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Abstract

A moderately acid-tolerant, malodorous bacterium, strain FP, was isolated from
peat that had a pore water pH of c. 4.2. The 16S rRNA gene sequence of FP was
closely related to that of acetogens Clostridium drakei, Clostridium scatologenes,
and Clostridium carboxidivorans. The DNA-DNA reassociation values obtained
with DNA from FP and that of these three acetogens approximated 80%, 64%, and
59%, respectively, indicating that FP was a new strain of C. drakei. FP had broad
pH and temperature ranges (3.6—7.4 and 5-40 °C, respectively), and metabolized a
wide range of substrates, including cellobiose, glucose, xylose, vanillate, ferulate,
lactate, propanol, formate, H,—CO,, and CO-CO,. Acetate was the primary
reduced end product, and substrate/product stoichiometries were indicative of
acetogenesis at circumneutral pH. Butyrate and H, became significant products
from glucose at low pH. FP tolerated and could consume moderate amounts of O,.
These results (1) demonstrate that peat can harbor acetogens with a broad
substrate range and tolerance to transient exposure to O,, and (2) confirm that
C. drakei, the type strain of which was originally isolated from an acidic coal mine
pond, occurs in moderately acidic habitats.

Introduction

Acetogenic bacteria utilize the acetyl-CoA ‘Wood-Ljung-
dahl’ pathway for the reductive synthesis of acetate from
CO, (Wood & Ljungdahl, 1991; Drake et al., 2006).
Although acetogens have traditionally been considered to
be strict anaerobes, they occur in environments subject to
fluctuations in O,, such as aerated soils (Peters & Conrad,
1995; Wagner et al., 1996; Kuhner ef al., 1997; Go68ner et al.,
1999; Kiisel et al., 1999), plant roots (Kiisel et al., 1999, 2001;
Gofiner et al., 2006), and gastrointestinal tracts with steep
O, gradients (Breznak, 1994; Brune ef al, 1995). It is,
therefore, not surprising that certain acetogens have several
mechanisms by which they deal with oxidative stress (Das
et al., 2001, 2005; Kisel et al., 2001; Karnholz et al., 2002;
Boga et al., 2003; Drake & Gof3ner, 2008; Drake et al., 2008).

Moderately acidic wetlands (e.g. bogs and fens) constitute
an important global reserve of soil carbon and are charac-
terized by low concentrations of inorganic electron accep-
tors and highly dynamic O, gradients (e.g. Williams &
Crawford, 1984; Westermann, 1993; Paul et al., 2006). Such
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habitats emit methane and have methanogenic commu-
nities, and have also been postulated to contain acetogens
that might be linked to acetate flux (Shannon & White,
1994, 1996; Horn et al., 2003; Briuer et al., 2004; Metje &
Frenzel, 2005; Hamberger et al., 2008). Preliminary studies
demonstrated that acetogenic enrichments could be readily
obtained with peat obtained from Buck Hollow Bog, a
moderately acidic bog in Michigan. The objectives of this
study were to isolate an acetogen from this moderately
acidic peat and investigate its physiological response to
acidity and O,.

Materials and methods

Site description and inoculum

The peat used as the inoculum was obtained from the Buck
Hollow Bog in the Edwin S. George Reserve in Kaiserville,
Michigan. The bog is dominated by Sphagnum moss species
and a nonwoody, vascular plant, Scheuchzeria palustris. The
biogeochemistry of this site has been documented
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previously (Shannon & White, 1994, 1996). Pore waters
exhibit a pH of 4.24+0.2 and a dissolved organic carbon
concentration of 4.2+ 1.7mM C. Sterile mason jars were
completely filled with peat and bog water from a depth of
8-15 cm below the bog surface. Samples were transferred to
anoxic tubes inside an O,-free chamber. Peat was stored at
4 °C for 10 days in crimp-sealed tubes equipped with butyl
rubber stoppers before initiating enrichments.

Medium

The anoxic, carbonate-buffered, yeast extract medium (YE
medium) contained vitamins, trace metals, and reducing
agents, and was prepared as described (Daniel et al., 1990).
Medium was dispensed under CO, into 27-mL culture tubes
(7 mL medium per tube) that were then sealed and auto-
claved. Anoxic stock solutions of substrates were filter
sterilized and added by syringe injection using O,-free
techniques. Unless otherwise indicated, (1) culture tubes
were incubated in an horizontal, static position, (2) cultiva-
tion was in anoxic YE medium with a 1atm (1013 mbar)
CO, headspace, (3) the initial concentrations of soluble
substrates approximated 5-6 mM, (4) H, or CO, when
added, were provided at 300 mbar overpressure, and (5) the
temperature of incubation was 28 °C. The 300 mbar H, or
CO overpressure is equivalent to an initial concentration of
34mM, if all of the gas is calculated to be present in the
aqueous phase.

Enrichment and isolation

Enrichment tubes were prepared in an O,-free chamber and
contained 10mL YE medium, 2g wet peat, 20mM
2-bromoethanesulfonate to inhibit methanogens (Gunsalus
et al., 1978), and both 5mM vanillate and H,—CO, as
cosubstrates. Acetate-producing cultures were transferred
to fresh medium every 1-2 weeks. Enrichments were in-
itiated at two pH values (4.3 and 6.8) and two temperatures
(5 and 25 °C). Because growth and acetate production was
very slow at low pH and low temperature, only the enrich-
ments at 25 °C and circumneutral pH were carried forward
due to time constraints. 2-Bromoethanesulfonate was
omitted from the medium after four transfers, and the
enrichment was streaked onto 5mM vanillate-supplemen-
ted YE medium solidified with 1% Gelrite and incubated
under H,—CO, to obtain pure cultures.

Electron microscopy

Samples were prepared by passing an aliquot of culture
through a 0.45-pm filter followed by overnight fixation in a
solution of 0.1 M phosphate buffer, pH 6.8, containing 3%
glutaraldehyde. After ethanol dehydration, the filters were
dried, mounted, gold-coated, and viewed at 15kV using a
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JEOL JSM-5800LV (Japanese Electron Optics Laboratory,
Tokyo, Japan) scanning electron microscope.

Phylogenetic analysis and DNA-DNA
hybridization

A total of 1424 bases of the 16S rRNA gene of FP were
sequenced. PCR products were obtained with the bacterial
primer pair GM3/GM4 (Muyzer et al., 1995). Sequencing
was done by MWG Biotech AG (Ebersberg, Germany)
followed by a public database (GenBank, EMBL) search.
DNA-DNA hybridization was performed as described else-
where (Liou et al., 2005).

Additional methods

Growth was measured as ODggonm With an optical path
width of 1.6cm. Organic substrates and products were
determined using HPLC and gases were determined using
GC (Daniel et al., 1990). Results are indicative of replicate
experiments.

Accession numbers

FP was deposited at the German Collection of Microorgan-
isms and Cell Cultures [DSMZ (Braunschweig, Germany)]
under accession number DSM 14770. The 16S rRNA gene
sequence of FP was deposited at the EMBL Nucleotide
Sequence Database (Cambridge, UK) under accession num-
ber AJ427628.

Results

Isolation and morphology of FP

Sequential passages of colonies in liquid and on solid media
yielded a microscopically pure culture that produced long
rods (10-50 pm) (Fig. 1). Longer rods may have been chains
of cells that had not fully formed septa and thus could not be
resolved microscopically as distinct cells. Fresh cultures were
motile and stained weakly Gram-negative; spores were not
apparent. The malodorous nature of cultures of FP was
similar to that of the skatole-producing bacteria Clostridium
drakei™ and Clostridium scatologenesT (Whitehead et al.,
2008). [Note: C. drakei® was described initially as
C. scatologenes SL-1 because its 16S rRNA gene sequence is
99.6% similar to that of C. scatologenesT (Kiisel et al., 2000).
DNA-DNA reassociation analysis revealed that C. scatolo-
genes SL-1 was a distinct species (Liou ef al., 2005).]

Phylogenetic analysis and DNA-DNA
hybridization

The sequence identity of the 16S rRNA gene of FP with that
of its three closest cultured relatives C. drakei’ (EMBL
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Fig. 1. Electron micrograph of strain FP. The background is the filter
matrix.

Y18813), C. scatologenesT (EMBL M59104), and Clostridium
carboxidivorans' (EMBL AY170379) approximated 100%,
99.6%, and 99.6%, respectively. Clostridium drakei’,
C. scatologenes’, and C. carboxidivorans" are acetogens
(Kiisel et al., 2000; Liou et al., 2005), but only C. drakei®
and C. scatologenes" are known to produce skatole (White-
head et al., 2008). In contrast to these three acetogens, the
next closest cultured relative Clostridium aciditolerans
(EMBL DQ114945; 95.4% sequence similarity to FP) is not
an acetogen (Lee et al., 2007). DNA-DNA hybridization of
genomic DNA from FP with that of C. drakei’, C. scatolo-
genesT, or C. carboxidivorans® yielded 80%, 64%, and 59%
reassociations, respectively. The threshold value for species-
level identity is 70% (Wayne et al., 1987), indicating that FP
was a new strain of C. drakei.

pH and temperature optima

FP grew in glucose-supplemented YE medium over a
temperature range of 5-40°C, with an optimum at
25-30°C. Growth occurred at pH 3.6-7.4 but was not
observed at pH 3.2 or 7.9. Maximal ODs did not vary much
from pH 3.6 to 6.8 [e.g. maximum ODggonm at pH (initial)
3.6, 4.6, 5.2, 6.0, and 6.8 approximated 0.80, 0.84, 0.87, 0.75,
and 0.65, respectively (final pHs were 4.2, 4.6, 4.6, 4.7, and
4.8, respectively)]. The doubling time on glucose over the
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pH range 4.8-6.8 did not vary significantly and approxi-
mated 5h.

Substrate—product profiles and pH effects

FP metabolized cellobiose, glucose, fructose, xylose, pyruvate,
lactate, propanol, ethanol, vanillate (4-hydroxy-3-methoxy-
benzoate), syringate (3,5-dimethoxy-4-hydroxybenzoate),
ferulate [3-(4-hydroxy-3-methoxyphenyl)-2-propenoate], H,,
or CO. FP did not metabolize stachyose, maltose, sucrose,
citrate, N-acetylglucosamine, oxalate, glyoxylate, methanol,
1,2,3-trimethoxybenzene, or 4-hydroxybenzaldehyde.

Acetate was the main reduced end product formed during
growth at circumneutral pH (Table 1). The amount of
acetate produced per substrate consumed was indicative of
acetogenesis (Drake et al., 2006), further confirming the
relatedness of FP to the acetogen C. drakei. Traces of H, were
also formed, especially by CO cultures. CO stimulates the
production of H, by certain acetogens (Martin et al., 1983;
Savage et al, 1987; Daniel et al, 1990). Vanillate was
O-demethylated and decarboxylated to catechol (2-hydro-
xyphenol). Syringate was O-demethylated to a mixture of
5-hydroxyvanillate and gallate (3,4,5-trihydroxybenzoate).
Ferulate was converted to hydrocaffeate [3-(3,4-dihydroxyphe-
nylpropionate)], demonstrating that the acrylate side chain was
reduced and the methoxyl group was O-demethylated.

Glucose-dependent growth at pH 4.6 yielded butyrate
and H, (Table 1). The capacity to consume certain sub-
strates was lost at pH 4.6 (e.g. neither vanillate nor CO were
effective substrates at pH 4.6). Carbon recoveries from
glucose at pH 4.6 were low; it is unknown if this low
recovery was due to the formation of nondetected products
or the production of an intracellular polymer (e.g. polyhy-
droxybutyrate).

Response to O,

Glucose-dependent growth occurred in horizontally incu-
bated static culture tubes containing nonreduced YE med-
ium with up to ¢. 4% O, in the headspace (Table 2). Acetate
was the main product formed in glucose cultures challenged
with O,. Vanillate-dependent growth was more sensitive to
O, and marginal above 0.5% O, in the headspace (data not
shown). Growth was slower and cell yields were lower in the
presence of higher amounts of O,, and glucose cultures
consumed up to a maximum of ¢. 2% O, in the headspace.

Discussion

Acetogens in the genus Clostridum are not monophyletic, in
that the closest 16S rRNA gene-based phylogenetic neighbor
of a clostridial acetogen may not be an acetogen (Tanner &
Woese, 1994; Drake & Kiisel, 2005). Indeed, a clostridial
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Table 1. Effect of pH on the growth and product profile of FP*
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) Products (mM)

Substrate and amount Maximum Acetate/substrate

consumed (mM) ODg60nm Acetate Butyrate Hy ratio”

pH 6.8
Glucose, 5.3 0.74 16.6 0.0 Trace 2.2(3)
Pyruvate, 5.0 0.21 10.4 0.0 0.2 1.1(1.25)
Vanillate, 5.7 0.27 8.1 0.0 0.3 0.6 (0.75)
H,, 25.7 0.12 12.2 0.0 NA 0.3(0.25)
CO, 14.4 0.12 7.9 0.0 1.4 0.2 (0.25)
None (control) 0.12 4.7 0.0 0.1 NA

pH 4.6
Glucose, 6.3 0.88 4.2 1.7 3.8 0.2(3)
Pyruvate, 5.0 0.32 7.9 0.8 0.6 0.9(1.25)
Vanillate, O 0 0 0 0 NA
H,, 15.0 0.13 7.2 0.5 NA 0.3(0.25)
CO, 0.7 0.15 2.1 0.2 0.3 —1.6(0.25)
None (control) 0.11 3.2 0.3 0.5 NA

*Cultivation was in YE medium. Results are the average of duplicate experiments; values between duplicates did not vary by > 10%.
Acetate values have been corrected for the amount formed in control cultures without substrate. Acetate production in controls primarily results from
metabolism of yeast extract components in the medium. Parenthetical values are the theoretical values for homoacetogenesis (Drake et al., 2006).

NA, not applicable.

Table 2. Effect of O, on glucose-dependent growth and product profile of FP*

) Products (mM)
0, at Glucose consumed Maximum Acetate/substrate

0, at To (%) Tend (%) (mM) ODggonm (M)' Acetate H, ratio*

o’ 0 5.2 0.69 (50) 16.1 0.2 2.3(3)
0 0 5.1 0.69 (50) 15.2 0.1 2.2(3)
0.3 0 5.1 0.69 (55) 16.5 0.7 2.4(3)
0.8 0.1 5.4 0.68 (120) 17.0 0.9 2.4(3)
1.9 0.6 5.2 0.59 (168) 16.1 1.1 2.3(3)
39 1.7 53 0.42(172) 14.3 1.6 1.9(3)

*Unless otherwise indicated, cultivation was in YE medium (pH 6.8) that lacked reducing agents. Growth was not apparent on glucose with 5% O in
the headspace. Results are from the second sequential transfer into the indicated medium and are the average of duplicate experiments; values

between duplicates did not vary by > 10%.
"Time taken to reach maximum ODggg nm.

iAcetate value has been corrected for the amount (4.1 mM) formed in control cultures without substrate and without O, (acetate production in controls
primarily results from metabolism of yeast extract components in the medium). Parenthetical value is the theoretical value for homoacetogenesis (Drake

etal., 2006).
SCultivation was in YE medium that contained reducing agents.

acetogen and nonacetogenic clostridial species can have
nearly identical 16S rRNA gene sequences. As illustrated
in the present and earlier studies (Liou et al., 2005), genomic
DNA-DNA hybridization analysis is often required
for resolving the phylogenetic relationships of clostridial
acetogens.

The skatole-producing acetogen C. drakei" was obtained
from acidic pond sediments and displays a broad pH range
(Kusel et al., 2000), and the isolation of a strain of this
acetogen from acidic peat confirms that C. drakei can occur
in acidic habitats and also demonstrates that peat can harbor
acetogens with the capacity to convert H,—CO, to acetate at
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moderately low pH. Although cultures of FP were not
observed to form spores, old cultures of C. drakei’ produce
terminal and free spores (Kiisel et al., 2000; Liou et al.,
2005), and it seems likely that FP can sporulate under
certain in situ conditions.

Moderately acidic peat from bogs and fens are known to
harbor acetogens (Horn et al., 2003; Briuer et al., 2004;
Metje & Frenzel, 2005; Hamberger et al., 2008). In contrast
to C. drakei, most acetogens isolated to date come from
circumneutral pH habitats and have pH optima that are
above pH 6 (Drake et al., 2006). Acidity is one of the main
in situ factors that inhibits acetogens (Baronofsky et al.,
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1984; Wang & Wang, 1984; Wiegel, 1994). For example, the
classic, model acetogen, Moorella thermoacetica®, with which
the acetyl-CoA pathway was resolved, has a pH optimum of
c. 6.8 and a pH range of 5.7-7.7 (Drake & Daniel, 2004). The
pH optima of an acetogen might be influenced by the
substrate it metabolizes, and the in situ pH range of an
acetogen would thus be affected by in situ conditions.

In comparison with FP and C. drakei”, C scatologenes” has
a more alkaline pH range (pH 4.6-8.0) (Liou et al., 2005)
and dissimilates H, or CO to acetate very poorly (Kiisel
et al., 2000). FP produced significant amounts of butyrate
and H, at low pH. Butyrate, formed via a pathway invol-
ving the aldol condensation of two acetyl-CoA molecules
(Buckel, 2005), can be an end product of certain acetogens,
including clostridial species (Sharak-Genthner et al., 1981;
Krumholz & Bryant, 1985). Acetic acid and butyric acid
have similar pKa values (4.76 and 4.82, respectively). Buty-
rate fermentation yields less ATP per glucose consumed than
does homoacetogenesis (i.e. 3 ATP vs. 4 ATP, respectively).
Nonetheless, butyrate production would be more advanta-
geous than homoacetogenesis at low pH because less acid is
produced per glucose consumed (i.e. butyrate fermentation
yields one butyrate per glucose consumed, whereas homo-
acetogenesis yields three acetate per glucose consumed). FP
metabolized methoxyl, acrylate, or carboxyl groups of aro-
matic compounds, transformations indicative of many
acetogens (Schink, 1994; Miiller et al., 2004; Drake et al.,
2006). However, the capacity to metabolize all three of these
substituent groups by a single acetogen is not widespread
among acetogens.

FP tolerated and consumed minimal amounts of O,.
Acetogens have various oxidoreductases (e.g. peroxidase,
NADH oxidase, catalase, and superoxide dismutase) for
dealing with oxidative stress (Das et al., 2001, 2005; Kiisel
et al., 2001; Karnholz et al., 2002; Boga et al., 2003), and
some acetogens may form commensal interactions with
organisms capable of consuming O, (G6f8ner et al., 1999,
2006). Clostridium glycolicum RD-1, isolated from sea grass
roots, tolerates O, by redirecting glucose-derived electron
flow to ethanol fermentation rather than acetogenesis (Kiisel
et al., 2001).

Under standard conditions, the reduction of CO, to
methane is more thermodynamically favorable than the
reduction of CO, to acetate (Schink, 1994; Drake et al.,
2006). However, acetogens appear to be more persistent
than methanogens in certain habitats (Brauman et al., 1992;
Degraeve et al., 1994; Nozhevnikova et al., 1994; Kiisel &
Drake, 1995; Peters & Conrad, 1995; Wagner et al., 1996;
Kotsyurbenko et al., 2004). Acetogens appear to have a
greater tolerance to O,, low temperature, and acidity than
methanogens, and can likewise engage alternative redox
processes by which they conserve energy (Drake et al,
2006). Indeed, the acetogen Moorella perchlomt‘ireducensT
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respires (per)chlorate to chloride and O,, a redox process
that is extremely oxidative (Balk et al., 2008). The character-
istics of O, tolerance, broad pH and temperature ranges,
and wide substrate range constitute multiple strategies by
which C. drakei might be competitive in moderately acidic
wetlands.
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