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Summary

The Sporomusa genus comprises anaerobic spore-
forming acetogenic bacteria that stain Gram-
negative. Sporomusa species typically grow with
one-carbon substrates and N-methylated com-
pounds. In the degradation of these compounds
methyltransferases are involved. In addition,
Sporomusa species can grow autotrophically with H2

and CO2, and use a variety of sugars for acetogenic
growth. Here we describe a genome analysis of
Sporomusa strain An4 and a proteome analysis of
cells grown under five different conditions. Compari-
son of the genomes of Sporomusa strain An4 and
Sporomusa ovata strain H1 indicated that An4 is a
S. ovata strain. Proteome analysis showed a high
abundance of several methyltransferases, predomi-
nantly trimethylamine methyltransferases, during
growth with betaine, whereas trimethylamine is one
of the main end-products of betaine degradation. In
methanol degradation methyltransferases are also
involved. In methanol-utilizing methanogens, two

methyltransferases catalyse methanol conversion,
methyltransferase 1 composed of subunits MtaB and
MtaC and methyltransferase 2, also called MtaA. The
two methyltransferase 1 subunits MtaB and MtaC
were highly abundant when strain An4 was grown
with methanol. However, instead of MtaA a
methyltetrahydrofolate methyltransferase was syn-
thesized. We propose a novel methanol degradation
pathway in Sporomusa strain An4 that uses a
methyltetrahydrofolate methyltransferase instead of
MtaA.

Introduction

The genus Sporomusa was described in 1984 (Möller
et al., 1984). It is a genus of motile spore-forming
acetogenic bacteria that stain Gram-negative. Sporomusa
strains have been isolated from soils and sediments
(Möller et al., 1984; Hermann et al., 1987; Dehning et al.,
1989; Sass et al., 1998), wastewater (Möller et al., 1984;
Ollivier et al., 1989) and the gut and faeces of animals
(Möller et al., 1984; Breznak and Switzer, 1986; Breznak
et al., 1988; Boga et al., 2003). Currently, the genus
Sporomusa consists of nine validated species. The char-
acteristic substrates for Sporomusa species are one-
carbon compounds, such as methanol, and N-methylated
compounds such as betaine. In addition, they can grow
autotrophically with H2 and CO2, and use a variety of
sugars for acetogenic growth. Like other acetogenic bac-
teria, they employ the acetyl-coenzyme A (CoA) pathway
for energy conservation and CO2 fixation (Drake et al.,
1997; 2007).

Sporomusa strain An4 was isolated from an under-
ground gas storage in Russia with methanol and
perchlorate as substrates. Besides perchlorate, the strain
was also able to use nitrate as electron acceptor. Unfor-
tunately, in the course of this study, the strain lost its ability
to use perchlorate as electron acceptor. The ability to
respire with inorganic electron acceptors is not very
common among Sporomusa species; only Sporomusa
ovata and Sporomusa strain An4 have been described to
reduce nitrate to ammonium (Möller et al., 1984; Balk
et al., 2010). Sporomusa strain An4 is, according to
phylogenetic analysis based on 16S rRNA gene
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sequences, closely related to Sporomusa strain DR5 and
S. ovata strain H1 (99% and 98% sequence similarity
respectively) (Balk et al., 2010).

Sporomusa strains are known to produce atypical
corrinoids. More than 90% of the corrinoids in S. ovata
consist of two synthesized coenzyme B12 analogues:
p-cresolyl cobamide and phenolyl cobamide (Stupperich
et al., 1988; 1989; 1990). Some other studies provided
insight into the transfer of the methyl group from
methylated substrates to tetrahydrofolate (THF). For
S. ovata the involvement of a cobamide-containing
protein in the formation of methyl-tetrahydrofolate (CH3-
THF) was shown (Stupperich and Konle, 1993). The
synthesis of this protein was induced when S. ovata
was grown on methanol. The cobamide-containing
methyltransferase (MT) of S. ovata was purified and
characterized (Stupperich et al., 1992; Wagner et al.,
1994). Moreover, it was shown that different MTs
are involved in degradation of different methylated-
substrates (Stupperich and Konle, 1993) and
cytochromes appeared to play a role in autotrophic
growth and methyl group oxidation (Kamlage and Blaut,
1993). These and other studies (Dobrindt and Blaut,
1996; Wagner et al., 2000) gave insight into the physiol-
ogy of Sporomusa.

Lack of genome information hampered further under-
standing of the metabolism of Sporomusa species. Only
recently genomic information became available for
S. ovata strain H1 (Poehlein et al., 2013). Here, we
describe a comparison of the recently sequenced genome
of S. ovata strain H1 and Sporomusa strain An4. Shotgun
proteomics was applied to get insight into the catabolic
pathways and the regulatory aspects of the metabolism of
Sporomusa strain An4. Five different conditions were
selected: acetogenic growth with H2 and CO2, methanol,
betaine, and fructose; and respiratory growth with metha-
nol and nitrate.

Results

Genome comparison of Sporomusa strain An4 and
S. ovata strain H1

Whole genome shotgun sequencing combined with mate-
pair sequencing of Sporomusa strain An4 resulted in
4.9 Mbp assembled sequence data with an average scaf-
fold size of 308 kbp. The draft genome was automatically
annotated using the RAST Web service (Aziz et al., 2008).
The genomes of Sporomusa strain An4 and S. ovata
strain H1 (Poehlein et al., 2013) were compared at DNA
level. The average nucleotide identity (ANI) was above
99%. This ANI value is significantly higher than the
95–96% ANI values shown to correspond to the 70%
DNA-DNA hybridization level (Richter and Rossello-Mora,
2009). This indicates that Sporomusa strain An4 is a

S. ovata strain. The genome of Sporomusa strain An4 and
strain H1 contained 5262 and 5110 protein-coding genes
respectively. A domain analysis was performed to get
insight into functional differences. The genome of the
S. ovata strain H1 contained six domains that could not be
found in the genome of strain An4. They are the domains
of genes that code for two transposases, a protein of
unknown function, an isopentenyl-diphosphate delta-
isomerase and a toxin–antitoxin protein. The genome
of strain An4 contained two domains that could not
be found in the genome of S. ovata strain H1. The genes
that contain these domains code for a multicopper
oxidase (SpAn4DRAFT_0241) and a peptidase
(SpAn4DRAFT_0978). The function of these proteins in
strain An4 is currently not known.

Acetogenesis and the acetyl-CoA pathway

All genes coding for enzymes of the acetyl-CoA pathway
were found to be present in the genome of Sporomusa
strain An4 (Fig. 1). Many of these genes are situated
in close proximity with each other in scaffold 4, such
as a methenyl-THF cyclohydrolase, methylene-THF
dehydrogenase, the acetyl-CoA synthase operon and
formate dehydrogenase (FDH) genes. The genes
coding for the acetate kinase and the phosphate
acetyltransferase are in other scaffolds. The genome
of strainAn4 contains several genes that code for the same
enzymes of the acetyl-CoA pathway, including formate-
THF ligase (SpAn4DRAFT_2921, SpAn4DRAFT_4515),
methenyl-THF cyclohydrolase (SpAn4DRAFT_2056,
SpAn4DRAFT_2917), methylene-THF reductase
(metF, SpAn4DRAFT_2800, SpAn4DRAFT_2934,
SpAn4DRAFT_5207), acetyl-CoA synthase catalytic
subunit (acsB, SpAn4DRAFT_2715, SpAn4DRAFT_
2923 and SpAn4DRAFT_3609) and carbon
monoxide dehydrogenase (CODH) catalytic subunit
(cooS, SpAn4DRAFT_0020, SpAn4DRAFT_2714,
SpAn4DRAFT_2922). The proteomic analysis showed
peptide abundance of all enzymes of the acetyl-CoA
pathway in all growth conditions (Fig. 2).

One-carbon metabolism

One-carbon compounds, for example carbon monoxide,
formate and methanol, are characteristic growth sub-
strates of Sporomusa species. Genes putatively coding
for enzymes involved in one-carbon metabolism could be
found in the genome of strain An4. Growth with CO
requires a CODH. The genome of strain An4 contains
three genes that putatively code for a CODH catalytic
subunit (cooS, SpAn4DRAFT_0020, 2714, 2922).
However, not all products of these genes can be found in
the proteomics data (File S1). The proteomics data only

2 M. Visser et al.

© 2015 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology

2844 M. Visser et al.

VC 2015 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 18, 2843–2855



show abundance of the gene product of the cooS
that is part of the acetyl-CoA synthase operon
(SpAn4DRAFT_2922). This cooS is abundantly present in
all growth conditions (Fig. 2).

Sporomusa strain An4 can grow with formate, and
formate is also an intermediate of the acetyl-CoA pathway.
The genome of strain An4 contains four putative FDHs,
two dimeric cytoplasmic FDHs (SpAn4DRAFT_1877–
1878, SpAn4DRAFT_5070–5071) and one dimeric
extracytoplasmic FDH (SpAn4DRAFT_1889–1890); the
small subunit contains a twin arginine consensus motif of
Tat signal peptides involved in Sec-independent protein
translocation, which suggests transport of the FDH
complex across the cytoplasmic membrane. One trimeric
cytoplasmic FDH (SpAn4DRAFT_2935–2937) contains
a predicted ferredoxin and a nicotinamide adenine
dinucleotide (NADH)-binding site, suggesting a possible
bifurcating function as described by Wang and colleagues
(2013). The latter FDH genes are situated upstream of the
acetyl-CoA synthase operon (Fig. 1), and the products of
these FDH genes were present in high abundance in the
proteome analysis of all growth conditions (Fig. 2). The
other two cytoplasmic FDHs were not detected in the
proteome analysis, and the extracytoplasmic FDH
(SpAn4DRAFT_1889–1890) only showed abundance in
one of the five growth conditions (File S1). This suggests
that the trimeric cytoplasmic FDH (SpAn4DRAFT_2935–
2937) in strain An4 is the sole FDH involved in the acetyl-
CoA pathway.

The genome of strain An4 contains a gene coding for
an MT that is predicted to be methanol specific
(SpAn4DRAFT_1215). The amino acid sequence of this
putative MT was used for BLAST analysis to find
homologues. BLAST results showed 99% coverage and
62% amino acid identity with the methanol: corrinoid MT,
MtaB, of Moorella thermoacetica (Pierce et al., 2008).
Another MT gene (SpAn4DRAFT_1216) is situated down-

stream of the methanol MT in the genome of Sporomusa
strain An4. This gene is homologous to the MT MtaC of
M. thermoacetica, with 98% coverage and 45% amino
acid identity. Situated upstream of the mtaB homologue
is a CH3-THF MT gene (SpAn4DRAFT_1214) and
a gene coding for a cobalamin synthesis protein
(SpAn4DRAFT_1213, Fig. 3).

In M. thermoacetica, the two genes mtaB and mtaC are
known to code for two subunits of a methanol-specific
MT (Zhou et al., 2005; Das et al., 2007). Another MT
thought to be involved in the methanol metabolism in
M. thermoacetica is encoded by a mtaA gene (Das et al.,
2007; Pierce et al., 2008). Six possible mtaA genes can
be found in the genome of Sporomusa strain An4
(SpAn4_0190, 0193, 2181, 4129, 4142, 4143). BLASTX

analysis showed that these six genes had 93–97% cov-
erage and 24–31% amino acid identity with MtaA in
M. thermoacetica.

Proteome analysis revealed that the products of the two
MT genes, mtaB and mtaC, had a high protein abundance
in strain An4 when grown with methanol (Fig. 2).
However, none of the six possible mtaA homologues
showed any abundance in the proteome of cells grown
with methanol (File S1). Moreover, the gene product of the
CH3-THF MT (SpAn4DRAFT_1214) gene upstream of the
mtaB showed high abundance when grown with metha-
nol, suggesting its involvement in methanol metabolism.

The MtaC is a cobamide-binding protein. Cobamide
biosynthesis and transport proteins in strain An4 were
found in the proteome (File S1). More genes coding for
MTs that function in a similar manner as the methanol MTs
were found in the genome of strain An4. These include
genes putatively coding for tri-, di- and monomethylamine
(TMA, DMA and MMA respectively) MTs, which can be
involved in the utilization of methylamines or the methyl
groups of betaine (Möller et al., 1984; Andreesen, 1994;
Krätzer et al., 2009).

Fig. 1. Relative position of the acetyl-CoA synthase operon and genes of the acetyl-CoA pathway outside the operon. Scaffold and base pair
numbers are located below the genes. Abbreviations are acsE: CH3-THF methyltransferase, ak: acetate kinase, fdh: formate dehydrogenase,
ftfl: formate-THF ligase, hdr: heterodisulfide reductase, hp: hypothetical protein, mtfc: methenyl-THF cyclohydrolase, mtfd: methylene-THF
dehydrogenase, mvrh: methyl viologen-reducing hydrogenase, pat: phosphate acetyltransferase.
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Betaine metabolism

In Sporomusa species, betaine is reduced to TMA and
acetyl phosphate. The electrons required for this reaction
can be generated in the oxidation of methyl groups
(Möller et al., 1984; Andreesen, 1994). The genome of
Sporomusa strain An4 contains genes putatively coding
for glycine/sarcosine/betaine reductase components A, B
and C. The substrate specificity of the three different
reductases of Eubacterium acidaminophilum is deter-
mined by the three different B components (Meyer et al.,
1995). B components consist of an alpha and a beta
subunit in an α2β2 structure. Subunits GrdEB are
described to be glycine specific, GrdGF sarcosine specific
and GrdIH betaine specific (Meyer et al., 1995). We
aligned the amino acid sequence of the B components
of E. acidaminophilum with those of Sporomusa strain
An4 and constructed a neighbour-joining tree (File S2).
The genome of An4 encodes two B components with an
alpha and beta subunits. The two subunits of one B com-
ponent (SpAn4DRAFT_2118 and SpAn4DRAFT_2117)
cluster together with the GrdI and GrdH of
E. acidaminophilum, suggesting specificity for betaine.
The other two genes of strain An4 (SpAn4DRAFT_2142
and SpAn4DRAFT_2141) do not cluster with either GrdB
and GrdE or GrdF and GrdG, leaving the substrate speci-
ficity indistinct.

The proteome results indicated the synthesis of the
glycine/sarcosine/betaine reductase components A, B
and C by strain An4 especially when grown with betaine
(Fig. 2). This included both above-described substrate-
specific B components, suggesting that a betaine reduc-
tase and a sarcosine or glycine reductase are synthesized
by strain An4. Additionally, a thioredoxin involved in these
reductase-catalysed reactions was also detected in the
proteome (Fig. 2).

The putative A component and the beta subunit of the B
components in strain An4 are selenocysteine containing
proteins. Selenocysteine incorporation into a protein
requires the presence of a selenocysteine incorporation
system (Fischer et al., 2007). Genes encoding such a
system are present in the genome of strain An4. Addition-
ally, the proteins involved in this system are synthesized
by strain An4 (Fig. 2).

Many MTs showed high abundance during growth of
strain An4 with betaine (Fig. 2). These MTs were predomi-
nantly TMA MTs. Two other MTs showed high abundance
in betaine-grown cells, tetrahydromethanopterin S-MT

subunit H (SpAn4DRAFT_2187) and a CH3THF MT
(SpAn4DRAFT_2145), indicating that they are involved in
the betaine metabolism of Sporomusa strain An4.

Hydrogen metabolism

The genome of Sporomusa strain An4 contains four
[FeFe] hydrogenases and three [NiFe] hydrogenases,
divided in the following groups: one trimeric NADH-
binding (possibly bifurcating as described by Schut and
Adams, 2009) [FeFe] hydrogenase (SpAn4DRAFT_2115-
2113); one trimeric membrane associated [FeFe]
hydrogenase (SpAn4DRAFT_1380-1378), with a
cytochrome b as the membrane-associated subunit;
two single [FeFe] hydrogenases, one is predicted to be
cytoplasmic (SpAn4DRAFT_0657) and the other mem-
brane associated (SpAn4DRAFT_2844); one dimeric
membrane-linked [NiFe] hydrogenase (SpAn4DRAFT_
2046-2045); one dimeric cytoplasmic [NiFe] hydroge-
nase (SpAn4DRAFT_0843–0844); and one trimeric
membrane-associated hydrogenase (SpAn4DRAFT_
3047–3049). The small subunit (SpAn4DRAFT_3049)
of this hydrogenase contains a tat signal motif,
which suggests transport of the complex across the
cytoplasmic membrane. Moreover, the membrane-
associated subunit is a putative four transmembrane
helix containing cytochrome b. The proteome results
showed protein abundance of the NiFe hydrogenase

Fig. 2. Heatmap visualization of the proteomic data of proteins involved in the acetyl-CoA pathway, methanol metabolism, betaine metabolism
and the selenocysteine incorporation system, fructose metabolism, and nitrate reduction, nitrite reduction and the biosynthesis of cytochrome
c. The figure shows the predicted function of the proteins, the reference to the genome, and their related fractionation values in the five
different growth conditions: hydrogen and carbon dioxide (H2 CO2), methanol (meoh), methanol and nitrate (NO3

−), betaine (B), and fructose
(F). The fractionation values range between 0 and 1 and are calculated by comparing the peptide abundance of one protein of a condition to
the total peptide count of all conditions.

Fig. 3. Methyltransferase genes, mtaB and mtaC, predicted to be
involved in methanol-specific methyl transfer of Sporomusa strain
An4, including a CH3-THF methyltransferase (CH3-THF MT) and a
cobalamin synthesis protein (cobalamin SP) upstream.
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(SpAn4DRAFT_3047–3049) and NADH-binding [FeFe]
hydrogenase (SpAn4DRAFT_2115-2113) in all five
growth conditions (File S1). No other hydrogenases were
detected in the proteome.

Sugar metabolism

Sporomusa strain An4 was described, like S. ovata, to
grow with fructose, but not with glucose (Balk et al.,
2010). The genome of Sporomusa strain An4 contains all
genes encoding the enzymes required for the conversion
of fructose-6-phosphate to acetate. Additionally, the
phosphotransferase system (PTS) necessary to transport
fructose into the cell and simultaneously phosphorylate
the sugar, to fructose-6-phosphate, is also encoded in the
genome of strain An4. PTS complexes are also described
for sugars other than fructose, for example glucose
(Postma et al., 1993). The substrate specificity of these
complexes is due to the PTS EII proteins. On the basis of
sequence alignment, EIIs can be grouped into four
classes: the glucose, mannitol/fructose, lactose and
mannose classes (Postma et al., 1993). The genome of
Sporomusa strain An4 contains genes encoding EII pro-
teins of the mannitol/fructose and lactose classes. Hence
explains why strain An4 cannot grow with glucose. In
addition, growth with mannitol or lactose is not possible
because of the lack of genes in the genome coding for the
enzymes degrading these compounds. Furthermore, no
other sugar transporters or degradation enzymes are
encoded in the genome of strain An4.

All enzymes necessary for fructose degradation were
detected in the proteome analysis (Fig. 2).

Electron acceptor metabolism

Sporomusa strain An4, like S. ovata, reduces nitrate via
nitrite to ammonium (Balk et al., 2010). In the genome
of strain An4, genes coding for enzymes of nitrate reduc-
tion are present (Fig. 4). The napGHCA genes are posi-
tioned next to each other. Additionally, the nrfH
(SpAn4DRAFT_3654) and nrfA (SpAn4DRAFT_3655)
genes are near the napGHCA cluster. Between the
napGHCA cluster and the nrfHA nitrite reduction
genes, the cytochrome c biosynthesis genes, ccmA

(SpAn4DRAFT_3648), ccmB (SpAn4DRAFT_3649),
ccmC (SpAn4DRAFT_3650), ccmE (SpAn4DRAFT_
3651), and a ccmF gene (SpAn4DRAFT_3652) are posi-
tioned. Moreover, a hydroxylamine reductase gene
(SpAn4DRAFT_3657) is upstream the nrfH and nrfA
genes.

Another gene known to be involved in cytochrome c
biosynthesis, ccdA gene, is also present in the genome
of strain An4 (SpAn4DRAFT_3036). In addition, gene
copies of the ccmA (SpAn4DRAFT_0162, SpAn4DRAFT_
4410) ccmB (SpAn4DRAFT_0161, SpAn4DRAFT_4409),
ccmC (SpAn4DRAFT_0160, SpAn4DRAFT_4408),
ccmE (SpAn4DRAFT_0159, SpAn4DRAFT_4407), ccmF
(SpAn4DRAFT_4406), nrfH (SpAn4DRAFT_4405), nrfA
(SpAn4DRAFT_4404) and hydroxylamine reductase
(SpAn4DRAFT_4403) are present in the genome.

Nitrate reductase, nitrite reductase, hydroxylamine
reductase and cytochrome c biosynthesis proteins were
all detected when strain An4 was grown with nitrate
as electron acceptor (Fig. 2, File S1). These proteins
are mainly encoded by the genes illustrated in Fig. 4.
The function of hydroxylamine reductase in nitrate
ammonification is not clear. However, hydroxylamine
could be a product of nitrite reduction and be reduced to
ammonium by hydroxylamine reductase as described in
Nautilia profundicola AmH (Hanson et al., 2013).

Enzyme activity measurements

Additional enzyme activity measurements were per-
formed on some of the key enzymes to relate the abun-
dances of proteins determined by proteomics to protein
function. Enzymes measured were CODH, FDH, nitrate
reductase and nitrite reductase. Enzyme activity was
measured in cell-free extract from cells grown with H2 and
CO2, methanol and methanol plus nitrate. Enzyme activi-
ties were measured in Table 1, confirming their presence
and functionality. Moreover, the nitrate reductase and the
nitrite reductase activities were higher in cell-free extracts
of cells grown with methanol and nitrate. This is in accord-
ance with the higher peptide abundance of these proteins
in the methanol with nitrate condition. Furthermore, the
trimeric cytoplasmic FDH (SpAn4DRAFT_2935–2937) is
the only FDH present in the proteome of the growth con-

Fig. 4. Relative location of nitrate reduction
genes, nitrite reduction genes, c type
cytochrome biosynthesis genes and
neighbouring genes in the Sporomusa strain
An4 draft genome.
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ditions used for enzyme activity measurements. It is,
therefore, likely that the FDH activity is due to the pres-
ence of this enzyme (Table 1).

Discussion

Strain An4 was originally isolated with methanol and
perchlorate. (Per)chlorate reduction was one of the physi-
ological differences between strain An4 and S. ovata
strain H1. Unfortunately, the strain had lost its ability
to use perchlorate as electron acceptor before we
could analyse the proteins involved. In Alicycliphilus
denitrificans strain BC the chlorate reduction genes are
located on a plasmid (Oosterkamp et al., 2013). Moreo-
ver, Clark and colleagues (2013) describe that chlorate
reduction genes are flanked by insertion sequences. This
suggests that the ability to reduce perchlorate is not nec-
essarily genetically stable. Apparently, Sporomusa strain
An4 lost genes involved in perchlorate reduction before
the start of our experiments. The deposited DSM strain
also was not able to reduce (per)chlorate.

Genome comparison of Sporomusa strain An4 and
S. ovata strain H1

Sporomusa strain An4 and S. ovata strain H1 are isogenic
and the genome comparison showed only a few differ-
ences. The ANI value was above 99% and therefore it was
concluded that An4 is a S. ovata strain. One of the differ-
ences is a multicopper oxidase, encoded by the genome
of strain An4. Multicopper oxidases can couple the reduc-
tion of O2 to H2O with substrate oxidation (Rosenzweig
and Sazinsky, 2006), but other enzymes involved in
superoxide dismutation (MacPherson and Murphy, 2007),
manganese oxidation (Butterfield et al., 2013), copper
oxidation (in copper resistance) (Altimira et al., 2012) and
nitrite reduction (MacPherson and Murphy, 2007) are also
multicopper oxidases. However, none of these known
enzymes shows high similarity to the multicopper oxidase
of strain An4. Moreover, in strain An4, the proteome indi-
cates the involvement of a cytochrome nitrite reductase
and not a copper nitrite reductase. Furthermore, the

multicopper oxidase is not detected in the proteome in
any of the five tested conditions. Therefore, the function of
the multicopper oxidase and why it is present in strain An4
and not in S. ovata strain H1 cannot be deduced from our
analysis.

Proteogenomic analysis

The proteome analysis resulted in 2280 proteins with 2 or
more unique peptides. A total of 1162 of these proteins
had a peptide abundance of at least 5. High peptide
abundance of a protein verifies synthesis by strain An4.
The detected proteins included the enzymes necessary
for growth with the selected growth conditions. Insight in
the physiology of Sporomusa strain An4 was obtained by
combining genome analysis with shotgun proteomics
data. For example, the results indicate that one FDH
(SpAn4DRAFT_2935–2937) is involved in the acetyl-CoA
pathway in strain An4. The other FDHs present in the
genome might be involved in for example growth with
formate as a substrate.

Not all proteins that we expected to detect are present
in the proteomics data. This can be due to the difference
in the extraction of proteins; cytoplasmic proteins are
easier to extract compared with membrane proteins, or to
the size difference of proteins. Large proteins in general
generate more peptides upon trypsin digestion and are,
therefore, easier to detect. The catalytic subunit of nitrate
reductase, NapA, obtains its electrons from the cytoplas-
mic membrane quinol pool by electron transport of either
NapC or NapGH. Both NapC and NapGH are quinol
dehydrogenases (Brondijk et al., 2002, 2004; Kern and
Simon, 2008; 2009; Simpson et al., 2010) and are present
in the genome of strain An4. Although napC is present in
the genome, its product was not found in the proteomics
data. This could mean that either strain An4 only uses
the NapGH quinol dehydrogenase complex to transport
electrons to nitrate reductase NapA, or the quinol
dehydrogenase NapC was not detected because it is a
small membrane protein.

In nitrate reduction, c-type cytochromes are important
for the translocation of electrons. The biosynthesis of
c-type cytochromes, also called the Ccm system, consists

Table 1. Enzyme activity (in U/mg and U = μmol min−1) measured from cell-free extracts of Sporomusa strain An4 cells grown with H2 and CO2,
methanol (meoh), and methanol and nitrate (NO3

−).

Enzyme name Reference to proteome/genome H2 CO2 SD MeOH SD NO3− SD

CODH CooS/SpAn4DRAFT_2922 1.47 (718) 0.2 1.37 (619) 0.15 0.45 (232) 0.06
FDH FDH alpha subunit/ SpAn4DRAFT_2937 2.44 (756) 0.18 2.2 (751) 0.2 1.86 (574) 0.15
NO3

− reductase NapA/SpAn4DRAFT_3646 0.55 (0) 0.11 0.77 (0) 0.13 5.88 (170) 0.18
NO2

− reductase NrfA/SpAn4DRAFT_3655, SpAn4DRAFT_4404 0.37 (5) 0.15 0.51 (1) 0.07 8.1 (177) 0.2

Enzymes measured included carbon monoxide dehydrogenase (CODH), formate dehydrogenase (FDH), nitrate reductase (NO3− reductase) and
nitrite reductase (NO2− reductase). The activity values are averages of biological replicates (n3). Standard deviation (SD) between replicates are
included. Moreover, reference to the proteome/genome is given, and the proteome data values are included in parentheses.
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of up to 10 components. These components are CcmA
to CcmI and CcdA or DsbD (Sanders et al., 2010). In
Sporomusa strain An4, only CcmA, CcmC and CcmF
protein levels were detected among the five conditions
tested. CcmB, CcmE and CcdA are membrane proteins
and therefore might have escaped detection.

Sporomusa strain An4 can grow with both sarcosine
and glycine (Balk et al., 2010). Therefore, the substrate
specificity of one of the highly abundant reductases
(SpAn4DRAFT_2142-2141) during growth with betaine is
unclear. Sporomusa ovata can only utilize sarcosine, not
glycine, and produces methylamine, acetate and CO2,
which suggest the involvement of a reductive cleavage
reaction. Moreover, Möller and colleagues (1984) sug-
gested that during growth with betaine, a small amount of
betaine is demethylated to N,N dimethyl-glycine. Subse-
quently, this N,N dimethyl-glycine was presumably
demethylated further to sarcosine. This, together with the
fact that the genome comparison between the two
Sporomusa strains did not indicate that strain An4 uses a
different reaction for sarcosine utilization, makes it likely
that strain An4 uses a sarcosine reductase for betaine
degradation and not a glycine reductase. Figure 5 shows
the possible betaine degradation pathway in strain An4.

The proteome analysis shows high abundance of
many MTs, predominantly TMA MTs, during growth with

betaine. However, TMA is one of the main end-products
of betaine degradation in Sporomusa species, including
strain An4 (data not shown). The betaine reductase
requires electrons that can be generated via the oxida-
tion of methyl groups (Möller et al., 1984; Andreesen,
1994). The TMA MTs, the DMA MT and the MMA MT
might be involved in the oxidation of small amounts of
TMA to NH4 (Fig. 5). However, this does not explain the
many TMA MTs that are synthesized during growth with
betaine. We hypothesize that these TMA MTs bind differ-
ent cobamides. Mok and Taga (2013) showed that in
addition to p-cresolyl cobamide and phenolyl cobamide
S. ovata can also produce other cobamides. Moreover,
both Chan and Escalante-Semerena (2011) and Mok and
Taga (2013) suggested that in S. ovata, there could be
substrates that require enzymes that bind other
cobamides than p-cresolyl cobamide and phenolyl
cobamide. Sporomusa ovata is able to use externally
supplied benzimidazoles to form benzimidazolyl
cobamides. This inhibits methanol degradation because
it interferes with the production of p-cresolyl cobamides
(Mok and Taga, 2013). However, betaine degradation
was not strongly affected by adding benzimidazoles, indi-
cating less dependence on p-cresolyl cobamides, which
could be explained if the different TMA MTs in S. ovata
bind different cobamides.

Fig. 5. Proposed betaine degradation pathway in Sporomusa strain An4. The thick arrows indicate the main degradation route, while the thin
arrows represent reactions that generate electrons for the betaine reductase via the oxidation of methyl groups. Proteins are in bold italic and
locus tags are in italic. Abbreviations: AK, acetate kinase; DMA, dimethylamine; e−, electron; MMA, monomethylamine; Pi, phosphate; TMA,
trimethylamine.
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Two other MTs, tetrahydromethanopterin S-MT subunit
H and a CH3THF MT, also showed high abundances in the
proteomics results during growth with betaine. The gene
coding for the tetrahydromethanopterin S-MT subunit H is
also present in the genome of S. ovata strain H1, but is
designated as an MT 2. MtaA, MtmA, MtbA and MttA MTs
are also of the MT 2 type. The tetrahydromethanopterin
S-MT subunit H could, therefore, be involved in the methyl
transfer from a corrinoid bound TMA MT to THF, or maybe
these two MTs that have high abundance in strain An4
during growth with betaine are somehow involved in
demethylation of betaine to sarcosine (Fig. 5). Clearly,
growth with betaine leads to the synthesis of many MTs in
Sporomusa strain An4 for which the exact function needs
to be elucidated.

Degradation of methanol by S. ovata was described
before. Stupperich and colleagues (1992) showed that a
cobamide-binding methanol-specific MT was expressed
by S. ovata and they hypothesized that the enzyme was
involved in the cleavage of the C–O bond of methanol, the
transfer of the CH3 residue of methanol metabolism or
both. Later, the CH3 group from methanol was found to be
transferred to THF, creating CH3-THF and an entrance
into the acetyl-CoA pathway (Stupperich and Konle,
1993). Transfer of the CH3 residue of methanol in
methanogens was shown to be due to three enzyme
subunits of the methanogenic methanol : coenzyme M
MT system. This system is composed of two MTs
(van der Meijden et al., 1983; 1984). Methanol:
5-hydroxybenzimidazolylcobamide MT is the first MT and
consists of two subunits, MtaB and MtaC, also known as
methanol MT 1 (Sauer et al., 1997). MtaB catalyses the

transfer of the CH3 group from methanol to a corrinoid
bound to MtaC. The second MT consists of only one
subunit (MtaA), which catalyses the transfer of the CH3

residue bound to MtaC to coenzyme M (Fig. 6A, van der
Meijden et al., 1983; 1984, Harms and Thauer, 1996,
LeClerc and Grahame, 1996).

The proteomics results indicate no involvement of a
MtaA homologue in methanol degradation by strain An4.
Therefore, we propose a novel methanol metabolism
without the involvement of an MtaA homologue. Instead of
MtaA, the CH3-THF MT transfers the CH3 group bound to
MtaC to THF (Fig. 6B).

Coenzyme M and THF are structurally different
cofactors, hence it is logical that there is a different
MT involved in methanogens compared with acetogens,
MtaA for binding coenzyme M and CH3-THF MT for binding
THF. Therefore, the methanol metabolism we propose for
Sporomusa strainAn4 could also be the methanol metabo-
lism for other methanol utilizing acetogenic bacteria.

Experimental procedures

Source of inoculum and culture medium

Sporomusa strain An4 (=DSM 21435, =JSM 15643) was iso-
lated from a water sample of an underground gas storage in
Russia (Balk et al., 2010). The strain was enriched and iso-
lated with methanol and perchlorate in a basal bicarbonate
buffered medium described by Stams and colleagues (1993).
The same medium but with the addition of 0.1 g l−1 yeast
extract was used in this study. The electron donors were
added in 15 mM concentrations and electron acceptors in
12 mM concentration, from concentrated stock solutions
(sterilized by autoclaving). Cultivation of strain An4 was done
at neutral pH and 30°C in 117 ml of glass serum vials with
butyl rubber stoppers and aluminium crimp seals. The vials
contained 50 ml of basal medium and a gas phase of 1.7 bar
N2/CO2 (80%/20%, v/v). When hydrogen was the electron
donor, the gas phase was 1.7 bar H2/CO2 (80%/20%, v/v). In
all experiments, the inoculum size was 10%(v/v).

Experimental design

To obtain insight into the physiology of Sporomusa strain An4,
a combined genome and proteome analysis was performed.
For genome analysis, cells were grown with methanol. For
proteome analysis, strain An4 was grown at five conditions
with the following substrates: (1) hydrogen and carbon
dioxide (H2 and CO2), (2) methanol, (3) methanol and nitrate,
(4) betaine and (5) fructose. Cells were adapted to the differ-
ent growth conditions by transferring three times. Subse-
quently, 1.2 l of bottles containing 500 ml of medium were
inoculated. Protein extraction of all growth conditions was
performed at the late exponential phase.

Analytical methods

Organic compounds were quantified by high pressure liquid
chromatography. Methanol, betaine, fructose and acetate

Fig. 6. Methanol conversion as described for a methanol utilizing
methanogen (A) and proposed methanol conversion in Sporomusa
strain An4 (B). The AcsB subunit of methanol methyltransferase
one (MT1) cleaves the C–O bond of methanol and transfers the
CH3 to the MtaC subunit. Subsequently, in the methanogenic
pathway MtaA catalyses the transfer of the CH3 group to coenzyme
M (CoM, A). In Sporomusa strain An4 the CH3-THF MT catalyses
the transfer of the CH3 group to THF, creating CH3-THF (B).
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were analysed using a MetaCarb 67H 5 x 300 mm column
(Varian, Middelburg, The Netherlands) connected to a
SpectraSYSTEM RI-150 detector (Thermo Electron Corpora-
tion, Waltham, MA, USA). The 5 mM H2SO4 mobile phase
had a flow of 0.8 ml min−1. The temperature was controlled at
30°C during the analysis. Crotonate was used as an internal
standard.

Nitrate and nitrite were measured using an ED 40 electro-
chemical detector (Dionex, Breda, The Netherlands) after
separation on an Ionpac AS9-SC 4 × 50 mm column (Dionex).
Potassium fluoride (2 mM) was used as internal standard. The
analysis was conducted at a temperature of 35°C with a flow
rate of 1.2 ml min−1. The mobile phase used consisted of
1.29 g l−1 Na2CO3 10 H2O and 0.12 g l−1 NaHCO3.

Hydrogen was analysed by gas chromatography with a
Shimadzu GC-14B (Shimadzu, Kyoto, Japan) equipped with a
packed column (Molsieve 13X, 60–80 mesh, 2 m length, 3 mm
internal diameter; Varian) and a thermal conductivity detector
set at 70 mA. The injector temperature and the oven tempera-
ture were both 100°C. The detector temperature was 150°C.
Argon was used as the carrier gas at a flow rate of 30 ml min−1.

Growth was measured by following the optical density of
cultures at 600 nm (OD600) until the late exponential phase.
Uninoculated medium served as a reference.

DNA isolation, genome sequencing and
genome annotation

Genomic DNA from Sporomusa strain An4 was isolated using
the standard Department of Energy Joint Genome Institute
(DOE JGI) hexadecyltrimethylammonium bromide (CTAB)
method. Sequencing the genome of strain An4 was done by
using the 454 pyrosequencing technique and additional
mate-pair sequencing (Droege and Hill, 2008). Shot-gun
sequencing was performed to a redundancy of 44× (539893
reads). The assembly of these reads was performed using
the NEWBLER ASSEMBLER software (454 Life Sciences) result-
ing in 163 contigs of more than 500 bp. The additional
Illumina mate-pair reads were used to extend the contigs and
to create scaffolds by using SSPACE BASIC v2.0 (Boetzer et al.,
2011) with a size insert derived from PICARDTOOLS. Gaps
were filled with the mate-pair reads by using SSPACE

GAPFILLING v1.11 (Boetzer and Pirovano, 2012). The final
assembly was improved with PILON V1.4 using both 454 and
mate-pair reads, which resulted in 16 scaffolds of more than
42 kbp. Scaffolds were reordered according to the S. ovata
strain H1 draft genome. The 16 scaffolds were submitted to
RAST server service (Aziz et al., 2008) for automatic annota-
tion yielding 5264 protein encoding genes.

Genome comparison

The genome of Sporomusa strain An4 was compared with
the genome of S. ovata strain H1 by analysing their functional
domain profiles, which were obtained by first processing both
genome assemblies with PRODIGAL (Hyatt et al., 2010) and
subsequently using INTERPROSCAN 5 (version 5RC7, 27
January 2014). Differences are discussed in the text. The ANI
of shared genes was used to determine the phylogenetic
positioning of Sporomusa strain An4.

Comparison of selected Sporomusa strain An4 genes and
putative proteins to other microorganisms than S. ovata was

performed by BLAST analysis. Nucleotide sequences were
compared with genes in the NCBI nucleotide collection data-
base. The comparison was optimized for highly similar
sequences. Amino acid sequences of selected strain An4
proteins were compared with proteins for homology, using the
NCBI non-redundant protein sequence database, with default
settings. For alignment, only amino acid sequences were
used when the genome of the microorganism was fully
sequenced. Additionally, the sequences required a minimum
coverage of 80%, and for alignment purposes, the minimum
identity was at least 40%. Alignment was performed using
MUSCLE (Edgar, 2004).

To identify cofactor-binding motifs, transmembrane helices
and twin-arginine translocation motifs in the N-terminus, we
used PFAM 27.0 (March 2013) (Punta et al., 2012), TMHMM

SERVER v. 2.0 (Moller et al., 2001) and the TATP 1.0 SERVER

(Bendtsen et al., 2005) respectively. Sequences with similar-
ity to iron-only or [FeFe]-hydrogenases, were manually ana-
lysed for the presence of conserved H-cluster residues
(Vignais and Billoud, 2007). RNA loop prediction with MFOLD

version 3.2. was used to predict incorporation of
selenocysteine (Mathews et al., 1999; Zuker, 2003). We com-
pared the predicted RNA loop in the 50–100 bp region down-
stream of the UGA-codon with the consensus loop described
(Zhang and Gladyshev, 2005).

Protein extraction

For the preparation of protein samples 500 ml of each growth
condition was centrifuged at 26 000 × g. The pellets were
resuspended in sodium dodecyl sulfate dithiothreitol Tris
(SDT) lysis buffer [100 mM Tris/HCl pH 7.6 + 4% SDS + 0.1M
dithiothreitol (DTT)] and sonicated to disrupt the bacterial cell
wall. Unbroken cells and debris were removed by centrifuga-
tion at 16 000 × g for 10 min. Protein concentration in the
samples was measured by using Bradford reagent (Sigma
Aldrich, St. Louis, MO, USA) using bovine serum albumin as
a standard.

Proteome analysis

For each growth condition, an equal amount of total protein
was separated by SDS-PAGE on a 10-well PAGE® Novex
4–12% Bis-Tris gel (Invitrogen) and ran using 2-(N-
morpholino)ethanesulfonic acid (MES)-SDS as running
buffer for 30 min at a constant voltage of 200 V. The gel was
stained with Coomassie Blue (Colloidal Blue Staining Kit,
Invitrogen) after which, the entire gel lanes were cut into 25
equal slices using a gridcutter (Gelcompany, SA, USA). Gel
pieces were reduced with DTT (10 mM, 30 min, room tem-
perature), alkylated with iodoacetamide (20 mM, 60 min,
room temperature in the dark) and digested with trypsin
overnight at 37°C. After digestion, formic acid and
dimethylsulphoxide were added (both 5% v/v) to increase
peptide recovery. Protein digests were analysed on a
reversed phase nano-liquid chromatography (LC) coupled to
an LTQ Orbitrap Velos (Thermo Fisher Scientific, Bremen,
Germany). An Agilent 1200 series high-performance liquid
chromatography system was equipped with in-house packed
trapping column (100 μm ID and 20 mm length) and analyti-
cal column (50 μm ID and 250 mm length) filled with Reprosil
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Pur 120 C18-AQ (Dr. Maisch, Ammerbuch-Entringen,
Germany) essentially as described by Meiring and
colleagues (2002). Trapping was performed at 5 μl/min for
10 min in solvent A (0.1 M acetic acid), and elution was
achieved with a gradient from 0% to 40% solvent B (0.1 M
acetic acid in 8:2 v/v acetonitrile : water) for 40 min. The LTQ
Orbitrap Velos was operated in data-dependent mode auto-
matically switching between mass spectrometry (MS) and
MS/MS. Survey full scan MS spectra were acquired from m/z
400 to 1500 in the Orbitrap with a resolution of 30 000 at m/z
400 after accumulation to a target value of 1 × 106 in the
linear ion trap. The 10 most intense, multiply charged ions at
a threshold of above 1000 were fragmented in the linear ion
trap using collision-induced dissociation at a target value of
1 × 104. All raw data files were processed into peaklists using
PROTEOME DISCOVERER 1.1.

For each condition approximately 80 000 to 100 000
MS/MS spectra were obtained from trypsin-digested protein
mixtures of cell-free extracts. The MS/MS spectra were sub-
mitted to a local implementation of the OMSSA search engine
(Geer et al., 2004) and searched against a peptide database
derived from the predicted proteins of the Sporomusa strain
An4 draft genome RAST annotation. The following search
parameters were used: a precursor ion tolerance of 0.03 Da,
fragment ion tolerance of 0.5 Da, a miss cleavage allowance
of up to and including 2. Cysteines were considered to be
carboxyamidomethylated, oxidation of methionine, and
deamination of glutamine and asparagine were treated as
variable modifications. The set E-value threshold was deter-
mined iteratively from the false discovery rate (FDR) and was
set to 0.01. With this setting, an FDR of <2% was obtained for
all samples. The FDR was calculated from top hit spectral
matches to peptides in the reversed database as described
by Elias and Gygi (2007). The proteome analysis resulted in
the identification of 2280 different proteins (with at least 2
unique peptides identified). Spectral counting (Liu et al.,
2004) was used to study protein abundance. Higher counts
lower the chance of false positives, making it more reliable
that the protein is synthesized. A total of 1162 predicted
proteins showed >4 counts and are listed in File S1. Proteins
that possibly play an important role under different growth
conditions are discussed in more detail in the text.

Enzyme activity assays

Enzyme activities of CODH, FDH, nitrate reductase and
nitrite reductase were determined spectrophotometrically by
measuring the colour change of methyl viologen (MV) at
578 nm and 37°C, due to reduction or oxidation. Glass
cuvettes were anaerobically prepared by flushing with N2,
except for the CODH assay, where the glass cuvette was
flushed with CO. The CODH assay mixture contained 50 mM
3-(N-morpholino)propanesulfonic acid-KOH (pH 7), 1 mM
MV and 0.1 mM DTT. The FDH assay mixture contained
Tris-HCl (pH 8), 1 mM MV, 0.1 mM DTT and 10 mM formate.
In the CODH and FDH assay, the absorbance increased.

The nitrate and nitrite reductase assay mixture both con-
tained 50 mM Tris-HCl (pH 7.5), 0.5 mM MV, a small amount
of dithionite solution to reach a starting absorbance of
approximately 1.5, and 4 mM nitrate or 0.25 mM nitrite
respectively.
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Supporting information

Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

File S1. Proteomic data of the proteins with peptide counts
>4 of Sporomusa strain An4. The supporting information
shows the predicted function of the proteins, the reference to
the genome, and their related peptide abundance in the five
different growth conditions: hydrogen and carbon dioxide (H2

CO2), methanol (MeOH), methanol and nitrate (NO3-),
betaine (B), and fructose (F).
File S2. Neighbor joining tree constructed by using the
amino acid sequences of the glycine/sarcosine/betaine
reductase B components of Eubacterium acidaminophilum
and Sporomusa strain An4. The B components have an alpha
and a beta subunit. The numbers at the branches are boot-
strap percentage values. The scale bar represents 20%
sequence difference.
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