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Abstract

Methanotrophs are a group of phylogenetically diverse microorganisms character-

ized by their ability to utilize methane as their sole source of carbon and energy.

Early studies suggested that growth on methane could be stimulated with the

addition of some small organic acids, but initial efforts to find facultative

methanotrophs, i.e., methanotrophs able to utilize compounds with carbon–car-

bon bonds as sole growth substrates were inconclusive. Recently, however,

facultative methanotrophs in the genera Methylocella, Methylocapsa, and Methylo-

cystis have been reported that can grow on acetate, as well as on larger organic acids

or ethanol for some species. All identified facultative methanotrophs group within

the Alphaproteobacteria and utilize the serine cycle for carbon assimilation from

formaldehyde. It is possible that facultative methanotrophs are able to convert

acetate into intermediates of the serine cycle (e.g. malate and glyoxylate), because a

variety of acetate assimilation pathways convert acetate into these compounds (e.g.

the glyoxylate shunt of the tricarboxylic acid cycle, the ethylmalonyl-CoA pathway,

the citramalate cycle, and the methylaspartate cycle). In this review, we summarize

the history of facultative methanotrophy, describe scenarios for the basis of

facultative methanotrophy, and pose several topics for future research in this area.

Introduction

Aerobic methanotrophs are widely distributed in the envir-

onment, found wherever methane : air interfaces develop,

including in wetlands, bogs, agricultural, forest and

urban soils, rice paddies, groundwater, landfill cover soils,

among many other locations (Semrau et al., 2010).

These cells play a critical role in the global carbon cycle by

utilizing methane as a source of carbon and energy – it is

estimated that in soils, aerobic methanotrophs consume

�30 Tg methane year�1 (Kolb, 2009).

It was initially widely believed that aerobic methano-

trophs were obligate, i.e., that these microorganisms could

only grow utilizing methane or methanol, and in some cases,

other C1 compounds such as formaldehyde, formate, and

methylamine, but not compounds with carbon–carbon

bonds (Bowman, 2006). The cause for obligate methano-

trophy is still unresolved (Wood et al., 2004), and, interest-

ingly, many reports have recently been published of

methanotrophs that also able to utilize multicarbon com-

pounds as sole growth substrates (Semrau et al., 2010).

Hence, it appears that facultative methanotrophy may be

more common than originally thought. In this review, the

history and basis of facultative methanotrophy is summar-

ized, as well as the implications and applications of such

metabolism.

General review of phylogeny and
physiology of methanotrophs

The defining characteristic of a methanotroph is its ability to

utilize methane as its sole carbon and energy source, and

there are at least two forms of the key enzyme involved in the

initial oxidation of methane to methanol, the methane

monooxygenase (MMO). Most but not all methanotrophs

express a membrane-bound or particulate methane mono-

oxygenase (pMMO), while some can either express in addi-

tion, or as the unique form, a cytoplasmic, or soluble

methane monooxygenase (sMMO). Phylogenetically, aerobic
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methanotrophs belong primarily to the Alpha- and Gamma-

proteobacteria, although recently aerobic methanotrophs have

also been found that belong to the Verrucomicrobia phylum

(Op den Camp et al., 2009; Semrau et al., 2010). The

alphaproteobacterial methanotrophs can be further divided

in the Beijerinckiaceae and Methylocystaceae families, while

the gammaproteobacterial methanotrophs belong to the

Methylococcaceae family.

There are many distinguishing characteristics between the

major groups of aerobic methane-oxidizing bacteria, in-

cluding predominant fatty acid composition, intracytoplas-

mic formation, and the mechanism by which carbon is

assimilated into biomass (Op den Camp et al., 2009; Semrau

et al., 2010). The latter issue may play a role in the ability of

some methanotrophs to utilize multicarbon compounds,

with alphaproteobacterial and verrucomicrobial methano-

trophs utilizing the serine pathway for carbon assimilation,

while Gammaproteobacteria methanotrophs utilize the ribu-

lose monophosphate (RuMP) pathway (as discussed in

more detail below).

Initial findings of facultative
methanotrophy

As comprehensively reported in several recent reviews

(Trotsenko & Murrell, 2008; Op den Camp et al., 2009;

Semrau et al., 2010), methanotrophs were initially charac-

terized over 100 years ago, and subsequent studies in the

1950s and 1960s indicated that these strains could only

utilize methane or methanol for growth (Dworkin & Foster,

1956; Leadbetter & Foster, 1958; Brown et al., 1964; Foster &

Davis, 1966). In 1970, however, a first indication that

methanotrophs could utilize multicarbon compounds to

accentuate growth was reported (Whittenbury et al., 1970).

In this classic manuscript describing the isolation and

characterization of methanotrophs from sites around the

world, a wide variety of methanotrophs were reported to

show enhanced growth on methane when malate, acetate, or

succinate was also present in the culture medium. Such

findings suggested that facultative methanotrophs may exist,

i.e., strains that could utilize multicarbon compounds as

well as methane as a sole growth substrate.

Shortly thereafter, the first facultative methanotrophic

isolates from freshwater lake sediments and water were

reported. These could utilize a wide range of multicarbon

compounds as growth substrates, including many organic

acids (malate, succinate, fumarate, and acetate) and sugars

(glucose, galactose, sucrose, lactose, and ribose) (Patt et al.,

1974). One strain, later described as Methylobacterium

organophilum (belonging to the Alphaproteobacteria), was

further characterized, and had the complete tricarboxylic

acid (TCA) cycle (Patt et al., 1976). This strain, however, lost

the ability to oxidize methane when grown repeatedly on

glucose, and other workers subsequently did not succeed in

growing the strain on methane (Green & Bousfield, 1983;

Urakami et al., 1993). Collectively, these findings suggested

that these isolates were not facultative methanotrophs as

originally surmised.

Other early studies reported the isolation of facultative

methanotrophs from a rice paddy in South China, as well as

from soils collected from an oil refinery in the Northeastern

United States (Patel et al., 1978; Zhao & Hanson, 1984a, b).

These strains were found to have the complete TCA cycle

and two of them, strains R6 and 761H, were able to grow

solely on glucose, but not with other sugars such as fructose,

galactose, or sucrose. In addition, a variant of strain 761H,

strain 761M, could not grow on glucose as the sole carbon

source, but glucose, as well as acetate and malate, were

reported to enhance its growth on methane. Other sugars

either inhibited or had no effect on growth of the strain on

methane. Strain 761M, based on its 16S rRNA gene se-

quence, was later found to group with the Gammaproteo-

bacteria (Bowman et al., 1995). To the best of our

knowledge, the phylogenetic grouping of strain R6 was

never determined (although enzymatic analyses suggested

its affiliation to Alphaproteobacteria). None of these strains

appear to be still extant, making it impossible to repeat these

experiments.

Two methanotrophs isolated from freshwater lake sedi-

ments were also described as being facultative, i.e., able to

utilize not only methane, but also casamino acids, nutrient

agar, and a variety of organic acids and sugars for carbon

and energy (Lynch et al., 1980). However, one of these

isolates, Methylobacterium ethanolicum, was later found by

members of the same laboratory to actually consist of a

stable syntrophic consortium of two methylotrophs, i.e., a

Methylocystis strain capable of utilizing methane, and a

Xanthobacter strain capable of utilizing a variety of multi-

carbon compounds for growth (Lidstrom-O’Connor et al.,

1983).

Collectively, the inability of putative facultative methano-

trophs to grow on methane after growth on multicarbon

substrates, the lack of extant strains, and evidence of stable

mixed cultures initially originally described as pure metha-

notrophic strains all cast serious doubts on the possibility of

facultative methanotrophy. As a result, research in this area

was severely limited for the next 20 years.

Recent findings of facultative
methanotrophy

Efforts to identify novel methanotrophs significantly re-

gained momentum in the 1990s with the discovery of

acidophilic methanotrophs from Sphagnum peat bogs (De-

dysh et al., 1998a, b). The first characterized acidophilic

methanotroph was found to represent a new genus and
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species within Alphaproteobacteria, Methylocella palustris

(Dedysh et al., 2000), and subsequently two further strains

of the same genus were isolated, Methylocella silvestris and

Methylocella tundrae (Dunfield et al., 2003; Dedysh et al.,

2004). All three strains were considered novel methano-

trophs as their optimal pH for growth was o 6.0. Even more

remarkably, all three isolates could only express the sMMO,

and not the pMMO. This finding was quite unexpected as it

showed that these were the first methanotrophs that did not

express pMMO. Initial screens of each isolate showed that

they could not grow on sugars or multicarbon substrates,

but could grow on methane and methanol, as well as on

methylamine to a variable degree, thus they were considered

obligate methanotrophs.

These methanotrophs, however, were later shown to be

facultative as they could utilize not only C1 compounds for

growth, but also acetate, pyruvate, succinate, malate, and

ethanol (Dedysh et al., 2005 and Table 1). Cultures of these

strains were unequivocally shown to be pure through a suite

of rigorous assays, including: (1) phase-contrast analyses of

thousands of cells grown with either acetate or methane; (2)

sequence analyses of 50 16S rRNA gene clones from both

acetate- and methane-grown cultures; and (3) whole-cell

hybridizations of thousands of cells with probes specific for

Methylocella. In no case was any evidence of contamination

found. Furthermore, real-time PCR assays showed increases

of the mmoX gene (encoding for the large hydroxylase

subunit of the sMMO) that very closely corresponded with

direct microscopic cell counts. Thus, for the first time, clear

conclusive proof for the reality of facultative methanotrophy

was provided. Remarkably, M. silvestris displayed higher

yields, carbon conversion efficiency, and growth rates on

acetate than on methane. Specifically, the growth rate of M.

silvestris was 0.053 and 0.033 h�1 on acetate and on methane,

respectively, suggesting that acetate may be the preferred

growth substrate for this microorganism.

Shortly thereafter, another acidophilic methanotroph,

Methylocapsa aurea, was also identified that could utilize acetate

as the sole growth substrate (maximum OD600 nm = 0.3,

m= 0.006 h�1). As shown in Table 1, neither larger organic acids

(citrate, oxalate, malate) nor any tested sugar (glucose, fructose,

maltose) could be used as a sole growth substrate (Dunfield

et al., 2010). In contrast to M. silvestris, however, M. aurea only

expresses pMMO. Strain purity was determined via: (1) phase-

contrast and electron microscopy of acetate-grown cultures; (2)

sequencing of more than 21 16S rRNA gene clones from both

acetate- and methane-grown cultures; and (3) streaking onto

medium with yeast extract and growing cultures with acetate in

the absence of methane. In contrast to M. silvestris, however, M.

aurea grew best on methane, with a maximum OD600 nm of 1.2

and m= 0.018 h�1.

It is interesting to note that all these facultative methano-

trophic species are not only acidophilic, but also members of

the Beijerinckiaceae family known to include species with

broad substrate ranges. It could thus be hypothesized that

facultative methanotrophy will only thrive in a small subset

of acidophilic methanotrophs of this family, in environ-

ments where organic acids such as acetate are found

primarily in the protonated form due to the prevailing low

pH, and are thereby more readily taken up (Axe & Bailey,

1995). Facultative methanotrophy, however, does not extend

to all acidophilic methanotrophs of the Beijerinckiaceae

family. For example, Methylocapsa acidophila cannot grow

on multicarbon compounds such as malate, acetate, etha-

nol, succinate, or pyruvate (Dedysh et al., 2002, 2005;

Dunfield et al., 2010).

As a result of these findings, more effort has been spent to

find other facultative methanotrophs, and in the past year,

other acidophilic methanotrophs of the genus Methylocystis

(family Methylocystaceae) were found that could grow on

either methane or acetate (Belova et al., 2011). Specifically,

Methylocystis strain H2s, a mild acidophile (optimal growth

pH of 6.0–6.5) with functional genes for both sMMO and

pMMO (but shown to express pMMO only regardless of

tested conditions), was found to not only utilize methane

and methanol for growth, but acetate as well. As with studies

on other acidophilic methanotrophs, culture purity was

rigorously proven using a variety of microscopic and

molecular analyses. Growth was greater on methane than

on acetate (maximum OD410 nm of 0.8–1.0 and 0.25–0.30,

respectively), as was the growth rate (m= 0.06 and 0.006 h�1,

respectively). These data would suggest that methane is the

preferred substrate of this strain. However, when both

acetate and methane were used simultaneously, overall

growth was enhanced, as first noted by Whittenbury et al.

(1970) for other methanotrophs. Interestingly, strain H2s

was not found to grow significantly on any other organic

acid or sugar (Table 1).

With the finding of a facultative Methylocystis strain,

Belova et al. (2011) screened validly described Methylocystis

species for facultative methanotrophic growth, and found

that another acidophilic species with an optimal pH range of

5.8–6.2, Methylocystis heyeri H2, also grew significantly on

acetate. Most mesophilic Methylocystis species (i.e. growth

pH of 6.8) did not grow on acetate, with the exception of

Methylocystis echinoides IMET10491 which grew in the

presence of acetate from an initial OD410 nm of �0.03 to a

final OD410 nm of 0.09 after 200 h of incubation.

A second recent study supports the finding of facultative

mesophilic Methylocystis species, with the characterization

of Methylocystis strain SB2, a novel methanotroph that can

only express pMMO (Im et al., 2011). This isolate, collected

from a spring bog with an optimal growth pH of 6.8, was

able to utilize methane, ethanol, or acetate as growth

substrates. Growth was highest on methane followed by

ethanol and acetate (maximum OD600 nm of 0.83, 0.45, and
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0.26, respectively). Interestingly, growth on methane and

ethanol followed standard exponential kinetics (m= 0.052

and 0.022 h�1, respectively), but growth on acetate could be

modeled as either exponential or linear growth. Such a finding

supports the hypothesis that acetate is transported into

Methylocystis strain SB2 as the undissociated acid, and at this

growth pH, the proton-motive force is dissipated for acetate

uptake (Axe & Bailey, 1995). Finally, as with other investiga-

tions of facultative methanotrophy, culture purity was verified

using a variety of microscopic and molecular techniques.

Gene expression in facultative
methanotrophs

The recent findings of facultative methanotrophy raises

some very interesting questions. Particularly, is the MMO

Table 1. Substrate utilization and general characteristics of Alphaproteobacteria facultative methanotrophs

Methylocella

silvestris

Methylocella

palustris

Methylocella

tundrae

Methylocapsa

aurea

Methylocystis

strain H2s

Methylocystis

strain SB2

Growth substrate

Methane 1 1 1 1 1 1

Methanol 1 1 1 1 1 �
Formate � � � � � �
Formaldehyde ND ND ND � � ND

Methylamine 1 � 1 ND ND �
Urea � � � ND ND ND

Glucose � � � � � �
Fructose � � � � � �
Sucrose � � � � ND �
Lactose � � � � � ND

Galactose � � � � ND �
Xylose � � � ND ND �
Sorbose � � � ND ND ND

Maltose � � � � � �
Raffinose � � � ND � ND

Arabinose � � � � � �
Ribose � � � ND ND ND

Lactate � � � ND ND ND

Oxalate � � � � � �
Citrate � � � � � �
Acetate 1 1 1 1 1 1

Pyruvate 1 1 1 � � �
Succinate 1 1 1 � � �
Malate 1 1 1 � � �
Ethanol 1 1 1 ND � 1

Mannitol � � � ND � ND

Sorbitol � � � ND � ND

Reported growth rates (m, h�1)

Methane 0.033 ND ND 0.018 0.06 0.052

Acetate 0.053 ND ND 0.006 0.006 Linear/

Exponential�

Ethanol ND ND ND ND ND 0.022

General characteristics

Family Beijerinckiaceae Beijerinckiaceae Beijerinckiaceae Beijerinckiaceae Methylocystaceae Methylocystaceae

Carbon fixation

pathway

Serine cycle Serine cycle Serine cycle Serine cycle Serine cycle Serine cycle

sMMO 1 1 1 � 1 �
pMMO � � � 1 1 1

Optimal growth pH 5.5 5.5–6.0 5.0–5.5 6.0–6.2 6.0–6.5 6.8

Isolation location Acidic forest

cambisol

Sphagnum peat

bog

Sphagnum tundra

peatland

Acidic forest

soil

Sphagnum peat

bog

Spring bog

�Growth of Methylocystis strain SB2 on acetate could be modeled as either exponential or linear growth, thus no exponential growth rates have been

reported.

1, Substantial growth; � , trace growth; � , no growth; ND, not determined (data collected from: Dedysh et al., 2000, 2004, 2005; Dunfield et al.,

2003, 2010; Chen et al., 2010b; Belova et al., 2011; Im et al., 2011).
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expressed when these strains are grown on multicarbon

compounds in the absence of methane? Interestingly, acetate

has been shown to repress MMO expression in some

facultative methanotrophs, while others constitutively ex-

press MMO regardless of the growth substrate. Specifically,

when using acetate as an alternative substrate, M. silvestris

was clearly shown to repress expression of the sMMO (the

only form of MMO it expresses) in either the absence or

presence of methane (Theisen et al., 2005). As shown by

Dedysh et al. (2005), M. silvestris prefers acetate over

methane as a growth substrate, possibly due to the require-

ment of reducing equivalents for the initial oxidation of

methane to methanol, and because acetate concentrations

can be quite high in Sphagnum peat bogs where this strain

was isolated. As a result it appears that facultative methano-

trophic Methylocella strains have an effective regulatory

network to control MMO expression.

Conversely, the facultative Methylocystis strains H2s and

SB2 were found to constitutively express pMMO regardless

if these strains were grown on methane or acetate (Belova

et al., 2011; Yoon et al., 2011). Expression of pmoA, a key

functional gene of the pMMO however, was significantly

greater when Methylocystis strain SB2 was grown on

methane than on acetate (Yoon et al., 2011). As described

above, these strains show weaker growth on acetate. It may

be that these strains use acetate as a secondary carbon or

reducing source that enables the continued expression of

MMO in the absence of methane such that these strains can

readily utilize methane when it becomes more available

(Dunfield, 2007; Belova et al., 2011). These strains, however,

were also isolated from bogs where acetate concentrations

can be expected to be high (Duddleston et al., 2002), thus,

the ability to control MMO expression may have other

origins. It is interesting to note that sMMO expression in

Methylococcus capsulatus Bath is repressed at high copper

concentrations, while pMMO is constitutively expressed but

its expression increases with increasing copper concentra-

tion (Choi et al., 2003). The finding that sMMO expression

by M. silvestris is repressed in the presence of acetate while

pMMO expression is constitutive and positively regulated

by the carbon source in Methylocystis strain SB2 suggests

that the regulatory pathway of sMMO/pMMO expression

used by facultative and obligate methanotrophs have some

similarities.

Speculations on the origin of facultative
methanotrophy

It may be that Methylocella species were originally facultative

methylotrophs, later generating the ability to utilize

methane as a growth substrate through lateral gene transfer

of the genes for the sMMO, and subsequently developed the

ability to control MMO expression with respect to carbon

source. This is intriguing as Methylocella species are the only

known methanotrophs lacking pMMO. By extension, M.

aurea may also have been methylotrophic, but through

lateral gene transfer developed the ability to express pMMO.

To the best of our knowledge, however, it should be stressed

that it has not yet been reported whether M. aurea expresses

pMMO when grown on acetate. Although the origin of

facultative methanotrophy from methylotrophs in these

strains is speculative, it is interesting to note that a faculta-

tive methylotroph, Methylobacterium extorquens AM1, when

engineered to express the ammonia monooxygenase (AMO)

of Paracoccus denitrificans, was able to grow on methane as

the sole carbon source (Crossman et al., 1997). The AMO is

capable of oxidizing methane to methanol, thus these results

suggest that AMO activity enabled M. extorquens AM1 to

utilize methane as a sole carbon source. On the other hand,

facultative Methylocystis species may have originally been

obligate methanotrophs that constitutively expressed

pMMO, but developed the ability to utilize acetate through

selective pressure to either increase the expression of various

enzymatic systems needed for effective acetate assimilation

or through lateral gene transfer to complete corresponding

pathways as required (see below for further discussion).

How do facultative methanotrophs
assimilate multicarbon substrates?

Although empirical evidence definitively shows that faculta-

tive methanotrophy exists, the pathway(s) by which multi-

carbon compounds are assimilated by these strains is still

unclear. Historically, an incomplete citric acid cycle in

Gammaproteobacteria methanotrophs (2-ketoglutarate de-

hydrogenase activity is missing) and the absence of trans-

porters for compounds with carbon–carbon bonds have

been viewed as the primary reasons why this microbial

group can only utilize C1 compounds (Wood et al., 2004).

Alphaproteobacteria methanotrophs, of which all known

facultative methanotrophs are members, however, have the

complete TCA cycle, which removes one of the metabolic

restrictions noted above (Trotsenko & Murrell, 2008). To

date, facultative methanotrophs have been found to utilize

C2 to C4 organic acids or ethanol as sole growth substrates.

As these compounds are typically membrane permeable, the

second metabolic restriction for methanotrophic growth is

also removed. In the following discussion, we will consider

several pathways by which facultative methanotrophic

growth may occur on acetate as this compound can be used

as a sole growth substrate by all currently known facultative

methanotrophs.

Microbial uptake of acetate is known to occur

both through a specific permease as well as by passive

diffusion through the cell membrane (Gimenez et al.,

2003). Growth characteristics of facultative methanotrophs
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and observations that most facultative methanotrophs are

isolated from acidic environments with high acetate con-

centrations suggest acetate enters via passive diffusion.

Following uptake, acetate must first be activated to acetyl-

CoA before assimilation into biomass (Starai & Escalante-

Semerena, 2004). In environments with high concentrations

of acetate (i.e. 4 30 mM) or in cells with active transport

systems, acetate can be activated via a kinase and a phos-

photransacetylase to acetyl-CoA (Fig. 1). In the absence of

these enzymes or under lower acetate concentrations, acet-

ate can be activated via the acetyl-CoA synthetase (either

AMP or ADP forming) (Starai & Escalante-Semerena,

2004). Once activated, acetyl-CoA can then be assimilated

via a variety of pathways including, but not limited to the

glyoxylate shunt (Fig. 2), the ethylmalonyl-CoA pathway

(Fig. 3), the methylaspartate cycle (Fig. 4), or the citramalate

cycle (Fig. 5) (Howell et al., 1999; Dunfield et al., 2003;

Theisen et al., 2005; Erb et al., 2007, 2009; Berg & Ivanovsky,

2009; Peyraud et al., 2009; Alber, 2011; Khomyakova et al.

2011). It is interesting that some intermediates of these

assimilatory pathways, for example malate and glyoxylate,

are also intermediates in the serine cycle and as such may

afford easy coupling with utilization of the serine cycle.

Identification of acetate utilization pathways in methano-

trophs, however, has been challenging. For example, early

enzymatic work on M. silvestris found no evidence for the

key enzymatic activities in the glyoxylate cycle, i.e., isocitrate

lyase and malate synthase (Dunfield et al., 2003; Theisen

et al., 2005). Genomic analyses, however, show that genes

encoding for these enzymes are present (Chen et al., 2010a).

Subsequent deletion of the gene encoding for isocitrate lyase

severely limited growth of M. silvestris on acetate, and

abolished it on methane (Crombie & Murrell, 2011). As

discussed by the authors, such data suggest that the glyox-

ylate shunt may be vital to M. silvestris for regeneration of

glyoxylate in the serine cycle used for carbon assimilation

from C1 compounds as well as from C2 compounds. These

findings also suggest that this microorganism may have

multiple mechanisms to utilize multicarbon compounds, as

growth still occurred on acetate when the gene encoding for

isocitrate lyase was deleted. However, homologs of known

key genes of ethylmalonyl-CoA, citramalate, and methylas-

partate pathways for carbon assimilation from acetate are

not readily apparent in the genome sequence of M. silvestris.

In contrast, phylogenetically closely related methylotrophs

such as the alphaproteobacterium M. extorquens AM1 were

often shown to utilize the coupled serine and ethylmalonyl-

CoA pathways for growth (Peyraud et al., 2009; Ŝmejkalová

et al., 2010). Preliminary analysis of publicly available

genome sequences of obligate methanotrophs [i.e. Alpha-

proteobacteria Methylosinus trichosporium OB3b (Stein et al.,

2010), Methylocystis sp. strain ATCC 49242 (Stein et al.,

2011), Gammaproteobacteria M. capsulatus Bath (Ward

et al., 2004), Methylobacillus flagellatus KT (Chistoserdova

et al., 2007), Methylobacter tundripaludum SV96, Methylo-

microbium album BG8, Methylomonas methanica MC09, as

well as Candidatus Methylomirabilis oxyfera (Ettwig et al.,

2010) and Methylacidiphilum infernorum V4 (Hou et al.,

Fig. 1. Mechanisms for the production of

acetyl-CoA from acetate (modified from Starai

& Escalante-Semerena, 2004).
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2008)], indicates that the key genes of the ethylmalonyl-CoA

pathway (Fig. 3) are only present in the two alphaproteo-

bacterial methanotrophs that were sequenced so far, and are

found in synteny in the Methylocystis strain. Further, no

evidence was observed for the presence of the set of key

genes defining citramalate (Fig. 4) or methylaspartate path-

ways (Fig. 5) for multicarbon assimilation in any methano-

troph for which a genome sequence is available. At present,

however, such observations should be treated with caution.

First, sequence information is still lacking for some reactions

(e.g. mesaconate hydratase and mesaconate-CoA ligase of

the citramalate pathway, Berg & Ivanovsky, 2009). Second,

several publically available methanotroph genomes are not

yet completely assembled, and absence of evidence does not

provide evidence of absence. Third, the required pathway

reactions could be performed by proteins whose sequence

bears little or no resemblance to experimentally character-

ized enzymes. Clearly, more research is needed to elucidate

how facultative methanotrophs assimilate carbon from

multicarbon compounds into biomass, and the increasing

availability of genome sequences represents as much a great

asset as a sobering reminder of our ignorance.

Facultative methanotrophy: implications
and applications

It has been confirmed that facultative methanotrophy does

indeed exist, but corresponding isolates can only utilize a

small number of organic acids and ethanol to support

growth, i.e., sugars cannot be used, possibly due to lack of

sugar transporters and/or lack of key steps of the glycolytic

pathway. Also, to date, no methanotrophs of the gamma-

proteobacterial phylum have conclusively been shown to be

facultative. These methanotrophs present several key differ-

ences to Alphaproteobacteria methanotrophs including, as

noted above, the lack of a complete TCA cycle, as well as

their utilization of the RuMP pathway for growth. One

Gammaproteobacteria methanotroph, M. capsulatus Bath,

has been found to have genes for the E1 and E2 subunits of

the 2-ketoglutarate dehydrogenase (Ward et al., 2004). At

this time, it is unclear under what conditions, if any, these

genes are transcribed, and active enzyme synthesized. The

absence of 2-ketoglutarate dehydrogenase activity may limit

growth of Gammaproteobacteria methanotrophs with alter-

native multicarbon compounds, as well as the fact that

Fig. 2. Acetyl-CoA assimilation by the

glyoxylate cycle (modified from Theisen et al.,

2005). Key enzymatic intermediates and

enzymes in this pathway are noted in red.
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isocitrate lyase and malate synthase are apparently missing

in these microorganisms (Trotsenko & Murrell, 2008).

Further, the acetate assimilation pathways described

above do not lead to the production of intermediates of the

RuMP pathway. Accordingly, and unlike Alphaproteobacteria

methanotrophs that utilize the serine cycle, Gammaproteo-

bacteria methanotrophs appear to be unable to use these

pathways for carbon assimilation from multicarbon com-

pounds. This may help explain why all known facultative

methanotrophs utilize the serine cycle and not the RuMP

pathway for carbon assimilation. We suggest that more

effort be invested to isolate Gammaproteobacteria methano-

trophs from environments with high acetate concentrations,

for example, peat bogs and acidic forest soils, to determine if

such conditions promote facultative growth in a broader

phylogenetic range of methanotrophs. Molecular evidence

indicates that such methanotrophs exist in these environ-

ments, particular peat bogs, but that they do not represent a

significant fraction of the overall methanotrophic popula-

tion (Dedysh, 2009).

Facultative methanotrophy may not only be of funda-

mental interest but also yield some interesting applications,

in particular in the field of bioremediation approaches, for

example, enhanced degradation of halogenated hydrocar-

bons (Im & Semrau, 2011; Yoon et al., 2011). Methano-

trophs had previously been widely examined for pollutant

degradation through the activity of the MMO (Semrau

et al., 2010), and the finding of at least two facultative

methanotrophs that constitutively express pMMO effec-

tively allows for the uncoupling of pollutant degradation

from carbon assimilation. This strategy could enhance over-

all methanotroph-mediated pollutant degradation, as com-

petition for binding to MMO between the pollutant(s) and

the growth substrate is avoided if alternative substrates such

as ethanol or acetate are used to support growth. Issues such

as substrate and product toxicity of chlorinated hydrocar-

bons may still limit overall methanotrophic growth, how-

ever, regardless of the growth substrate (Im & Semrau,

2011). It is recommended that future work takes care to

determine the abundance and distribution of facultative

methanotrophs in situ, as well as the ability of such strains

to compete for alternative growth substrates in environ-

ments where heterotrophs also exist.

How can facultative methanotrophy be
verified in future isolates?

As noted above, initial reports of facultative methanotrophy

were later disproven. Given that facultative methanotrophy

does indeed exist, this implies that more as yet undiscovered

facultative methanotrophs also exist. The conclusion of

facultative methanotrophy, however, should be drawn only

after rigorously characterizing putative isolates. The reader

is directed to Dedysh & Dunfield (2011) for a thorough

description of suggested assays that we only briefly describe

here. Putative methanotrophic isolates should first be culti-

vated on relatively simple growth media with methane as the

sole carbon and energy source, followed by determination of

Fig. 3. Acetyl-CoA assimilation by the ethylmalonyl-CoA pathway

(modified from Peyraud et al., 2009). Key enzymatic intermediates and

enzymes in this pathway are noted in red.
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the presence of genes for sMMO and/or pMMO using

specific PCR primer sets. Following such initial character-

ization, the ability of methanotrophic isolates to grow on

various multicarbon compounds should next be deter-

mined. If facultative methanotrophy is suspected, one

should then verify culture purity by performing most if

not all of the following assays: (1) plating onto complex

organic media; (2) phase-contrast and electron microscopy;

(3) whole-cell hybridization with genus/species-specific

probes; (4) 16S rRNA gene library sequence analysis of

scores of clones; (5) dilution–extinction experiments using

both methane and multicarbon compounds as the sole

carbon source; and (6) quantification of MMO gene(s)

when grown on multicarbon compounds.

Fig. 4. Acetyl-CoA assimilation by the

methylaspartate cycle (modified from

Khomyakova et al., 2011). Key enzymatic

intermediates and enzymes in this pathway

are noted in red.
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Conclusions

The discovery of facultative methanotrophs marks another

major milestone in the field of methanotrophy. The con-

clusive identification and characterization of facultative

methanotrophs provides us with opportunities to answer

some important questions. In particular why are some

methanotrophs obligate for C1 compounds and others

facultative, i.e., what is the metabolic basis for facultative

methanotrophy? More thorough analyses of methano-

trophic genomes may provide some resolution regarding

this issue, particularly if closely related strains that exhibit

differential ability to grow on multicarbon compounds

would be sequenced (e.g. the obligate methanotroph Methy-

locystis parvus OBBP and the facultative methanotroph

Methylocystis strain H2s). Comparison of the genomes of

obligate and facultative methanotrophs with those of facul-

tative methylotrophs could also prove useful in this endea-

vor. In addition, proteomic and/or metabolomic strategies

could be applied to help deduce metabolic pathway(s) used

for uptake of multicarbon compounds.

Other important questions that remain to be answered

include:

(1) What environmental conditions promote obligate vs.

facultative methanotrophy?

(2) What competitive advantage(s) does either obligate or

facultative methanotrophy provide?

(3) Do facultative methanotrophs effectively compete with

other microorganisms for multicarbon substrates in situ?

(4) How does facultative methanotrophy affect the ability of

methanotrophs to consume methane, particularly at atmo-

spheric concentrations?

(5) Are there facultative methanotrophs among Gamma-

proteobacteria?

(6) Can facultative methanotrophy be used to enhance

methanotrophic-mediated bioremediation of halogenated

hydrocarbons?

Finally, it is interesting to note that not only Methylocystis

strains are found in many different environments, but also

Methylocella strains. Members of both genera are widely

distributed throughout the globe, found not only in peat

bogs, but also in acidic forest and arctic soils as well as

environments with pH values 4 7.0 (Bowman, 2006; De-

dysh, 2009; Rahman et al., 2011). Such findings indicate that

facultative methanotrophy may be widespread.
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