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ABSTRACT Methylococcus capsulatus (Bath) is a representative gammaproteobacterial methanotroph that has been studied extensively in diverse research ﬁelds. The
sacB gene, which encodes levansucrase, causing cell death in the presence of sucrose, is widely used as a counterselectable marker for disruption of a target gene in
Gram-negative bacteria. However, sacB is not applicable to all Gram-negative bacteria, and its efﬁciency for the counterselection of M. capsulatus (Bath) is low. Here, we
report the construction of an alternative counterselectable marker, pheS*, by introduction of two point mutations (A306G and T252A) into the pheS gene from M. capsulatus (Bath), which encodes the ␣-subunit of phenylalanyl-tRNA synthetase. The
transformant harboring pheS* on an expression plasmid showed sensitivity to 10
mM p-chloro-phenylalanine, whereas the transformant harboring an empty plasmid
showed no sensitivity, indicating the availability of pheS* as a counterselectable
marker in M. capsulatus (Bath). To validate the utility of the pheS* marker in counterselection, we attempted to obtain an unmarked mutant of xoxF, a gene encoding
the major subunit of Xox methanol dehydrogenase, which we failed to obtain by
counterselection using the sacB marker. PCR, immunodetection using an anti-XoxF
antiserum, and a cell growth assay in the absence of calcium demonstrated successful disruption of the xoxF gene in M. capsulatus (Bath). The difference in counterselection efﬁciencies of the markers indicated that pheS* is more suitable than sacB for
counterselection in M. capsulatus (Bath). This study provides a new genetic tool enabling efﬁcient counterselection in M. capsulatus (Bath).
IMPORTANCE Methanotrophs have long been considered promising strains for bio-

logically reducing methane from the environment and converting it into valuable
products, because they can oxidize methane at ambient temperatures and pressures.
Although several methodologies and tools for the genetic manipulation of methanotrophs have been developed, their mutagenic efﬁciency remains lower than that
of tractable strains such as Escherichia coli. Therefore, further improvements are still
desired. The signiﬁcance of our study is that we increased the efﬁciency of counterselection in M. capsulatus (Bath) by employing pheS*, which was newly constructed
as a counterselectable marker. This will allow for the efﬁcient production of genedisrupted and gene-integrated mutants of M. capsulatus (Bath). We anticipate that
this counterselection system will be utilized widely by the methanotroph research
community, leading to improved productivity of methane-based bioproduction and
new insights into methanotrophy.
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T

he atmospheric concentration of the greenhouse gas methane is the second
highest after carbon dioxide (CO2), and methane has a global warming potential of
25 CO2 equivalents (1). To mitigate global warming, it is important to reduce the levels
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of atmospheric methane. Environmental methane has attracted attention as a chemical
feedstock because it exists as a main component of natural gas, shale gas, and biogas
(2). Despite the high stability and low reactivity of the C-H bond in methane, methanotrophs can activate it through methane monooxygenase and utilize methane as a
sole carbon and energy source. Therefore, methanotrophs have long been considered
promising strains for biologically reducing methane and converting it into valuable
products. Proteobacterial methanotrophs can be broadly divided into type I and type
II, composed of gammaproteobacteria and alphaproteobacteria, respectively. Representatives of each type, namely, Methylococcus capsulatus (Bath) and Methylosinus
trichosporium OB3b, have been studied extensively for methane-based bioproduction
such as single-cell protein, polyhydroxybutyrate, vitamin, lipid, lactic acid, isoprene,
succinic acid, and methanol production (3–6). Because the productivity of most of these
processes remains low, efforts to improve them have been undertaken. Recent advances in metabolic engineering, synthetic biology, and genome-editing technologies
have been anticipated to improve the productivity of methane-based bioproduction
(7). Although genetic tools and electroporation techniques have been developed
recently for both types of methanotrophs (8–12), the efﬁciency of genetic manipulation
is still low compared to that for tractable host strains such as Escherichia coli (5). Further
improvement of these tools and techniques is required for the efﬁcient genetic
manipulation of methanotrophs.
In counterselection for gene disruption in methanotrophs, the sacB gene is employed as the only available marker (8, 9, 12–16). Levansucrase, encoded by the sacB
gene, converts sucrose into levan, which accumulates in the periplasmic space, thereby
causing cell death in Gram-negative bacteria (17). However, sacB is not universal for all
Gram-negative bacteria, resulting in the need for an alternative counterselectable
marker (18). Mutated pheS (pheS*), rpsL, thyA, and tdk are used frequently as alternative
counterselectable markers (17, 19). The use of the counterselectable markers rpsL, thyA,
and tdk depends on the host genotype; a host strain requires resistance to streptomycin for the use of rpsL, resistance to trimethoprim for the use of thyA, and resistance to
a toxic nucleoside analog such as 5-ﬂuoro-2=-deoxyuridine for the use of tdk. In
contrast, pheS* is a host genotype-independent counterselectable marker that requires
no resistance in a host strain.
The pheS gene encodes the highly conserved ␣-subunit of phenylalanyl-tRNA
synthetase. A counterselection system using pheS* was ﬁrst developed in E. coli (20). As
PheS from E. coli with an A294G substitution shows low substrate speciﬁcity, PheS*
incorporates p-chloro-phenylalanine (p-Cl-Phe) into proteins during translation, thereby
causing cell death. Furthermore, Miyazaki recently reported that substitution of T251 in
PheS from E. coli with alanine or serine increased the efﬁciency of counterselection (21).
Although individual pheS* genes have been constructed and used for counterselection
in various bacteria (18, 22–25), counterselection using pheS* has not been carried out
in methanotrophs.
In this study, we aimed to develop an efﬁcient gene disruption method for M.
capsulatus (Bath) using pheS* as a counterselectable marker. Then, we validated the
efﬁciency of this novel method with the conventional sacB method by constructing
disruptant strains targeting the xoxF gene (Table 1), a structural gene encoding one of
the two isozymes of methanol dehydrogenase (MDH).
RESULTS
Low efﬁciency of counterselection using sacB in M. capsulatus (Bath). In this
study, the xoxF gene, which encodes the structural protein MDH, was selected as a
model gene to verify the efﬁciency of the gene disruption methods. Like other
methanotrophs, M. capsulatus (Bath) possesses 2 different MDHs, namely, Mxa MDH
and Xox MDH (26). Thus, inactivation of a single MDH is not lethal to methanotrophs.
Moreover, the phenotype of an MDH mutant can be predicted because the MDHs are
dependent on different metal elements for enzymatic activity (15, 27–30); Mxa MDH
requires calcium, whereas Xox MDH requires a rare earth element. Because calcium ion
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TABLE 1 Bacterial strains and plasmids used in this study
Strain or plasmid
Methylococcus capsulatus (Bath)
Wild type
SC-SacB
SC-PheS*
ΔxoxF
Bath (empty)
Bath (pPheS*)

Plasmids
pJQ200sk
pUC57-pheS*
pJQY3
pJQYS1
pJQYS2
pJN105
pPheS*
aGmr,

Reference or source

Wild-type strain
Single-crossover mutant constructed by integration of pJQYS1 in ﬂanking
region of xoxF of M. capsulatus (Bath)
Single-crossover mutant constructed by integration of pJQYS2 in ﬂanking
region of xoxF of M. capsulatus (Bath)
Unmarked mutant of xoxF (MCA0299)
Transformant of M. capsulatus (Bath) harboring pJN105 (vector control)
Transformant of M. capsulatus (Bath) harboring pPheS*

26
This study
This study
This study
This study
This study

Host for routine cloning
Donor strain for conjugation

Agilent
46

Suicide plasmid; Gmr, SacB
pUC57 harboring pheS*
Suicide plasmid produced by substitution of sacB in pJQ200sk with pheS*
DNA fragment containing upstream and downstream regions of xoxF
ligated into BamHI site of pJQ200sk
DNA fragment containing upstream and downstream regions of xoxF
ligated into BamHI site of pJQY3
Broad-host-range plasmid; Gmr, araC-PBAD promoter
pJN105 carrying pheS* derived from M. capsulatus (Bath) under control of
araC-PBAD promoter

45
This study
This study
This study
This study
44
This study

gentamicin resistance.

is found in the crystal structure of Mxa MDH from M. capsulatus (Bath) (31), its ΔxoxF
mutant was assumed to show a calcium-dependent phenotype.
First, we attempted to construct a mutant of xoxF with a typical plasmid-based
method, using the sacB gene as a counterselectable marker (Fig. 1). To prepare the
suicide plasmid pJQYS1, the upstream and downstream regions of the xoxF gene were
cloned into pJQ200sk, which is the same plasmid as used previously for counterselection in M. capsulatus (Bath) (13). Plasmid integration into the target site was conﬁrmed
by PCR using the Scr-F and Scr-R primers in a single-crossover mutant (SC-SacB) grown
on a gentamicin plate (Fig. 2A). The Scr-F and Scr-R primers anneal to the outside and
the inside, respectively, of the ﬂanking regions of the xoxF gene used as homologous
sites for recombination (Table 2). Although 1,897-bp and 10,655-bp DNA bands were
expected to appear, the shorter fragment was ampliﬁed predominantly. The SC-SacB
mutant was then plated on a sucrose plate for counterselection. From the resultant
colonies on the sucrose plate, we attempted to select double-crossover mutants by PCR
using the primers Scr-F and Scr-R2, but we were unable to obtain an expected mutant.
To conﬁrm the emergence of double-crossover mutants, colonies grown on the sucrose
plate were transferred to a gentamicin plate. All of the tested colonies showed
resistance to gentamicin, indicating that no double-crossover mutants were generated
(Table 3). This low efﬁciency of counterselection suggested that selection pressure from
sucrose was not lethal to the SC-SacB mutant. To conﬁrm selection pressure from
sucrose in the SC-SacB mutant, serial dilutions of the cell suspension were spotted on
a sucrose plate (Fig. 2B). There was no clear difference in cell growth between wild-type
and SC-SacB mutant colonies. When the SC-SacB mutant was cultivated on a sucrose
plate, we observed a difference in appearance between wild-type and SC-SacB mutant
colonies; SC-SacB colonies appeared to be lysed (Fig. 2C). Because the sucrose concentration was assumed not to be sufﬁciently high enough to cause cell death of the
SC-SacB mutant, the concentration was increased to 10% (wt/vol). However, this high
sucrose concentration inhibited the growth of wild-type colonies (data not shown).
These results implied that SacB was unlikely to function effectively as a counterselectable marker in the SC-SacB mutant.
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Single crossover mutant (GmR, SucS or GmR, p-Cl-PheS)
xoxF
CSM ARM
(sacB or pheS*) (GmR)

Double crossover mutant (GmS, SucR or GmS, p-Cl-PheR)
xoxF
Unmarked mutant
(∆xoxF)

WT

FIG 1 Schematic representation of plasmid-based counterselection. The suicide plasmids, antibiotic
resistance marker (ARM), and counterselectable marker (CRM) used in this study are indicated in
parentheses. Gmr, gentamicin resistance gene. Half arrows indicate primers (P1, Scr-F; P2, Scr-R; P3,
Scr-F2). The nucleotide sequences of these primers are shown in Table 2. Suc, sucrose; WT, wild type.

Construction of a pheS* marker for counterselection in M. capsulatus (Bath).
Instead of the sacB marker, we attempted to employ a pheS* marker, which has been
established as a counterselectable marker in various bacteria (18, 22–25), for counterselection in M. capsulatus (Bath). The amino acid sequence of PheS from M. capsulatus
(Bath) was aligned with those from E. coli and other representative methanotrophs (Fig.
3). PheS from M. capsulatus (Bath) possesses conserved alanine (A306) and tyrosine
(T252) residues, corresponding to A294 and T251, respectively, in PheS from E. coli. To
construct PheS* available for counterselection in M. capsulatus (Bath), we added two
point mutations (A306G and T252A) to PheS from M. capsulatus (Bath). In the case of
counterselection using pheS*, there is concern regarding homologous recombination
between the pheS* cassette and the chromosomal copy of pheS, which reduces the
efﬁciency of counterselection. Xie et al. reported that silent mutations downstream of
the pheS* point mutation site could prevent such homologous recombination (23).
Based on that report, we introduced silent mutations into pheS* from M. capsulatus
(Bath) when constructing it by artiﬁcial gene synthesis (see Fig. S1 in the supplemental
material).
To determine whether the constructed pheS* caused cell death of M. capsulatus
(Bath) in the presence of p-Cl-Phe, we examined the p-Cl-Phe sensitivity of the transformant, Bath (pPheS*), harboring the pheS* gene under the control of the arabinoseinducible promoter on the expression plasmid. Bath (pPheS*) and Bath (empty), a
vector control, were spotted onto nitrate mineral salt (NMS) plates containing different
concentrations of p-Cl-Phe (Fig. 4). In the presence of arabinose (0.5% [wt/vol]), Bath
(pPheS*) did not show impaired growth on the 5 mM p-Cl-Phe plate but growth
inhibition of Bath (pPheS*) was observed on NMS plates containing ⬎10 mM p-Cl-Phe,
implying that pheS* functions as a counterselectable marker in M. capsulatus (Bath). The
cell growth of Bath (pPheS*) was highly repressed on the 15 mM p-Cl-Phe plate, but
Bath (empty) also showed growth inhibition. In the absence of arabinose, Bath (pPheS*)
December 2018 Volume 84 Issue 23 e01875-18
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1,500
1,000

B

Cell concentration
WT

SC-SacB
5% sucrose
FIG 2 Counterselection using sacB in Methylococcus capsulatus (Bath). (A) PCR conﬁrmation of plasmid
integration. PCR was performed using the primers Scr-F and Scr-R. The nucleotide sequences of these
primers are shown in Table 2. From the genome sequence information for M. capsulatus (Bath), the
lengths of PCR amplicons from the wild type (WT) and SC-SacB are expected to be 3,633 bp and 1,897
bp plus 10,655 bp, respectively. The PCR amplicon from SC-SacB indicates plasmid integration into the
ﬂanking chromosomal region of xoxF. (B) Sucrose sensitivity of a plasmid-integrated mutant of M.
capsulatus. Cell suspensions of the wild type and the plasmid-integrated mutant (SC-SacB) were serially
diluted 1:10. Each serial dilution was spotted onto an NMS agar plate containing 5% sucrose. (C) Different
appearances of wild-type and SC-SacB colonies on an NMS agar plate containing 5% sucrose.

showed resistance to p-Cl-Phe due to the lack of pheS* expression (Fig. S2). These
results suggest that the pheS* system can work as a counterselectable marker in M.
capsulatus (Bath) and 10 mM p-Cl-Phe should be used for counterselection.
Validation of the utility of the constructed pheS* as a counterselectable marker
in M. capsulatus (Bath). To validate the utility of the constructed pheS* gene, we
attempted to construct an xoxF mutant, which we were unable to generate by
counterselection using sacB. To prepare the suicide plasmid pJQYS2, the sacB gene on
the pJQ200sk plasmid was substituted with the constructed pheS* gene, and then the
ﬂanking region of the xoxF gene was cloned into it. On this new suicide plasmid, the
J23119 promoter was employed to drive constitutive expression of the pheS* gene.

TABLE 2 Primers used in this study
Primer name
xoxF-upstF
xoxF-upstR
xoxF-dwstF
xoxF-dwstR
PheS-F
PheS-R
iPCR-pJQR
iPCR-pJQF
pPheS-F
pPheS-R
Scr-F
Scr-R
Scr-R2

Sequence (5= to 3=)
CGAATTCCTGCAGCCCGGGGGATCCAGTTCCATGCTTTCCTCG
CCAGACCTTCAACTTGCGATGAGCCAGC
ATCGCAAGTTGAAGGTCTGGGTGCGGTG
CGGCCGCTCTAGAACTAGTGGATCCGGCTTGTTGTGATAGACCAG
CTAGCTAGAGGATCGATCCTCTGCAGTTGACAGCTAGC
TTGCGTTTTTACAGCTGTCGTCAGAAGGGTTTGAACTG
AGGATCGATCCTCTAGCTAGA
CGACAGCTGTAAAAACGCAAAAGAAAATGCCGA
ACCCGTTTTTTTGGGCTAGCCTGCAGTTGACAGCTAGC
GTGGATCCCCCGGGCTGCAGTCAGAAGGGTTTGAACTG
GTTGCAAGACCGTTGAGATAGCGTTCCTCG
AGCCGTCGAACATGGCGATC
CAGCGGGACGTGATATTTCCTCAGCAGAGC
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TABLE 3 Comparison of the mutagenic efﬁciency of different counterselectable markers
No. of mutantsb
Marker
sacB
pheS*
aGm,
bSixty

Selectiona
Gm, Suc
Gm, Cl-Phe

Double-crossover mutant
0 (Gms, Sucr)
19 (Gms, Cl-Pher)

Unexpected mutant
60 (Gmr, Sucr)
41 (Gmr, Cl-Pher)

Efﬁciency (%)
0
31.7

gentamicin; Suc, sucrose; Cl-Phe, p-chloro-phenylalanine.
colonies were randomly selected to test for resistance (r) or sensitivity (s) to each chemical.
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Plasmid integration into the target site was conﬁrmed by PCR using Scr-F and Scr-R in
the single-crossover mutant (SC-PheS*) grown on a gentamicin plate (Fig. 5A). Although
1,897-bp and 9,872-bp DNA bands were expected to appear, the shorter fragment was
ampliﬁed predominantly, as when the SC-SacB mutant was examined for plasmid
integration. As expected, SC-PheS* showed growth inhibition in the presence of 10 mM
p-Cl-Phe (Fig. 5B). To select double-crossover mutants, a cell suspension of SC-PheS was
spread on an NMS plate containing 10 mM p-Cl-Phe. Colonies grown on the p-Cl-Pheplate were transferred to a gentamicin plate in order to examine whether doublecrossover mutants were obtained. Although no gentamicin-sensitive colonies were
obtained by counterselection using sacB, 19 of the 60 tested colonies showed sensitivity to gentamicin, indicating the emergence of double-crossover mutants (Table 3).
Alteration of the marker drastically increased the efﬁciency of counterselection. Some
of the gentamicin-sensitive mutants possibly reverted to the wild-type genotype (Fig.
1). Unmarked ΔxoxF mutants were selected from the gentamicin-sensitive colonies by
PCR using the primers Scr-F and Scr-R2, which anneal to the outside of the ﬂanking
regions of the xoxF gene used as homologous sites. The length of the PCR amplicon
from ΔxoxF mutant colonies was shorter than that from wild-type colonies (Fig. 5C).
Furthermore, immunodetection using anti-XoxF and anti-MxaF antisera demonstrated
the lack of xoxF expression and the presence of mxaF expression in the ΔxoxF mutant
(Fig. 5D). These results indicate successful excision of the xoxF gene together with the
region derived from the integrated plasmid.
We conﬁrmed the physiological modiﬁcation of the ΔxoxF mutant by growth
experiments. Mxa MDH and Xox MDH require calcium and a rare earth element (such
as cerium), respectively, for enzymatic activity (15, 27–30). When Xox MDH is inactive,
M. capsulatus (Bath) depends on Mxa MDH for methanol oxidation. Thus, the ΔxoxF
mutant was assumed not to grow in the absence of calcium. After the wild type and the
ΔxoxF mutant of M. capsulatus (Bath) were cultivated in the presence of calcium, the
cells were transferred to NMS medium containing either 0 M calcium and 20 M
cerium or 20 M calcium and 20 M cerium. As expected, the ΔxoxF mutant barely
grew in the absence of calcium, whereas wild-type M. capsulatus (Bath) grew regardless
of the presence or absence of calcium (Fig. 6). This calcium-dependent cell growth
indicates the successful disruption of xoxF in M. capsulatus (Bath).
DISCUSSION
In this study, we constructed a counterselectable pheS* marker by introducing two
point mutations (A306G and T252A) into the pheS gene from M. capsulatus (Bath).
Unlike other counterselectable markers, the pheS* marker has a risk of homologous

Escherichia coli
Methylococcus capsulatus (Bath)
Methylomonas sp. LW13
Methylobacter tundripaludum 21/22
Methylomicrobium buryatense 5G
Methylosinus trichosporium OB3b
Methylocystis sp. SC2
Methylocella silvestris BL2

247
248
248
248
248
255
254
255

Y FP F TE P S A E V DV MGK NGK - - - - - - - - - - - WL E V L GCGMV HP NV L RNV G I DP E V Y S G FA FGMGME R
Y FP F TE P S A E V D I E CV I CDGRGCRV CK HS GWL E V MGCGM I HP RV FE A V G I DP E RY S G FA FG L GV E R
Y FP F TE P S A E FDV S CV MCDGK GCRV CK Q TGWL E V GGCGM I HP E V FK S V G I DNQV Y S G FA FG TGV E R
Y FP F TE P S A E V D I E CV MCGGQGCRV CS H TGWL E V MGCGM I HP E V FK A V N I DS E TY S G FA FGMGV E R
Y FP F TE P S A E V D I E CV MCE GK GCRV CGH TGWL E V MGCGM I HP E V FK S V G I S NE MY S G FA FGMGV E R
F FP F TE P S A E V DV QCRRQGGD - I R FGE GE DWME I L GCGMV HP NV L RNCG L DP DK Y QG FA FG L G I DR
F FP F TE P S ME V DV QCRRQGGE - I R FGE GE DWME I L GCGMV HP NV L RNCG I DP DRY QG FA FGV GV DR
Y FP F TE P S ME V DV QCS RK DGE - I R FGE GS DWL E I L GCGMV HP NV L RNCG L DP E I FQG FA WG I G I DR

301
313
313
313
313
319
318
319

FIG 3 Sequence alignment of PheS orthologs derived from Escherichia coli and representative methanotrophs. Red boxes indicate the conserved residues,
corresponding to tyrosine at position 251 and alanine at position 294 in E. coli. The T251A and A294G substitutions are known to reduce the substrate speciﬁcity
of PheS and allow incorporation of p-Cl-Phe into proteins during translation, thereby causing cell death.
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Bath (pPheS*)
FIG 4 p-Cl-Phe sensitivity of Methylococcus capsulatus (Bath) transformants. Cell cultures of transformants
harboring the empty vector, i.e., Bath (empty), and harboring pPheS*, i.e., Bath (pPheS*), were serially
diluted 1:10. Each serial dilution was spotted onto agar plates containing p-Cl-Phe at different concentrations and 0.5% (wt/vol) arabinose.

recombination with the chromosomal copy of pheS, which reduces the efﬁciency of
counterselection. To avoid this, we added silent mutations downstream of the pheS*
point mutation site, following the report by Xie et al. (23) (see Fig. S1 in the supplemental material). As a result, the constructed pheS* marker enabled more efﬁcient
counterselection than did the conventional sacB marker. In addition, we clariﬁed the
inefﬁciency of counterselection using sacB in M. capsulatus (Bath). Although the sacB
gene is the most commonly used counterselectable marker for Gram-negative bacteria,
only a few reports have described application of the sacB method to produce disruptants of M. capsulatus (Bath) (13, 14). This is probably due to the inefﬁciency of the
sacB system in M. capsulatus (Bath), as observed in this study. From the difference in
appearance between wild-type and SC-SacB mutant colonies (Fig. 2C), we assumed that
SacB functioned in the SC-SacB mutant, resulting in the accumulation of levan in the
periplasm, but the level of levan accumulation was not sufﬁcient to cause cell death for
efﬁcient counterselection. This implies that counterselection using sacB in M. capsulatus
(Bath) would require screening of many sucrose-resistant colonies in order to obtain a
double-crossover mutant. In contrast, counterselection using pheS* in M. capsulatus
(Bath) enables a double-crossover mutant to be obtained from fewer p-Cl-Phe-resistant
colonies. The results of this study demonstrate that pheS* is more suitable than sacB as
a counterselectable marker in M. capsulatus (Bath). M. capsulatus (Bath) has been
studied extensively not only in methane-based bioproduction (4–6) but also in a broad
range of ﬁelds, including copper-dependent physiological processes (32–37), outer
membrane proteins associated with extracellular electron transfer (32, 37, 38), and
probiotics for treatment of mammalian diseases (39, 40). The establishment of an
efﬁcient counterselection system using pheS* will facilitate such studies.
The pheS* method described here can be applicable to other methanotrophs, in
addition to M. capsulatus (Bath). The alignment shown in Fig. 3 displays the conservation of 2 important residues for the construction of a counterselectable marker in other
methanotrophs. Pairwise sequence alignment using the EMBOSS Needle program
revealed that PheS from M. capsulatus (Bath) shares a high level of sequence similarity
with orthologs from other methanotrophs, especially representative type I methanotrophs whose genetic manipulation has been reported (Table 4) (5). PheS* can be
used as a counterselectable marker even in nonnative host strains when PheS* shares
a high level of sequence similarity with a host-derived PheS. For instance, Argov et al.
employed the PheS* marker derived from Bacillus subtilis for counterselection in Listeria
monocytogenes (22); pairwise sequence alignment showed 83.1% similarity (69.4%
identity) between PheS from B. subtilis and that from L. monocytogenes. Due to the high
levels of sequence similarity/identity, the pheS* gene constructed in this study might be
available for a wide range of type I methanotrophs, including Methylomicrobium
December 2018 Volume 84 Issue 23 e01875-18
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FIG 5 Counterselection using pheS* in Methylococcus capsulatus (Bath). (A) PCR conﬁrmation of plasmid
integration. PCR was performed using the primers Scr-F and Scr-R. The nucleotide sequences of these
primers are shown in Table 2. From the genome sequence information for M. capsulatus (Bath), the
lengths of PCR amplicons from the wild type (WT) and SC-PheS* are expected to be 3,633 bp and 1,897
bp plus 9,872 bp, respectively. The PCR amplicon from SC-PheS* indicates plasmid integration into the
ﬂanking chromosomal region of xoxF. (B) p-Cl-Phe sensitivity of SC-PheS*. Cell suspensions of the wild
type and SC-PheS* were serially diluted 1:10. Each serial dilution was spotted onto an NMS agar plate
containing 10 mM p-Cl-Phe. (C) PCR conﬁrmation of xoxF disruption. PCR was performed using the
primers Scr-F and Scr-R2. The nucleotide sequences of these primers are shown in Table 2. From the
genome sequence information for M. capsulatus (Bath), the lengths of PCR amplicons from the wild type
and the ΔxoxF mutant are expected to be 3,989 bp and 2,253 bp, respectively. (D) Immunodetection of
XoxF and MxaF using speciﬁc antisera.

buryatense 5GB1C, Methylomonas sp. strain LW13, and Methylobacter tundripaludum
21/22.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The bacterial strains used in this study are
listed in Table 1. M. capsulatus (Bath) and its derivative mutants were grown for 3 to 4 days at 42°C on
NMS medium (41) supplemented with 1 M CuSO4 and 20% (vol/vol) methane, with shaking. For the
calcium dependency test, M. capsulatus (Bath) and its derivative mutants were cultured in a calcium-free
inorganic medium composed of 5 mM NaNO3, 2 mM KH2PO4, 1 mM MgCl2, 0.1 mM Na2SO4, 20 mM
HEPES, 10 M CuCl2, and 10 ml/liter each of a trace element solution (CaCl2 was omitted) and a vitamin
solution (42). Methane (20% [vol/vol]) and CaCl2 and/or CeCl2 (ﬁnal concentration of 20 M each) were
supplemented after autoclaving. E. coli strains were grown at 37°C in Luria-Bertani medium, with shaking.
Gentamicin (10 g/ml) and 600 M 2,6-diaminopimelic acid (DAP) were added to the medium when
required. Arabinose was added to a ﬁnal concentration of 0.5% (wt/vol) for gene expression under the
control of the PBAD promoter. Transformation of M. capsulatus (Bath) with a broad-host-range plasmid,
such as pJN105 or pPheS*, was performed following the method described by Ishikawa et al. (43).
Sequence analysis. Multiple sequence alignments were made using ClustalW (http://www.clustal
.org/clustal2) and Jalview (http://www.jalview.org). Pairwise sequence alignment was performed using
the EMBOSS Needle program (http://www.ebi.ac.uk/Tools/psa/emboss_needle) to calculate identity and
similarity values.
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FIG 6 Growth of the wild type (WT) and the ΔxoxF mutant in NMS medium containing either 0 M calcium and
20 M cerium or 20 M calcium and 20 M cerium. Closed squares represent cell growth in NMS medium
containing 20 M calcium and 20 M cerium; open squares represent cell growth in NMS medium containing 0
M calcium and 20 M cerium. The experiments were conducted in triplicate. Error bars indicate standard
deviations (n ⫽ 3). OD600, optical density at 600 nm.

Plasmid construction. The primers used in this study are listed in Table 2. The pheS* gene cassette,
including a J23119 promoter, ribosome binding site (RBS), and mutated pheS (pheS*) gene, was artiﬁcially
synthesized and cloned into pUC57, generating pUC57-pheS* (Genewiz, Saitama, Japan); the RBS
originated from the wild-type pheS of M. capsulatus (Bath). For the construction of a pheS* expression
plasmid, a pheS* gene cassette without the J23119 promoter was ampliﬁed from pUC57-pheS* by PCR
using the primer set pPheS-F/pPheS-R and was cloned into the EcoRI site of pJN105 (44) with the
NEBuilder HiFi DNA assembly system (New England BioLabs), generating pPheS*. For the construction of
a suicide plasmid carrying pheS* as a counterselectable marker, a pheS* gene fragment ampliﬁed from
pUC57-pheS* by PCR using the primer set PheS-F/PheS-R and a plasmid backbone ampliﬁed from
pJQ200sk (45) by inverse PCR using the primer set iPCR-pJQF/iPCR-pJQR were ligated by the NEBuilder
HiFi DNA assembly system, generating pJQY3.
Construction of a deletion mutant of xoxF in M. capsulatus (Bath). To obtain a deletion mutant
of the xoxF gene in M. capsulatus (Bath), DNA fragments including the 1-kb upstream and 1-kb
downstream regions of xoxF were cloned into the BamHI sites of pJQ200sk and pJQY3, generating
pJQYS1 and pJQYS2, respectively; the primer sets xoxF-upstF/xoxF-upstR and xoxF-dwstF/xoxF-dwstR
and the NEBuilder HiFi DNA assembly system were used. M. capsulatus (Bath) was mated for 24 h at 37°C
with E. coli WM6026 (46) harboring pJQYS1 or pJQYS2, on an NMS agar plate containing 600 M DAP and
supplied with methane vapor. The cells were collected in 500 l NMS medium, plated on an NMS agar
plate containing gentamicin (10 g/ml), supplied with methane vapor, and incubated at 37°C until
colonies were generated. Chromosomal integration of the plasmid in the resulting colonies was
conﬁrmed by PCR using the primer set Scr-F/Scr-R; thus, the single-crossover mutants SC-SacB and
SC-PheS were obtained. These single-crossover mutants were plated on an NMS agar plate containing
5% sucrose or 10 mM p-Cl-Phe and were incubated at 37°C, supplied with methane vapor. The resultant
colonies, which were resistant to sucrose or p-Cl-Phe, were transferred, using toothpicks, to a gentamicinNMS agar plate to select double-crossover mutants that showed sensitivity to gentamicin.

TABLE 4 Similarity and identity of PheS in representative methanotrophs
Methanotroph
Methylobacter tundripaludum 21/22
Methylomicrobium buryatense 5G
Methylomonas sp. LW13
Methylocella silvestris BL2
Methylocystis sp. SC2
Methylosinus trichosporium OB3b
aSimilarity

Type
I
I
I
II
II
II

Similarity (%)a
83.7
84.8
82.4
60.9
61.6
65.0

Identity (%)a
73.9
72.1
69.5
47
47.4
50.1

GenBank
accession no.
WP_031437875.1
WP_017840103.1
WP_033158015.1
ACK50391.1
CCJ08353.1
ATQ70420.1

and identity with PheS of Methylococcus capsulatus (Bath) were calculated with the Needle

program.
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Immunodetection. Anti-XoxF and anti-MxaF antisera were generated against synthesized peptides
corresponding to residues 398 to 411 of XoxF and residues 25 to 38 of MxaF, respectively. Whole-cell
lysates of M. capsulatus (Bath) and its ΔxoxF mutant were separated on a 10% (wt/vol) acrylamide gel and
transferred to a polyvinylidene ﬂuoride membrane following general protocols. The blotted membrane
was blocked for 1 h at room temperature with a 5% (wt/vol) skim milk solution and then was treated for
1 h at room temperature with the anti-XoxF or anti-MxaF antiserum at a 1:2,000 dilution in phosphatebuffered saline (PBS) containing 0.05% (vol/vol) Tween 20 (Calbiochem) (PBS-T). XoxF and MxaF on the
membrane were detected with a horseradish peroxidase-conjugated anti-rabbit IgG antibody (GE
Healthcare), at a 1:10,000 dilution in PBS-T, and were visualized using Chemi-Lumi One Super (Nacalai
Tesque).
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