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ABSTRACT Multiple species of bacteria oxidize methane in the environment after it
is produced by anaerobic ecosystems. These organisms provide reduced carbon sub-
strates for species that cannot oxidize methane themselves, thereby serving a key
role in these niches while also sequestering this potent greenhouse gas before it en-
ters the atmosphere. Deciphering the molecular details of how methane-oxidizing
bacteria interact in the environment enables us to understand an important aspect
that shapes the structures and functions of these communities. Here we show that
many members of the Methylomonas genus possess a LuxR-type acyl-homoserine
lactone (acyl-HSL) receptor/transcription factor that is highly homologous to MbaR
from the quorum-sensing (QS) system of Methylobacter tundripaludum, another methane
oxidizer that has been isolated from the same environment. We reconstitute this detec-
tion system in Escherichia coli and use mutant and transcriptomic analysis to show
that the receptor/transcription factor from Methylomonas sp. strain LW13 is active
and alters LW13 gene expression in response to the acyl-HSL produced by M. tundri-
paludum. These findings provide a molecular mechanism for how two species of
bacteria that may compete for resources in the environment can interact in a spe-
cific manner through a chemical signal.

IMPORTANCE Methanotrophs are bacteria that sequester methane, a significant green-
house gas, and thereby perform an important ecosystem function. Understanding the
mechanisms by which these organisms interact in the environment may ultimately al-
low us to manipulate and to optimize this activity. Here we show that members of a
genus of methane-oxidizing bacteria can be influenced by a chemical signal pro-
duced by a possibly competing species. This provides insight into how gene expres-
sion can be controlled in these bacterial communities via an exogenous chemical
signal.

KEYWORDS acyl-homoserine lactone, LuxR solo, methane, methanotroph, orphan
LuxR, quorum sensing, sociomicrobiology

Methane-oxidizing bacterial communities sequester this potent greenhouse gas
after it is produced by anaerobic ecosystems (1, 2). The aerobic methanotrophs

involved in this process have been extensively studied in the sediment communities in
Lake Washington (Seattle, WA, USA) (3–6). Evidence shows that several methane-
oxidizing bacterial species are present in these environments and compete under
different compositions of oxygen and methane gas (5–8). These species also provide a
carbon and energy source for organisms that cannot oxidize methane themselves
(9–11), thereby serving a foundational role in these ecosystems.

We previously identified and characterized a quorum-sensing (QS) system in Methy-
lobacter tundripaludum (12), a dominant member of enrichments of these methane-
oxidizing sediment communities (5, 13). QS is a chemical signaling mechanism that
enables bacteria to control gene expression in a cell-density-dependent manner (re-
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viewed in references 14 and 15). One well-studied form of QS uses as chemical signals
acyl-homoserine lactones (acyl-HSLs), which are produced by LuxI-type acyl-HSL syn-
thases and are detected by LuxR-type receptors that also serve as transcription factors
to regulate gene expression. In M. tundripaludum, the acyl-HSL synthase MbaI produces
N-3-hydroxydecanoyl-L-homoserine lactone (3-OH-C10-HSL), which is detected by the
transcription factor/receptor MbaR (12). MbaR in turn activates a biosynthetic gene
cluster that produces the specialized metabolite tundrenone (16).

Although QS was first described as an intraspecies communication system, there is
precedence for its use in interspecies signaling as well. Genes encoding LuxR-type
receptors in many bacterial genomes are found with no cognate signal synthase and
are known as orphans or solos (17, 18). These receptors can be found in species that do
not produce any acyl-HSL signals, such as SdiA in Escherichia coli and Salmonella
enterica, which regulates adhesion and resistance to the innate immune system in S.
enterica in response to exogenous acyl-HSLs (19). Orphan receptors can also be found
in bacteria that possess luxI/luxR-type pairs in their genomes, such as QscR in Pseu-
domonas aeruginosa, which controls acyl-HSL and virulence factor production in re-
sponse to both endogenously and exogenously produced signals (20, 21). Bioinformatic
surveys (22–24) show that orphan LuxR-type receptors are widespread in bacterial
genomes, which suggests that they could play a prominent role in interspecies chem-
ical signaling. To date, however, relatively few of these systems have been character-
ized experimentally.

In this work, we identify an orphan QS receptor in the genome of many members
of the methane-oxidizing genus Methylomonas, including strains isolated from the
same environment as the QS-active M. tundripaludum. We show that the orphan
receptor/transcription factor from Methylomonas species strain LW13 (13) is active in
response to multiple acyl-HSL signals and controls transcription of a neighboring gene
cluster that is partially conserved in all orphan-containing members of the Methylomo-
nas genus. Finally, we demonstrate that this gene cluster is also transcribed during
coculture with M. tundripaludum but this eavesdropping is not a dominant influence on
the dynamics of competition between these two organisms when they are grown
planktonically under methane gas in the laboratory. These results identify a molecular
mechanism for interspecies chemical communication between two members of a
methane-oxidizing bacterial community, an important ecological system.

RESULTS
Identification of an orphan QS receptor in LW13. We recently characterized a QS

system used by the methane-oxidizing bacterium M. tundripaludum 21/22, a strain
isolated from sediment from Lake Washington (Seattle, WA, USA). Many other bacterial
isolates from the same environment have sequenced genomes (13, 25), and we
hypothesized that other organisms that may compete for the same niche might be able
to detect the QS signal produced by M. tundripaludum. We performed a BLAST search
with the amino acid sequence of the M. tundripaludum LuxR-type receptor/transcrip-
tion factor MbaR. Methylomonas species strain LW13 possesses an ortholog with 67%
amino acid identity to MbaR, which we have named MmsR (Fig. 1A). The amino acid
sequence of MmsR retains all of the residues conserved among LuxR-type transcription
factors/receptors that bind acyl-HSLs (Fig. 1B) (26, 27).

We were unable to locate a cognate luxI-type acyl-HSL synthase gene in the LW13
genome, implicating MmsR as an orphan (or solo) LuxR-type receptor/transcription
factor. However, the LW13 draft genome is made up of 42 scaffolds (13), suggesting
that it may be missing several open reading frames (ORFs). We used nanopore long
read sequencing to close the genome, resulting in one 5,233,521-bp circular chromo-
some (see Fig. S1 in the supplemental material). This revised genome sequence
confirmed that the LW13 genome does not contain an acyl-HSL synthase gene, and it
also provided genomic context for the region around mmsR, which was originally near
the end of one of the scaffolds.
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When we analyzed published genomes, we discovered that many other Methylo-
monas strains also possess MmsR, including the type strain Methylomonas methanica
S1/NCIMB 11130 (28), the well-studied organism Methylomonas denitrificans FJG1 (29),
and another isolate from Lake Washington sediment, Methylomonas sp. strain MK1 (13)
(Fig. 1; also see Fig. S2). Therefore, we sought to determine the function of MmsR.

MmsR responds to acyl-HSL signals via a neighboring binding site in the
genome. In each Methylomonas genome that contains mmsR, it is neighbored by a
cluster of genes downstream of a predicted LuxR-type transcription factor binding site
(“lux box”) (30, 31) (Fig. 1A and Fig. 2A). We hypothesized that the orphan receptor
activates gene expression via this site upon acyl-HSL signal binding. To test this
hypothesis experimentally, we constructed a two-plasmid E. coli reporter strain (P12745-
gfp) in which one plasmid expresses mmsR via its native promoter and the other
contains the putative MmsR binding site upstream of gene U737_12745 fused to a
green fluorescent protein (GFP) gene (gfp), as has been done for other QS systems
(12, 32).

When we grew this reporter strain in the presence of an ethyl acetate extract of
supernatant from wild-type M. tundripaludum, an approximately 5-fold increase in
normalized green fluorescence was observed (Fig. 2B). Commercially available 3-OH-
C10-HSL, the QS signal produced by M. tundripaludum, also activated the reporter strain.
To confirm that the acyl-HSL is the only factor produced by M. tundripaludum that
activates the reporter strain, we also tested supernatant extract from an M. tundripalu-
dum ΔmbaI strain that does not produce 3-OH-C10-HSL (12), which resulted in no
increase in normalized green fluorescence (Fig. S3).
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FIG 1 Orphan LuxR-type receptor/transcription factor in members of the Methylomonas genus. (A)
LW13 genomic region containing the orphan receptor gene mmsR and the predicted MmsR binding
site (green arrow) (also see Fig. 2A) upstream of a neighboring gene cluster. Locus tags listed below
ORFs are preceded by U737_12 and correspond to the LW13 genome described in this work. (B) Amino
acid sequence comparison of the LuxR-type receptor MbaR from M. tundripaludum 21/22 (IMG locus
tag T451DRAFT_0820) and homologs from Methylomonas strains, including Methylomonas sp. strain LW13
(U737_12750), Methylomonas denitrificans FJG1 (IMG locus tag Ga0213656_112931), Methylomonas
methanica S1/NCIMB 11130 (IMG locus tag Ga0133021_101333), and Methylomonas sp. strain MK1 (IMG
locus tag G006DRAFT_0604). Black boxes indicate amino acids conserved in LuxR-type transcription
factors/receptors that bind acyl-HSLs (26, 27).
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We also did not see an increase in fluorescence when supernatant extract from
LW13 itself was tested (Fig. 2B), confirming that LW13 does not produce an acyl-HSL.
We then constructed another version of the strain (P12745mut-gfp), containing a muta-
tion of CT to TA in the predicted MmsR binding site (Fig. 2A). This mutation resulted in
a loss of responses to both M. tundripaludum supernatant extract and 3-OH-C10-HSL
(Fig. 2B). These results demonstrate that the orphan MmsR from LW13 is functional and
this transcription factor can directly activate a gene downstream of an MmsR binding
site in response to the acyl-HSL signal 3-OH-C10-HSL.

MmsR has broader acyl-HSL specificity than MbaR in E. coli reporter assays. We
tested the difference in acyl-HSL signal specificity of the orphan MmsR and the highly
homologous MbaR from M. tundripaludum. We used a previously constructed reporter
strain containing mbaR and the MbaR binding site (12) for comparison with the
P12745-gfp reporter strain, using several commercially available acyl-HSLs with different
acyl chain lengths and/or substituents at the third carbon of the acyl chain. MbaR was
most responsive to its cognate signal, 3-OH-C10-HSL, but also was sensitive (saturation
at �150 nM) to the other signals with a hydroxyl at the third carbon of the acyl chain
(3-OH-C8-HSL and 3-OH-C12-HSL) tested in this assay (Fig. 3). MbaR showed very little
response to the other signals, even at the maximum concentration tested (300 nM). In
contrast, MmsR showed some response to all acyl-HSLs tested at a concentration of
50 nM in this assay. Among the panel of signals tested, MmsR also appeared most
responsive to 3-OH-C10-HSL. Together, these results show that the orphan transcription
factor MmsR responds to a broader range of acyl-HSL signals than MbaR under the
conditions tested.

MmsR activates the expression of a neighboring gene cluster in the LW13
genome in response to 3-OH-C10-HSL. In order to determine which genes MmsR
regulates in response to an acyl-HSL signal, we compared the transcriptome of exponen-
tially growing LW13 cells in the presence versus the absence of 2 �M 3-OH-C10-HSL. To
assess whether any detected expression changes are not dependent on signal binding to
MmsR, we constructed an unmarked, in-frame deletion of mmsR (ΔmmsR) and compared
the transcriptome of that strain in the presence versus the absence of an acyl-HSL signal.
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The doubling time of the mutant was not significantly different from that of the
wild-type LW13 strain, and there were no significant differences in the doubling
times in the presence versus the absence of acyl-HSL for either strain (Table S1).

The neighboring cluster downstream of the identified MmsR binding site was the
only group of genes found to be activated in the presence of acyl-HSL (Table 1). The
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TABLE 1 Genes with increased expression in LW13 in the presence of 2 �M 3-OH-C10-HSL, compared to the absence of an acyl-HSL
signal or compared to the ΔmmsR strain also in the presence of an acyl-HSL signala

Gene locus Predicted productb

With vs without acyl-HSL
Wild type with acyl-HSL vs
�mmsR with acyl-HSL

Fold change Adjusted P Fold change Adjusted P

U737_12595 Hypothetical protein 1.6 1.0E�03 1.6 1.5E�04
U737_12600 Antibiotic biosynthesis monooxygenase 1.9 3.0E�08 1.8 1.5E�06
U737_12605 Glutathione S-transferase 1.9 4.3E�09 2.0 2.7E�10
U737_12610 Phosphotyrosine protein phosphatase 2.1 1.5E�11 2.1 1.5E�11
U737_12615 GFA family protein 2.4 1.6E�17 2.6 1.3E�19
U737_12620 Glutathione S-transferase family protein 2.2 7.9E�15 2.5 2.5E�19
U737_12625 �/�-Hydrolase 3.0 7.6E�26 3.2 4.0E�30
U737_12630 Hypothetical protein 3.4 9.8E�34 3.5 2.7E�34
U737_12635 PAP2 family protein 3.2 3.8E�32 3.6 1.6E�39
U737_12640 GNAT family N-acetyltransferase 3.5 1.7E�33 4.0 5.3E�40
U737_12645 FMN-binding negative transcriptional regulator 4.2 3.7E�45 4.8 8.4E�53
U737_12650 Tautomerase family protein 3.4 7.6E�31 3.2 1.6E�27
U737_12655 DUF1330 domain-containing protein 3.3 3.0E�30 3.2 1.1E�28
U737_12660 CTP synthase 4.6 5.4E�58 4.8 3.7E�61
U737_12665 �/� Hydrolase 4.5 4.9E�50 4.7 3.5E�53
U737_12670 Amidase 3.3 6.8E�29 3.3 3.8E�30
U737_12675 Signal peptidase II 3.2 1.4E�28 3.5 4.7E�33
U737_12680 GFA family protein 3.1 7.9E�26 3.3 6.4E�29
U737_12685 Methyltransferase domain-containing protein 4.1 5.7E�49 4.4 4.2E�53
U737_12690 HAD family hydrolase 6.6 5.3E�86 7.2 2.7E�93
U737_12695 Hypothetical protein 9.4 1.5E�118 9.9 3.4E�123
U737_12700 GNAT family N-acetyltransferase 7.6 3.2E�86 8.7 8.2E�99
U737_12705 SAM-dependent methyltransferase 9.0 4.0E�107 9.8 6.4E�116
U737_12710 DUF4260 family protein 7.6 5.6E�88 8.7 4.0E�100
U737_12715 Hypothetical protein 2.9 7.9E�24 3.1 4.4E�28
U737_12720 Cupin domain-containing protein 2.9 4.9E�23 2.5 1.2E�16
U737_12725 DUF4442 domain-containing protein 2.4 5.5E�16 2.6 1.4E�18
U737_12730 Hypothetical protein 1.7 8.5E�06 1.9 1.7E�08
U737_12735 CYTH domain-containing protein 4.5 5.7E�49 4.4 8.9E�47
U737_12740 Transglutaminase family protein 5.1 4.6E�55 5.6 2.5E�62
U737_12745 NAD(P)H-dependent oxidoreductase 6.2 1.4E�68 6.8 1.2E�76
aAll genes with adjusted P values (48) of �0.1 are shown.
bGFA, glutathione-dependent formaldehyde-activating enzyme; SAM, S-adenosylmethionine; PAP2, phosphatidic acid phosphatase 2; GNAT, Gcn5-related

N-acetyltransferase; FMN, flavin mononucleotide; HAD, haloacid dehydrogenase.
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first ORF (U737_12745), which was predicted to encode an NAD(P)H-dependent oxi-
doreductase, was upregulated approximately 6-fold in the presence of acyl-HSL. The
results were very similar for comparisons of wild-type LW13 in the presence versus the
absence of acyl-HSL or LW13 versus ΔmmsR in the presence of acyl-HSL (Table 1).

In order to confirm that MmsR is the cause of the response to the acyl-HSL, we
complemented the ΔmmsR mutation by inserting mmsR, under its native promoter,
into a distal site in the genome. This strain (ΔmmsR::mmsR) regained sensitivity to
the acyl-HSL signal, as demonstrated by real-time quantitative reverse transcription-
PCR (qRT-PCR) (Fig. 4A). These results confirm that MmsR activates expression of the
neighboring gene cluster in the LW13 genome in response to an acyl-HSL signal.

LW13 gene expression is affected during coculture with M. tundripaludum in an
mmsR-dependent manner. Several studies have examined the dynamics of competi-
tion between different methane-oxidizing species, including LW13 and M. tundripalu-
dum, during growth on methane gas (5, 6). Because these two bacteria were isolated
from the same environment (13) and 3-OH-C10-HSL is produced by M. tundripaludum
and detected by LW13, we tested whether LW13 gene expression was affected during
coculture of these two organisms. We isolated RNA from an exponentially growing
coculture of these strains and confirmed that U737_12745, the first ORF in the MmsR-
regulated cluster, was upregulated compared to a coculture of M. tundripaludum and
the ΔmmsR strain (Fig. 4B).

Researchers previously observed that LW13 outcompetes M. tundripaludum in lab-
oratory cocultures (33). We tested whether this result is due to eavesdropping of the M.
tundripaludum acyl-HSL signal by LW13. However, a planktonic coculture of M. tundri-
paludum and the ΔmmsR strain showed no difference in dynamics, compared to a
planktonic coculture of M. tundripaludum and wild-type LW13 (Fig. S3). This suggests
that, under these conditions, gene regulation by MmsR is not the dominant factor in
LW13 outcompeting M. tundripaludum in laboratory cocultures. Together, these results
show that LW13 can use MmsR to alter its gene expression in response to a chemical
signal produced by another methane-oxidizing species that may compete for the same
ecological niche.

DISCUSSION

We have determined that several species of the methane-oxidizing bacterial genus
Methylomonas, including strain LW13, possess an orphan acyl-HSL receptor/transcrip-
tion factor, termed MmsR, that can detect and respond to multiple acyl-HSL signals,
including 3-OH-C10-HSL, which is produced by the QS system of an M. tundripaludum
strain that was isolated from the same environment. In response to a signal, MmsR
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FIG 4 MmsR activation of U737_12745 transcription in response to 3-OH-C10-HSL or coculture with M.
tundripaludum. Real-time qRT-PCR results showing relative expression of U737_12745, the first ORF in the
neighboring gene cluster, for the wild-type LW13, ΔmmsR, and complemented ΔmmsR::mmsR strains in
the presence versus the absence of 2 �M 3-OH-C10-HSL (A) or the wild-type LW13 and ΔmmsR strains
with versus without coculture with M. tundripaludum (B). Data are the mean � standard deviation of
three technical replicates and are representative of two independent experiments. *, significantly
different (one-tailed homoscedastic t test, P value of �0.01); N.S., not significant.
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activates the transcription of a neighboring gene cluster via an identified binding
site.

MmsR shows broader specificity for acyl-HSL signals than does MbaR from M.
tundripaludum in E. coli reporter assays. This promiscuity has been observed for other
orphan LuxR-type receptor/transcription factors as well, including QscR from Pseu-
domonas aeruginosa, which responds to both 3-oxo-C12-HSL made by P. aeruginosa and
other signals that presumably come from external environments (34). This makes
intuitive sense, because orphans like MmsR do not have a cognate signal synthase,
unlike MbaR with the 3-OH-C10-HSL-producing MbaI. It may also point to a different
role for these orphans, related to detecting the presence of other species rather than
detecting population density. There are other species in the same environment that
also produce acyl-HSLs that would activate MmsR. For example, some Burkholderia and
Pseudomonas species are known to produce 3-OH-C10-HSL (35, 36), and these genera
have been detected in the same samples of Lake Washington sediment (5, 6, 9).

The phenotypic response of LW13 to acyl-HSL signal detection by MmsR is still
under investigation. The MmsR-activated gene cluster contains several genes that are
conserved in all Methylomonas strains containing mmsR, including genes predicted to
encode an NAD(P)H-dependent oxidoreductase, a transglutaminase, and a phospha-
tase (see Fig. S2 in the supplemental material). The role of this gene cluster is currently
unknown, and it is not predicted to produce a specialized metabolite (37).

There are also notable differences in the LW13 cluster, compared to the gene
clusters in other Methylomonas species. For example, in all other strains the NAD(P)H-
dependent oxidoreductase gene is fused with the downstream transglutaminase gene,
while in LW13 these are separate ORFs. Additionally, a predicted shikimate dehydro-
genase gene that is conserved in all of the other Methylomonas clusters is truncated in
LW13 (Fig. S2). This raises the possibility that the MmsR-regulated cluster in LW13 is not
functional, and future studies will need to be performed on other Methylomonas strains
in order to determine the function of this cluster in response to acyl-HSL signals.

We investigated whether MmsR plays a role in interactions between LW13 and M.
tundripaludum in laboratory cocultures. First, we demonstrated that coculturing M.
tundripaludum with LW13 caused expression of the MmsR-regulated gene cluster,
showing that interspecies chemical communication occurs under these conditions.
Next, we assessed the dynamics of competition between M. tundripaludum and an
LW13 ΔmmsR mutant. The ΔmmsR strain still outcompeted M. tundripaludum in a
planktonic coculture (Fig. S3), showing that acyl-HSL eavesdropping is not the domi-
nant reason behind LW13 outcompeting M. tundripaludum under these laboratory
conditions.

These pairwise competitions may not reflect what occurs in the environment;
therefore, we do not know the role of this communication system in a natural setting.
When lake sediment known to contain both Methylomonas species and M. tundripalu-
dum is enriched on methane under some conditions, it is M. tundripaludum that
eventually outcompetes Methylomonas species (5, 6, 33). Further studies will be needed
to determine the role of this newly identified interspecies chemical communication
system in this ecologically significant group of bacteria.

MATERIALS AND METHODS
Plasmid construction. Plasmids used in this study are listed in Table 2, and primers used in this study

are listed in Table 3. All plasmids were constructed using Gibson assembly (38), with the exception of the
reporter vectors pAWP169 and pAWP179. pAWP169 was constructed by amplifying the sequence
containing the putative lux box from �400 bp to �21 bp of the translation start site of U737_12745 from
LW13 genomic DNA. This sequence was inserted into the promoter probe plasmid pPROBE-GFP[LVA] (39)
using the SacI and EcoRI restriction sites. pAWP179 was constructed using the same backbone, promoter,
and restriction sites, but the 421-bp promoter sequence contains a CT-to-TA mutation in the MmsR
binding sequence (Fig. 2A) and was ordered as a gBlock from Integrated DNA Technologies.

Strain growth. Strains used in this study are listed in Table 2. E. coli strains were grown in
Luria-Bertani (LB) medium at 37°C. M. tundripaludum 21/22 and Methylomonas sp. strain LW13 were
cultured in an atmosphere of 25% methane in air. For routine culturing, plates were incubated at room
temperature in sealed jars (Oxoid Ltd.), while liquid cultures were grown at 18°C in 250-ml glass serum
bottles (Kimble Chase) or tubes (18 by 150 mm; Bellco Glass) sealed with rubber stoppers and aluminum
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seals (Wheaton), with shaking at 200 rpm. Cultures were grown in nitrate mineral salts (NMS) medium
(40) containing 0.2 g/liter MgSO4·7H2O, 0.2 g/liter CaCl2·6H2O, 1 g/liter KNO3, and 30 �M LaCl3, as well as
1� trace elements (500� trace elements contains 1.0 g/liter Na2-EDTA, 2.0 g/liter FeSO4·7H2O, 0.8 g/liter
ZnSO4·7H2O, 0.03 g/liter MnCl2·4H2O, 0.03 g/liter H3BO3, 0.2 g/liter CoCl2·6H2O, 0.6 g/liter CuCl2·2H2O,
0.02 g/liter NiCl2·6H2O, and 0.05 g/liter Na2MoO·2H2O). A final concentration of 5.8 mM phosphate buffer
(pH 6.8) was added immediately before use.

Genetic manipulation. Genetic manipulation of LW13 was carried out at 30°C. Plasmids were
conjugated into Methylomonas sp. strain LW13 using the E. coli donor strain S17-1 (41), as described
previously (42). For conjugation, LW13 biomass was spread on an NMS plate and grown under methane.
The next day, an equal volume of donor biomass containing the plasmid of interest was added and the
mixture was grown under methane for 2 additional days. Successful integrants (single crossovers) were
selected on NMS plates containing kanamycin (50 �g/ml) and then were used to inoculate a 5-ml NMS
liquid culture containing no antibiotics that was grown under methane. After one passage, this culture
was plated on an NMS plate containing 1% (m/v) sucrose for counterselection, and the resulting colonies
were screened for double crossovers by kanamycin sensitivity and colony PCR.

Genome resequencing, assembly, and annotation. Short-read data for LW13 (genome identifica-
tion no. 2561511042) were downloaded from the Joint Genome Institute Integrated Microbial Genomes
and Microbiomes (JGI IMG/M) data management system (43). The paired-end reads were split into
separate forward and reverse read files. Long reads were generated from a separate DNA isolation, using
the MasterPure complete DNA and RNA purification kit (Lucigen), from 500 ml of stationary-phase
culture. The sequencing library was prepared using the Oxford Nanopore rapid sequencing kit (product
no. SQK-RAD004) and immediately loaded onto an Oxford Nanopore MinION long-read sequencer (see
the supplemental material). Bases were called from the raw data using MinKNOW v1.15.1. Adapter
sequences were removed using porechop v.0.2.3 with the command “porechop -i long_reads.fastq -o
trimmed_long_reads.fastq -t 10.”

Both short and long reads were included in a hybrid assembly using Unicycler v0.4.7 (44), with the
command “python unicycler-runner.py -1 short_forward.fastq -2 short_reverse.fastq -l trimmed_long_
reads.fastq -o Assembly,” resulting in a single 5,233,523-bp circular contig (see Fig. S1 in the supple-

TABLE 2 Strains and plasmids used in this study

Strain or plasmid Descriptiona Source or reference

Strains
E. coli TOP10 F– mcrA Δ(mrr-hsdRMS-mcrBC) �80lacZΔM15 ΔlacX74 recA1 araD139

Δ(ara leu) 7697 galU galK rpsL (Smr) endA1 nupG
Invitrogen

E. coli S17-1 �pir Donor strain; Tpr Smr recA thi pro hsd(r–m�) RP4-2-Tc::Mu::Km Tn7 �pir 41
mbaR E. coli reporter strain PmbaI-gfp Acyl-HSL reporter strain; E. coli TOP10 with pAWP112 and pAWP113 12
mmsR E. coli reporter strain

P12745-gfp
Acyl-HSL reporter strain; E. coli TOP10 with pAWP134 and pAWP169 This study

mmsR E. coli reporter strain with
mutated lux box, P12745mut-gfp

Acyl-HSL reporter strain; E. coli TOP10 with pAWP134 and pAWP179 This study

M. tundripaludum strain 21/22 Aerobic methane-oxidizing bacterium isolated from sediment from
Lake Washington (Seattle, WA, USA)

13

M. tundripaludum strain 21/22
ΔmbaI strain

Strain containing unmarked deletion of luxI-type acyl-HSL synthase
gene mbaI (T451DRAFT_0796)

12

Methylomonas sp. strain LW13 Aerobic methane-oxidizing bacterium isolated from sediment from
Lake Washington

13

Methylomonas sp. strain LW13
ΔmmsR strain

Strain containing unmarked deletion of orphan luxR-type transcription
factor gene mmsR (U737_12750)

This study

Methylomonas sp. strain LW13
ΔmmsR::mmsR strain

ΔmmsR with mmsR under its native promoter (400-bp upstream
sequence) inserted between U737_06900 and U737_06905

This study

Plasmids
pAWP112 pPROBE-gfp[LVA] (39) containing gfp driven by the PmbaI promoter 12
pAWP113 pACYC184 (49) expressing mbaR under its native promoter (400-bp

upstream sequence)
12

pAWP134 pACYC184 (49) expressing mmsR under its native promoter (400-bp
upstream sequence)

This study

pAWP136 pCM433kanT (42) containing flanks to create clean deletion of mmsR This study
pAWP169 pPROBE-gfp[LVA] (39) containing gfp driven by �400 bp to �21 bp of

the translational start site of U737_12745
This study

pAWP179 pAWP169 with mutation of CT to TA in MmsR binding site (AGCTGTC
AATATTGACAGTT to AGTAGTCAATATTGACAGTT) (see Fig. 2)

This study

pAWP195 Insertion vector (site between U737_06900 and U737_06905) This study
pAWP197 pAWP195 containing mmsR under its native promoter (400-bp

upstream sequence) for insertion between U737_06900 and
U737_06905

This study

aSmr, streptomycin resistance; Tpr, trimethoprim resistance.
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mental material). Final annotations were created through submission to the National Center for Biotech-
nology Information whole-genome sequencing (WGS) submission portal.

RNA extraction, transcriptome sequencing, and data analysis. Growing cultures of Methylomonas
sp. strain LW13 were subdiluted to an optical density at 600 nm (OD600) of 0.01 and added to bottles
containing dried 3-OH-C10-HSL (or solvent control), resulting in a final concentration of 2 �M signal. RNA
was extracted during log phase (OD600 of 0.4 to 0.6). Briefly, cultures were chilled on ice and then
centrifuged at 5,000 rpm for 15 min at 4°C. Pellets were subsequently flash frozen in liquid nitrogen and
stored at �80°C until further processing. Cell pellets were lysed by bead beating with 0.1-mm zirconia-
silica beads (Biospec Products) in 1 ml TRIzol (Thermo Fisher Scientific). The lysate was then separated
according to the TRIzol instructions; subsequently, 1.5 volumes of 100% ethanol was added to the
aqueous phase of the extract, which was then used as the input for an RNEasy RNA isolation kit (Qiagen).
The resulting eluate was then digested using Ambion DNase I (Thermo Fisher Scientific) for 30 min at
37°C before being repurified via an RNEasy RNA isolation kit with the addition of an on-column DNase
(Qiagen) digestion step for 15 min at room temperature. The resulting purified RNA was checked for DNA
contamination by PCR using the degenerate 16S primers 27F and 1492R.

cDNA library preparation and RNA sequencing were performed by GENEWIZ using Illumina HiSeq
paired-ended reads (2 by 150 bp). The raw reads from the sequencing facility were aligned to the newly
assembled Methylomonas sp. strain LW13 genome. Alignment was performed using BWA v0.7.12-r1044,
using the BWA-MEM algorithm and default parameters (45). The alignments were postprocessed into
sorted BAM files with SAMTools v1.2-232-g87cdc4a (46). Reads were attributed to ORFs using the
htseq-count tool from HTSeq framework v0.6.1p1, in the intersection-nonempty mode (47). Differential
abundance analysis was performed with DESeq2 1.2.10 (48) using R 3.3.0.

Acyl-HSL response E. coli reporter assay. Responses to acyl-HSLs signals were detected as
described previously (12, 32). Briefly, overnight cultures of E. coli reporter strains containing plasmids
pAWP112 and pAWP113 (PmbaI-gfp), pAWP134 and pAWP169 (P12745-gfp), or pAWP134 and pAWP179
(P12745mut-gfp) were subcultured to an OD600 of 0.1 in LB medium with kanamycin (50 �g/ml) and
chloramphenicol (35 �g/ml). Subsequently, 500 �l was added to 1.5-ml tubes containing dried signal,
and the tubes were shaken at 37°C for 4 h. Cultures were then pelleted and resuspended in 500 �l
of 50 mM Tris (pH 7.5), and 100 �l was measured for GFP fluorescence (excitation, 485 nm; emission,
510 nm) in a 96-well plate (Nunc black optical bottom) with a plate reader (Tecan Infinite F500). The
signals N-3-hydroxydecanoyl-L-homoserine lactone (3-OH-C10-HSL), N-3-hydroxyoctanoyl-L-homoserine
lactone (3-OH-C8-HSL), and N-decanoyl-L-homoserine lactone (C10-HSL) were purchased from Cayman Chem-
ical. The signals N-3-oxodecanoyl-L-homoserine lactone (3-oxo-C10-HSL) and N-3-hydroxydodecanoyl-DL-
homoserine lactone (3-OH-C12-HSL) were purchased from Sigma-Aldrich. When an ethyl acetate extract of
methanotroph supernatant was used, it contained the equivalent of 100 �l of supernatant.

Real-time qRT-PCR. One microgram of RNA, isolated as described above, was reverse transcribed
using the SensiFAST cDNA synthesis kit (Bioline). PCR mixtures were prepared using the SensiFAST SYBR
No-ROX kit (Bioline), containing 400 nM primers and 4 �l undiluted cDNA in a total volume of 10 �l.
Reactions were performed on a PTC-200 thermal cycler with a Chromo4 continuous fluorescence
detector (MJ Research), and threshold cycle (CT) values were calculated using Opticon Monitor v3.1.32,
at 1 standard deviation from baseline. All gene CT values were normalized to LW13 recA (U737_07580)
CT values, and primers used for all reactions are listed in Table 4.

TABLE 3 Cloning primers used in this study

Primer name Sequence (5= to 3=)a Description

AP186_pCM433kanT_fwd1 ATGTGCAGGTTGTCGGTGTC For amplification of pCM433kanT (42) backbone
AP187_pCM433kanT_rev1 TGGTAACTGTCAGACCAAGTTTACTC
AP410_113V_fwd1 ACTATGACTGAGAGTCAACG For amplification of pACYC184 (49) vector

backboneAP411_113V_rev1 TATGCGACTCCTGCATTAGG
AP517_134I_fwd1 CCTAATGCAGGAGTCGCATATAAGGGCAAGTCGCCAAGCC For amplification of mmsR under its native promoter

(400-bp upstream sequence) for insertion
into pACYC184

AP518_1341_rev1 CGTTGACTCTCAGTCATAGTTTACAAAAAACCGAGCAGCG

AP521_136U_fwd1 ATATGAGTAAACTTGGTCTGACAGTTACCAAGAGTATTTCCGGCATAGCC For amplification of flanks to create ΔmmsR clean
deletion with pCM433kanT (42)AP522_136U_rev1 CCAGTTGGATGGTTGGGGTTTACCGTCGTTAGAAC

AP523_136D_fwd1 AACGACGGTAAACCCCAACCATCCAACTGGAGTCC
AP524_136D_rev1 CGTGCATCACGACACCGACAACCTGCACATTTTCGAGTCGGACATTTGGC
AP658_169I_SacI_Fwd1 GGTGGTGAGCTCCGCCAACCTAAGTCCATAGGCA For amplification of �400 bp to �21 bp of

translational start site of U737_12745 for
insertion into pPROBE-gfp[LVA] (39)
promoter probe vector

AP659_169I_EcoRI_Rev1 GGTGGTGAATTCGGATAAAGCCAGTATTTTCATTGC

AP758_195I_fwd1 ATATGAGTAAACTTGGTCTGACAGTTACCAACCATTAACGGCGAAGTCAG For amplification of insertion region between
U737_06900 and U737_06905 in LW13
genome; region was added to pCM433kanT
(42) opened with AP186 and AP187 to
create insertion vector pAWP195

AP759_195I_rev1 CGTGCATCACGACACCGACAACCTGCACATAATTTCTCGGCGATTGTCAG

AP764_197V_fwd1 TACGCGATACAGCGGGCTTT For addition of mmsR under its native promoter
(400-bp upstream sequence) to
insertion vector pAWP195

AP765_197V_rev1 CCGAGTACCACTACAGAGCT
AP766_197I_fwd1 ATTAGTTGTAAGCTCTGTAGTGGTACTCGGTAAGGGCAAGTCGCCAAGCC
AP767_197I_rev1 CAGGCAAAAAAAAGCCCGCTGTATCGCGTATTACAAAAAACCGAGCAGCG
aHomology regions used for Gibson assembly and restriction enzyme sites are underlined.
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Coculture growth. For qRT-PCR assays, exponentially growing cultures of M. tundripaludum 21/22
and LW13 were each subdiluted to an OD600 of 0.01 in a 50-ml volume to initiate cocultures. Cocultures
were grown to log phase (OD600 of 0.4 to 0.6), and RNA was then isolated and analyzed by qRT-PCR as
described above.

Coculture competition assays were performed as described previously (33). All cocultures were
grown in an atmosphere of 25% methane in air. Briefly, a 1:1 ratio of exponentially growing cultures of
M. tundripaludum and wild-type or ΔmmsR LW13 strains were added to a total OD600 of �0.1 in a 50-ml
volume and were grown to an OD600 of �0.6 before subdilution to 0.1 again in order to maintain
exponential growth. This process was repeated for a total of 8 days, with samples taken every 2 days for
determination of species abundance. DNA was isolated from coculture samples using a GeneJET genomic
DNA purification kit (Thermo Fisher Scientific), and species abundance was determined by real-time
quantitative PCR as described above, using species-specific primers (Table 4). Bacterial abundances were
calculated from CT values by comparison to a standard curve.

Accession number(s). The new LW13 genome is available at GenBank under accession no. CP033381.
The transcriptome sequencing data have been submitted to the Gene Expression Omnibus (GEO)
database under accession no. GSE122293.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/AEM

.02702-18.
SUPPLEMENTAL FILE 1, PDF file, 0.9 MB.
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