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Upon physical contact with sibling cells, myxobacteria transiently fuse their outer membranes (OMs) and exchange OM proteins
and lipids. From previous work, TraA and TraB were identified to be essential factors for OM exchange (OME) in donor and re-
cipient cells. To define the genetic complexity of OME, we carried out a comprehensive forward genetic screen. The screen was
based on the observation that Myxococcus xanthus nonmotile cells, by a Tra-dependent mechanism, block swarm expansion of
motile cells when mixed. Thus, mutants defective in OME or a downstream responsive pathway were readily identified as escape
flares from mixed inocula seeded on agar. This screen was surprisingly powerful, as we found >50 mutants defective in OME.
Importantly, all of the mutations mapped to the traAB operon, suggesting that there may be few, if any, proteins besides TraA
and TraB directly required for OME. We also found a second and phenotypically different class of mutants that exhibited wild-
type OME but were defective in a responsive pathway. This pathway is postulated to control inner membrane homeostasis by
covalently attaching amino acids to phospholipids. The identified proteins are homologous to the Staphylococcus aureus MprF
protein, which is involved in membrane adaptation and antibiotic resistance. Interestingly, we also found that a small number of
nonmotile cells were sufficient to block the swarming behavior of a large gliding-proficient population. This result suggests that
an OME-derived signal could be amplified from a few nonmotile producers to act on many responder cells.

Myxobacteria are Gram-negative gliding bacteria that exhibit
complex social behaviors. One of these interesting behaviors

is their ability to transiently fuse their outer membranes (OMs)
and exchange contents (1). The exchange of OM material can be
visualized in live cells with fluorescent protein reporters fused to
an OM lipoprotein signal sequence or by use of fluorescent OM
lipids (2, 3). Phenotypically, OM exchange (OME) can be moni-
tored by extracellular complementation between certain motility
mutants. In this assay, a small subset of gliding mutants is tran-
siently rescued or stimulated by the transfer of missing motility
proteins from a donor strain that contains the corresponding
wild-type protein (4, 5). For stimulation to occur, the cargo pro-
tein must reside in the OM, as cytoplasmic and inner membrane
proteins are not transferred (2). Because Myxococcus xanthus ex-
presses �400 lipoproteins (6), OME between cells probably in-
volves hundreds of different OM proteins and, consequently, is
likely to affect a variety of cellular processes (2). Although the
function of OME in wild-type cells is not fully understood, it may
play a role in establishing envelope homeostasis and cell-cell com-
munication and may generally assist in the transition from indi-
vidual cells to coherent multicellular populations (7).

To investigate the mechanism and biological function of OME,
we sought to identify cellular factors required for OME. To do
this, in a prior study, we characterized a historic mutant derived
from the Kaiser Laboratory strain collection (3). This heretofore
uncharacterized nonmotile mutant (DK396) was of interest be-
cause it universally failed to stimulate all six classes of cgl and tgl
motility mutants (4, 8, 9), whose protein products function in
adventurous (A)- and social (S)-gliding motility, respectively (for
reviews, see references 10 to 12). The genome of this strain was
sequenced, and the causative mutation was identified in a gene
that we named traA. Interestingly, TraA function is required in
both the donor and recipient strains, suggesting that OM transfer

is bidirectional. Subsequently, we found that the downstream
gene in the bicistronic operon, traB, is also required for OME (3).
Immunolocalization studies showed that TraA localizes on the cell
surface, with a tendency to reside near the cell poles (13). Phylo-
genetic and molecular analyses indicated that TraA functions as a
homotypic cell surface receptor/adhesin that recognizes other
cells bearing identical or similar TraA alleles (13). Thus, the inti-
mate cellular process of sharing OM contents occurs only between
siblings or cells that bear a nearly identical traA allele. Molecular
recognition within and between species is determined by a poly-
morphic domain (PA14-like) within TraA. The specific function
of TraB is unknown, but it is likely to interact with TraA (3).

In this study, we sought to conduct the first forward genetic
screen to define the total complement of proteins involved in
OME. This screen was based on the finding that nonmotile mu-
tants block swarm expansion of motile strains by a Tra-dependent
mechanism when mixed together (3, 13). To understand the basis
of the screen, it is important to recognize that swarm inhibition is
distinct from stimulation; the former blocks wild-type motility,
and the latter rescues the motility of certain mutants (4). Although
the mechanism of swarm inhibition is not well understood, it is
thought to involve a signal that is generated from the physiological
state of the nonmotile cells, as swarm inhibition initiates after a
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1-day incubation on agar surfaces (3, 14). In contrast, stimulation
primarily occurs during the first day of incubation and subsides in
subsequent days; thus, there appears to be a temporal switch for
when stimulation or swarm inhibition can occur. Stimulation and
swarm inhibition are similar in the sense that both require cell-cell
contact, a hard agar surface, and TraAB function. Here, we ex-
ploited the swarm inhibition phenotype as a means to identify
mutants defective in OME. In this regard, mutants were easily
identified because they resulted in the production of escape flares
derived from the motile strain (Fig. 1). The second goal of this
work was to identify downstream factors or a pathway(s) that
responds to cell-cell interactions mediated by OME. Mutants that
affect these factors or this pathway(s) should undergo normal
OME but exhibit a relief of swarm inhibition phenotype, because
they are defective in perceiving or responding to OME.

MATERIALS AND METHODS
Strains and media. The bacterial strains used in the study are listed in
Table 1 (15, 16). M. xanthus was grown in the dark at 33°C in CTT me-
dium (1% Casitone, 10 mM Tris-HCl [pH 7.6], 8 mM MgSO4, 1 mM
KH2PO4) without or with kanamycin (Km; 50 �g/ml), as needed. In the
genetic screen and in stimulation assays, 1/2 CTT plates, where the Casi-
tone concentration was reduced to 0.5% and 2 mM CaCl2 was added with
1.5% agar, were used. To generate time-lapse movies of motility, 1/4 CTT
0.8% agarose pads (no CaCl2) were made on glass slides. To make the
media, either tap or filter purified water was used. For routine cloning,
Escherichia coli DH5� pir� was grown at 37°C in LB medium with 50
�g/ml Km.

Genetic screen. The pMini-Himar-lacZ transposon, pRL27 (17), and
EZ-Tn5 (Epicentre) were transformed into M. xanthus (DK8615 or
DK10410) using standard protocols (18) (Table 1). After electroporation,
the cells were allowed to recover by shaking at 33°C for 5 to 6 h. After �6
days of incubation, the colonies from each transformant plate were
pooled, and the cell density of each pool was concentrated to �1.5 � 109

CFU/ml. A nonmotile M. xanthus strain (DK8601) was also grown and
prepared to a similar cell density. Each individual mutant pool and
DK8601 were mixed at equal volumes, and about a dozen 5-�l aliquots
were pipetted onto 1/2 CTT Omni (Nunc) agar plates with 2 mM CaCl2.
The plates were incubated at 33°C and observed for emergent flares after 3

to 5 days. Cells from these flares were collected with a sterile toothpick and
transferred onto fresh CTT-Km plates. To verify mutant phenotypes, pu-
rified isolates were grown to 3 � 108 CFU/ml and mixed at a 1:1 ratio with
DK8601, and aliquots were pipetted onto agar plates. After 2 days of
incubation, the spots were visually inspected for emergent flares.

To sequence transposon insertions from M. xanthus, genomic DNA
was isolated with an UltraClean microbial DNA isolation kit (MO BIO
Laboratories, Inc.) and digested with restriction enzymes (pMini-Himar-
lacZ and mini-Tn5, SacII; EZ-Tn5, EcoRI, HindIII, or SalI; New England
BioLabs). The digested DNA was ligated with T4 DNA ligase (New Eng-
land BioLabs) and transformed into E. coli. Candidate clones were then
isolated, and in the case of pMini-Himar-lacZ, derived clones were ana-
lyzed by diagnostic MluI restriction digestion. Plasmid DNA was se-
quenced at the University of Wyoming Macromolecular Analysis Core
facility with appropriately named primers, which are described in Table 1.

Strain construction. To backcross transposon insertions into differ-
ent strains, generalized transduction was done with bacteriophage Mx8.
In-frame gene deletion constructs for MXAN_4427 and MXAN_4428
were made using a Gibson cloning strategy (New England BioLabs),
wherein PCR products were ligated with the pBJ114 plasmid (19). Restric-
tion-verified plasmids were then electroporated into M. xanthus and
plated on CTT-Km plates. Transformants were grown in the absence of
Km and then counterselected on CTT plates with 2% galactose. In-frame
deletion mutants were confirmed by PCR using primers flanking the de-
letion (Table 1). Gene disruptions were made using internal gene frag-
ments that were PCR amplified and ligated into the pCR2.1 TOPO XL
vector (Table 1). Restriction-verified clones were then transformed into
M. xanthus and selected for on CTT-Km plates.

Microbial assays. To test for protein transfer, cells were grown and
concentrated to 3 � 109 CFU/ml in TPM buffer (10 mM Tris-HCl [pH
7.6], 8 mM MgSO4, 1 mM KH2PO4). The cells were then mixed with a
nonmotile double-labeled DW1056 strain (in which the cytoplasm was
labeled with green fluorescent protein [GFPCyto] and the OM was labeled
with an mCherry reporter fused to a signal sequence [SSOM-mCherry]) at
a 1:1 ratio. Aliquots of the mixture (5 �l each) were transferred to TPM
buffer– 0.8% agarose pads and incubated in a humid chamber. After 6 h,
the cells were observed by phase-contrast and fluorescence microscopy
with a �20 objective lens for the presence of SSOM-mCherry in the emer-
gent flares (2). In addition, transfer was evaluated with a 100� oil immer-
sion lens. Here mutants that express GFP (recipient) were grown and
concentrated as described above. These cells were then mixed with donor
M. xanthus cells expressing SSOM-mCherry, and the cell mixture was
placed on a TPM buffer plate at a 1:5 ratio (recipient/donor) and incu-
bated in a humid chamber for 2 h. The cells were then collected, washed
twice with TPM buffer, and observed on a glass slide. Micrographs were
obtained with a phase-contrast/fluorescence microscope that was coupled
to digital imaging systems, as described previously (2).

Stimulation tests were done by mixing a strain that is nonmotile but
stimulatable (DW1466 �cglC tgl::Tc) with various nonmotile donor mu-
tants at a 1:1 ratio and then transferring the cells to 1/2 CTT agar plates
with 2 mM CaCl2. To monitor A-gliding motility, the cell density was
measured, and cells were concentrated to 1.5 � 109 CFU/ml and placed on
1/2 CTT with 1.5% agar and 2 mM CaCl2. To monitor S-gliding motility,
the cells were concentrated as described above and pipetted onto semi-
solid (0.5% agar) CTT plates with 2 mM MgSO4.

RESULTS
Genetic screen. To define the OME gene set, we conducted a ge-
netic screen in M. xanthus. Initially, a pilot transposon-based
screen was done for donor mutants defective in stimulation. Al-
though this strategy was feasible, we encountered two problems.
First, the screen was laborious. Second, mutants which initially
appeared to be defective in stimulation based on a cross-streak
assay against a stimulatable strain were subsequently found to be
false positive, when a more sensitive culture-based assay was used

FIG 1 Micrograph showing how escape flare mutants were identified. A non-
motile strain was mixed at a 1:1 ratio with an A-motile strain that was mu-
tagenized with a transposon (representing a pool of mutagenized genomes).
After 5 days of incubation, escape flares (arrows) are readily seen. Bar, 1 mm.
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(see below), at a problematically high frequency. The false posi-
tives appeared to stem from undefined physiological differences
among isolates that arose during screening. On the basis of these
outcomes, a different approach was sought.

As described above, in a prior study we discovered that OME

can regulate the swarming behavior of M. xanthus cells that are
proficient for gliding motility (3). Specifically, when a nonmotile
strain, which also could not be stimulated, was mixed at a 1:1 ratio
with a motile strain, the ability of the motile strain to swarm was
significantly impaired. Importantly, swarm inhibition was re-

TABLE 1 Strains, plasmids, and primers

Strain, plasmid, or primer Relevant features or sequence Source or reference

Strains
DH5� pir� E. coli cloning strain Lab collection
DK1217 A	 S� aglB1 13
DK8601 A	 S	 aglB1 �pilA::Tc Tcr 12
DK8606 A	 S	 aglB1 �pilA PpilA-gfp Kmr 12
DK8615 A� S	 �pilQ 13
DK10410 A� S	 �pilA 12
DW709 DK10410 �pilA PpilA-gfp Kmr 28
DW1056 DK8606 PpilA-SSOM-mCherry(pXW6) PpilA-gfp Smr Tcr Kmr 2
DW1415 DK8615 traA::pDP2 Kmr 3
DW1466 A	 S	 �cglC �tgl::Tc Tcr 3
DW1467 DK8601 aglB1 �traA �pilA::Tc Tcr 11
DW1478 DK8615 PpilA-SSOM-mCherry(pXW6) Smr This study
DW1479 DW1478 traA::pDP2 Kmr Smr This study
DW1601 DK8615 omrA::EZ-Tn5 Kmr This study
DW1602 DK8615 omrA::mini-Himar-lacZ Kmr This study
DW1603 DK8615 omrA::mini-Tn5 Kmr This study
DW1604 DK8601 aglB1 �pilA::Tc omrA::mini-Tn5 Tcr Kmr This study
DW1605 DK1217 omrA::mini-Tn5 Kmr This study
DW1606 DK8615 �phpA (markerless) This study
DW1607 DK1217 �phpA (markerless) This study
DW1608 DK8615 �MXAN_4428 (markerless) This study
DW1609 DK8615 omrB::pAD3 Kmr Zmr This study
DW1610 DK8601 omrB::pAD3 Kmr Zmr This study
DW1611 DW1603 PpilA-SSOM-mCherry(pXW6) Smr Kmr This study
DW1612 DW1466 omrA::mini-Tn5 Kmr Tcr This study

Plasmids
pMini-Himar-lacZ mariner-derived transposon with lacZ oriR6K, Kmr Heidi Kaplan
pRL27 Mini-Tn5 oriR6K hyperactive transposase, Kmr 14
pCR2.1 TOPO XL Cloning vector, Kmr Zmr Life Technologies
pCR2.1 TOPO TA Cloning vector, Kmr Life Technologies
pDP2 traA (insertion cassette) in pCR2.1 TOPO TA, Kmr 3
pDP21 PpilA-RBSsyn-traAB cloned in pSWU1, Kmr 3
pXW6 PpilA-SSOM-mCherry cassette cloned in pKSAT, Smr 2
pAD1 �phpA cassette in pBJ114, Kmr This study
pAD2 �MXAN_4428 cassette in pBJ114, Kmr This study
pAD3 omrB (insertion cassette) in pCR2.1 TOPO XL, Kmr Zmr This study

Primers
Mariner primer TGTGTTTTTCTTTGTTAGACCG
EZ-Tn5 KAN-2 Fwd ACCTACAACAAAGCTCTCATCAACC
EZ-Tn5 KAN-2 Rev GCAATGTAACATCAGAGATTTTGAG
Tpn RL13 (mini-Tn5) CAGCAACACCTTCTTCACGA
Tpn RL17 (mini-Tn5) AACAAGCCAGGGATGTAACG
MXAN_4428delupstrfwd TATGACCATGATTACGCCAAGCTTAGGTTCACCTCGGTGGC
MXAN_4428delupstrrev ATCCCAGCGCTGTGAAGCTGTGTGGATGGGACACGTCAGGGT
MXAN_4428deldwnstrfwd CACACAGCTTCACAGCGCTGGGATGCACGCCAGCACGGCGAC
MXAN_4428deldwnstrrev CGTTGTAAAACGACGGCCAGTGAATTCCCTCATGAGACGGGCGAAGC
MXAN_4427delupstrfwd TATGACCATGATTACGCCAAGCTTCTCTCGCTCGTGGGTGAC
MXAN_4427delupstrrev CCAGCGCTGTGAAGCTGTGTGGCAATGCAGGTCGACAAAG
MXAN_4427deldwnstrfwd CACACAGCTTCACAGCGCTGGAATCCCGCGACTTTGTTG
MXAN_4427deldwnstrrev CGTTGTAAAACGACGGCCAGTGAATTCAGTACAGCGCCGTGTAGAGG
MXAN_6818 KO FWD GGACAGACGGTGTTCTCGTT
MXAN_6818 KO REV ACAGGAAGCCCACCACCT

Dey and Wall

4326 jb.asm.org Journal of Bacteriology

http://jb.asm.org


lieved when either the motile or nonmotile strain contained a
mutation in traA or traB. When the tra mutation was in the motile
strain, the swarm rate of the motile strain was fully restored, as if
the nonmotile strain elicited no inhibitory effect (see below). In
contrast, when the tra mutation was in the nonmotile strain, there
was a partial restoration of swarming (3). Additionally, when in-
hibited swarms were incubated for extended periods, e.g., 7 to 10
days, escape flares were typically found (data not shown). When
cells from these flares were isolated and retested, swarm expansion
usually ensued when they were mixed with a nonmotile strain,
indicating that these isolates contained suppressors that had spon-
taneously developed. Finally, for reasons that are unknown,
OME-dependent swarm inhibition primarily acted on the A-mo-
tility system (data not shown).

Based on the above findings, we reasoned that an A-motile
strain could be mutagenized and mutant pools could then be
mixed with a nonmotile strain to screen for escape flare mutants.
Such escape mutants were expected to be defective in OME or in a
downstream pathway in the responder cell (an A-motile strain)
that no longer responds to OME. To allow facile gene identifica-
tion and to help ensure a wide distribution of mutations, three
different transposons were used: one was mariner based, and two
were Tn5 based. Using this strategy, nine separate screens, each
consisting of 2,000 to 3,000 mutants, were conducted, resulting in
�20,000 total transposon mutants being screened. To conduct
this screen, the cells in the initial transformation plates, which
each contained 200 to 400 transposon mutants, were individually
pooled, their cell densities were measured, and the cells were then
mixed at a 1:1 ratio with a nonmotile strain. In total, about 80
unique mutant pools were screened. Figure 1 shows a representa-
tive example of how escape flares were identified.

To help avoid the isolation of spontaneous mutations, escape
flares were identified 3 to 5 days after plating. Cells from identified
flares were then isolated and retested for a relief of swarm inhibi-
tion. This effort yielded 75 mutants that recapitulated the relief of
swarm inhibition phenotype after purification. The genomic in-
sertion sites for all 75 transposon mutants were determined and
resulted in the identification of 33 genes. Of these, 30 genes were
hit only once and 3 genes were hit multiple times. To test if the
mutations bred true, a representative mutation from each gene
was backcrossed into a parental strain (DK8615). Interestingly,
none of the single-hit genes bred true or the phenotype in the
resulting transductants could not be confirmed as a bona fide
swarm relief. In contrast, all three of the genes that were hit mul-
tiple times bred true.

For 2 of the 30 single-hit genes that did not breed true but did
exhibit a full swarm relief phenotype in the original mutants (both
of which were derived from mariner mutagenesis), we investigated
possible explanations for the genetic discrepancies. In these two
cases, the mutant strains where found by PCR analysis to have a
second transposon insertion in traA, thus accounting for their
phenotypes (data not shown). The occurrence of multiple mariner
transposon insertions within single mutant strains is in agreement
with the findings of a prior study by Hartzell and coworkers (18).
For the remaining 28 single-hit mutants, all of which exhibited
only a partial swarm expansion phenotype (see below), we con-
cluded that those strains were likely to contain secondary muta-
tions, either spontaneous or transposon based, or the phenotypes
were too subtle to be detected after the backcross. In any case,
these mutants were not further studied.

As shown in Fig. 2A, traA was hit 40 times (or 42 times when
the 2 mutants described above are included) in this screen,
whereas traB was hit twice. These results validate the screen, as
over half of the mutations isolated were in genes known to be
required for OME and swarm inhibition. Of the 40 sequenced
transposon insertions within traA, 31 were clearly from indepen-
dent isolates (16 from mariner and 15 from Tn5 derived from
pRL27), because their insertion sites differed or they were isolated
from independent mutagenesis screens. The remaining nine traA
insertions could represent sibling clones because the insertions
were in the same position and derived from the same mutagenesis
screen as the other mutants. The three remaining transposon in-
sertions were in a new gene (MXAN_4426) that we named omrA
(OME response A) (Fig. 2A).

Finally, to help ensure that the screen was comprehensive, we
isolated spontaneous and UV-induced mutants that similarly pro-
duced escape flares. This effort yielded 15 additional mutants that
were confirmed upon retesting. From complementation studies,
where a traAB-containing plasmid (pDP21) was transformed into
these mutant strains, 11 additional mutations were mapped to the
traAB locus (data not shown). The mutations in the remaining
four strains were not mapped.

The OME response can be amplified by a minority cell pop-
ulation to control behaviors in large populations. Although the
three omrA mutants relieved swarm inhibition, their phenotypes
were partial compared to the full relief seen with traA or traB
mutants. To help quantify phenotypic differences, the ratio of
motile to nonmotile cells was varied. Surprisingly, in the control
mixture, a ratio of one nonmotile cell to 40 (or even 50) motile
cells resulted in complete swarm inhibition, i.e., inhibition was
similar to that at a 1:1 ratio or a reversed 40:1 ratio (Fig. 3, second
row, and data not shown). Importantly, this result indicates that a
small number of nonmotile cells block the swarm expansion of
many cells.

As discussed above, swarm inhibition requires OME, as a tra
mutant A-motile strain could swarm equally well whether alone or
mixed with nonmotile cells at ratios of 40:1, 1:1, or 1:40 (Fig. 3;
compare row 1 to row 3; note that when the motile population was
high [1:40 ratio], swarm expansion was the largest). For the omrA

FIG 2 Genetic maps of discovered genes. (A) Transposon insertions isolated
in traA (MXAN_6895), traB (MXAN_6898), and omrA (MXAN_4426) are
shown. Black, white, and gray triangles, mariner, Tn5, and EZ-Tn5 transposon
insertions, respectively. In-frame deletion (�) regions in phpA (MXAN_4427)
and MXAN_4428 are indicated as black bars. (B) Genetic organization of the
omrB (MXAN_6818) locus. Genes are drawn approximately to scale.
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mutant, there was a relief of swarm inhibition at all three ratios,
although at all ratios the phenotype was partial, meaning that the
swarm areas for the traA mutant mixtures or A-motility monocul-
tures were greater (Fig. 3; compare row 4 to rows 3 and 1). From a
temporal analysis, the swarm relief phenotypes of the traA and
omrA mutants were difficult to visually discern at day 1 or 2 and
required a compound microscope to do so; however, by day 3
their phenotypic differences were apparent (Fig. 3 and data not
shown).

To examine individual cell motility dynamics, time-lapse mov-
ies were made of strain mixtures. As reported previously (3), when
a nonmotile strain was mixed with an A-motile strain, the cellular

movements of the latter strain significantly decreased or stopped
after 1 day of incubation, whereas isogenic traA mutants contin-
ued to glide (compare Movies S1 and S2 in the supplemental ma-
terial; time point, 72 h). Similar to a traA mutant, the omrA mu-
tant retained gliding movements after a 72-h incubation with the
nonmotile strain (DK8601), although the movements of the traA
mutant were more robust than those of the omrA mutant (com-
pare Movies S2 and S3 in the supplemental material). In addition,
by 96 h incubation with DK8601, the relative motility of the omrA
mutant stopped, while the traA mutant retained motility (data not
shown). Therefore, the full swarm relief phenotype of a mixed
traA colony (Fig. 3) can be explained by the sustained and unob-
structed cell movements seen by time-lapse microscopy. Simi-
larly, the partial swarm relief phenotype of a mixed omrA colony
correlates with reduced cell movements, which subside after a
3-day incubation.

OmrA is not required for OME. TraA and TraB are required in
both donor and recipient cells for OME and swarm inhibition (3).
To test whether OmrA functions similarly in donor strains,
the omrA mutation was introduced into a nonmotile strain
(DK8601). In contrast to what was found in an A-motile strain
background, when the nonmotile strain contained the omrA::
mini-Tn5 mutation (DW1604), complete swarm inhibition was
observed at all strain ratios (Fig. 3, fifth row). Importantly, this
result indicates that OmrA plays a role only in responder cells and
demonstrates a function distinct from that of TraA and TraB.

To determine whether OmrA is required for OME, we carried
out a stimulation assay. Here, a nonmotile donor strain that con-
tained the omrA::mini-Tn5 allele (DW1604) was mixed with a
nonmotile strain (DW1466 �cglC �tgl::Tc) that can be stimulated
for both A- and S-motility by OME (3). The nonmotile omrA
mutant stimulated DW1466 to glide, whereas the traA mutant did
not (Fig. 4A). Compared with the stimulation by the Tra� paren-
tal control, stimulation by the omrA mutant was notably and re-
producibly impaired (Fig. 4A); however, the significance of the
reduced stimulation is not clear, because we have found that other
mutants, as well as medium conditions or the physiological state
of cells, can similarly impair stimulation (3, 20) (data not shown).
In addition, the omrA::mini-Tn5 allele was also introduced into
the DW1466 recipient strain, and in this genetic background,
stimulation occurred at wild-type levels (Fig. 4A). These results
indicate that unlike the traA or traB mutation, the omrA mutation
still allows the CglC and Tgl proteins to be transferred.

The omrA mutant was directly tested for transfer of the OM
lipoprotein reporter (SSOM-mCherry). As described previously
(2), these experiments were conducted by mixing and incubating
an SSOM-mCherry donor with a GFP-labeled recipient. Here, the
recipient strain contained GFP in the cytoplasm, where it cannot
be transferred (2). OME was thus scored as green recipients turn-
ing red or yellow in the merged fluorescence micrographs. The
omrA mutant efficiently transferred SSOM-mCherry, as the GFP
recipient became red (Fig. 4B). Compared with the OME in the
positive control, no defect in OME was observed, whereas a traA
mutant donor was not able to transfer SSOM-mCherry (Fig. 4B).
From these results, we conclude that OmrA is not required for
OME but instead plays a role in perceiving or responding to OME
(TraAB function).

Genetic characterization of the omrA operon. omrA resides as
the distal gene in an apparent operon with two upstream genes
(Fig. 2A), suggesting that these gene products could function to-

FIG 3 OME and the response pathway regulate swarm expansion of mixed
strains. Nonmotile (A	 S	) and A-motile (A� S	) strains were mixed at the
ratios indicated at the top and incubated for 3 days. The top row is a control
where the A-motile strain DK8615 was instead mixed with buffer. All rows
below contain strain mixtures; in rows that contain a parental strain (DK8601
or DK8615), the strain is identified by a dash, and in rows that contain deriv-
ative strains, the mutations are indicated. The strains are listed in Table 1.
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gether in a biological pathway. To address this possibility, in-
frame and markerless deletion mutations were created in the up-
stream genes (Fig. 2A) in an A-motile (DK8615) background.
These mutants, the �MXAN_4428 and �phpA (�MXAN_4427)
mutants, were then tested for swarm inhibition. As shown in rows
6 and 7 of Fig. 3, these mutants exhibited a relief of swarm inhibi-
tion when mixed at a 1:40 (nonmotile cell-to-motile cell) ratio but
not when mixed with higher ratios of nonmotile cells. Addition-
ally, we noted that the swarm expansion was variable even at the
1:40 ratio, as cells often initially emerged as isolated flares, instead
of as a continuous swarm front, which subsequently encased the
inoculum spot (data not shown). The significance of this modest
relief of swarm inhibition is unclear, as the parental strain
(DK8615) did expand when the mixed strain ratio was reduced
to 1:80 (data not shown). Thus, in this swarm assay, the
�MXAN_4428 and �phpA mutations resulted in a 2-fold in-
crease, at best, in the ratio of nonmotile cells. Finally, we note that
these partial or poor swarm relief phenotypes would not have been
detected under our stringent screening conditions (1:1 ratio).

The PhpA protein has been biochemically shown to function as
a tyrosine phosphatase and, in a physiological context, is involved
in exopolysaccharide (EPS) regulation, because a phpA mutant
overexpresses EPS (21). Because EPS is required for S-motility
(22), we tested the �phpA mutant for S-motility defects in a strain
that lacks A-motility (A	). The �phpA strain had reduced S-mo-
tility on semisolid agar, a medium that favors S-motility (23), and
the colony center was composed of macroscopic cell aggregates
(see Fig. S1A in the supplemental material). Under the same con-
ditions, an omrA mutant also had reduced S-motility; however, its
colony morphology was similar to that of the parental strain (see

Fig. S1A in the supplemental material). When the �phpA muta-
tion was placed in the A� S	 genetic background (DW1606), a
reduced-A-motility phenotype was also observed, but no macro-
scopic aggregates were detected (see Fig. S1B in the supplemental
material). In contrast, cells in the same background with omrA or
�MXAN_4428 mutations exhibited wild-type A-motility (data
not shown). Upon microscopic examination, �phpA cells were
found to clump in solution, and in an S-motility-positive (S�)
background, the cell clumps could become large (compare Fig.
S1C to D in the supplemental material). In support of these find-
ings, Kimura and colleagues reported that a �phpA mutant has a
hyperagglutination phenotype (21).

The �phpA and �MXAN_4428 mutants revealed no growth
defect phenotypes, whereas omrA mutants showed several poor
growth phenotypes. First, omrA mutants grew slowly, and, sec-
ond, the cultures stopped growing at a mid-log-phase cell density
of �2 � 108 CFU/ml (�70 Klett units). However, when the shaker
flasks were incubated for extended periods, the culture turbidity
of the omrA mutants eventually increased, suggesting that sup-
pressors had developed. In support of this conclusion, when an
omrA mutant culture was subsequently propagated, the cultures
exhibited no growth defects; however, the swarm relief phenotype
was retained. Last, reviving naive omrA mutants from 	80°C
freezer stocks proved difficult and in some cases was not possible.
Consequently, fresh mutants were constructed by transductions,
and transductants were immediately used in the described exper-
iments.

Bioinformatic analysis identifies OmrB. The OmrA protein
has significant sequence homology to Pfam PF03706 (UPF0104)
(E value, 1.7e	38). The best-characterized PF03706 family mem-

FIG 4 OmrA is not required for stimulation or lipoprotein transfer. (A) A nonmotile but stimulatable recipient (DW1466) was mixed with isogenic nonmotile
donors that contain the indicated alleles (DK8601, DW1467, and DW1604 in the first, second, and third panels, respectively). In the far right panel, the
stimulatable recipient (Rec) instead contains the omrA mutation (DW1612 mixed with DK8601). Micrographs were taken after 1 day of incubation. (B) (Top)
Merged fluorescence micrographs showing that transfer (yellow) of the SSOM-mCherry lipoprotein to a GFP-labeled recipient (DW709) is Tra dependent
(DW1478, tra�; DW1479, traA mutant). Bar, 3 �m. (Bottom) Lipoprotein transfer from an isogenic omrA::mini-Tn5 donor (DW1611). To show the transfer
unambiguously, the red, green, and merged panels are all shown. Arrows, transfer to a recipient cell.
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ber is MprF from Staphylococcus aureus, where this domain resides
in the cytoplasmic membrane and has phospholipid flippase ac-
tivity (24). Consistent with a PF03706 designation, OmrA, like
other family members, was predicted to contain eight transmem-
brane helices (TMHMM, version 2.0) (25) (Fig. 5). Within the
Pfam database (July 2014) (26), PF03706 was most frequently
found as a single-domain protein (3,567 homologs); its second
most frequent protein form consisted of an architecture where
PF03706 was fused to a domain called DUF2156 (PF09924; 962
homologs), as found in MprF (24). To investigate whether other
proteins may function in an OmrA pathway, we searched the M.
xanthus DK1622 genome for ORFs that contained PF09924 (27).
From this search a single gene (MXAN_6818) that contained a
domain with significant homology to PF09924 (E value, 1.1e	40)
was identified. To test whether this gene functions in an OME
response pathway, we created a gene disruption in MXAN_6818.
Interestingly, the mutant (DW1609) showed a partial relief of
swarm inhibition when mixed at 1:1 and 1:40 ratios of nonmotile
to motile cells (Fig. 3, bottom row). Because the MXAN_6818
disruption mutant exhibited a partial swarm relief phenotype and
was competent for OME (data not shown), similar to omrA mu-
tants, the gene was designated omrB. However, we emphasize that
at a 40:1 ratio the omrB::Km mutant showed complete swarm
inhibition, whereas at this ratio the omrA::mini-Tn5 mutant re-
tained partial swarm expansion (Fig. 3), which suggests that the
omrA mutant has a more pronounced swarm relief phenotype. As
shown in Fig. 2B, omrB is monocistronic in the DK1622 genome.

The function of MXAN_4428 remains unknown, although the
gene product shows significant homology to PF03884 (DUF329; E
value, 1e	18), a domain which belongs to the TRASH clan, a
family of small proteins that contain conserved cysteine residues
thought to bind metal ions (28). In E. coli, YacG, a PF03884 family
member, binds GyrB and inhibits DNA gyrase activity (29).

DISCUSSION

In this work, we describe a powerful genetic screen that allowed
isolation of M. xanthus mutants defective in OME. In total, 44
transposon mutants with mutations in traA and traB were iso-

lated, and additional point mutations were mapped to this locus.
Because no other genes were found to be required for OME, we
conclude that the protein machinery directly involved in OM fu-
sion is relatively simple and likely consists of only TraA and TraB
in partnering cells. Consistent with this view, in available myxo-
bacterial genomes, the traAB genes are always found in an operon
by themselves (30). Furthermore, in other bacterial systems that
transport effectors into neighboring cells, namely, type III, IV, V,
and VI secretion systems, the genes that encode the transport ap-
paratus are also found to be contained in operons or genetic is-
lands (31–33). In eukaryotes, where membrane fusion systems are
better understood, they typically consist of one to a few proteins
essential for fusion (34). Thus, on the basis of a priori evidence and
our screen, the TraAB proteins may be sufficient to explain OM
fusion in myxobacteria. Moreover, as no mutants were found to
be defective in the production of OM tubes, which are long nar-
row outer membrane-enclosed cellular appendages (35), these or
other overt cellular structures appear to not be required for OME,
as previously suggested (35, 36).

The ease with which traAB mutants were isolated suggests that
the screen provided a powerful fitness advantage to A-motile cells
when OME was abolished. One obvious fitness gain is the ability of
motile cells to escape captivity from nonmotile siblings. Here,
escape mutants can seek fresh nutrients and leave crowded areas
that contain metabolic wastes. However, given the lopsided out-
comes, other fitness gains that are currently not appreciated may
be endowed to tra escape mutants.

Our screen yielded a second class of mutants that were fully
competent for OME. These mutants were instead defective for the
OME response. A working model for the OME response pathway
is outlined in Fig. 5. Importantly, because the swarm relief pheno-
type of the omr mutants was not as robust as that of the tra mu-
tants (Fig. 3), the former mutant class was more difficult to isolate.
Consequently, we expect the OME response pathway(s) to consist
of additional players that have not yet been identified.

The swarm inhibition phenotype described here cannot be ex-
plained simply as a physical obstruction by nonmotile cells, be-
cause cells with tra mutations alleviate this block. To explain
swarm inhibition, our model proposes that a time-dependent
physiological signal or cue is generated in nonmotile cells and is
then transmitted to motile cells (Fig. 5). In this model, OME either
directly transfers an inhibitory signal or the TraAB function acts as
a cue that triggers signal transfer by an undefined mechanism.
Consistent with a signaling hypothesis, our findings that a few
nonmotile cells can control the gliding behavior of a large popu-
lation (Fig. 3, 1:40 ratio) can be explained by a mechanism
whereby a signal is amplified and propagated from one to many
cells. Because our screen pertained to motile responders, signal-
generating mutants could not be obtained and the nature of the
putative signal(s) remains unknown. Last, our findings from
strain mixture experiments suggest that cells within myxobacte-
rial swarms are communicating and cell behaviors are regulated.
We hypothesize that the introduction of nonmotile cells within a
motile population breaks the harmony of the population and
leads to swarm dysfunction. Consistent with this view, Kaiser and
Warrick have recently demonstrated that the movement of cells
within a swarm shows a surprisingly high degree of synchroniza-
tion (37). We suggest that this synchronization is disrupted when
nonmotile cells are mixed in the population.

Insights into how cells respond to OME can be gleaned from

FIG 5 Working model for how OmrA and OmrB modulate the OME re-
sponse. Here, aminoacylation of phospholipids and transfer to the outer leaflet
of the inner membrane allow an undefined OME-derived signal (red star) to be
perceived by a responder cell. Lollipops, phospholipids. See the text for addi-
tional details. IM, inner membrane; AA, aminoacyl.
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the literature on OmrA and OmrB homologs. In particular, MprF
from S. aureus represents a model protein. MprF is a bifunctional
enzyme that contains a natural fusion between the domains found
in OmrA and OmrB (24). The MprF PF09924 domain (OmrB)
catalyzes the synthesis of lysyl-phosphatidylglycerol from lysyl-
tRNA and phosphatidylglycerol precursors. The resulting mem-
brane-embedded aminoacyl-phosphatidylglycerol is then flipped
from the cytoplasmic membrane leaflet to the outside leaflet by
domain PF03706 (OmrA). Within family members, the amino-
acyl-phosphatidylglycerol synthases and flippase functions can be
promiscuous with respect to substrates containing lysine, alanine,
and/or arginine (38–40). Aminoacylation of phosphatidylglycerol
in turn results in physicochemical changes in the cytoplasmic
membrane and how it interacts with molecules. For example, in S.
aureus, gain-of-function mutations in MprF result in antibiotic
resistance, including resistance to daptomycin, by altering the
membrane surface charge, which in turn repels cationic antibiot-
ics (24). Peschel and colleagues have shown that the two domains
in MprF can be genetically separated and yet their functions are
retained (41). By analogy to MprF and the PA0920 homolog in
Pseudomonas aeruginosa (39), we propose that OmrB similarly
functions to aminoacylate phospholipids on the inner leaflet of
the cytoplasmic membrane (Fig. 5). Although aminoacylated
phosphatidylglycerol has not yet been reported in M. xanthus, this
field is an emerging area of research in which bacteria have been
found to adapt to their environments by modifying their phos-
pholipids (42). Additionally, it is known that M. xanthus contains
chemically diverse phospholipids (43), and MprF homologs in the
M. xanthus genome have also been reported by others (44). We
propose that, after amino acid addition to phosphatidylglycerol,
OmrA flips this substrate to the outer leaflet of the inner mem-
brane (Fig. 5). In support of this model, the finding that both
omrA and omrB mutants elicit a swarm relief phenotype (Fig. 3)
provides genetic evidence that these proteins function in the same
pathway. However, we emphasize that at a high ratio of nonmotile
cells, the omrB mutant did not elicit swarm relief, while the omrA
mutant did (Fig. 3), suggesting that OmrA plays a more critical
role in the responsive pathway. In turn, we suggest that omrA or
omrB mutations alter membrane homeostasis, and, consequently,
the physiological response of responder cells to OME engagement
changes. Possible cellular scenarios to explain an altered response
include how effector proteins, small molecules, and/or toxins in-
teract with the inner membrane and/or proteins therein. Cur-
rently, we are investigating the molecular details for how cells
respond to OME to coordinate multicellular behaviors.
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