assume that both microbial
groups were competing for a finite pool of Hy. In support of this
assumption, the probable reason for the declining rates of both
processes was substrate limitation (i.e., low H, availability). The
production of CO, decreased during the experiment, especially
from Days 2 to 7 (Fig. 3), suggesting the onset of carbon limitation
for overall anaerobic mineralization. Since H; originates primarily
from fermentative processes (Megonigal et al., 2004), it is reason-
able to postulate that H, production decreased along with CO,
production from Days 2 to 43, which subsequently inhibited
homoacetogenesis and hydrogenotrophic methanogenesis. Our
results suggest that fermentative production of H; is potentially an

Table 2
Contribution of homoacetogenesis to total acetate production in anaerobic systems.

Systems Homoacetogenesis Data source
(%)
Peatland soils 5-63 Present study
Freshwater lake 1.8-2 (Lovley and Klug, 1983;
sediments Phelps and Zeikus, 1984)

Termite guts 10-33 (Brauman and Kane, 1992;
Breznak and Switzer, 1986;
Leadbetter et al., 1999;
Tholen and Brune, 2000)

Rice roots 20—40 (Chidthaisong and Conrad, 2000;

Conrad and Klose, 1999)
Wastewater sludge 5-32 (Nie et al., 2007, 2008)

in bioreactors

important factor controlling the absolute rates and relative portions
of homoacetogenesis and hydrogenotrophic CH4 production in
peatlands.

4.2. The contribution of homoacetogenesis to acetate production

Acetate is thought to be produced predominantly by hetero-
trophic fermentation reactions in soils and sediments, whereas
homoacetogenesis is generally considered to be of minimal
importance (Megonigal et al., 2004; Drake et al., 2006; Hadrich
et al., 2012). To estimate the contribution of homoacetogenesis to
total acetate production, we estimated total acetate production as
the sum of net acetate production and acetate consumption by
acetoclastic methanogens. This approach assumes that no other
pathways were consuming acetate, with the most likely candidates
being sulfate reduction (Vile et al., 2003; Keller and Bridgham,
2007) and the use of humic substances as terminal electron ac-
ceptors (Keller et al., 2009). We did not detect any sulfate (<4 uM)
in any sample, but previous work has demonstrated that small
sulfate pools can rapidly turnover in peatland soils (Wieder et al.,
1990; Vile et al., 2003). Further, we have recently demonstrated
that solid-phase peat may be a significant electron acceptor in a bog
soil (Keller and Takagi, 2013). Thus, our values for acetate produc-
tion should be considered a minimum estimate.

Results indicated that acetate production from both fermenta-
tion and homoacetogenesis were important components of total
anaerobic carbon mineralization, especially in the bog peat, and in
most cases was much greater than CH, production (Figs. 2 and 7).
The amount of acetate produced from homoacetogenesis contrib-
uted from 25% to 63% of the total acetate production in fen peat,
from 5% to 16% in bog peat, and from 10% to 18% in swamp peat
(Fig. 7). These percentages are much higher than in freshwater lake
sediments but comparable to rice roots, termite guts, and bio-
reactors (Table 2). It is clear that homoacetogenesis is important to
the acetate production in these soils, especially in the intermediate
fen peat.

5. Conclusions

The current understanding of the processes and controls of
anaerobic carbon cycling in northern peatlands assumes that
homoacetogenesis is unimportant (Blodau, 2002; Nilsson and
Oquist, 2009), because it is generally viewed as thermodynami-
cally unfavorable in most anaerobic environments (Megonigal
et al., 2004; Drake et al., 2006). We report here significant rates
of homoacetogenesis in soils from three different types of peatlands
across a landscape hydrogeomorphic gradient, despite thermody-
namic conditions that appear to be unfavorable for this process. Our
results suggest that homoacetogenesis may be an important Hy
sink, may compete strongly with hydrogenotrophic methano-
genesis, and may contribute to a significant portion of the overall
acetate production in northern peatlands. Thus our data, and the
frequently observed acetate pooling in situ in peatlands, suggest
that the reduction in hydrogenotrophic methanogenesis due to
formation of acetate via homoacetogenesis is not fully compen-
sated for by an increase in acetoclastic methanogenesis. The net
result is likely lower rates of overall CH4 production in peatlands
than would be expected for anaerobic environments with low
concentrations of inorganic terminal electron acceptors. More
research is warranted to quantify homoacetogenesis in situ in a
large range of peatland types, to study the mechanisms regulating
the occurrence of this largely underappreciated biological process,
and to investigate how this process influences acetate dynamics
and CH4 production in these globally significant ecosystems.
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