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Summary

The particulate methane monooxygenase (pMMO) in
Methylocystis strain SB2 was found to be constitu-
tively expressed in the absence of methane when the
strain was grown on either acetate or ethanol. Real-
time quantitative polymerase chain reaction (PCR) and
reverse transcription-PCR showed that the expression
of pmoA decreased by one to two orders of magnitude
when grown on acetate as compared with growth of
strain SB2 on methane. The capability of strain SB2 to
degrade a mixture of chlorinated ethenes in the
absence of methane was examined to verify the pres-
ence and activity of pMMO under acetate-growth con-
ditions as well determine the effectiveness of such
conditions for bioremediation. It was found that when
strain SB2 was grown on acetate and exposed to
40 mM each of trichloroethylene (TCE), trans-
dichloroethylene (t-DCE) and vinyl chloride (VC),
approximately 30% of VC and t-DCE was degraded but
no appreciable TCE removal was measured after 216 h
of incubation. The ability to degrade VC and t-DCE was
lost when acetylene was added, confirming that pMMO
was responsible for the degradation of these chlori-
nated ethenes by Methylocystis strain SB2 when the
strain was grown on acetate.

Introduction

Methanotrophs are a group of bacteria that utilize methane
as their sole source of carbon and energy. From both in situ
experiments and studies with isolated laboratory strains,

methanotrophs have been shown to degrade a wide range
of chlorinated hydrocarbons, particularly chlorinated
ethenes (Tsien et al., 1989; Semprini et al., 1990; Lee
et al., 2006). In fact, methanotrophic-mediated oxidation of
chlorinated ethenes has a comparative advantage over
anaerobic biodegradation such as reductive dechlorination
by Dehalococcoides, as methanotrophs more readily
degrade smaller and more toxic compounds, i.e. trans-
dichloroethylene (t-DCE) and vinyl chloride (VC) (Lee
et al., 2006; Yoon and Semrau, 2008), which are often
residual intermediates from anaerobic trichloroethylene
(TCE) degradation (Maymo-Gatell et al., 1999).

The first step in the methane oxidation pathway, the
conversion of methane to methanol, is mediated by the
methane monooxygenase (MMO). Two forms of MMO are
known, one in the cytoplasm or soluble fraction (soluble
MMO or sMMO) and another in the membrane or particu-
late fraction (particulate MMO or pMMO). Most known
methanotrophs only express pMMO, but some can
express both forms. For these organisms, expression is
regulated by the copper-to-biomass ratio: sMMO is
expressed at very low copper-to-biomass ratio
(< 5.64 mmol Cu g-1 protein) while pMMO expression is
stimulated when copper is more abundant (Hanson and
Hanson, 1996; Nielsen et al., 1997; Morton et al., 2000;
Murrell et al., 2000; Choi et al., 2003; Semrau et al., 2010).

Both forms of the MMO have been shown to degrade
chlorinated ethenes, including TCE, t-DCE and VC (Van
Hylckama Vlieg et al., 1996; Scheutz et al., 2004; Lee
et al., 2006; Yoon and Semrau, 2008). pMMO-expressing
organisms have a much higher specificity for methane
than sMMO-expressing organisms, and thus, exhibit
much slower kinetics towards non-methane substrates.
As a result, it was initially believed that expression and
activity of sMMO is essential for effective degradation of
chlorinated hydrocarbons (Oldenhuis et al., 1989; Hanson
and Hanson, 1996). Recent research, however, discov-
ered that the activity of sMMO towards methane is
severely inhibited when high concentrations (> 50 mM) of
TCE, t-DCE and VC are present because of inhibition
of methane consumption and the toxicity of the products
of chlorinated ethene oxidation (Lee et al., 2006;
Yoon and Semrau, 2008). Methylosinus trichosporium
OB3b expressing pMMO, was, however, able to maintain
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viability and growth at elevated concentrations of chlori-
nated ethenes, while also degrading more of the chlori-
nated ethenes than sMMO-expressing organisms despite
its comparatively slow kinetics (Lee et al., 2006; Yoon and
Semrau, 2008).

As methanotrophs were initially believed to only grow on
methane, a continuous supply of methane was deemed
necessary to ensure methanotroph-mediated biodegrada-
tion regardless of which form of MMO was expressed. This
can act as a significant drawback for in situ biodegradation
given the poor solubility of methane in water, slow mass
transfer of methane from the gas to liquid phase, and
competition of methane with chlorinated solvents for
binding to either form of MMO. The discovery of facultative
methanotrophs (Dedysh et al., 2005; Belova et al., 2010;
Dunfield et al., 2010; Im et al., 2010), however, indicates
that methanotrophic degradation of chlorinated ethenes
without methane might be possible, provided that either
form of MMO is constitutively expressed and remains
active in presence of the alternative growth substrate. In
the case of Methylocystis sp. H2s, constitutive expression
of pmoA was observed when the organism was grown in
the presence of acetate and absence of methane (Belova
et al., 2010). Chlorinated ethene degradation utilizing
these facultative methanotrophs in the absence of
methane, if possible, may be advantageous for in situ
bioremediation strategies given the greater solubility of
alternative growth substrates (e.g. acetate) and the lack of
competition between the alternative growth substrate and
various chlorinated ethenes for binding to the MMO.

Here, we report the constitutive expression of pmoA by
Methylocystis strain SB2 when this organism was grown
on either acetate or ethanol in the absence of methane.
Using real-time quantitative reverse transcription-
polymerase chain reaction (RT-PCR), we have quantified
the expression of pmoA by Methylocystis strain SB2 when
grown on either methane or acetate. To verify the pres-
ence of pMMO in Methylocystis strain SB2 when grown
on acetate, we performed SDS-PAGE gel assays. To
determine the usefulness of Methylocystis strain SB2 for
biodegradation of chlorinated ethenes when grown on
acetate, we examined the long-term degradation of a
mixture of TCE, t-DCE and VC. After initial confirmation of
degradation activity, a selective inhibitor of pMMO, acety-
lene, was used to verify that pMMO was responsible for
the observed degradation when Methylocystis strain SB2
was grown on acetate.

Results and discussion

Constitutive expression of pmoA

Previously, Methylocystis strain SB2 was found to be able
to grow on methane, ethanol and acetate (Im et al., 2010).

RT-PCR assays indicated that pmoA was expressed by
strain SB2 when grown on either methane, ethanol or
acetate as the sole carbon and energy source, i.e. pmoA
expression was constitutive with respect to carbon source
(Fig. 1). Confirmation of pMMO expression in both
methane- and acetate-grown cells was provided via SDS-
PAGE gels (Fig. 2)

This is in contrast to the earlier finding that Methylocella
silvestris BL2T did not express sMMO (the only form of
MMO it can express) when grown on acetate (Theisen
et al., 2005). It is known that the moderate acidophile
Methylocystis strain H2s also constitutively expresses
pMMO in the absence of methane and presence of
acetate (Belova et al., 2010) but to the best of our knowl-
edge, similar information has not been presented for other
acidophilic or mesophilic facultative methanotrophs, e.g.
Methylocapsa aurea KYGT, Methylocystis heyeri H2T or
Methylocystis echinoides IMET10491T.

Real-time PCR and quantitative RT-PCR analyses

Real-time quantitative RT-PCR was performed to confirm
and quantify the expression of pmoA in Methylocystis
strain SB2 grown on acetate as compared with the strain
grown on methane. Specific primers were designed de
novo from the partial 16S rRNA (GU734136) and pmoA
(GU734137) sequences of Methylocystis strain SB2 using
the Primer3 program (Rozen and Skaletsky, 2000). The
forward and reverse primers (5′–3′) for partial 16S rRNA
gene amplification were AGTGGAACTGCGAGTGTA
GAGGTG and ACCAGGGTATCTAATCCTGTTTGCT,
respectively, to create an amplicon 131 bp in length. The
forward and reverse primers (5′–3′) for partial pmoA gene
amplification were GGATCAACCGCTACGTCAACTTCT
and AGCCGAGCGAACCAACAATC, respectively, to
create an amplicon 152 bp in length. 16S rRNA gene copy
number and transcripts were calculated from measured Ct

values using a calibration curve based on six plasmid
preparations with known 16S rRNA copy numbers ranging
from 104 to 109 per microlitre (see Supporting informa-
tion). Similarly, the copy numbers of pmoA gene
copy number and transcripts were calculated from mea-
sured Ct values using a calibration curve based on six
plasmid preparations with known pmoA copy numbers
ranging from 103 to 108 per microlitre (Supplementary
Fig. S1).

As shown in Table 1, the ratio of the copy number of
16S rRNA transcripts to 16S rRNA gene copy number
remained relatively constant under most growth condi-
tions, save for a twofold decrease in the sample collected
from strain SB2 grown to an OD600 of 0.15 on acetate
(significantly different at a 97% confidence interval from
all other measurements). This suggests that Methylocys-
tis strain SB2 activity may be reduced as the organism
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approaches the stationary phase when grown on acetate
while the same trend does not happen when the organ-
isms are grown on methane. At this time, it is not known
why such a reduction in overall transcription activity
occurred, but it is believed that acetate uptake dissipates
the proton motive force (Axe and Bailey, 1995), possibly
reducing cell activity over time.

Also as shown in Table 1, the ratio of pmoA transcript
to the copy number of pmoA in chromosomal DNA was
constant for methane-grown organisms at two different
cell densities. The same trend was found when the ratio
of pmoA transcript number:pmoA gene copy number
was normalized to overall rRNA transcript levels (last
column of Table 1). Expression of pmoA, although mea-

Fig. 1. pmoA expression of the strain SB2 grown on NMS medium with 10 mM copper and either: (A) methane (15% v/v in the headspace),
(B) ethanol (0.1% v/v) or (C) acetate (0.1% w/v as sodium acetate) as determined using reverse transcription-polymerase chain reaction
(RT-PCR) assays. Lane 1: 100 bp DNA ladder; lane 2: PCR on cDNA reverse-transcribed from mRNA of strain SB2 grown on methane,
ethanol or acetate; lane 3: PCR controls on mRNA extracted from strain SB2; lane 4: negative control (ddH2O). Arrow indicates size of
expected PCR product. RNA was extracted following previously developed procedures with minor modifications (Han and Semrau, 2004).
Organisms were collected after 72 h (OD600 = 0.45), 72 h (OD600 = 0.07) and 120 h (OD600 = 0.22) of growth on methane, ethanol or acetate,
respectively, by centrifugation at 12 000 r.p.m. for 5 min at 4 °C. Organisms were then disrupted by six 30 s cycles of bead beating with being
put on ice for 1 min in between each bead-beating cycle. RNA extraction was performed using Qiagen RNeasy kit according to manufacturer’s
instructions (Qiagen, Valencia, CA). After being treated with RNase-free DNase I (Promega, Madison, WI) to remove any DNA contamination,
DNase-treated RNA was purified using the Qiagen RNeasy kit according to manufacturer’s instructions (Valencia, CA, USA). RNA was then
reverse-transcribed using SuperScript II reverse transcriptase with 250 ng of random primer (Invitrogen, Carlsbad, CA) according to
manufacturer’s instructions (Invitrogen, Carlsbad, CA) to obtain cDNA. PCR amplification was then performed using pmoA-specific primers
A189-mb661 (Costello and Lidstrom, 1999).

Table 1. Quantification of pmoA expression in Methylocystis strain SB2 after growth on methane and acetate at different times using real-time
quantitative RT-PCR.

Substrate OD600

16
16
S transcript

S gene
pmoA

pmoA
transcript

gene
pmoA
16S

CH4 0.30 1410 (405) 2.88 (0.28) 2.06 ¥ 10-3 (6.23 ¥ 10-4)
0.43 1680 (311) 2.84 (0.64) 1.69 ¥ 10-3 (4.89 ¥ 10-4)

CH3COOH 0.11 1270 (322) 1.84 ¥ 10-1 (2.78 ¥ 10-2) 1.45 ¥ 10-4 (4.28 ¥ 10-5)
0.15 606 (129) 2.71 ¥ 10-2 (5.43 ¥ 10-3) 4.48 ¥ 10-5 (1.31 ¥ 10-5)

Cell pellets were collected from Methylocystis strain SB2 grown on methane (1:1 methane-to-air ratio) or acetate (0.1% w/v) in nitrate mineral salt
(NMS) medium (Whittenbury et al., 1970). Genomic DNA was prepared from these samples by lysing the pellets collected from 1.5 ml of culture
samples by bead beating (Han and Semrau, 2004) followed by three freeze–thaw cycles (Dedysh et al., 1998). Genomic DNA was then extracted
using the phenol-chloroform extraction as described by Dedysh and colleagues (2005). The final DNA samples were then collected in 50 ml of
distilled-deionized water. Total RNA was extracted from 1.5 ml of culture samples as described by Han and Semrau (2004). The final RNA samples
were then collected in 36 ml of distilled-deionized water. Real-time quantitative PCR and RT-PCR were performed in triplicate using RealMasterMix
SYBR ROX solution (5 Prime, Gaithersburg, MD) with the original primer sets targeting 16S rRNA and pmoA (Table 1). A three-step cycle with an
initial denaturation step was used for assays with both 16S rRNA and pmoA genes: initial denaturation at 94°C for 2 min and 40 cycles of
denaturation (94°C for15 s), annealing (58°C for 20 s) and extension (68°C for 30 s). The raw copy number data were adjusted for the different
final dilutions of DNA and RNA prior to real-time PCR and RT-PCR. The standard deviation reported in parentheses were calculated using
propagation of error, and are predominantly due to variability in biological replicates and not from instrument sensitivity (see Supporting information
for standard curves of pmoA and 16S rRNA).
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surable when Methylocystis strain SB2 was grown on
acetate, was not constant, i.e. the quantity of pmoA tran-
script decreased approximately eightfold as strain SB2
was grown on acetate from an OD600 of 0.11 to 0.15
(significantly different at a 99% confidence interval). Nor-
malization of pmoA expression to overall transcription
activity reduced this difference to approximately three-
fold (significantly different at a 99% confidence interval).
The pmoA transcript:pmoA gene copy number ratio was
15- to 100-fold lower in strain SB2 grown on acetate
compared with when the strain was grown on methane
(significant at a 99% confidence interval). A similar
decrease in pmoA expression of acetate versus
methane-grown organisms was found when the ratio of

Fig. 2. SDS-polyacrylamide slab gel electrophoresis of whole-cell
extracts of Methylocystis strain SB2 cultured on NMS medium with
5 mM copper and either 0.1% (w/v) acetate as sodium acetate (lane
B) or 15% (v/v in the headspace) methane (lane D). SDS-PAGE
was carried out by the Laemmli (1970) method on 12% gels. Gels
were stained for total protein with Coomassie brilliant blue R.
Polypeptides representing the expected molecular masses for the
a-, b- and g-subunits of the pMMO are marked. Lanes A and C
represent molecular mass standards (204, 123, 80, 48, 34.3, 28.8,
20.7, 7.1 kDa). For growth of Methylocystis strain SB2 on either
acetate or methane, the organism was first streaked onto NMS
agar plates and incubated in the presence of methane, or streaked
onto NMS agar plates with acetate. Inoculums were then taken to
seed 50 ml of NMS medium with the same substrate. These
cultures were then used to ultimately inoculate 500 ml of NMS
medium with the same substrate.

Fig. 3. Growth of Methylocystis strain SB2 solely on NMS medium
with 10 mM copper and either (A) methane (15% v/v in the head-
space) or (B) acetate (0.1% w/v as sodium acetate) in the presence/
absence of equimolar concentrations (40 mM) of trichloroethylene
(TCE), trans-dichloroethylene (t-DCE) and vinyl chloride (VC) and/or
acetylene (1% v/v in the headspace). Symbols in (A): � – methane
only (positive control); • – methane and 40 mM each of TCE, t-DCE
and VC. Symbols in (B): � – acetate only (positive control); • –
acetate and 40 mM each of TCE, t-DCE and VC; � – acetate and
acetylene; X – acetate, acetylene, and 40 mM each of TCE, t-DCE
and VC. Methylocystis strain SB2 was initially grown on methane
(1:1 methane-to-air ratio) to the mid-exponential phase [OD600 of
0.3–0.4 as measured using a Spectronic 20 spectrometer (Milton
Roy Company, USA)]. Before transferring for growth on either
acetate or methane, the flasks were flushed 10 times with air and
allowed to equilibrate after each flushing to eliminate any methane
dissolved in the medium. The cultures were then diluted to an OD600

of 0.06 with fresh NMS medium. Five ml aliquots were added to
serum vials specially fabricated to measure growth as OD600 over
time and respective growth substrates were added. For addition of
methane, 5 ml of headspace was replaced with > 99.99% methane
after sealing the vials for a final concentration of 15% v/v in the
headspace. For addition of acetate, sodium acetate stock solution
was pipetted for a final concentration of 0.1% w/v before sealing.
Growth was monitored by measuring absorbance at 600 nm (OD600).
Bars indicate the range of duplicate samples.
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pmoA transcript number:pmoA gene copy number was
normalized to overall rRNA transcript levels (11- to
46-fold difference, significant at a 99% confidence inter-
val). The copper-to-biomass ratio is known to regulate
pmoA expression (Murrell et al., 2000), and it is pos-
sible, from the results presented here, positive regulation
by methane may be another mechanism regulating the
expression of pmoA in Methylocystis strain SB2. Such
substrate stimulation of transcription has been observed
for the expression of hydroxylamine oxidoreductase
(HAO) genes in Methylococcus capsulatus Bath (Poret-
Peterson et al., 2008).

Growth and chlorinated ethene degradation

When grown on methane, growth of Methylocystis strain
SB2 was reduced in the presence of an equimolar
mixture of TCE, t-DCE and VC (Fig. 3A). In the absence
of chlorinated ethenes, the specific growth rate was
0.057 h-1, and decreased to 0.03 h-1 in the presence of
40 mM each of TCE, t-DCE and VC. The maximum cell
density, however, was unaffected by the addition TCE,
t-DCE and VC. After 97.5 h of growth on methane at
30°C, Methylocystis strain SB2 completely degraded
t-DCE and VC and removed c. 40% of TCE (Table 2).
This result was comparable to the previous results
obtained with another type II methanotroph, M. trichos-
porium OB3b expressing pMMO where it was found that
when 50 mM each of VC, t-DCE and TCE was added,
97%, 98% and 35% was degraded after 110 h of growth
on methane respectively (Lee et al., 2006). When
Methylocystis strain SB2 was grown on acetate with
10 mM copper, no inhibition of growth was observed
during the initial phase of growth (0–72 h). Later,
however, growth in the presence of chlorinated ethenes
did not go beyond an OD600 of ~0.08 (Fig. 3B). Although
Methylocystis strain SB2 did not grow to high densities
in the presence of these chlorinated ethenes, significant
biodegradation of these compounds was observed,
particularly t-DCE and VC. As can be seen in Table 2,

~30% of t-DCE and VC was removed during 216 h of
incubation. Removal of TCE, however, was not signifi-
cantly distinguishable from abiotic losses.

Acetylene, a selective inhibitor of pMMO, was
added to Methylocystis strain SB2 grown on acetate in the
absence and presence of chlorinated ethenes to confirm
that biodegradation was due to the presence of active
pMMO. As can be seen in Fig. 3B, when acetylene was
added to the headspace of the serum vials, the growth of
Methylocystis strain SB2 was unaffected by the presence
of the chlorinated ethenes. No degradation of chlorinated
ethenes was observed, however, for these samples
(Table 2), indicating that the degradation of t-DCE and VC
in the absence of acetylene was due to active pMMO in
Methylocystis strain SB2. Although VC and t-DCE were
degraded by Methylocystis strain SB2 when grown on
acetate in the absence of acetylene, as noted earlier, cell
growth was inhibited. Collectively, these data provide evi-
dence that the chlorinated ethenes themselves were not
toxic at this concentration, but methanotrophic activity
was inhibited by product(s) of chlorinated ethene oxida-
tion as suggested earlier by Van Hylckama Vlieg and
colleagues (1997).

In summary, this study has revealed the expression of
pmoA in a facultative methanotroph grown either on
acetate or on ethanol in the absence of methane, as well
as active pMMO when grown on acetate. This information
may be helpful in developing more effective in situ bio-
degradation strategies with methanotrophic bacteria.
Knowing that at least some methanotrophs can grow and
express active MMOs in the absence of methane, more
sophisticated bioremediation strategies such as periodic
addition of methane along with continuous addition of
acetate (or ethanol) might prove promising alternatives.
More research is needed to apply such facultative
methantotrophs at the field scale. Developing means to
assess the abundance of these organisms in situ, and
finding ways to selectively stimulate the growth of these
organisms while maintaining high levels of pMMO expres-
sion, are among the issues that need to be addressed.

Table 2. Degradation of chlorinated solvents by Methylocystis strain SB2 grown on methane or acetate in the presence or absence of acetylene.

Substrates

% Chlorinated ethene degraded
(range of duplicate samples)

Time (h)TCE t-DCE VC

CH4 + TCE, t-DCE and VC 41 (11)a 100 (0) 100 (0) 97.5
CH3COOH + TCE, t-DCE and VC 6.5 (1) 30 (3) 30 (5) 216
CH3COOH + C2H2 + TCE, t-DCE and VC 3.3 (0) 0 (0) 0 (0) 216

Abiotic lossa 5.2 (1) 0 (0) 1.8 (1) 216

a. To measure any leakage and abiotic loss from the serum vials, negative controls were prepared by adding 40 mM TCE, t-DCE and VC to serum
vials with 5 ml of sterile NMS medium.
Measurements were taken with HP5890 Series II gas chromatograph as previously described by Lee and colleagues (2006).
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Fig. S1. Standard curves of pmoA and 16S rRNA amplifica-
tion from Methylocystis strain SB2 for real-time polymerase
chain reaction and reverse transcription-polymerase chain
reaction assays.
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