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Acidomonas methanolica (former name: Acefobacter methanolicus) is a unique
acetic acid bacterium capable of growing on methanol as a sole carbon source.
We reported the draft genome sequencing of A. methanolica type strain MB58,
showing that it contains 3270 protein-coding genes, including the genes
involved in oxidation of methanol, such as mxaFJGIRSACKL and hxIAB, and
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Acidomonas methanolica MB58 (former name: Acetobacter
methanolicus MB58) was originally isolated as a faculta-
tively methylotrophic bacterium from a septic methanol-
processing mixture in Germany (Uhlig et al., 1986). Aci-
domonas methanolica is now recognized as a unique acetic
acid bacterium capable of assimilating both methanol and
ethanol. Thus, in addition to a methanol oxidation sys-
tem found in methylotrophs, A. methanolica also contains
an ethanol oxidase respiratory chain conserved among the
acetic acid bacteria (Matsushita et al., 1992). Recently, an
A. methanolica strain CGDAM1 was isolated from a
patient with chronic granulomatous disease exacerbated
with cervical lymphadenopathy indicating the emerging
pathogenicity of these bacteria (Chase et al, 2012).
Therefore, information on the A. methanolica genomic
structure may be important for diagnostic purposes. To
elucidate the genomic structure of A. methanolica, we
have performed draft genomic DNA sequencing using
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A. methanolica type strain MB58 (NBRC 104435, ATCC
43581 and DSM 5432).

Genomic DNA sequencing and analyses were per-
formed using a previously described method (Azuma
et al., 2009) with some modifications. Briefly, A. methan-
olica genomic DNA was extracted from A. methanolica
cultured aerobically in YPGD medium at 30 °C. After
DNA fragmentation and isolation (average fragment
length 171 bp), 3 559 553 reads (75 bases per read) were
obtained using the Illumina GAIIx sequencing system
(Ilumina Inc., CA). Short DNA sequences were assem-
bled by Velvet 1.0.3 (Zerbino et al., 2009). A k-mer size
of 39 among different minimum-overlapping lengths gave
the best results in terms of Ns, (the median contig
length), resulting in 546 contigs with total 3 690 031 bp
(coverage: 90.2 x). The A. methanolica genome had 65.4%
G + C content, which was relatively higher than that
previously reported (Uhlig et al., 1986). The draft genome
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sequence contained 3270 protein-coding genes, which were
extracted using METAGENEANNOTATOR (MGA) (Noguchi
et al., 2008), and functions of the gene products were
annotated by comparison with similar proteins detected by
Basic Local Alignment Search Tool (BLast) (Altschul et al.,
1997). Forty-four tRNA genes were identified by the
tRNAscan-SE 1.21 program (Lowe & Eddy, 1997), and one
contig (Amme_377) with an rRNA operon was identified
by BLAST.

This draft genome shotgun project has been deposited
as a primary project at DDBJ BioProject (the accession
number: PRJDB513). The draft genome sequence of
A. methanolica MB58 (NBRC104435, ATCC 43581 and
DSM 5432) was deposited in the DDBJ/EMBL/GenBank
database under the accession number BANDO01000001—
BANDO01000546.

Bioinformatics analyses using BrLAsT (Altschul et al.,
1997), Pfam (Punta et al., 2012) and SOSUI (Hirokawa
et al., 1998) demonstrated that the A. methanolica genome
contained genes coding for eight membrane-bound pri-
mary dehydrogenases (Fig. la). Seven of them contained
pyrroloquinoline quinone (PQQ)-binding domains, and
the other one with a molybdopterin-binding domain,
MPT]I, showed partial similarity to the aldehyde dehydro-
genase (ALDH). Of the seven dehydrogenases with the
PQQ-binding domains, alcohol dehydrogenase (ADH)
and methanol dehydrogenase (MDH) (named as MDHI1
here) were previously shown to oxidize ethanol and meth-
anol biochemically, respectively (Matsushita et al., 1992;
Frebortova et al., 1998). Four PQQ-dependent enzymes,
glucose dehydrogenase (GDH), another MDH (named
MDH2), which demonstrated sequence similarity to
MDHI, PQQ2 and PQQ4, were classified based on previ-
ously published data (Prust et al., 2005). A gene encoding
a PQQ-dependent dehydrogenase, which showed similari-
ties equally to large subunits of ADH and MDH, was
identified and classified into a new category, PQQ6, with
a gene of Acidiphilium cryptum JF-5. No genes similar
to PQQ-dependent glycerol dehydrogenase and FAD-
dependent gluconate 2-dehydrogenase were found.

Genes coding for the MDH subunits were located in
two loci (probably two operons) accompanied by 12 or
more genes involved in methanol metabolism. In the first
locus (Fig. 1b, top), an operon consisting of 13 genes was
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identified, including the ones encoding the MDHI large
subunit (MxaF), an extracellular solute-binding protein
(MxaJ1), cytochrome ¢ (MxaG), the MDHI1 small
subunit (Mxal), a transcriptional regulator for MDH
(MxaR), MxaS, MxaA, MxaC, MxaK, MxaL, 6-phospho-
3-hexuloisomerase (HxIB/PHI), 3-hexulose-6-phosphate
synthase (HxIA/HPS) and transcriptional regulator AraC
(Amaratunga et al., 1997; Vuilleumier et al, 2009).
MxaA, MxaK and Mxal are involved in incorporation of
calcium into MDH (Richardson & Anthony, 1992; Arps
et al., 1995), and MxaC, ] and S are required for metha-
nol oxidation (Morris et al, 1995). The second locus
(Fig. 1b, bottom) contained genes coding for the MDH2
large subunit, MxaJ2, cytochrome ¢, regulator protein
FrmR and UDP-glucose/galactose 4-epimerase, assembled
in an operon. Upstream of this operon, another operon
containing the PQQ6 large subunit and cytochrome ¢ was
present.

HxIA/HPS and HxIB/PHI are involved in ribulose
monophosphate pathway for assimilation and detoxifica-
tion of formaldehyde produced from methanol by MDH
(Jakobsen et al., 2006) (Supporting information, Fig. S1).
As no genes for glutathione-independent and glutathione-
dependent formaldehyde dehydrogenases were identified
in the A. methanolica genome, it might be the only one
pathway for formaldehyde assimilation (Wilson et al.,
2008). As ALDH of Corynebacterium glutamicum was
shown to be involved in the oxidation of methanol to
carbon dioxide (Witthoff et al., 2013), it is still possible
that A. methanolica is able to convert formaldehyde to
formate by yet uncharacterized enzyme(s), such as MPT1.

Acidomonas methanolica is the species with the ability
to metabolize methanol (Suzuki et al., 2009) because of
the activity of MDHs and Mxa factors. Interestingly,
genes, hxIA/rmpA and hxIB/rmpB, encoding HxIA/HPS
and HxIB/PHI, respectively, were not found in any other
genome sequences of acetic acid bacteria deposited in
public databases, but many species of Gram-positive
Microbacteriaceae and Micrococcaceae families contain the
homologues. Acquisition of the genes, hxIA/rmpA and
hxIB/rmpB, might be a key point to survive efficiently
with methanol as a sole carbon source for A. methanolica.
In the meantime, a member of Acetobacteraceae family,
Granulibacter bethesdensis, like A. methanolica, causes a

Fig. 1. Primary dehydrogenases of Acidomonas methanolica and other acetic acid bacteria. (a) Schematic presentation of primary
dehydrogenases predicted from genes identified in A. methanolica MB58. Incorporated cofactors, PQQ and MPT domains were identified in the
large subunits (Matsushita et al., 1992). IDs of the genes coding for the enzymes or the subunits are indicated under each enzyme name. (b)
Structures of the methanol metabolism-related genes in the two loci. Top and bottom panels indicate parts of the contig number 57
(Amme_057) and 31 (Amme_031), respectively. (c) Phylogram of the primary dehydrogenases (or their large subunits) identified in genomes of
Acetobacter pasteurianus IFO 3283-01 (Azuma et al., 2009), Gluconacetobacter diazotrophicus PAI 5 (Bertalan et al., 2009), G. xylinus NBRC
3288 (Ogino et al., 2011), Gluconobacter oxydans 621H (Prust et al., 2005), Acidiphilium cryptum JF-5 (GENBANK: from NC-009467 to
NC-009474 and NC-009484), Granulibacter bethesdensis CGDNIH1 (Greenberg et al., 2007) and A. methanolica MB58 in this report.
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chronic granulomatous disease, grows on methanol as a  formaldehyde dehydrogenases were not identified in
sole carbon source and contains most of all the methanol  G. bethesdensis, and it is currently unknown how this
oxidation-related genes (Greenberg et al., 2006, 2007).  bacterium utilizes methanol and detoxifies harmful form-
However, genes coding for HxIA/HPS, HxIB/PHI and aldehyde.

FEMS Microbiol Lett 351 (2014) 9-13 © 2013 The Authors. FEMS Microbiology Letters
published by John Wiley & Sons Ltd on behalf of the Federation of European Microbiological Societies



12

Acknowledgement

The authors would like to thank R. Mitsui, Okayama
University of Science, for critical proofreading of the
manuscript. This research was financially supported by
MEXT KAKENHI Grant Number 22510222, a Grant-in-
Aid from the Program for Promotion of Basic Research
Activities for Innovative Biosciences (PROBRAIN), and
the Advanced Low Carbon Technology Research and
Development Program (ALCA).

References

Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z,
Miller W & Lipman DJ (1997) Gapped BLAST and PSI-BLAST: a
new generation of protein database search programs. Nucleic
Acids Res 25: 3389-3402.

Amaratunga K, Goodwin PM, O’Connor CD & Anthony C
(1997) The methanol oxidation genes mxaFJGIR (S) ACKLD
in Methylobacterium extorquens. FEMS Microbiol Lett 146:
31-38.

Arps PJ, Speer BS, Kim YM & Lidstrom ME (1995) The
mxaAKL genes of Methylobacter albus BG8. Microbiology 141
(Pt 11): 2995-3004.

Azuma Y, Hosoyama A, Matsutani M et al. (2009)
Whole-genome analyses reveal genetic instability of
Acetobacter pasteurianus. Nucleic Acids Res 37: 5768-5783.

Bertalan M, Albano R, de Padua V et al. (2009) Complete
genome sequence of the sugarcane nitrogen-fixing
endophyte Gluconacetobacter diazotrophicus Pal5. BMC
Genomics 10: 450.

Chase JM, Holland SM, Greenberg DE, Marshall-Batty K,
Zelazny AM & Church JA (2012) Acidomonas
methanolica-associated necrotizing lymphadenitis in a
patient with chronic granulomatous disease. J Clin Immmunol
32: 1193-1196.

Frebortova J, Matsushita K, Arata H & Adachi O (1998)
Intramolecular electron transport in quinoprotein alcohol
dehydrogenase of Acetobacter methanolicus: a redox-titration
study. Biochim Biophys Acta 1363: 24-34.

Greenberg DE, Porcella SF, Stock F, Wong A, Conville PS,
Murray PR, Holland SM & Zelazny AM (2006)
Granulibacter bethesdensis gen. nov., sp. nov., a distinctive
pathogenic acetic acid bacterium in the family
Acetobacteraceae. Int | Syst Evol Microbiol 56:

2609-2616.

Greenberg DE, Porcella SF, Zelazny AM, Virtaneva K,
Sturdevant DE, Kupko JJ 3rd, Barbian KD, Babar A,
Dorward DW & Holland SM (2007) Genome sequence
analysis of the emerging human pathogenic acetic acid
bacterium Granulibacter bethesdensis. | Bacteriol 189:
8727-8736.

Hirokawa T, Boon-Chieng S & Mitaku S (1998) sosur:
classification and secondary structure prediction system for
membrane proteins. Bioinformatics 14: 378-379.

© 2013 The Authors. FEMS Microbiology Letters

N. Higashiura et al.

Jakobsen OM, Benichou A, Flickinger MC, Valla S,
Ellingsen TE & Brautaset T (2006) Upregulated
transcription of plasmid and chromosomal ribulose
monophosphate pathway genes is critical for methanol
assimilation rate and methanol tolerance in the
methylotrophic bacterium Bacillus methanolicus. ] Bacteriol
188: 3063-3072.

Lowe TM & Eddy SR (1997) tRNAscan-SE: a program for
improved detection of transfer RNA genes in genomic
sequence. Nucleic Acids Res 25: 955-964.

Matsushita K, Takahashi K, Takahashi M, Ameyama M &
Adachi O (1992) Methanol and ethanol oxidase
respiratory chains of the methylotrophic acetic acid
bacterium, Acetobacter methanolicus. ] Biochem 111:
739-747.

Morris CJ, Kim YM, Perkins KE & Lidstrom ME (1995)
Identification and nucleotide sequences of mxaA, mxaC,
mxaK, mxaL, and mxaD genes from Methylobacterium
extorquens AM1. ] Bacteriol 177: 6825-6831.

Noguchi H, Taniguchi T & Itoh T (2008) METAGENEANNOTATOR:
detecting species-specific patterns of ribosomal binding site
for precise gene prediction in anonymous prokaryotic and
phage genomes. DNA Res 15: 387—396.

Ogino H, Azuma Y, Hosoyama A, Nakazawa H, Matsutani
M, Hasegawa A, Otsuyama K, Matsushita K, Fujita N &
Shirai M (2011) Complete genome sequence of NBRC
3288, a unique cellulose-nonproducing strain of
Gluconacetobacter xylinus isolated from vinegar. J Bacteriol
193: 6997-6998.

Prust C, Hoffmeister M, Liesegang H, Wiezer A, Fricke
WE, Ehrenreich A, Gottschalk G & Deppenmeier U
(2005) Complete genome sequence of the acetic acid
bacterium Gluconobacter oxydans. Nat Biotechnol 23:
195-200.

Punta M, Coggill PC, Eberhardt RY et al. (2012) The Pfam
protein families database. Nucleic Acids Res 40: D290-D301.

Richardson IW & Anthony C (1992) Characterization of
mutant forms of the quinoprotein methanol dehydrogenase
lacking an essential calcium ion. Biochem ] 287(Pt 3):
709-715.

Suzuki R, Lisdiyanti P, Komagata K & Uchimura T (2009)
MxaF gene, a gene encoding alpha subunit of methanol
dehydrogenase in and false growth of acetic acid bacteria on
methanol. ] Gen Appl Microbiol 55: 101-110.

Uhlig H, Karbaum K & Steudel A (1986) Acetobacter
methanolicus sp.-nov., an acidophilic facultatively
methylotrophic bacterium. Int J Syst Bacteriol 36:

317-322.

Vuilleumier S, Chistoserdova L, Lee MC et al. (2009)
Methylobacterium genome sequences: a reference blueprint
to investigate microbial metabolism of C1 compounds from
natural and industrial sources. PLoS One 4: e5584.

Wilson SM, Gleisten MP & Donohue TJ] (2008)
Identification of proteins involved in formaldehyde
metabolism by Rhodobacter sphaeroides. Microbiology 154:
296-305.

FEMS Microbiol Lett 351 (2014) 9-13

published by John Wiley & Sons Ltd on behalf of the Federation of European Microbiological Societies



Draft genomic DNA sequence of Acidomonas methanolica

Witthoff S, Muhlroth A, Marienhagen ] & Bott M (2013) C1
metabolism in Corynebacterium glutamicum: an endogenous
pathway for oxidation of methanol to carbon dioxide. Appl
Environ Microbiol, 79: 6974—6983.

Zerbino DR, McEwen GK, Margulies EH & Birney E (2009)
Pebble and rock band: heuristic resolution of repeats and
scaffolding in the velvet short-read de novo assembler. PLoS
One 4: e8407.

FEMS Microbiol Lett 351 (2014) 9-13

13

Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Fig. S1. Methanol oxidization and formaldehyde assimila-
tion.
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