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The response regulator OmpR is involved in numerous adaptive responses to environmental challenges. The
role that OmpR plays in swarming behavior and swarm-cell differentiation in the symbiotic-pathogenic
bacterium Xenorhabdus nematophila was examined in this study. Swarming began 4 h sooner in an ompR mutant
strain than in wild-type cells. Precocious swarming was correlated with elevated expression of fliC, early
flagellation, and cell elongation. The level of flkDC mRNA was elevated during the early period of swarming in
the ompR strain relative to the level in the wild type. These findings show that OmpR is involved in the temporal
regulation of flhDC expression and flagellum production and demonstrate that this response regulator plays

a role in the swarming behavior of X. nematophila.

Xenorhabdus nematophila is a motile gram-negative bacte-
rium belonging to the Proteus clade of the Enterobacteriaceae
family (9, 10). Its life cycle is characterized by a symbiotic
association with a soil nematode and by pathogenic interac-
tions with different insect hosts. X. nematophila persists in the
specialized gut sac of the entomopathogenic nematode Stein-
ernema carpocapsae (10, 20). As X. nematophila transitions
from the symbiotic stage in the nematode to the pathogenic
stage, it must adapt to the hemocoel environment and the
innate immune system of the insect. The regulatory pathways
involved in adaptation to the insect hemocoel are not well
understood. Bacterial adaptation to different environmental
conditions involves two-component signal transduction path-
ways consisting of histidine kinase sensors and response regu-
lators (22, 23). Histidine kinases sense environmental signals,
undergo autophosphorylation, and subsequently transfer a
phosphate group to a cognate response regulator. Sensor ki-
nases can also possess phosphatase activity that stimulates the
dephosphorylation of the cognate response regulator. In addi-
tion, response regulators can be phosphorylated by low-molec-
ular-weight phosphodonors such as acetyl phosphate (21, 31).
Modulation of the phosphorylated state of the response regu-
lator controls the expression of the target genes.

The OmpR-EnvZ two-component system has been studied
extensively in Escherichia coli and Salmonella. The response
regulator OmpR is involved in regulating numerous cell func-
tions, including the expression of ompF and ompC porin genes,
motility, biofilm formation, adaptation to acidic conditions,
and virulence (2, 18, 23, 25, 26, 30). In E. coli and Salmonella
enterica serovar Typhimurium, ompF is expressed under low-
osmolarity conditions, while ompF is repressed and ompC
expression increases under high-osmolarity conditions. In con-
trast, expression of opnP, the ompF homolog of X. nemato-
phila, requires OmpR, but OpnP is not osmoregulated (5, 11,
28). A shift to high-osmolarity conditions does not reduce

* Corresponding author. Mailing address: Department of Biological
Sciences, P.O. Box 413, University of Wisconsin, Milwaukee, WI
53201. Phone: (414) 229-6373. Fax: (414) 229-3926. E-mail: sforst
@uwm.edu.

5290

OpnP production or affect the production of other outer mem-
brane proteins (11). An ompC homolog has not been identified
in X. nematophila, and inactivation of ompR does not affect the
production of other outer membrane proteins besides OpnP
(5). In E. coli, OmpR negatively regulates the master flagellar
regulatory operon, fIThDC (24, 26). However, inactivation of
ompR did not affect flhDC expression in S. enterica serovar
Typhimurium (17). Taken together, the above results indicate
that OmpR may function differently in bacteria with different
ecological and host niches.

To begin to elucidate the function of OmpR in the adapta-
tion of X. nematophila to diverse environmental conditions, an
ompR mutant strain (ABR2) was recently constructed (5). The
ompR strain produced elevated levels of hemolysin activity and
exhibited a hyperswarming phenotype. Swarming motility has
been extensively studied in Proteus mirabilis (1, 3). Belas et al.
(4) have shown that disruption of 7sbA in the resC-rsbA-rcsB
phosphorelay system of P. mirabilis results in precocious
swarming behavior. RcsC and RcsB constitute a two-compo-
nent system involved in the regulation of genes required for
production of an extracellular polysaccharide capsule (27). In
E. coli, the RsbA homolog, YojN, was found to possess a
His-containing phosphotransfer domain which transfers the
phosphate group from the histidine kinase RcsC to the re-
sponse regulator ResB (7, 29). Inactivation of yojN results in
precocious swarming behavior in E. coli (29). The molecular
details of how the RcsC-RsbA(YojN)-ResB phosphorelay sys-
tem affects swarming behavior remain unresolved. In the
present study, we show that the ompR strain of X. nematophila
exhibits precocious swarming behavior and enhanced flhDC
expression. These results indicate that OmpR is involved in the
temporal regulation of flhDC expression and swarming behav-
ior in X. nematophila.

Precocious swarming in the ompR strain ABR2. It was shown
previously that swarm rings formed by the ompR strain ABR2
(AN6-ompR::Kan") were significantly larger than those formed by
the wild-type strain AN6 (5). The doubling rates of the wild-type
strain and the ompR strain, as measured by both optical density
and cell counting, were found to be comparable (5). Since the
hyperswarming behavior of the ompR strain could be caused by
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FIG. 1. Comparison of the swarming motilities of AN6 and ABR2.
The width of the swarm ring for the wild-type strain (AN6) and the
ompR strain (ABR2) was measured from the edge of the bacterial
colony over a 23-h period. This experiment was repeated four times,
giving closely similar results. A representative experiment is shown.

several factors, including early initiation of swarming and/or an
increased swarm rate, swarming motility was monitored continu-
ally from the initial spotting of the culture onto the agar plate
(Fig. 1). Luria-Bertani (LB) agar plates containing 0.8% agar and
0.75% NaCl were found to be optimal for swarming behavior for
X. nematophila (5). The agar plates were allowed to sit for 60 min
at 29°C before the bacterial cultures were spotted onto the sur-
face of the agar. A 6-pl drop of a stationary-phase culture (optical
density at 600 nm, 7.5) was applied to the agar surface and sub-
sequently incubated at 29°C. The number of CFU of the station-
ary-phase culture of the ompR strain was determined to be slightly
less (~80%) than that of the wild-type strain. A visible bacterial
colony forms by approximately 5 h after application of the cul-
tures to the agar surface. Swarming migration was monitored by
measuring the movement of the swarm front away from the edge
of the bacterial colony.

The ANG strain began to swarm by 13 h after spotting onto
the agar plate (Fig. 1). In contrast, ABR2 began swarming by
9 h after spotting, 4 h earlier than the wild-type strain. During
the migration period, there was no detectable difference be-
tween the swarm rates of the AN6 and ABR2 strains. To
determine whether precocious swarming also occurred at
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higher agar concentrations, cells were spotted onto plates con-
taining 0.9% agar (Fig. 1). The ABR2 strain started to swarm
11 h after spotting, while the ANG6 strain began swarming at
approximately 14 h. Thus, while swarm migration commenced
later and the swarm rings were smaller for both strains when
grown on the 0.9% agar plates, the ompR strain initiated
swarming earlier than the wild-type cells.

Early swarm-cell differentiation and flagellation in ABR2. To
determine whether precocious swarming in the ompR strain was
correlated with early swarm-cell differentiation, the cell morphol-
ogy of swarmer and swimmer cells was examined by Nomarski
microscopy. Since swarmer-cell differentiation had not been char-
acterized in X. nematophila, we first examined the differences in
the morphologies of swarmer and swimmer cells in the wild-type
strain. To obtain fully differentiated swarmer cells, 6 pl of a
stationary-phase culture was spotted onto a 0.8% agar plate and
incubated for 15 h. Cells were scraped from the outer edge of the
swarm ring and suspended in LB broth. Swimmer cells were
collected from late-log-phase LB broth cultures. Wild-type swim-
mer cells were short rods with an average cell length of 4.0 = 0.1
pm, while the swarmer cells were elongated, with an average cell
length of 10.0 = 0.6 wm (Fig. 2A).

While swarmer-cell elongation is typical in enteric bacteria,
the 2.5-fold elongation of the swarmer cells of X. nematophila
was not as dramatic as in P. mirabilis, in which swarmer cells
are approximately 40-fold longer than the vegetative swimmer
cells (12). The cell length of the ompR swarmer cells at the
15-h time point was indistinguishable from that of the wild-
type strain (data not shown), indicating that ompR function is
not essential for the formation of the fully differentiated
swarmer cell in X. nematophila. The cell length of the ompR
swimmer cells was also found to be the same as that of the AN6
swimmer cells (data not shown).

To monitor the progression of AN6 and ABR2 cell elonga-
tion, the lengths of individual cells obtained from the edge of
the swarm colony were viewed over time by Nomarski micros-
copy (Fig. 2B). During the early phase of growth, the edge of
the bacterial colony contains cells that are differentiating from
short rods into the elongated swarmer cells, resulting in a
heterogeneous mixture of cell lengths. At 5.5 h, more ABR2
than ANG cells had a cell length of >6.5 pm, while more AN6
cells were <4.5 pm long. By 8 h, the number of ABR2 cells
that were >6.5 wm had increased, while the number of shorter
rods (<4.5 pwm) had decreased. At this time, the proportion of
AN cells that were <4.5 wm was still larger than the propor-
tion of cells that were >6.5 pm. At 11.5 h, most of the ABR2
cells were elongated (>6.5 wm), while the ANG6 cells were
distributed between the intermediate (4.5 to 6.5 pwm) and elon-
gated size classes. Finally, by 15 h, the ANG6 cells had elongated
into the swarmer cell type (Fig. 2A). These findings indicate
that differentiation into the elongated swarmer cell occurred
earlier in the ABR2 cells than in the ANG6 cells. Thus, the
precocious swarming behavior in the ABR?2 strain (Fig. 1) was
correlated with early differentiation into the swarmer cell type.

To examine flagellation during swarm-cell differentiation,
cells were viewed by transmission electron microscopy. Cells
were allowed to settle for 30 s, followed by negative staining
with 0.5% phosphotungstic acid for 30 s. Figure 3 shows that
ABR2 was flagellated by 5.5 h after spotting onto the agar
surface, while very few flagellated ANG6 cells were detected at



5292 NOTES

A

Swarmer cells

Swimmer cells

mAN6 S55hr
1204 o aBR2

<45 45-65 >6.5
Cell size (um)

mAN6 8hr

OABR2

Frequency

45-65 >6.5
Cell size (um)
140 - — S
120 | BANG6 11.5hr
OABR2
- 100 4
§ 80
s
g 0|
=
40 |
20
<45 45-65 >6.5
Cell size (um)

FIG. 2. Swarm cell differentiation. (A) Swimming cells and fully
differentiated swarm cells were viewed under 630X magnification.
(B) The frequency of size distribution of swimmer cells (<4.5 pm),
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this time point. Approximately 90% of the ABR2 cells viewed
possessed flagella. At 8 h, ABR2 cells were heavily flagellated,
while the ANG6 cells displayed considerably fewer flagella. By
11.5 h, both cells were heavily flagellated to a similar extent.
The hyperflagellation of the X. nematophila swarmer cells was
similar to the that of P. mirabilis swarmer cells, where flagellum
density increases 50-fold relative to that of the vegetative swim-
mer cell (12, 13).

Early flagellation in the ompR strain was examined further
by measuring the production of the major flagellar subunit,
FliC, in cells grown on 0.8% agar swarm plates (Fig. 4). A total
of 40 spots of 6 pl each of either AN6 or ABR2 stationary
phase-cells, normalized to equivalent cell density, were applied
to the surface of the agar swarm plate and incubated at 29°C
for 5.5 h. A flhC strain, which does not produce flagella, was
also included as a control. Cells were harvested in 2 ml of
phosphate-buffered saline, and 1.5 ml of each strain was vor-
texed vigorously for 5 min. Cells were pelleted, and the result-
ing supernatant containing released flagella was centrifuged at
high speed (353,000 X g) for 14 min in a TL100 Beckman
ultracentrifuge. The flagellar pellets were solubilized in 30 ul
of sodium dodecyl sulfate loading buffer, boiled for 5 min, and
applied to a sodium dodecyl sulfate-15% polyacrylamide gel.
As shown in Fig. 4, the level of FliC produced in the ABR2
strain (lane 3) was significantly greater than that produced in
the ANG strain (lane 2). As expected, FliC was not produced in
the fIhC strain (lane 4). Taken together, these findings indicate
that inactivation of ompR in X. nematophila resulted in early
swarm-cell differentiation, as characterized by early flagella-
tion and cell elongation.

Early expression of flhDC and fliC in the ABR2 strain. To
address the question of whether early swarm-cell elongation and
flagellation in ABR?2 correlated with early expression of flhDC
and fliC, a reverse transcriptase (RT)-PCR approach was taken.
The nucleotide sequences of the flhDC (14) and fliCD operons
(15) of X. nematophila are available. Primers were designed to
fIhD and fliC to amplify 501- and 657-bp RT-PCR products,
respectively. Primers for 16S ribosomal DNA (rDNA) were used
as the internal control for the RT-PCR. Total RNA from cells
grown for 5.5 h on 0.8% agar was extracted with the RNeasy kit
(Qiagen) and subsequently treated with RQ1 RNase-free DNase
(Promega). One-step RT-PCR was performed with the Access-
Quik RT-PCR Kit (Promega). First-strand cDNA synthesis was
performed at 52°C for 45 min with 1 U of AMV-RT polymerase
(Promega). The following cycle conditions were used for the
PCR: 30 s at 94°C, 30 s at 55°C, and 60 s at 72°C. The number of
cycles varied according to the level of expression of the various
mRNAs to ensure that the comparison was performed in the
linear range of the amplification. The cycles used were as follows:
21 cycles for fIhD, 17 cycles for 16S rDNA, and 15 cycles for fliC.
The RT-PCR assay was repeated numerous times with serially
diluted total RNA to ensure that it yielded quantitative results. A
typical reaction contained 600 ng of total RNA.

Figure 5 shows the amount of the flhDC and fliC RT-PCR

intermediate cells (4.5 to 6.5 pm), and elongated swarmer cells (>6.5
wm) was assessed by measuring 150 individual cells viewed under 630X
magnification.
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FIG. 3. Precocious flagellation of the ABR2 cells. The AN6 and ABR2 cells obtained at the indicated times were viewed by transmission
electron microscopy. Over 100 fields were viewed for each time point. A representative field is shown.

products obtained from total RNA derived from ANG6 (lanes 2,
4, and 6) and ABR2 (lanes 3, 5, and 7). The ABR2 strain
expressed significantly higher levels of both flhD and fliC
mRNA than ANG6 at the 5.5-h premigration period. Thus, in
the absence of OmpR, flhDC expression is elevated during the
premigration period, which in turn promotes precocious syn-
thesis of flagella. The precocious production of flagella would
account for the early swarming behavior in the ABR2 strain.
Since FIhD has been shown to negatively affect cell division
(24), elevated FIhDC levels may also participate in early
swarmer cell elongation in the ABR2 strain. It is of interest
that expression of flhDC is dramatically elevated in the elon-
gated swarmer cells of P. mirabilis (13).

Concluding remarks. The present results show that OmpR
is involved in the temporal control of flAiDC expression and
swarming motility in X. nematophila. FIhDC has been shown to
be required for hemolysin and lipase production and full vir-

kDa 1 2 3 4

<+FIliC

24 »

FIG. 4. Overproduction of FliC in the ABR2 strain. Cells were
grown on LB swarm plates for 5.5 h. Lanes: 1, molecular mass markers;
2, FliC obtained from ANG6; 3, FliC obtained from ABR2; 4, proteins
released from the flhC strain (AN6-flhC::kan). FliC has a predicted
molecular mass of 33.3 kDa (9). This experiment was repeated five
times, with similar results.
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FIG. 5. RT-PCR analysis of flhD and fliC levels in AN6 and ABR2
cells. Each reaction contained 600 ng of total RNA. A negative control
reaction lacking reverse transcriptase was conducted for each primer
set. Lanes: 1, base pair marker; 2, 4, and 6, RT-PCR products derived
from ANG; 3, 5, and 7, RT-PCR products derived from ABR2.

ulence in X. nematophila (6, 14) and for exoenzyme production
in several other enteric bacteria (1, 14, 16, 19, 32). Based on
these findings, we speculate that early in infection, OmpR-
phosphate participates in the negative regulation of flhDC,
thereby reducing flagellum production and exoenzyme secre-
tion. Low levels of FIhDC would favor cell proliferation (24).
As the bacteria grow, flhDC expression would increase (24),
stimulating both motility and the secretion of exoenzymes.
Secretion of hemolysins may serve to inactivate insect immu-
nocompetent cells (6, 14), while the exoenzymes may break
down macromolecules in the insect hemolymph, providing nu-
trients essential for continued nematode and bacterial growth.
These and previous findings indicate that the EnvZ-OmpR and
the RcsC-RsbA(YojN)-ResB (4, 29) phosphorelay systems
negatively regulate swarming behavior and exoenzyme secre-
tion. It was recently shown that OmpR is required for yojN-
resB expression in S. enterica serovar Typhimurium (8). Thus,
besides its role in the regulation of flhkDC, OmpR may affect
swarming behavior and exoenzyme secretion by controlling the
activity of other regulatory pathways.
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