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Summary

Pelotomaculum thermopropionicum is a syntrophic
propionate-oxidizing bacterium that catalyses the
intermediate bottleneck step of the anaerobic-
biodegradation process. As it thrives on a very small
energy conserved by propionate oxidation under
syntrophic association with a methanogen, its cata-
bolic pathways and regulatory mechanisms are of
biological interest. In this study, we constructed
high-density oligonucleotide microarrays for P. ther-
mopropionicum, and used them to analyse global
transcriptional responses of this organism to differ-
ent growth substrates (propionate, ethanol, propanol
and lactate) in co-culture with a hydrogenotrophic
methanogenic archaeon, Methanothermobacter ther-
mautotrophicus (by reference to fumarate monocul-
ture). We found that a substantial number of genes
were upregulated in the syntrophic co-cultures
irrespective of growth substrates (including those
related to amino-acid and cofactor metabolism),
suggesting that these processes were influenced
by the syntrophic partner. Expression of the cen-
tral catabolic pathway (the propionate-oxidizing
methylmalonyl-CoA pathway) was found to be
substrate-dependent and was largely stimulated
when P. thermopropionicum was grown on propi-

onate and lactate. This finding was supported by
results of growth tests, revealing that syntrophic pro-
pionate oxidation was largely accelerated by supple-
mentation with lactate. These results revealed that P.
thermopropionicum has complex regulatory mecha-
nisms that alter its metabolism in response to the
syntrophic partner and growth substrates.

Introduction

Methanogenesis is an important process in the global
carbon cycle and is widely distributed in various anaerobic
environments, such as soil, sediment, and digestive tracts
of animals. In addition, the methanogenic digestion has
widely been used for the treatment of municipal and
industrial organic waste (Lettinga, 1995), contributing to
human activities.

Methanogenesis is a complex microbiological process
that is accomplished by catabolic interactions among
microorganisms in different niches, namely, primary fer-
menting bacteria, secondary fermenting bacteria, hydro-
genotrophic methanogenic archaea and acetoclastic
methanogenic archaea (Schink, 1997). Among them,
secondary fermenting bacteria (also called syntrophic
bacteria) catalyse the intermediate bottleneck step in the
methanogenic-digestion pathway, whereby volatile fatty
acids (VFA, such as propionate and butyrate) and alco-
hols (such as propanol and ethanol) are converted to
acetate, hydrogen and carbon dioxide under syntrophic
association with methanogens (Kasper and Wuhrmann,
1978a,b; McInerney et al., 2008). Studies have revealed
that the catabolic reaction catalysed by syntrophic bacte-
ria is thermodynamically unfavorable (Schink, 1997; McIn-
erney et al., 2008) and is feasible only when reducing
equivalents (H2 and/or formate) are efficiently scavenged
by methanogenic archaea (Harper and Pohland, 1986;
Boone et al., 1989; Schmidt and Ahring, 1993; Stams
1994). As stagnation of this step causes the accumulation
of unfavorable metabolites and whole process decay (van
Lier et al., 1996), understanding of syntrophic bacteria is
considered pivotal for the management of methanogenic-
digestion processes. Furthermore, given that syntrophic
bacteria thrive on very small energy gained by the

Received 30 September, 2008; revised 9 December, 2008; 21
January, 2009; accepted 2 March, 2009. *For correspondence. E-mail
watanabe@light.t.u-tokyo.ac.jp; Tel. (+81) 3 5452 5748; Fax (+81) 3
5452 5748.

Microbial Biotechnology (2009) 2(5), 575–584 doi:10.1111/j.1751-7915.2009.00102.x

© 2009 The Authors
Journal compilation © 2009 Society for Applied Microbiology and Blackwell Publishing Ltd



oxidation of VFAs (Schink, 1997; Jackson and McInerney,
2002; McInerney et al., 2008), it is reasonable to deduce
that these bacteria should have extremely efficient cata-
bolic systems, and their catabolic pathways and regula-
tory mechanisms are of biological interest.

Pelotomaculum thermopropionicum strain SI is a
syntrophic propionate-oxidizing bacterium isolated from a
thermophilic methanogenic digester (Imachi et al., 2000;
2002). Pelotomaculum thermopropionicum can syntrophi-
cally oxidize lactate and various alcohols (e.g. ethanol,
1-propanol and 1-butanol) in addition to propionate, and
can fermentatively grow on fumarate and pyruvate in
monoculture (Imachi et al., 2002). The genome sequence
of P. thermopropionicum has recently been completed
(Kosaka et al., 2008), revealing interesting features of this
organism as a syntrophy specialist. Reconstruction of its
metabolic pathways has suggested that it has simple
catabolic pathways, in which the propionate-oxidizing
methylmalonyl–CoA (MMC) pathway constitutes the
backbone and is linked to several peripheral pathways
(Kosaka et al., 2006). Another interesting finding in the
genome analysis was that genes for important catabolic
enzymes were physically linked to those for PAS-domain-
containing regulators, suggesting that the catabolic
pathways are regulated in response to environmental
conditions and/or global cellular situations rather than
specific substrates (Kosaka et al., 2006).

In the present study, high-density oligonucleotide
microarrays were constructed for P. thermopropionicum,
and used to gain insights into transcriptional regulation
mechanisms operating in this organism. In particular, in
order to address the genomic perspective on the regula-
tion of the catabolic pathways (Kosaka et al., 2006),
we examined its transcriptomic responses to different
growth substrates under syntrophic association with a
methanogen.

Results and discussion

Growth properties of syntrophic co-cultures with
different substrates

Pelotomaculum thermopropionicum was grown in monoc-
ulture on fumarate or in co-culture with Methanothermo-
bacter thermautotrophicus on ethanol, 1-propanol, lactate
or propionate. Substrates degradation and products
formation are shown in Fig. 1, and growth rates of
P. thermopropionicum and M. thermautotrophicus are
summarized in Table 1. As reported previously (Imachi
et al., 2000; 2002), syntrophic propionate degradation
was very slow; it took more than 40 days to utilize 20 mM
propionate, and there was a long lag period before a
detectable amount of methane was produced. In contrast,
the other substrates were completely degraded within 3
days (Fig. 1). A specific growth rate of P. thermopropioni- Ta

b
le

1.
S

um
m

ar
y

of
gr

ow
th

an
d

tr
an

sc
rip

to
m

e
tr

en
ds

of
P.

th
er

m
op

ro
pi

on
ic

um
in

m
on

oc
ul

tu
re

an
d

sy
nt

ro
ph

ic
co

-c
ul

tu
re

s
w

ith
M

.
th

er
m

au
to

tr
op

hi
cu

s.

G
ro

w
th

su
bs

tr
at

e
DG

°a

(k
J

m
ol

-1
)

S
pe

ci
fic

gr
ow

th
ra

te
(d

ay
-1

)
P.

th
er

m
op

ro
pi

on
ic

um
R

N
A

ra
tio

d
(%

)

N
o.

of
C

D
S

di
ffe

re
nt

ia
lly

ex
pr

es
se

de

P.
th

er
m

op
ro

pi
on

ic
u

b
M

.
th

er
m

au
to

tr
op

hi
cu

s
c

U
p

D
ow

n

M
on

oc
ul

tu
re

F
um

ar
at

e
–

1.
83

�
0.

12
–

–
–

–
S

yn
tr

op
hi

c
co

-c
ul

tu
re

E
th

an
ol

9.
6

1.
30

�
0.

03
1.

39
�

0.
02

53
.7

�
5.

1
16

7
(5

.8
%

)
12

8
(4

.4
%

)
1-

P
ro

pa
no

l
3.

0
2.

36
�

0.
07

2.
31

�
0.

02
48

.0
�

6.
3

21
2

(7
.3

%
)

17
1

(5
.9

%
)

La
ct

at
e

-1
.0

1.
13

�
0.

02
0.

88
�

0.
04

84
.7

�
9.

2
17

6
(6

.1
%

)
18

2
(6

.3
%

)
P

ro
pi

on
at

e
76

.1
0.

16
�

0.
02

0.
22

�
0.

03
27

.3
�

3.
2

43
2

(1
4.

9%
)

53
4

(1
8.

5%
)

a.
S

ta
nd

ar
d

G
ib

bs
-f

re
e

en
er

gy
ch

an
ge

s
fo

r
an

ae
ro

bi
c

hy
dr

og
en

-p
ro

du
ci

ng
re

ac
tio

ns
(S

ch
in

k,
19

97
).

b
.

A
gr

ow
th

ra
te

of
P.

th
er

m
op

ro
pi

on
ic

um
w

as
ca

lc
ul

at
ed

fr
om

a
su

bs
tr

at
e-

de
gr

ad
at

io
n

ra
te

.
c.

A
gr

ow
th

ra
te

of
M

.
th

er
m

au
to

tr
op

hi
cu

s
w

as
ca

lc
ul

at
ed

fr
om

a
m

et
ha

ne
-p

ro
du

ct
io

n
ra

te
.

d
.

A
ra

tio
of

P.
th

er
m

op
ro

pi
on

ic
um

R
N

A
to

th
e

to
ta

lR
N

A
ex

tr
ac

te
d

fr
om

a
sy

nt
ro

ph
ic

co
-c

ul
tu

re
w

as
de

te
rm

in
ed

by
th

e
R

N
as

e
H

m
et

ho
d.

e.
A

nu
m

be
r

of
di

ffe
re

nt
ia

lly
ex

pr
es

se
d

co
di

ng
se

qu
en

ce
s

in
P.

th
er

m
op

ro
pi

on
ic

um
w

as
de

te
rm

in
ed

by
m

ic
ro

ar
ra

y
an

al
ys

is
w

ith
cr

ite
ria

of
fo

ld
>

2
(U

p)
or

<
0.

5
(D

ow
n)

,
an

d
P

<
0.

05
.

576 S. Kato et al.

© 2009 The Authors
Journal compilation © 2009 Society for Applied Microbiology and Blackwell Publishing Ltd, Microbial Biotechnology, 2, 575–584



cum in propionate culture was estimated to be less than
one-tenth of that in the monoculture on fumarate
(Table 1).

Total RNA was extracted from cells in middle
exponential-growth phases (as indicated with arrows in
Fig. 1) of the syntrophic co-cultures, and ratios of P. ther-
mopropionicum RNA to the total RNA were determined by
the RNaseH method (Table 1). The RNA ratios indicate
that P. thermopropionicum RNA was abundant, when it
catalysed a substrate with which a large energy could be
conserved (e.g. lactate). In contrast, the ratio of P. ther-
mopropionicum RNA was low, when it was grown on
propionate. The RNA preparations obtained from the
syntrophic co-cultures were subjected to the microarray
analysis, in which the RNA extracted from the P. thermo-
propionicum monoculture was used as the reference.

Validation of microarray data

Analyses of the global gene expression were performed
using six independent array experiments (i.e. two colour-
swap experiments in three biological replicates), and each

microarray contained three sets of probes for each coding
sequences (CDSs), facilitating a total of 18 expression
measurements per CDS. The microarray datasets of tech-
nical replicates (colour-swap samples) were correlated
well (correlation coefficients r = 0.88 � 0.04), and the
correlation of biological replicates was also confirmed
(r = 0.82 � 0.11).

Five genes (listed in the legend for Fig. 2) were
selected for quantitative real-time RT-PCR (qRT-PCR)
analysis to examine if differential expression levels deter-
mined from the microarray data were supported by qRT-
PCR. Gene expression levels determined by qRT-PCR
(copies per ng of P. thermopropionicum RNA) in each
syntrophic co-culture sample were compared to those
under the reference condition (P. thermopropionicum
monoculture), and relative levels were plotted against the
mean relative expression levels of corresponding genes
determined by the microarray experiment (Fig. 2). This
analysis demonstrated that qRT-PCR and microarray
data were consistent; the data were correlated well
(r = 0.98) and had a slope that approached the unity
(0.95).
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Overview of transcriptome data

Numbers of differentially expressed CDSs (at least
twofold change with the P-values of < 0.05) in the
syntrophic co-cultures by reference to those in the fuma-
rate monoculture are summarized in Table 1. The
numbers for the ethanol, 1-propanol and lactate cultures
[295 (10.2%), 383 (13.2%) and 358 (12.4%) CDSs,
respectively, among the 2892 CDSs analysed] were not
largely different, while substantially more CDSs were dif-
ferentially expressed in the propionate culture [966 CDSs
(33.4%)]. This indicates that the global cellular situation in
the propionate co-culture was largely different from that in
the fumarate monoculture, which may have been related
to the large difference in the growth rate. In order
to systematically compare the global transcriptional
responses in the syntrophic co-cultures, a hierarchical
cluster analysis was performed for the microarray data
(Fig. 3). This analysis indicated that the expression pro-
files for ethanol and 1-propanol culture were similar
(r = 0.96), while those for the lactate and propionate cul-
tures were relatively largely different.

The cluster analysis (Fig. 3) also revealed that some
CDSs were significantly upregulated [69 CDSs (2.4%)] or
downregulated [48 CDSs (1.7%)] in all syntrophic
co-cultures (refer to Tables S1 and S2 for the lists); we
consider that the expression of these CDSs was regulated
in response to the syntrophic association with M. therau-
totrophicus. According to the classification in the Clusters
of Orthologous Groups of proteins (COG) database
(Tatusov et al., 2000; 2001), many CDSs differentially

expressed under the syntrophic conditions were catego-
rized into the ‘amino acid transport and metabolism (E)’,
‘coenzyme transport and metabolism (H)’ and ‘transcrip-
tion (K)’ groups. These results suggest a possibility that
amino acids and/or coenzymes are transferred between
P. thermopropionicum and M. thermautotrophicus. This
idea is supported by our finding that P. thermopropionicum
obligatorily required yeast extract for its growth in
monocultures, while it could grow in co-cultures with
M. therautotrophicus in the absence of yeast extract (our
unpublished results).

Regulation of the central catabolic pathway

Gene-expression patterns for the central catabolic-
pathway (the MMC pathway) enzymes in P. thermopropi-
onicum under the syntrophic conditions are summarized
in Fig. 4. Most of the genes encoding enzymes in the
MMC pathway form an operon-like cluster [namely the
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upregulated; green, downregulated), while each column represents
a growth substrate.

578 S. Kato et al.

© 2009 The Authors
Journal compilation © 2009 Society for Applied Microbiology and Blackwell Publishing Ltd, Microbial Biotechnology, 2, 575–584



mmc cluster (PTH_1356-1369)], and these are indicated
with blue letters in Fig. 4 (Kosaka et al., 2006). As pre-
sented in Fig. 4, the mmc cluster genes and genes for
succinate dehydrogenase I (SdhI) showed similar expres-
sion patterns; they were highly expressed in the propi-
onate and lactate cultures. Our previous proteome data
have shown that products of genes in the mmc cluster
were abundantly expressed in the presence of propionate
(Kosaka et al., 2006). The present finding that these
genes were also upregulated in the lactate culture was
unexpected, as the amounts of energy conserved by the
oxidation, growth trends and global gene-expression pat-
terns were largely different between the propionate and
lactate cultures. The growth test (Fig. 1D), however, sup-

ported this finding in the microarray analyses; namely, in
the lactate culture, nearly half of lactate was initially con-
verted to propionate, and propionate was subsequently
consumed rapidly, indicating that the MMC pathway was
expressed in the presence of lactate. On the other hand,
in the ethanol culture (Fig. 1B), only a small amount of
propionate was produced, and it was not consumed to the
end.

Previous studies have suggested that pathways similar
to the MMC pathway of P. thermopropionicum are used for
propionate degradation in mesophilic syntrophic bacteria
[e.g. Syntrophobacter fumaroxidans (Plugge et al., 1993)
and Syntrophobacter wolinii (Houwen et al., 1990)] and
sulfate-reducing bacteria [e.g. Desulfobulbus propionicus
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(Kremer and Hansen, 1988)], and for propionate produc-
tion in fermentative bacteria [e.g. Propionibacterium
acnes (Brüggemann et al., 2005) and Pelobacter propi-
onicus (Schink et al., 1987)]. Genomes of S. fumaroxi-
dans, P. acnes and P. propionicus have been sequenced,
and it was found that genes for the propionate-
metabolizing pathways of these organisms do not form
clusters as the mmc cluster in the P. thermopropionicum
genome. Gene clustering is considered to be beneficial
for P. thermopropionicum to coordinately express the
series of enzymes with limited transcriptional machiner-
ies. Our genomic analysis has also revealed that the mmc
cluster is associated with a putative transcriptional regu-
lator containing a PAS domain (PTH_1355). In addition,
putative sL (s54)-dependent promoter sequences were
found immediately upstream the mmc cluster and the
SdhI operon (data not shown). Based on these findings,
the genome analyses have suggested that the mmc-
cluster genes are expressed in response to environmental
conditions and/or global cellular situations rather than
specific substrates (Kosaka et al., 2008). On the contrary,
the transcriptome analysis reported herein revealed that
the expression of the mmc genes was substrate-
dependent. Several possibilities can be considered for
this observation. First, the mmc cluster is regulated by an
unknown transcriptional regulator but not by the
PTH_1355 product. Second, the PTH_1355 product is an
unusual PAS domain-containing regulator that can sense
specific substrates. Finally (and the most likely), P. ther-
mopropionicum has an unknown regulator to sense pro-
pionate and lactate that cooperatively work with the PAS
domain-containing regulator. The genome analyses have
revealed that P. thermopropionicum has a relatively large
number of signal-transduction machineries compared to
other bacteria (Kosaka et al., 2008), suggesting that this
organism has complex regulatory mechanisms; it is likely
that some of them are involved in the substrate-
dependent regulation. We will focus our studies on
genetic analyses of this organism to reveal how it regu-
lates the expression of the MMC pathway in response to
the presence of these substrates.

In the MMC pathway, bypaths are present at several
steps (Fig. 4). Pelotomaculum thermopropionicum and
the other propionate-oxidizing bacteria are proposed
to use malate dehydrogenase (Mdh) and propionyl-
CoA : oxaloacetate transcarboxylase (Pot) for the conver-
sion between malate and pyruvate, whereas P. acnes is
proposed to use malic enzyme (Sfc) for this conversion.
Transcriptome analyses disclosed the gene for Sfc of P.
thermopropionicum was highly expressed in the fumarate
monoculture and downregulated in the syntrophic
co-cultures (Fig. 4). This indicates that P. thermopropioni-
cum uses the propionate producer-like pathway in the
fumarate-fermenting life style. In addition to the genes for

Pot, P. thermopropionicum also possesses the genes for
oxaloacetate decarboxylase (Odc). This study found that
the odc genes were highly upregulated in the ethanol and
1-propanol cultures, suggesting that Odc is used to catal-
yse ATP-dependent carboxylation of pyruvete to synthe-
size the precursors for cellular components in the alcohol-
metabolizing conditions.

Regulation of the peripheral pathways

Hydrogen and formate mediate interspecies transfer of
reducing equivalents between syntrophic bacteria and
methanogens. Pelotomaculum thermopropionicum has
four hydrogenases (H2ases) and two formate dehydroge-
nases (Fdhs) (Kosaka et al., 2008) that may work in
concert with the central catabolic pathway. Expression
patterns of genes for these enzymes in P. thermopropi-
onicum under the syntrophic conditions are also summa-
rized in Fig. 4. The microarray data revealed that genes
for one hydrogenase (Fe-H2ase I) were downregulated in
the syntrophic co-cultures, while genes for one of formate
dehydrogenases (FdhII) were upregulated in the alcohol
and propionate cultures. Comparison in absolute fluo-
rescence intensities in the microarray data for the four
H2ase genes suggests a possibility that Fe-H2ase III
was the major hydrogenase in all the culture conditions
(Table S3). In addition, the gene for pyruvate : fomate
lyase (Pfl) that catalyses the conversion between
pyruvate and acetyl-CoA (pyruvate + CoA = Acetyl-
CoA + formate) were upregulated in the syntrophic
co-cultures (Fig. 4).

It has been suggested that the first step of propionate
oxidation is catalysed by propionate CoA transferase (Pct)
(Kosaka et al., 2006; 2008). Pelotomaculum thermopro-
pionicum encodes several candidate genes for acyl-
CoA transferases with unknown substrate specificities
(Table S4). Although the transcriptome analyses dis-
closed that some of them were upregulated in the propi-
onate culture (PTH_0268, 1541, 1577 and 1771), further
biochemical studies are needed for the identification of
the genes for the first step of propionate oxidation.

The P. thermopropionicum genome encodes multiple
putative genes for alchohol metabolism; 12 alcohol dehy-
drogenases (Adhs) and 10 aldehyde oxidereductases
(Aors) (Table S4). Transcriptome analyses disclosed that
some of them were upregulated in both of the ethanol and
1-propanol cultures. Although these are candidates for the
key genes for alcohol metabolism in P. thermopropioni-
cum, further biochemical studies are needed to confirm it.

The microarray analyses revealed that a gene cluster
(PTH_2229-2237) was specifically upregulated in the
presence of lactate (Table S5). PTH_2229 encodes
L-lactate permease and PTH_2230 encodes FAD/FMN-
containing dehydrogenase. Conserved domain search
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(Marchler-Bauer and Bryant, 2004) revealed that this
gene is related to GlcD-like 2-hydroxy-acid oxidase (Pel-
licer et al., 1996), indicating that the gene product works
as lactate dehydrogenase. This gene cluster contains
two GntR family, FadR-type transcriptional regulators
(PTH_2232, 2233), which contain effecter binding
C-terminal domains as other GntR-family transcriptional
regulators (Xu et al., 2001; Rigali et al., 2002). FadR-type
transcriptional regulators have been reported to sense
various effecter molecules, including lactate (Georgi et al.,
2008). The two transcriptional regulators are predicted to
sense lactate and regulate the expression of this gene
cluster. Although roles of the other genes are unclear, the
gene-expression data imply that products of these genes
are relevant to lactate sensing and metabolism.

Lactate accelerated syntrophic propionate oxidation

Syntrophic propionate oxidation is a thermodynamically
unfavorable reaction, and syntrophic propionate-oxidizing
cultures need long cultivation periods and are unstable
(Boone et al., 1989; Harmsen et al., 1998; Liu et al., 1999;
Imachi et al., 2000; 2002; Plugge et al., 2002). In the
syntrophic co-culture of P. thermopropionicum and M.
thermautotrophicus, the long lag period was observed
before the onset of propionate oxidation (Fig. 1E). In the
microarray analyses, we found that the genes for
propionate-oxidizing pathway were highly upregulated in
the lactate culture (Fig. 4). In addition, the growth test
(Fig. 1D) showed that propionate temporally accumulated
in the lactate culture and was rapidly degraded afterward.
From these observations, we hypothesized that lactate
may have been able to accelerate syntrophic propionate
oxidation. In order to address this idea, co-cultures of
P. thermopropionicum and M. thermautotrophicus were
grown on propionate, after they were pre-grown on either
ethanol or lactate (Fig. 5A). This figure shows that the
lactate-grown culture started to grow on propionate more
rapidly than the ethanol-grown culture. We also evaluated
the above idea in a lactate-supplemented experiment. In
this experiment, the propionate medium was inoculated
with the co-culture pre-grown on ethanol and supple-
mented with either 4 mM lactate or 4 mM ethanol
(Fig. 5B). It was found that lactate showed larger effect on
shortening the lag period before the onset of syntrophic
propionate oxidation than ethanol. As the stimulation of
the microbial growth by lactate or ethanol was same
extent, the growth stimulation was not simply ascribable
to an increase in cell concentrations. It has been consid-
ered that a long lag period is necessary for P. thermopro-
pionicum to accumulate the substrates needed for the
propionate activation (i.e. acetyl-CoA), to increase cell
numbers to an adequate level, and/or to express the
catabolic enzymes under the energy-limited condition

(Kosaka et al., 2006). The results of the present study
suggest that lactate stimulates the expression of the
propionate-oxidizing pathway, resulting in the rapid onset
of syntrophic propionate oxidation.

Conclusions

In the present study, we have successfully constructed
and validated the transcriptome method for P. thermopro-
pionicum. It was revealed that P. thermopropionicum vig-
orously regulated the expression of catabolic genes in
response to growth substrates and the presence of the
syntrophic partner. This finding suggests that understand-
ing of its transcriptional regulation mechanisms will be the
key to elucidate survival strategies of this organism under
energy-limited conditions. In addition, the microarray
results are also useful to identify an important gene from
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Fig. 5. Effects of lactate on syntrophic methanogenesis from
propionate. (A) The medium containing 20 mM propionate was
inoculated with either ethanol- or lactate-grown syntrophic
co-culture. (B) The medium containing 20 mM propionate was
inoculated with ethanol-grown syntrophic co-culture and
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assuming that all methane was present in the aqueous phase.
Values are means of three independent cultures. Error bars
indicate standard deviations.
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several candidate genes for each catabolic step (e.g.
alcohol dehydrogenease, propionate CoA transferase and
hydrogenase). After all, our transcriptome analysis takes
a step forward for global understanding of the lifestyle of
P. thermopropionicum, and the findings reported herein
will direct subsequent biochemical and molecular studies
that can provide molecular bases for metabolism capaci-
ties of P. thermopropionicum.

Experimental procedures

Strain and culture conditions

Pelotomaculum thermopropionicum strain SI (DSM13744)
was grown in monoculture or co-culture with M. thermau-
totrophicus type II (Imachi et al., 2000) in a fresh water basal
(FWB) medium (Schönheit et al., 1979) as described previ-
ously (Ishii et al., 2005). The medium was supplemented with
0.01% (w/v) Bacto yeast extract (Difco) and a growth sub-
strate at 20 mM. Cultivation was conducted at 55°C under an
atmosphere of N2 plus CO2 [80/20 (v/v)] without shaking.

RNA isolation

Cells for RNA isolation were collected in the middle
exponential-growth phases by centrifugation at 10 000 g and
4°C. Total RNA was isolated by the bead-beating method as
described previously (Kato et al., 2008). The quality of total
RNA was evaluated using an Agilent 2100 Bioanalyzer, RNA
6000 Pico reagents and RNA Pico Chips (Agilent Technolo-
gies) according to the manufacturer’s instruction.

Determination of RNA ratio using RNase H

Sequence-specific cleavage of rRNA using RNase H (Uyeno
et al., 2004) was applied to determine a ratio of P. thermo-
propionicum RNA in total RNA extracted from a syntrophic
co-culture. Sequence-dependent scission of rRNA was per-
formed by a method described elsewhere (Sekiguchi et al.,
2005). Probes used in this study were GIh821m (5′-ACC TCC
TAC ACC TAG CAC CC-3′) specific for the Desulfotomacu-
lum Ih group (including P. thermopropionicum) and CMB1175
(5′-CCG TCG TCC ACT CCT TCC TC-3′) specific for the
family Methanobacteriaceae (including M. thermautotrophi-
cus) (Y. Sekiguchi, pers. comm.). The resultant RNA frag-
ments were analysed using an Agilent 2100 Bioanalyzer, and
a ratio of P. thermopropionicum RNA was estimated based on
peak areas in a chromatograph.

Construction of P. thermopropionicum microarrays

Specific oigonucleotides (60mer) were designed for 2892
CDSs [corresponding to 99.1% of the total predicted CDSs in
the annotated genome of P. thermopropionicum (Kosaka
et al. (2008); ribosomal and transfer RNA genes were not
included] by the eArray protocol (Agilent Technologies) and
fabricated on slide glasses by the SurePrint technology
(Agilent Technologies). For each CDS, 3 spots (with 3 differ-
ent specific sequences) were printed in one array. A mean

value of the normalized signal intensities of the 3 spots was
used for expression analysis. Two arrays were fabricated on
one slide glass, which were used for a colour-swap assay as
described below.

Transcriptome analysis using the P. thermopropionicum
microarray

Fluorescence labelling of cDNA, hybridization and scanning
of a hybridized array were performed according to the
method of the two-colour microarray-based gene-expression
analysis as described previously (Kato et al., 2008). Total
RNA isolated from cells in the middle exponential-growth
phase of P. thermopropionicum monoculture grown on fuma-
rate was used as the reference sample. Based on a ratio of P.
thermopropionicum RNA to the total RNA determined by the
RNase H method, an amount of total syntrophic co-culture
RNA used for the cDNA probe preparation were determined;
an amount of P. thermopropionicum RNA used for the
cDNA probe preparation was always 3 mg. Fluorescence-dye
labelled cDNA for a syntrophic co-culture was mixed with
oppositely labelled cDNA for the reference monoculture and
hybridized with the probes on a microarray. To minimize dye
biases, dyes (Cy3 and Cy5) were swapped for each replicate.

Microarray-data analysis

Microarray data analysis was conducted by methods
described previously (Kato et al., 2008). Microarray spot-
intensity data were estimated by subtracting a background
signal-intensity value from a raw signal-intensity value and
normalized by the linear-LOWESS method (Yang et al.,
2002). An expression ratio was calculated by dividing a nor-
malized signal-intensity value of each CDS in syntrophic
co-culture samples by that in the reference monoculture
sample. Statistical analysis (by the Student’s t-test) and data
visualization were carried out using GeneSpring GX ver.
7.3.1 (Agilent Technologies).

Quantitative real-time RT-PCR

All PCR primers used for real-time RT-PCR were designed
by Nihon Gene Research Laboratories. Target genes and
respective primer sets were as follows; succinate dehydro-
genase cytochrome b subunit (sdhC, PTH_1016), sdhC-F
5′-TCC CTT GGA TGA TGG TAT TT-3′ and sdhC-R 5′-ACA
ATA ATC ACG GTG ATG GC-3′; fumarase N-terminal domain
(mmcB, PTH_1356), mmcB-F 5′-CGA TCT TTA CGA GGC
AAT-3′ and mmcB-R 5′-CGA TCT TGG TGT GGA TAA CT-3′;
methylmalonyl-CoA mutase N-terminal domain (mmcE,
PTH_1361), mmcE-F 5′-CAT CAG CGG CTA TCA TAT-3′ and
mmcE-R 5′-TCA GGT GAG CAT TGA AGA-3′; predicted
lactate dehydrogenase (glcD, PTH_2230), ldh-F 5′-GGG
CTG GTT CTT TCC ACT C-3′ and ldh-R 5′-GCT ACG GCC
TCA TTG AGG T-3′; and malic enzyme (sfcA, PTH_2899),
sfcA-F 5′-TGC TGA ACC GCC AGG ATG T-3′ and sfcA-R
5′-GGT TGG GGT AAT CCG ATC TGC-3′. Quantitative gene
expression analysis was performed by real-time RT-PCR
using a LightCycler system and a LightCycler RNA Master
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SYBR Green I kit (Roche Applied Science) as described
previously (Kato et al., 2008).

Analytical methods

The gas composition (methane and hydrogen) was analysed
using a gas chromatograph (GC-14A, Shimadzu) equipped
with a thermal conductivity detector and a molecular sieve 5A
60-80/Porapack Q 80-100 column (Shimadzu) as described
elsewhere (Ishii et al., 2005). VFAs (acetate and propionate)
and alcohols (ethanol and propanol) were analysed using
a gas chromatograph (GC-2010, Shimadzu) with a flame
ionization detector and a DB-FFAP column (Shimadzu) as
described elsewhere (Ishii et al., 2005). Lactate, fumarate
and succinate were analysed using a high performance liquid
chromatograph (Organic acid analysis system, Shimadzu)
with a CDD detector and dual packed columns (Shim-Pack
SCR102-H, Shimadzu) as described elsewhere (Ishii et al.,
2008).

Transcriptome data accession number

The transcriptome data have been deposited in CIBEX
(Center for Information Biology gene EXpression) database
(http://cibex.nig.ac.jp/index.jsp) under accession number
CBX56.
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