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The (d)evolution of methanotrophy in the
Beijerinckiaceae—a comparative genomics analysis
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The alphaproteobacterial family Beijerinckiaceae contains generalists that grow on a wide range of
substrates, and specialists that grow only on methane and methanol. We investigated the evolution
of this family by comparing the genomes of the generalist organotroph Beijerinckia indica, the
facultative methanotroph Methylocella silvestris and the obligate methanotroph Methylocapsa
acidiphila. Highly resolved phylogenetic construction based on universally conserved genes
demonstrated that the Beijerinckiaceae forms a monophyletic cluster with the Methylocystaceae, the
only other family of alphaproteobacterial methanotrophs. Phylogenetic analyses also demonstrated
a vertical inheritance pattern of methanotrophy and methylotrophy genes within these families.
Conversely, many lateral gene transfer (LGT) events were detected for genes encoding carbohydrate
transport and metabolism, energy production and conversion, and transcriptional regulation in the
genome of B. indica, suggesting that it has recently acquired these genes. A key difference
between the generalist B. indica and its specialist methanotrophic relatives was an abundance of
transporter elements, particularly periplasmic-binding proteins and major facilitator transporters.
The most parsimonious scenario for the evolution of methanotrophy in the Alphaproteobacteria is
that it occurred only once, when a methylotroph acquired methane monooxygenases (MMOs) via
LGT. This was supported by a compositional analysis suggesting that all MMOs in Alphaproteo-
bacteria methanotrophs are foreign in origin. Some members of the Beijerinckiaceae subsequently
lost methanotrophic functions and regained the ability to grow on multicarbon energy substrates.
We conclude that B. indica is a recidivist multitroph, the only known example of a bacterium having
completely abandoned an evolved lifestyle of specialized methanotrophy.
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Introduction

Methane is a major greenhouse gas and an alter-
native fuel. In the environment, methanotrophic
microorganisms couple the oxidation of methane
to the reduction of sulfate, nitrite or O2 (Stein et al.,
2012). The aerobic methanotrophs employ a
methane monooxygenase enzyme (MMO), of either
a soluble, cytoplasmic type (sMMO), or a particu-
late, membrane-bound type (pMMO) to oxidize
methane to methanol, which is then catabolised for
energy production (Stein et al., 2012). Most known
aerobic methanotrophs grow only on methane,
methanol, formate and some methylated amines.
They cannot grow on substrates containing carbon–
carbon (C�C) bonds, and are therefore termed
‘obligate methanotrophs’ (Wood et al., 2004).
The most dramatic exception is the facultative

methanotroph Methylocella silvestris, which grows
on acetate, ethanol, pyruvate, succinate, malate and
propane in addition to methane and methanol
(Dedysh et al., 2005; Chen et al., 2010). More
limited facultative methanotrophy has also been
observed in Methylocapsa aurea and several
Methylocystis strains, which utilize acetate (Belova
et al., 2010; Dunfield et al., 2010), and Methylocystis
sp. strain SB2, which utilizes ethanol (Im and
Semrau, 2011). Although not obligate methano-
trophs, these are still highly specialized bacteria
with few potential growth substrates. We adopt
the term ‘specialist methanotrophs’ to stress the
lack of catabolic substrate diversity in all aerobic
methanotrophs.

The reasons behind the specialist nature
of methanotrophy are not well understood.
Mechanistically, it may be mediated by enzyme
lesions-missing elements of key metabolic path-
ways. An example is the absence of functional
alpha-ketoglutarate dehydrogenase in some
Gammaproteobacteria methanotrophs, leading to
an incomplete TCA cycle (Shishkina and
Trotsenko, 1982; Wood et al., 2004); and the lack
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of gluconeogenic enzymes in some Alphaproteobac-
teria methanotrophs, leading to an inability to grow
on pyruvate or acetate (Shishkina and Trotsenko,
1982). However, no metabolic lesions are universal.
The genome of Methylococcus capsulatus contains
genes for alpha-ketoglutarate dehydrogenase and
systems necessary for sugar metabolism, even
though this species cannot grow on sugars or organic
acids (Ward et al., 2004; Kelly et al., 2005). It has
therefore been hypothesized that obligate methano-
trophy, and other obligate metabolisms like ammo-
nia oxidation, may be primarily caused by a
limitation of membrane transport systems rather
than the absence of key enzymes (Chain et al., 2003;
Ward et al., 2004). Experiments on whole-cell
suspensions and cell extracts suggest that some
obligate methanotrophs can assimilate small exo-
genous organic acids and alcohols, but not sugars,
indicating only limited substrate import into the
cytoplasm (Eccleston and Kelly, 1973; Shishkina
and Trotsenko, 1982). It should be stressed that
these discussions focus on the mechanisms of
obligate methanotrophy, not its adaptive logic,
which is harder to unravel. Restricting the import
and metabolism of alternative substrates must confer
an adaptive advantage by improving the efficiency
of methane metabolism.

Aerobic methanotrophs are found only in the
Gammaproteobacteria and Alphaproteobacteria
classes of Proteobacteria, the phylum Verrucomicro-
bia and the candidate phylum NC10 (Stein et al.,
2012). The Gammaproteobacteria methanotrophs
(Methylococcaceae) (Stein et al., 2011), Verrucomi-
crobia methanotrophs (’Methylacidiphilaceae’)
(Op den Camp et al., 2009), and the two cultured
methanotrophs in the NC10 phylum (Ettwig et al.,
2010; Zhu et al., 2012) each appear to form
monophyletic groups. Alphaproteobacteria metha-
notrophs belong to two families: the Methylocysta-
ceae and Beijerinckiaceae. The presence of so few
phyletic groups of methanotrophs suggests that
the phenotype is complex and cannot easily evolve
via horizontal transfer of a few genes, a potential
example of the ‘complexity hypothesis’ (Jain et al.,
1999). In support of this, the phylogeny of pmoCAB
genes encoding pMMO correspond closely to 16S
rRNA gene phylogeny, indicating that lateral trans-
fer of these genes is rare (Kolb et al., 2003;

Op den en Camp et al., 2009; Tavormina et al.,
2011). Nor, apparently, can species easily reverse
their evolution into specialist methanotrophs, or we
should observe more non-methanotrophic neighbors
of methanotrophic species, rather than unified
clades of specialist methanotrophs. All methano-
troph clades noted above are composed only of
specialist methanotrophs, with the exception of the
Beijerinckiaceae, which includes obligate methano-
trophs, facultative methanotrophs and versatile
chemoorganotrophs that are non-methanotrophic
but sometimes methylotrophic (Supplementary
Table 1). Although these Beijerinckiaceae species
are metabolically diverse, they are evolutionarily
close, with a maximum of 3.8% difference among
their 16S rRNA gene sequences (Supplementary
Table 2). Other methanotrophs show 47% 16S
rRNA gene sequence divergence to the closest
known non-methanotrophic neighbor.

The Beijerinckiaceae therefore presents a unique
opportunity to address methanotroph evolution and
specialization. Gene transfer or loss may be more
evident in these species than in more deeply-
branching methanotrophs. In collaboration with
the Joint Genome Institute we have sequenced
the genomes of the facultative methanotroph M.
silvestris, the obligate methanotroph Methylocapsa
acidiphila and the non-methanotrophic chemo-
organotroph Beijerinckia indica (Table 1). All were
isolated from acidic soil habitats, and share pheno-
typic traits such as acidophily, exopolysaccharide
production and the ability to fix nitrogen (Dedysh
et al., 2002; Dunfield et al., 2003; Kennedy, 2005).
We hypothesize that much of the genetic variability
among them is driven by adaptation to different
growth substrates. We compared their genomes in
order to: (i) reconstruct the evolutionary history
of methanotrophy in the Beijerinckiaceae and
(ii) provide insight into the tradeoffs required for a
specialist methanotrophic lifestyle compared with a
generalist chemoorganotrophic lifestyle.

Materials and methods

Organisms and genome sequencing
Genomes were obtained from M. silvestris BL2T

(¼DSM 15510T¼ NCIMB 13906T, Genome Accession
Number CP001280), B. indica subsp. indica (ATCC

Table 1 Some physiological and genomic properties of the three study bacteria

Organism Growth on CH4 Multicarbon substrates used GþC content
(%)

Genome size
(Mb)

Genome
status

Plasmids ORFs

Methylocella silvestris þ (sMMO) Acetate, ethanol, propane,
pyruvate, succinate, malate

63.1 4.3 F 0 3971

Methylocapsa acidiphila þ (pMMO) None 61.9 4.1 P 1a 3762
Beijerinckia indica — Many sugars, alcohols,

organic acids
57.0 4.4 F 2 3850

Abbreviations: F, finished; P, permanent draft; pMMO, particulate methane monooxygenases; sMMO, soluble methane monooxygenase.
aPredicted.
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9039T Genome Accession Number CP001016) and
M. acidiphila B2T (¼DSM 13967T¼NCIMB 13765T

Project Accession Number PRJNA72841). Genomic
and physiological properties are summarized in
Table 1. M. acidiphila B2 (Dedysh et al., 2002) is
typical of obligate methanotrophs. It grows on
methane and methanol only, and contains a pMMO
enzyme but no sMMO. B. indica (Starkey and De,
1939) grows on diverse multicarbon compounds, but
does not oxidize methane or methanol (Kennedy,
2005; Dedysh, Smirnova et al., 2005). M. silvestris
(Dunfield et al., 2003) is the facultative methanotroph
with the widest known range of energy substrates
(Dedysh et al., 2005). It is thus intermediate to the
other two species catabolically (Supplementary
Table 1).

The genomes of M. silvestris and B. indica are
closed and have been reported as genome announce-
ments (Chen et al., 2010, Tamas et al., 2010).
The genome of M. acidiphila was generated at the
DoE Joint Genome Institute using a combination of
Illumina (San Diego, CA, USA; Bennett, 2004) and
Roche 454 technologies (Branford, CT, USA;
Margulies, 2005). Sequencing consisted of an Illu-
mina GAii shotgun library (81 153 336 reads totaling
6 167.7 Mb), a 454 Titanium standard library
(300 274 reads) and two paired-end 454 libraries
with average insert sizes of 4 and 12 kb (347 398
reads) totaling 178.4 Mb of 454 data. All aspects of
library construction and sequencing can be found at
http://www.jgi.doe.gov/. The 454 data were
assembled with Newbler, version 2.6. The Newbler
consensus sequences were computationally
shredded into 2-kb overlapping fake reads (shreds).
Illumina sequencing data were assembled
with VELVET, version 1.1.05 (Zerbino and Birney,
2008), and the consensus sequences computation-
ally shredded into 1.5-kb shreds. The shreds and the
read pairs in the 454 paired-end library were
integrated using parallel phrap, version SPS-4.24
(High Performance Software, LLC). Consed (Gordon
et al., 1998) was used in the following finishing
process. Illumina data were used to correct potential
base errors and increase consensus quality using the
software Polisher (Alla Lapidus, unpublished).
Possible mis-assemblies were corrected using
gapResolution (Cliff Han, unpublished), or Dupfin-
isher (Han and Chain, 2006). The final assembly was
based on 157.2 Mb of 454 draft data (38.3� cover-
age) and 1,230 Mb of Illumina draft data (300�
coverage). The final assembly contained two scaf-
folds: a predicted 186-kb circular plasmid and a
circular chromosome in five contigs.

Comparative genomics
Except where noted, genome comparisons were
made using the IMG-ER platform (Markowitz et al.,
2012). Some comparisons used related genomes,
particularly Methylosinus trichosporium OB3b
(Stein et al., 2010), Methylocystis strain SC2

(Dam et al., 2012), Methylocystis strain ATCC
49242 (Stein et al., 2011) and several strains of
the genius Methylobacterium (Marx et al., 2012).
A database of 115 genes involved in methane
and methanol oxidation (Supplementary Table 3)
including formaldehyde oxidation, formaldehyde
fixation and alleviation of stress caused by ammonia
cooxidation was assembled and the genomes were
searched for these genes via BLAST.

To determine unique and overlapping gene sets in
the three genomes, the entire ORF set from each was
searched against the other two using BLASTx.
Overlapping and core gene sets were based on cutoff
thresholds of 460% or 440% amino-acid identity.
Rare cases of incomplete agreement of reciprocal
BLASTs (for example, A finds a homolog in B and C;
but B finds a homolog only in A) were due to gene
identities near the cutoff threshold, and were coded
as universal genes.

Lateral gene transfer
IMG-ER incorporates a BLAST-based approach to
detect lateral gene transfer (LGT). All BLAST hits
with bit scores X95% of the best hit are considered.
If none of these hits come from a bacterium of the
same taxonomic order as the query gene (in our case,
the Rhizobiales), then the gene is considered
a candidate for LGT (Markowitz et al., 2012;
https://img.jgi.doe.gov/er/doc/using_index.html).
This approach is questionable when few related
genomes are available, as the pan-genome of the
group is poorly covered. However, as of October
2012 there were 253 genomes of Rhizobiales on IMG,
so the approach should be very robust in our case.
As the Rhizobiales contains so many sequenced
genomes, we also took this analysis down one
taxonomic rank to family. High-resolution phylo-
geny (see Results) showed that Methylocystaceae,
Methylobacteriaceae and Beijerinckiaceae are
sister families. Therefore, if the top BLAST hit
to a bacterium in one of these three families
(24 genomes) had a bitscore o95% of the best hit,
the gene was considered a candidate for LGT from
another family of Rhizobiales.

Prediction of LGT was also made using
three compositional methods. IslandPath-DIMOB is
based on codon usage. SIGI-HMM is based on
dinucleotide sequence composition bias and the
presence of mobility genes. These two methods were
implemented online using IslandViewer (Langille
and Brinkman, 2009). Finally, Alien Hunter uses
variable order motifs (2-mers to 8-mers). It can only
identify large regions of LGT (2500-nt windows),
as only these provide enough data to estimate
nucleotide octamer frequencies (Vernikos and
Parkhill, 2006).

Phylogenetic reconstructions
To create a highly resolved phylogenetic tree of
the Rhizobiales, we constructed a database of
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29 universal, vertically inherited proteins identified
by Ciccarelli et al. (2006). The concatenation had an
average length of 6399 amino acids. Phylogenies
were also calculated for derived proteins with
key methanotrophy/methylotrophy functions:
including concatenated PmoCAB proteins (subunits
of pMMO); MmoX (the hydroxylase component of
sMMO); a concatenated set of 21 methylotrophy
proteins found in most Alphaproteobacteria methy-
lotrophs (Supplementary Table 3); MxaFJI elements
of methanol dehydrogenase (MDH); and NifH and
NifD components of nitrogenase. Concatenations
were aligned using ClustalW (Thompson et al.,
1994). Trees were calculated using neighbor-Joining
(Kimura distance correction, Poisson distribution of
variable sites, 1000 bootstraps) while excluding gaps
in the alignment, using SeaView (Gouy et al., 2010).
A 16S rRNA gene phylogeny was constructed
via neighbor-joining on the ARB-Silva reference
database Version 111 (Quast et al., 2013), using
ARB (Ludwig et al., 2004).

Results

Genome characteristics
Genome size, GþC content and number of ORFs are
similar among the three Beijerinckiaceae species
(Table 1). At 60% identity, there are 1305 genes
in the core genome, and 1771-2188 genes unique
to each genome (Figure 1). The methanotrophs
M. silvestris and M. acidiphila share more genes in
common (452) than either does with B. indica (125
and 170). Using an identity cutoff of 40% instead of
60% shows the same general pattern, except with
more core genes (1860) and fewer unique genes in
each genome (1132–1346). In either case, the three
genomes show a remarkable level of individuality.
These trends were supported by synteny plot
analysis calculated in IMG-ER using Mummer
(Supplementary Figure 1). Synteny is low across

all genome pairs, but some syntenic regions
are evident between the two methanotrophs
M. acidiphila and M. silvestris, suggesting a greater
similarity of these compared with B. indica.

B. indica has the largest number of genes and
M. acidiphila the smallest number in COG categories
G: carbohydrate transport and metabolism; C: energy
production and conversion; and K: transcription
(Figure 2; Supplementary Table 4), reflecting
the more versatile catabolic potential of B. indica
and M. silvestris compared with the obligate
methanotroph M. acidiphila.

Phylogenetic constructions
A highly resolved phylogenetic tree constructed
from 29 universal vertically inherited genes
(Ciccarelli et al., 2006) demonstrated that
M. acidiphila and M. silvestris share a common
ancestor more recent than their link with B. indica
(Figure 3). This is not evident from the phylogeny of
the less informative 16S rRNA gene (Supplementary
Figure 2), but agrees with the greater genome
overlap of the two specialist methanotrophs
(Figure 1; Supplementary Figure 1). The tree
demonstrates with high support that the family
Beijerinckiaceae is linked closely with the Methylo-
cystaceae, and then the Methylobacteriaceae.
The Methylocystaceae comprises specialist metha-
notrophs of the genera Methylosinus and Methylo-
cystis. There are no methanotrophs known in
Methylobacteriaceae, although it includes many
methylotrophs, including Methylobacterium spp.
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Figure 1 Venn diagram showing genomic overlap of the three
study species, based on reciprocal BLAST using an amino-acid
identity threshold of 60%. The two methanotrophic species share
more genes in common than either does with B. indica, although
each genome has a large proportion of unique genes. The diagram
was drawn using BioVenn (Hulsen et al., 2008) and manually
edited.
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Figure 2 The number of genes belonging to six COG categories in
the three genomes, along with the proportion of putative laterally
transferred genes in each COG calculated by a BLAST procedure
at the taxonomic level of Order (from IMG) or Family. An asterisk
indicates that the predicted proportion of LGT is significantly
greater in B. indica (right bars) or M. silvestris (left bars) compared
with M. acidiphila (centre bars). The raw data and statistical
comparisons are shown in Supplementary Table 4.
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Officially, the families Methylocystaceae and
Beijerinckiaceae contain other genera not included
in Figure 3 because public-domain genome
sequences for them are not available. These are:
Albibacter, Hansschlegelia, Methylopila, Pleomorpho-
monas and Terasakiella in the Methylocystaceae; and
Camelimonas, Chelatococcus, Methylorosula and
Methylovirgula in the Beijerinckiaceae (http://
www.bacterio.cict.fr/). None of these are methano-
trophs, and based on 16S rRNA gene phylogeny it is
clear that most are phylogenetically misclassified at

the family level (Supplementary Figure 2). Terasa-
kiella does not cluster in the Rhizobiales, rather in
the Rhodospirillales. Albibacter, Hansschlegelia,
Methylopila and Pleomorphomonas form a mono-
phyletic group distinct from Methylocystis and
Methylosinus. Camelimonas and Chelatococcus
are not monophyletic with other Beijerinckia-
ceae. The 16S rRNA gene tree supports the
monophyly of most Beijerinckiaceae (Methylo-
capsa, Methylocella, Methyloferula, Methyloro-
sula, Beijerinckia and Methylovirgula) with the
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Figure 3 Phylogenetic tree based on a concatenation 29 universally conserved genes, showing the relationships of different members of
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methanotrophic Methylocystaceae (Methylocystis
and Methylosinus) and with Rhodoblastus spp.
(Supplementary Figure 2). The remainder of this
study will ignore the misclassified members of
the these families.

Tree topologies of concatenated derived PmoCAB
proteins of pMMO (Figure 4), derived MmoX
proteins of sMMO (Supplementary Figure 3), con-
catenated derived MxaFJI proteins of MDH
(Supplementary Figure 4), and a concatenation of
21 other derived methylotrophy proteins (Figure 5)
all matched well to the highly resolved evolutionary
tree shown in Figure 3. This indicates that most key
methylotrophic and methanotrophic functions were
present in a single common ancestor of the Methy-
locystaceae and Beijerinckiaceae and vertically
inherited through these two families. The relation-
ship of Methylocystaceae, Methylobacteriaceae and
Beijerinckiaceae in the MxaFIJ tree (Supplementary
Figure 4) is somewhat inconsistent with the other
trees, suggesting that these genes have a weak
phylogenetic signal, or that there has been some
LGT among members of these three families, as
noted previously (Heyer et al., 2002; Vorobev et al.,
2009). However, the mxa genes in the three families
still arose from a common ancestor.

As noted before (Dedysh et al., 2004) nifH and
nifD have evidently been transferred from Methylo-
cystaceae to other bacteria (Supplementary
Figure 5). M. silvestris also appears to have nif genes
derived from a Methylocystaceae bacterium. Its
genome structure supports this phylogenetic con-
clusion, as genes for Nif cofactor biosynthesis are
located adjacent to nitrogenase genes in M. silvestris,
similarly to Methylosinus trichosporium, whereas
they are elsewhere in the genomes of M. acidiphila
and B. indica. However, despite these apparent LGT

events, separate phyletic clusters of most Beijerinck-
iaceae and Methylocystaceae are joined via a
common ancestor, suggesting that a primarily ver-
tical inheritance pattern of nifH and nifD genes has
been overlaid with some LGT events.

Lateral gene transfer
The IMG BLAST procedure identified a significantly
higher ratio of LGT in B. indica than in the
methanotrophs M. acidiphila or M. silvestris
(Figure 2; Supplementary Table 4), particularly in
COG categories for carbohydrate transport and
metabolism (G), energy production and conversion
(C) and transcription (K); and to a lesser
extent in COG categories P, M and T. Over 20% of
B. indica’s genes in COG G were predicted to be
obtained via LGT; this increased to nearly 60%
when we relaxed the BLAST procedure to include
related families (Figure 2, Supplementary Table 4).
Other COGs in B. indica showed a lower rate of
LGT (average around 9%) similar to the rate
estimated in the methanotroph genomes
(Supplementary Table 4).

The unique gene set of B. indica (Figure 1) was
cross-referenced with the putative LGT gene set.
Unique genes in B. indica that show evidence
of LGT from non-Rhizobiales encode predicted
levanase and levansucrases (Bind_2020-2021,
Bind_1319), xylanases (Bind_2643; Bind_2759),
various alcohol and aldehyde dehydrogenases
(for example, Bind_2821-2831; Bind_2505-2508;
Bind_3639; Bind_2961, Bind_1830, Bind_1835;
Bind_1758-1760), sugar dehydrogenases and sugar
kinases (Bind_2541; Bind_3085 and Bind_3045),
hydrogenase (Bind_0503-0508) and various mem-
brane transporters (see next section). These data are
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Figure 4 Phylogenetic tree of concatenated derived PmoCAB proteins in methanotrophs. The tree was constructed using neighbor-
joining and a Kimura distance correction, based on a concatenation of 891 amino acids total length. The scale bar represents 0.1 change
per amino-acid position. Bootstraps values of 1000 constructions are shown at the nodes. Genome accession numbers are listed in
parentheses. The pxmABC operon of Methylomicrobium album has been rearranged to match the pmoCAB order of other operons in the
concatenation.

Methanotrophy and Beijerinckiaceae
I Tamas et al

374

The ISME Journal



consistent with B. indica having evolved from
a specialist methanotroph via the acquisition
of catabolic genes. Based on the closest
BLAST hits, many putative LGT genes in B. indica
are related to genes from Rhodospirillales (particu-
larly Acetobacter spp. and Gluconacetobacter
spp.), Sphingomonadales and Burkholderiales
(Supplementary Table 5).

The B. indica and M. acidiphila genomes include
predicted plasmids (Table 1), demonstrating one
possible mechanism for genomic rearrangements.
The M. acidiphila plasmid contains primarily
hypothetical genes and DNA modification systems
(transposases, helicases, recombinases, polymerases
and topoisomerases). There is a single gene from
COG G (carbohydrate transport and metabolism).
The B. indica plasmid NC_010580 contains
DNA modification genes and hypothetical genes,
but in addition several catabolic genes from COG G
(Supplementary Table 6).

Unlike the BLAST method, the compositional
IslandViewer methods did not predict a higher
amount of LGT in B. indica, instead predicting
similar amounts in each genome (Supplementary
Table 7). However, significantly more LGT for genes
conferring catabolic diversity (COG categories C and
G) were still detected in B. indica (Supplementary
Table 8). The M. acidiphila islands predicted
by IslandViewer are comprised of typical mobility
genes, encoding a type IV secretion pathway,
conjugal transfer and DNA modification systems,
but no genes from COG categories G or C
(Supplementary Table 8). The M. silvestris and
B. indica islands contain significantly more genes
from these COGs (Supplementary Table 8). The
largest island predicted in any genome is in
B. indica (Bind_2573-2667) and includes two major
facilitator transporters, a xylanase and several
dehydrogenases (Supplementary Table 9).

The BLAST results, the plasmid-encoded genes,
and the IslandViewer output therefore all suggested
that there has been more LGT for catabolic genes in
B. indica. The final LGT method used, Alien Hunter,
has a large detection window that makes it inaccu-
rate for predicting the origin of individual genes.
We therefore used Alien Hunter primarily to support
the other methods in identifying large potential
islands of LGT in B. indica, which are listed in
Supplementary Table 9. This Table does not repre-
sent all LGT events, nor do all genes identified
represent foreign genes with certainty. However,
many of the islands contain genes in COGs C and G
and may represent ‘organotrophy islands’ similar to
the ‘methylotrophy islands‘ found in methylotrophs
(Chistoserdova et al., 2003).

A surprising finding of the Alien Hunter analysis
was that genes for pMMO in M. acidiphila and
for sMMO in M. silvestris were predicted to be
foreign (Table 2). These operons are large enough
(42500 bp) to allow accurate detection with this
method. Remarkably, every single operon for MMO
in the available Methylocystaceae genomes (three in
M. trichosporium, three in Methylocystis sp. SC2
and two in Methylocystis sp. ATCC 42492) was also
detected as foreign (Table 2). We therefore propose
that Alien Hunter did not detect recent transfers of
MMO specifically to the Beijerinckiaceae methano-
trophs, but instead detected the original LGT events
of sMMO and pMMO to the common ancestor of all
Alphaproteobacteria methanotrophs. This scenario
would explain both the foreign compositional
bias of these operons, and their conserved phylo-
geny within the Alphaproteobacteria (Figure 4;
Supplementary Figure 3). Additional detection of
MDH genes as foreign in M. acidiphila was unique
among the alphaproteobacterial methanotrophs,
but agrees with the phylogeny (Supplementary
Figure 4) in suggesting some LGT of these genes
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Figure 5 Phylogenetic tree based on a concatenation of 21 methylotrophy genes (see Supplementary Table 3). The tree was constructed
using neighbor-joining and a Kimura distance correction, based on a concatenation of 7186 amino acids total length. The scale bar
represents 0.1 change per amino-acid position. Bootstraps values of 1000 constructions are shown at the nodes. Genome accession
numbers are listed in parentheses.
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among Alphaproteobacteria (Heyer et al., 2002;
Vorobev et al., 2009).

Transporters
The number of genes encoding membrane transport
functions corresponds to metabolic diversity
such that B. indica 4M. silvestris 4M. acidiphila
(Table 3). Significantly more transporter genes are
present in B. indica, and a significantly higher
percentage of these were predicted to be foreign
compared with M. acidiphila (Table 3), particularly
genes encoding major facilitator superfamily trans-
porters (uniporter, symporters and antiporters).
B. indica has nearly three times more of these
transporter-encoding genes than M. acidiphila, and
while only four of those identified in M. acidiphila
showed signs of LGT, as many as 43 of those in
B. indica did. Some transporter-encoding genes have
apparently been duplicated in the B. indica genome
after LGT acquisition. Three nearly identical copies
(499.3% amino-acid identity) of a carbohydrate-
selective porin OprB are present (Bind_2860,
Bind_2838 and Bind_3070). The periplasmic-
binding protein-encoding genes Bind_3071 and
Bind_2837 are 99.0% identical, and also share close
identity to three other genes (Bind_2861, Bind_3811
and Bind_2340) that may be genome-specific para-
logs (Supplementary Figure 6). To test the hypoth-
eses that these periplasmic-binding proteins may
have undergone accelerated evolution and speciali-
zation to different substrates after duplication, we
performed a nucleotide substitution rate analysis
(Ka/Ks) using the Bergen Center for Computational
Science online tool (http://services.cbu.uib.no/
tools/kaks); (Liberles, 2001). However, no indication
of elevated sequence evolution was found.

Although not detected as foreign by the LGT
methods, several complete operons encoding
ABC-type transporters were also found in B. indica
but not in the two methanotrophs. These included
all elements of a monosaccharide transporter

(Bind_2861-2863, together with carbohydrate-selec-
tive porin Bind_2860), an amino-acid transporter
system (Bind_2455-2457), a multiple sugar transpor-
ter (Bind_3071-3074, together with carbohydrate-
selective porin Bind_3070) and mannitol–sorbitol
transporters in both the genome (Bind_2460-2463)
and one plasmid (Bind_3793-3796). The mannitol–
sorbitol transporters are both adjacent to mannitol
dehydrogenase genes (Bind_2459 and Bind_3797)
and share 88–94% identity.

Metabolic pathways
We searched each genome against a database of
methylotrophy genes. M. acidiphila and M. silvestris
each possess an MMO, MDH, a complete serine
cycle and complete tetrahydromethanopterin
(H4MPT) and tetrahydrofolate (H4F)-linked C1 trans-
fer pathways, but lack the Ethylmalonyl CoA path-
way (Supplementary Table 3). As expected from
studies of other methylotrophs (Vuilleumier et al.,
2009), M. acidiphila and M. silvestris contain large
methylotrophy islands (Supplementary Figure 7)
for genes involved in H4MPT -linked C1 transfer
(Msil_2385-2403 Metac_3701-3721), the serine cycle
(Msil_1712-1719, Metac_3401-3408) and MDH
(Msil_0471-0482, Metac_0409-0420). Methylotrophy
genes are largely absent from B. indica, or where
homologs are present they are scattered about the
genome (Supplementary Figure 7). The arrangement
of the serine cycle islands is nearly identical in the
two methanotrophs M. acidiphila and M. silvestris,
and these are also highly syntenous with the
arrangements in Methylosinus trichosporium and
Methylocystis sp. SC2, and more distantly with
Methylobacterium extorquens (Supplementary
Figure 8). Other Alphaproteobacteria methylotrophs
have very different arrangements (for example,
Hyphomicrobium sp. MC1; Vuilleumier et al.,
2011), or lack this island entirely. The conservation
of arrangement mirrors the phylogenetic results, and
supports the existense of a single methylotrophic

Table 2 Genes encoding methane monooxygenases in Alphaproteobacteria methanotrophs that were detected as foreign using Alien
Hunter compositional analysis

Organisms Enzyme Genes Coding loci detected as foreign

Methylocella silvestris sMMO mmoXYB Msil1262_1264
Methylocapsa acidiphila pMMO pmoCAB MetacDRAFT_3746-3748
Methylosinus trichosporium OB3b sMMO mmoXYB MettrDRAFT_2362-2364
Methylosinus trichosporium OB3b pMMO pmoCAB MettrDRAFT_2808-2810 (copy 1)

MettrDRAFT_0384-0382 (copy 2)
Methylocystis sp. ATCC 49242 pMMO pmoCAB Met49242_2879-2877 (copy 1)

Met49242_1455-1453 (copy 2)
Methylocystis sp. SC2 pMMO pmoCAB BN69_2826-2828 (copy 1)

BN69_3533-3535 (copy 2)
Methylocystis sp. SC2 pMMO2 pmoCAB2 BN69_0202-0204

Abbreviations: pMMO, particulate methane monooxygenases; sMMO, soluble methane monooxygenase.
The Methylosinus and Methylocystis species possess two nearly identical copies of the pmoCAB1 operon. Methylocystis sp. SC2 also possesses a
pmoCAB2 operon, which is divergent from the pmoCAB1 operon and has different kinetic properties (Yimga et al., 2003; Baani and Liesack,
2008). All were detected as compositionally foreign to their respective genomes
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ancestor of the Beijerinckiaceae, Methylocystaceae
and Methylobacteriaceae. One difference of the
serine cycle island in M. acidiphila and M. silvestris
compared with the other methylotrophs shown in
Supplementary Figure 8 is the lack of mtdA
(methylene-H4MPT/methylene-H4F dehydrogenase)
and fch (methenyl-H4F cyclohydrolase), which are
involved in conversion of formate to methylene-H4F
(Chistoserdova et al., 2003). M. acidiphila does
possess these enzymes elsewhere in the genome
(Metac_0269-0270); M. silvestris and B. indica do
not, but instead possess bifunctional 5,10-methy-
lene-H4F dehydrogenase/methenyl-H4F cyclohydro-
lases (Msil_1881; Bind_0805).

M. acidiphila contains a single pmoCAB operon
(Metac_3743-3748) for pMMO, along with three
orphan pmoC genes (Metac_2162, 2258 and 2438).
M. silvestris contains an sMMO operon (Msil_1262-
1272). M. silvestris and B. indica also possess
soluble propane monooxygenases in the same
soluble di-iron monooxygenase family as sMMO
(Msil_1648-1651; Bind _3394-3397). Although
sMMO and pMMO showed compositional evidence
of lateral transfer (Table 2), the soluble di-iron
propane MOs did not.

A complete TCA cycle is encoded in all three
genomes, including genes for the three subunits of
2-oxoglutarate dehydrogenase (Bind_ 3607-3609,
Msil_2504-2506 and Metac_3192-3194). Acetate is
the most common multicarbon substrate used by
facultative methanotrophs. In addition to a complete
TCA cycle, metabolism of acetate requires a
mechanism to convert acetate to acetyl-CoA, such

as acetate kinase plus phosphotransacetylase, or an
acetate-CoA ligase. These genes are present (often in
multiple homologs) in all three genomes. However,
several of the putative acetate kinase-phosphotran-
sacetylase pairs (Msil_2705-2706, Msil_2977-2978,
Metac_1244-1245, Bind_0199-0200 and Bind
2453-2454) are linked to poly-3-hydroxyalkanoate
synthetase, and may function in carbon storage
rather than catabolism. Isocitrate lyase and malate
synthase, which are needed for the glyoxylate
bypass when growing on 2-C compounds, are
present in all three genomes. Interestingly, isocitrate
lyase is absent in Methylobacteriaceae (and Methy-
locystaceae), which instead use the Ethylmalonyl
CoA pathway for assimilation of C2 units and
for regeneration of glyoxylate in the serine cycle
(Erb et al., 2007; Peyraud et al., 2009; Matsen et al.,
2013). Genes encoding several key enzymes of the
Ethylmalonyl CoA pathway are missing in all the
Beijerinckiaceae genomes (Supplementary Table 3).

M. silvestris possesses genes for a respiratory
nitrate reductase narGHJI, nitrite reductase nirK,
and nitric oxide reductase norB, together with
accessory genes and transporters in a single genomic
island (Msil_1507-1521). These are absent from
M. acidiphila and B. indica. Methanotrophic
bacteria often posses nirK and norB genes, possibly
for the removal of toxic byproducts of ammonia
cooxidation (Stein and Klotz, 2011). The nirK in M.
silvestris has apparently been obtained via LGT, as
the top BLAST hits are Betaproteobacteria, Delta-
proteobacteria, Spirochetes, Gammaproteobacteria
and Bacteroidetes, with the first hit to an

Table 3 Genome contents of several protein families from the Pfam database involved in membrane transport, along with the number of
these predicted to have been acquired via LGT according to BLAST at the level of Order, BLAST at the level of Family, or at least one
compositional method (AlienHunter, IslandPath-DIMOB and SIGI-HMM)

Organism MFS-1 major facilitator
transporter superfamily:

PF00083, PF07690,
PF05977

Periplasmic-binding
proteins: PF00532,
PF00497, PF01094,

PF01547

Carbohydrate-
selective porins:

PF04966

Major intrinsic
proteins:
PF00230

Total

Methylocella silvestris
Total genes 25 17 1 1 44
LGT Order level BLAST 2 0 0 0 2
LGT Family level BLAST 14 2 0 1 17
LGT Compositional 4 3 0 0 7

Methylocapsa acidiphila
Total genes 14 10 1 1 26
LGT Order level BLAST 0 0 0 0 0
LGT Family level BLAST 4 0 0 0 4
LGT Compositional 2 2 0 0 4

Beijerinckia indica
Total genes 43 24 5 3 75*
LGT Order level BLAST 18 3 1 2 24*
LGT Family level BLAST 26 10 5 2 43*
LGT Compositional 9 1 0 0 10

Abbreviation: LGT, lateral gene transfer.
An asterisk in the ‘Total’ column indicates that the number of transporters, or the proportion of predicted LGT, is significantly higher in B. indica
than in M. acidiphila, calculated with a Z-ratio test of proportions and a Bonferroni correction for three comparisons (P¼ 0.05). There were no
significant differences between M. silvestris and M. acidiphila.
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Alphaproteobacteria having o60% of the bitscore
of the top hit. None of the three genomes
contain hydroxylamine oxidoreductase (haoA). All
three genomes contained complete operons for
nitrogenase (Msil_3613-3632, Bind_0473-0490 and
Metac_2352-2370).

Discussion

Aerobic methanotrophy has evolved rarely in the
tree of life, perhaps as few as four times given that
only four phyletic groups of methanotrophs have
been discovered. The Beijerinckiaceae presents an
intriguing opportunity to address methanotroph
specialization and evolution, as bacteria with
diverse metabolic potentials are found within this
family, and a switch between specialist methano-
trophy and generalist organotrophy has occurred in
recent evolutionary time (Dedysh and Dunfield,
2010). In this study, we attempted to determine
whether the ancestral bacterium in the Beijerinck-
iaceae was a generalist like B. indica or a specialist
methanotroph like M. acidiphila or M. silvestris, and
what key genomic properties account for the widely
different catabolic potentials in this group. Our
findings suggest that the ancestor was a methano-
troph, as organotrophy genes in B. indica show more
evidence of recent LGT than do methylotrophy
genes in M. silvestris and M. acidiphila. This
conclusion was supported by BLAST-based and
compositional analysis of LGT, by examination
of genes in plasmids and genomic islands, and
by detailed phylogenetic analyses. We propose
the following evolutionary scenario as the most
parsimonious.

(1) Methanotrophy arose only once in the Alpha-
proteobacteria. Phylogenetic analyses clearly place
both families of Alphaproteobacteria methano-
trophs together: the Beijerinckaceae and the Methy-
locystaceae. Key methylotrophy modules for
methane, methanol and formaldehyde oxidation,
as well as C1 carbon fixation, have been vertically
inherited through these families, indicating that
their common ancestor had methylotrophic/metha-
notrophic ability (Figures 4 and 5, Supplementary
Figures 3–5). Methylotrophy is an obvious prere-
quisite for methanotrophy, as the key evolutionary
constraint for the evolution or acquisition of MMOs
would be dealing with the downstream products
methanol and formaldehyde. Mechanisms are
necessary to limit the accumulation of these toxic
intermediates while channeling their electrons into
energy conservation or carbon fixation. The funda-
mental importance of these processes in methylo-
trophs is attested to by the redundancy in the
pathways used to handle them, especially formal-
dehyde (Chistoserdova et al., 2009; Vuillemier et al.,
2009). The close phylogenetic relationship of
Beijerinckiaceae and Methylocystaceae to the
largely methylotrophic Methylobacteriaceae family

in our gene trees supports the idea of a methylo-
trophic ancestor. The defining event would be when
an ancestral methylotroph acquired pMMO and
sMMO from a previously evolved methanotroph,
likely a member of the Gammaproteobacteria
(Figure 4; Supplementary Figure 3). The foreign
nature of the sMMO- and pMMO-encoding genes
in the Alphaproteobacteria is still detectable via
compositional analysis (Table 2). Although the
transfer of MMO to a methylotroph seems trivial, it
has evidently occurred rarely, perhaps only once in
each of the Verrucomicrobia, NC10, Alphaproteo-
bacteria and Gammaproteobacteria (Stein et al.,
2012). The transfer of methanotrophic ability may
therefore require more than MMO.

(2) This common ancestor was capable of dinitro-
gen fixation. Klotz et al. (2008) and Klotz and Stein
(2008) suggest that the ability to rapidly oxidize
toxic byproducts of ammonia oxidation while con-
serving electrons was a necessary prerequisite for
the evolution of ammonia monooxygenase (AMO).
Similarly, the primary prerequisite for a bacterium
to evolve or acquire MMO would be mechanisms to
deal with methanol and formaldehyde, as discussed
above. However, given the promiscuity of ammonia
monooxygenase and MMO to each others’
substrates, dealing with nitrosative stress might
also be important in methanotroph evolution, and
dealing with formaldehyde important in nitrifier
evolution. Hence, nitrifiers can have pathways to
deal with formaldehyde (Klotz et al., 2006) and
methanotrophs can have pathways to deal with
nitrosative stress (Stein and Klotz, 2011). However,
our genomes suggest that dealing with nitrosative
stress may have been a weak selective pressure for
the secondary acquisition of MMOs by Alphapro-
teobacteria. The most toxic byproducts of ammonia
oxidation are hydroxylamine (NH2OH), nitric oxide
(NO) and nitrite (NO2

� ). Neither M. silvestris nor
M. acidiphila have a hydroxylamine oxidoreductase
that many other methanotrophs use to detoxify
hydroxylamine (Stein and Klotz, 2011), and only
M. silvestris has an apparent capacity to reduce NO
and NO2

� . According to our analyses, these genes in
M. silvestris have been recently acquired via LGT,
not inherited from the methanotrophic commmon
ancestor. However, all three genomes had gene sets
for dinitrogen fixation, as do methanotrophs in the
Methylocystaceae. These genes are phylogenetically
well-conserved (Supplementary Figure 5), so the
common ancestor was capable of nitrogen fixation,
and adapted to low-nitrogen habitats. Species
of Methylocapsa and Methylocella are abundant in
oligotrophic peatlands, one of the most nitrogen-
limited habitats on Earth (Dedysh, 2011), where they
should not require nitrogen detoxification mechan-
isms. Therefore, systems to handle nitrosative stress
were not necessarily a prerequisite for the original
alphaproteobacterial methanotroph to obtain MMO,
and species have later acquired these functions
when dictated by their environment.
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(3) The original methanotroph in the Alphapro-
teobacteria diverged into two families, the Methylo-
cystaceae and Beijerinckiaceae. A duplication
of pmoCAB occurred early in the evolution of
Methylocystaceae and two enzymes with different
kinetic properties evolved (Yimga et al., 2003; Baani
and Liesack, 2008). The Beijerinckiaceae includes a
group of methanotrophs that are suspected to grow
on low, atmospheric levels of methane (upland soil
cluster alpha-Figure 4) (Knief et al., 2003; Dunfield,
2007). Evidence suggests that this group may also
contain facultative methanotrophs (Dunfield, 2007;
Pratscher et al., 2011).

(4) Recidivism occurred in certain lineages of
Beijerinckiaceae. B. indica did not stay on the
straight and narrow path of methanotrophy, but
instead reverted to a generalist lifestyle. M. silvestris
followed a similar, but less complete recidivist path.
pMMO and/or sMMO genes were lost by these
species. The genes acquired to facilitate the recidi-
vism encode primarily transporters and porins
(in COG categories G and M), enzymes to catabolise
an increased diversity of substrates (COG categories
G and C), and regulatory proteins (COG K) to manage
this increased metabolic potential. The methods
used to detect LGT in this study were all conserva-
tive and probably failed to detect most of the foreign
genetic material, but they still showed a clear trend
toward more LGT of genes conferring catabolic
diversity in B. indica 4M. silvestris 4M. acidiphila
(Figure 2). This supports the theory that obligate
methanotrophy was the ancestral state of this family,
and generalist catabolic functions were acquired
later. In support of this scenario, it has been
observed that methylotrophy can be lost from
Methylobacterium strains during evolution in the
laboratory (Lee et al., 2009), and possibly in the field
(Ardley et al., 2009). Methylobacterium extorquens
displayed rapid, parallel loss of growth on metha-
nol, methylamine and formate during adaptation of
replicate populations to succinate in the laboratory
(Lee et al., 2009). Although M. extorquens is not so
extreme a specialist as an obligate methanotroph,
this artificial evolution experiment illustrates the
plasticity of these bacteria and their ability to move
away from methylotrophy under selection pressure
for alternative substrates. A similar, if more com-
plex, process has probably occurred in B. indica.

An alternative explanation for the evolution of
methanotrophy in the Alphaproteobacteria is that it
occurred twice, once in the Methylocystaceae and
once in the Methylocella–Methylocapsa branch of
the Beijerinckiaceae. This would require one of
two scenarios: (i) that MMO transfer occurred to a
common ancestor that retained the capacity to
metabolize many multicarbon substrates until
specialization later occurred independently in the
two families. This seems unlikely given that the
combination of methanotrophy and diverse organo-
trophy, as far as we know, does not exist and may be
incompatible (Dedysh et al., 2005; Dedysh and

Dunfield, 2010; Semrau et al., 2011). Alternatively:
(ii) there was one transfer of MMOs to an ancestor of
the Methylocystaceae and then a later transfer from a
Methylocystaceae to Methylocella/Methylocapsa.
This scenario does not fit well to the phylogenies
of pmoCAB, mmoX and other methylotrophy genes,
which closely mirror evolutionary trees of con-
served core genes. 16S rRNA gene divergence is in
fact linearly correlated to mmoX divergence when
comparing members of the Methylocystaceae and
Beijerinckiaceae (Heyer et al., 2002), demonstrating
a clock-like evolution of mmoX genes from a
common ancestor.

For unknown reasons methanotrophy entails
catabolic specialization to very few substrates
(Wood et al., 2004). Until recently it was believed
that all methanotrophs were obligate. Now several
facultatively methanotrophic species are known
(Dedysh et al., 2005; Dunfield et al., 2010; Semrau
et al., 2011), and facultative metabolism may be
important for the survival of methanotrophic
bacteria in some environments (Rahman et al.,
2011; Wieczorek et al., 2011). However, even
facultative methanotrophs are highly specialized to
a few low-molecular-weight growth substrates.
Specialization is generally considered a one-way
street, particularly in the extreme cases of symbionts
and pathogens (Anderson and Kurland, 1998; Moran
et al., 2008). However, based on the large genome
sizes of some methanotrophs, methanotrophic
specialization is not accompanied by drastic gen-
ome reduction. Lesions in fundamental metabolic
cycles are sometimes evident (Wood et al., 2004),
but these are neither excessive nor universal, so the
path back to a more generalist lifestyle should not be
as difficult as from an obligate symbiont/parasite.
Nevertheless, the Methylococcaceae or Methylocys-
taceae do not contain any known generalist organo-
trophs, nor any facultative methanotrophs with
as diverse a substrate range as Methylocella spp.,
so recidivism of specialist methanotrophs is not
common. This evolutionary path is at present only
evident in the Beijerinckiaceae.

It has been speculated that a major cause of the
substrate-limited lifestyles of specialist bacteria like
methanotrophs and nitrifiers is a paucity of mem-
brane transporters (Chain et al., 2003; Ward et al.,
2004; Wood et al., 2004). Our analyses strongly
support this speculation (Table 3). B. indica encodes
many more transporter elements than M. acidiphila
and M. silvestris do, particularly major facilitator
proteins and periplasmic-binding proteins. A high
proportion of these show evidence of having been
acquired via LGT, many from distant taxa such as
Rhodospirillales, Sphingomonadales, Myxococcales
and Burkholderiales (Supplementary Table 5). Some
have been duplicated in the genome after acquisi-
tion and are present in separate operons. Other
hypotheses about the key defining characteristics
of specialist methanotrophs were not borne
out by our analyses. There was no obvious lesion

Methanotrophy and Beijerinckiaceae
I Tamas et al

379

The ISME Journal



in the TCA cycle of the obligate methanotroph
M. acidiphila, and it even possessed genes that
might theoretically confer the ability to grow on
acetate, although it has repeatedly been shown
incapable of this in culture (Dedysh et al., 2002;
Dedysh et al., 2005; Dunfield et al., 2010).

Our studies have helped to elucidate the meta-
bolic basis of specialization in methanotrophs, as
well as the specific evolutionary history of metha-
notrophy in the Alphaproteobacteria. We propose
that methanotrophy arose only once in the Alpha-
proteobacteria, but that some lineages have reversed
their specialization to methane and returned to a
catabolically more diverse lifestyle. This recidivism
appears to be particularly facilitated by the acquisi-
tion of genes encoding membrane transporters.
With the increasing ease of obtaining full genome
sequences and the large number of specialist
methanotrophs that are presently being sequenced
by the Joint Genome Institute, we should soon
obtain further insights into their functional and
evolutionary diversity.
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