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Abstract The overall role of the Rcs phosphorelay in
Proteus mirabilis is largely unknown. Previous work had
demonstrated that the Rcs phosphorelay represses the
fIhDC operon and activates the minCDE cell division inhi-
bition system. To identify additional cellular functions
regulated by the Rcs phosphorelay, an analysis of RNA-seq
data was undertaken. In this report, the results of the RNA-
sequencing are discussed with an emphasis on the pre-
dicted roles of the Rcs phosphorelay in swarmer cell differ-
entiation, motility, biofilm formation, and virulence. RcsB
is shown to activate genes important for differentiation
and fimbriae formation, while repressing the expression of
genes important for motility and virulence. Additionally,
to follow up on the RNA-Seq data, we demonstrate that an
rcsB mutant is deficient in its ability to form biofilm and
exhibits enhanced virulence in a Galleria mellonella wax-
worm model. Overall, these results indicate the Rcs regu-
lon in P. mirabilis extends beyond flagellar genes to include
those involved in biofilm formation and virulence. Further-
more, the information presented in this study may provide
clues to additional roles of the Rcs phosphorelay in other
members of the Enterobacteriaceae.
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Introduction

The regulator of colonic acid capsule synthesis (Rcs) phos-
phorelay is a complex signal transduction system present in
many members of the Enterobacteriaceae. In the swarming
bacterium Proteus mirabilis, the Rcs phosphorelay controls
swarmer cell differentiation, represses the fliDC operon
and activates the minCDE cell division system (Belas et al.
1998; Liaw et al. 2001; Clemmer and Rather 2008a; How-
ery et al. 2015). However, our knowledge of the role for the
Rcs phosphorelay in other cellular functions in P. mirabi-
lis is limited. Because of the importance of P. mirabilis as
a human pathogen, we sought to identify additional func-
tions for the Rcs phosphorelay in the physiology of this
bacterium.

The Rcs phosphorelay was first identified during a screen
to find genes necessary for capsular polysaccharide (cps) syn-
thesis in Escherichia coli (Gottesman et al. 1985). Further
studies revealed that it was not just a simple two-component
system, but a multifaceted variation known as a phosphore-
lay. The Rcs phosphorelay comprises a sensor kinase (RcsC)
located at the inner membrane, a response regulator (RcsB)
(Brill et al. 1988; Stout and Gottesman 1990), and a phospho-
transfer protein (RcsD). ResD, previously known as YojN,
mediates the transfer of the phosphate group from RcsC to
ResB (Takeda et al. 2001). An additional protein, RcsA, is an
auxiliary protein that assists RcsB binding at sites denoted
as RcsAB boxes (Pristovsek et al. 2003; Stout et al. 1991).
Finally, the outer membrane lipoprotein RcsF transmits sig-
nals induced by membrane stress or other elements to RcsC
thereby activating the phosphorelay (Castanie-Cornet et al.
2006; Majdalani et al. 2005; Gervais and Drapeau 1992).
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In addition to cps, other targets for Rcs regulation have
been identified in E. coli. The cell division septum protein,
FtsZ, responsible for Z-ring formation at the future site
of cytokinesis is activated by RcsB (Gervais et al. 1992).
A related cell division protein, FtsA, which tethers FtsZ
to the cell membrane, was also shown to be Rcs regulated
(Carballes et al. 1999). OsmC, a reducer of organic hydrop-
eroxides, and two other osmotically induced proteins,
encoded by osmB and osmY, are all Rcs-activated genes
(Davalos-Garcia et al. 2001; Hagiwara et al. 2003). RprA,
a regulatory RNA also activated by RcsB, affects transla-
tion of RpoS, which connects the Rcs phosphorelay to the
RpoS regulon (Majdalani et al. 2002). One target in par-
ticular, flhDC, encoding the regulator for flagellar synthe-
sis, FIhD,C,, is repressed by the Rcs phosphorelay in E.
coli (Francez-Charlot et al. 2003) and Salmonella enterica
(Wang et al. 2007). The relationship between the Rcs phos-
phorelay and flhDC regulation is one that has strong impli-
cations for motility and virulence, particularly for organ-
isms that use motility as a means to establish infection.

Proteus mirabilis is a highly motile bacterium noted for
its ability to change shape from short vegetative rod cells
into elongated swarmer cells during a process known as dif-
ferentiation. Differentiated swarmer cells are 20- to 50-fold
longer than their vegetative counterparts and express thou-
sands of flagella (Hoeniger 1965; Belas and Flaherty 1994).
Swarmer cells utilize a flagellum-dependent, multicellular
form of motility known as swarming which is different
from swimming motility. Swimming occurs when a single
cell propels itself through liquid or soft agar. Swarming is
a multicellular process where a group of cells producing
massive amounts of interweaving flagella collectively align
and form rafts which facilitate movement across a solid
surface (Jones et al. 2004). Differentiation of rod-shaped
cells into swarmer cells occurs upon contact with a solid
surface. Elements that contribute to this process include
O-antigen-mediated cell surface perturbation (Morgenstein
et al. 2010), inhibition of flagellar rotation, and cell-to-cell
signaling (Rauprich et al. 1996; Fraser and Hughes 1999;
Sturgill and Rather 2004; Belas and Suvanasuthi 2005).
After a period of migration, swarmer cells undergo consoli-
dation or de-differentiation, which was once thought to be
a resting period. However, during consolidation, cells are
more metabolically active than swarming cells (Armitage
1981) and a prominent upregulation of genes involved in
cell wall synthesis, nutrient uptake, metabolism, and res-
piration occurs relative to swarming cells (Pearson et al.
2010), indicating the cells are preparing for another period
of energy-expensive swarming. The bulls-eye pattern
P. mirabilis forms on agar plates is due to the oscillation
between swarming and consolidation.

At the center of swarmer cell differentiation is the flhDC
master operon, whose expression is dictated by a myriad of
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factors (Belas et al. 1998; Dufour et al. 1998; Liaw et al.
2001; Sturgill and Rather 2004; Stevenson and Rather
2006; Clemmer and Rather 2008a; Morgenstein et al.
2010). The product of flhDC, FIhD,C,, is central to the
activation of class II flagellar genes (Furness et al. 1997,
Claret and Hughes 2000a), and hyper-flagellation is essen-
tial for the formation of swarmer cells (Gygi et al. 1995).
Expression of flhDC is high during initiation of swarming,
but sharp decreases in fIhDC expression can be observed
shortly after differentiation occurs (Furness et al. 1997;
Clemmer and Rather 2008a). In addition to strict tran-
scriptional control, the FIhD and FIhC proteins are tightly
regulated post-translationally via proteolytic degradation
(Claret and Hughes 2000b; Clemmer and Rather 2008b).
Modest changes in fliDC expression can have dramatic
effects on the swarm phenotype. Overexpression of flhiDC
results in a hyperswarming phenotype (Furness et al. 1997),
also known as precocious swarming, and f/hADC mutants do
not swarm.

Other mutations that result in hyperswarming include
those in the RppAB two-component system (Wang et al.
2008) and the Rcs phosphorelay. It is common in bacteria
to employ more than one two-component system to con-
trol differentiation (Kovacs 2016). The first rcs mutations
resulting in hyperswarming were in rcsC and resD (previ-
ously rsbA) (Belas et al. 1998; Liaw et al. 2001). An rcsB
mutant was later constructed, and it shared the hyperswarm-
ing phenotype with other mutants of the Rcs phosphorelay.
The hyperswarming phenotype of the rcsB mutant is likely
related to increased levels of flhDC observed in this strain
(Clemmer and Rather 2008a), and RcsB has been shown to
bind to the upstream region of flhkDC in E. coli (Francez-
Charlot et al. 2003). In addition to hyperswarming, rcs
mutants elongate in liquid media, a non-permissive condi-
tion for differentiation, suggesting the Rcs phosphorelay
influences the expression of genes important for differen-
tiation. Interestingly, flhDC overexpression alone does not
induce an elongated phenotype in liquid indicating addi-
tional res regulated genes control elongation (Clemmer and
Rather 2008a).

Recently, RNA sequencing was performed on an rcsB
mutant in P. mirabilis to identify Rcs-regulated genes
important for differentiation (Howery et al. 2015). This
data set was compiled from three independent RNA-Seq
analyses between wild type and an RcsB mutant. GEO
accession number GSE76341. However, when re-evaluating
these data sets, additional RcsB-regulated genes were iden-
tified resulting in 221 genes that were differentially regu-
lated in an resB mutant when a twofold or greater cutoff
is employed (Supplemental Table 1). To aid in determin-
ing whether RcsB is acting directly or indirectly on genes
within its regulon, a bioinformatic approach was used to
identify putative RcsB-binding sites. The results of the
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RNA-Seq have predicted additional functions that may be
controlled by the Rcs regulon in P. mirabilis. Specifically,
the role of the Rcs regulon in differentiation, motility, self-
recognition, adherence, biofilm formation and virulence are
discussed. Lastly, to confirm these predictions, we experi-
mentally verify that the Rcs phosphorelay is important for
biofilm formation and influences virulence in P. mirabilis.

Materials and methods
Bacterial growth conditions

Except where indicated, P. mirabilis strains were grown
in modified Lysogeny (LB) broth (10 g tryptone, 5 g yeast
extract, 5 g NaCl/L) at 37 °C with shaking at 250 rpm. Agar
was used at 30 g/L in plates to prevent swarming. Antibi-
otic selections included 35 pg/mL streptomycin.

Biofilm assays

Proteus mirabilis strain HI4320 or the isogenic rcsB::Str®
were grown overnight in LB with appropriate antibiot-
ics at 37 °C without shaking. Cells were equilibrated to
the same optical density (Agy) and a 1:100 dilution of
each strain was made in LB only. For the biofilm assays
in 96-well polystyrene microtiter plates (Costar®), 150 uL
of the diluted cultures were added to 8 wells of the micr-
otiter plate and incubated in a humidified environment at
37 °C for 8 or 24 h. The Ag, was determined for each well
to measure growth. Biofilms were stained with by add-
ing 15 pL 0.4 % crystal violet to the well and incubating
for 15 min. Afterward, stained biofilms were rinsed with
deionized water three times, and biofilms were resuspended
in 200 pL 33 % acetic acid. Biofilm was quantified by read-
ing each sample at 580 nm and dividing that value by the
Agoo value for the same sample well. For biofilm assays on
catheter, tweezers and scissors were pre-sterilized in 100 %
ethanol for 20 min. Siliconized latex catheters (Mentor)
were cut into 0.25-in. pieces, flamed briefly, and 5 pieces
of catheter were fused per well to the bottom of a 6-well
plate (Costar®). 9.5 mL of a 1:100 diluted culture was
added in duplicate to the plate containing catheter pieces to
submerge them. An LB-only control was used in duplicate.
After 8 or 24 h of incubation in a humidified environment,
1 mL of the culture was removed to determine the Agg,. If
any piece of catheter detached from the bottom of the plate,
it was discarded prior to staining. Biofilms were stained by
adding 0.85 mL of 0.4 % crystal violet to each well and
incubated for 15 min. Liquid was removed from the wells,
and catheters were rinsed three times by adding 10 mL
deionized water to each well to remove planktonic cells.

After rinsing, catheter pieces were removed and added to
individual 1.5 mL microcentrifuge tubes where they were
resuspended in 0.9 mL 33 % acetic acid and vortexed for
2 min. Catheter pieces were removed from tubes and each
sample tube was read at 580 nm. Asg, values were adjusted
for each strain by subtracting the average Asg, value for
catheter incubated in LB only. Biofilm was quantified by
dividing the Asg, value by the Ag, value of the well where
catheters were incubated.

Identification of potential RcsB-binding sites
of ResB-regulated genes

Based on known RcsB-binding sites in E. coli, the pattern
NNNGANNNNCNNN was used as the input for compu-
tational microbiology laboratory (CMBL) pattern locator
(PATLOC) program (Mréazek and Xie 2006). The search
was restricted to intergenic regions within the P. mirabi-
lis HI4320 chromosome (NCBI RefSeq NC_010554.1).
Genomic hits returned by PATLOC were compiled using
an SAS program to restrict binding sites to RcsB-regu-
lated genes identified using the RNA sequencing data.
To confirm location and presence on the direct DNA
strand, potential RcsB-binding patterns were input into
Nucleotide Basic Local Alignment Search Tool (BLAST)
(Altschul et al. 1997) version 2.2.32 adjusted for highly
similar (megablast) and short input nucleotide sequences.
Potential RcsB-binding sequences located near defined or
putative transcriptional regulatory regions were aligned
to the consensus E. coli RcsAB box, TAAGAATATTC-
CTA, using an SAS program. Previously identified RcsB-
binding sequences in E. coli were also aligned. The SAS
programs written to compile genomic hits and align
binding sequences are available from the authors upon
request.

Galleria mellonella killing assays

Cells of wild-type PM7002 or the isogenic rcsB::Sm
mutant (Clemmer and Rather 2008a) were grown by shak-
ing at 250 rpm in 2.5 mL of LB broth at 37 °C to an opti-
cal density (Agy) of 0.45. A 107¢ dilution was prepared in
sterile LB and 5 pL representing 10 CFU for each strain
was used to inject G. mellonella waxworms (200-250 mg
each) in the second proleg. The G. mellonella worms were
incubated at 37 °C in a humidified incubator and were
checked at 24 h intervals for killing. Worms were consid-
ered dead if they did not move when prodded with a pipette
tip and were dark brown or black in color. A total of three
independent experiments were conducted representing 28
worms for wild type and 29 worms for the rcsB mutant.
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Results
RcesB-activated genes identified by RNA-Seq
Cell division and differentiation

Genes involved in cell division and thus septation have
long been hypothesized to play a role in swarmer cell elon-
gation, since the prevention of septation in E. coli results
in filamentation (de Boer et al. 1989). However, during a
previous study to identify genes important for elongation
in P. mirabilis, only gidA, involved in glucose-inhibited
cell division, was isolated (Belas et al. 1995). Rcs-activated
genes involved in cell division include the Min cell division
inhibition system, ftsZ, and ftsA (Table 1). The Min system
is composed of three proteins, MinC, MinD, and MinE,
which oscillate from pole to pole during cell division in
order to keep FtsZ-mediated Z-ring formation at the cell
center (Ward and Lutkenhaus 1985; de Boer et al. 1990).
As previously noted, expression of minC and minD were
reduced 3.4- and 6.74-fold, respectively, in the rcsB mutant
relative to wild type (Table 1 and Howery et al. 2015). FtsZ
is the bacterial homolog of tubulin and mediator of the
Z-ring (Bi and Lutkenhaus 1991). FtsA, which is structur-
ally related to actin, is the protein that anchors the Z-ring
to the site of septation (Pichoff and Lutkenhaus 2005).
ftsZ expression was reduced 3.33-fold and fisA expression
was reduced 2.38-fold in rcsB mutant relative to wild type
(Table 1). This is consistent with previous studies demon-
strating that ftsZ and ftsA were RcsB activated in E. coli
(Gervais et al. 1992; Carballes et al. 1999).

An additional Rcs-activated gene important for differen-
tiation was speB, where expression was reduced 2.69-fold
in the resB mutant relative to wild type. SpeB functions

Table 1 Rcs-activated genes discussed in this article

Gene Fold change (rcsB::Str?
relative to wild type)

Differentiation

minD —6.74

minC —3.40

fisZ —3.33

JtsA —2.38

speB —2.69
Fimbriae

mrpA —68.69

pmfA —63.93

PMI0261 (mrpJ paralog) —28.86

PMI0260 (mrpH paralog) —12.15

ucaA —6.97
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as an agmatinase required for the conversion of agmatine
to putrescine. Mutations in speB result in a delay in the
onset of differentiation and shorter migration periods. This
swarming defect could be rescued by the addition of extra-
cellular putrescine (Sturgill and Rather 2004).

Fimbriae production

Proteus mirabilis is known in a clinical setting for its ability
to cause catheter-associated urinary tract infections (CAU-
TIs) which can lead to pyelonephritis, urolithiasis, and cys-
titis. It is not often found in patients undergoing short-term
catheterization (Matsukawa et al. 2005), but can be isolated
from the urine of approximately 40 % of patients undergo-
ing long-term catheterization (O’Hara et al. 2000; Jacob-
sen et al. 2008). The first step in establishing a CAUTI is
adherence to a catheter, which P. mirabilis readily does
(Roberts et al. 1990; Stickler et al. 2006). Fimbriae from
other urinary tract pathogens have been implicated in the
adherence to catheter material (Mobley et al. 1988; Yakubu
et al. 1989). There are 17 putative fimbrial operons in the P,
mirabilis HI4320 genome (Pearson et al. 2008). The major
fimbrial subunits of the mannose-resistant Proteus-like
(MRP) fimbriae, the P. mirabilis fimbriae (PMF), and the
uroepithelial cell adhesin fimbriae (UCA) were all identi-
fied as Rcs-activated genes. Expression of mrpA, pmfA and
ucaA was reduced 68.69-, 63.93-, and 6.97-fold, respec-
tively, in the rcsB mutant relative to wild type (Table 1).
Additionally, the expression of an mrpJ paralog (PMI0261)
and a fimbrial adhesin, mrpH, paralog (PMI0260) was
reduced 28.86- and 12.15-fold (Table 1).

Given the importance of fimbriae to biofilm formation
(Jansen et al. 2004; Rocha et al. 2007), the Rcs-mediated
activation of certain fimbrial genes in P. mirabilis, and the
contribution of Res to biofilm formation in other bacteria
(Ferriéres and Clarke 2003; Hinchliffe et al. 2008) biofilm
assays were performed using P. mirabilis strain HI4320 and
an isogenic rcsB mutant. After 8 h of incubation in 96-well
polystyrene microtiter plates, the rcsB mutant was unable
to form biofilm (Fig. 1a). After 24 h of incubation, the rcsB
mutant formed 2.9-fold less biofilm than wild-type cells.
The reduction in biofilm formation seen in the rcsB mutant
at 24 h is unlikely to be the result of increased flhDC
expression as a wild-type strain that overexpresses flhDC
on a plasmid (pACYC-flhDC) forms the same level of bio-
film as cells containing the vector alone (Fig. S1). At 48 h
the difference in biofilm formation was not statistically sig-
nificant, although at this time point the wild-type biofilm
had decreased 6.8-fold compared to 24 h. Biofilm reduc-
tion after longer periods of incubation is not an uncommon
phenomenon and can be seen in other organisms (Jackson
et al. 2002; Berne et al. 2010). The reduction over time
in wild type is not seen in the rcsB mutant, where only a
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Fig.1 An rcsB mutant is deficient in biofilm formation. In Panel a,
P. mirabilis strain HI4320 (dark grey bars) or the isogenic rcsB::Str®
(light grey bars) was grown overnight at 37 °C without shaking. Cells
were equilibrated to the same optical density (Ag), diluted, incu-
bated in polystyrene microtiter plates for 8, 24, and 48 h. Biofilm for-
mation was assessed as described in the “Materials and methods”. In
Panel b, biofilms were formed on 0.25-in. latex catheter pieces for 8
and 24 h. For all experiments, the average of three independent exper-
iments is shown. Error bars represent standard deviations. *p value
<0.05

0.6-fold reduction in biofilm occurred between 24 and 48 h
(Fig. 1a).

To examine the importance of rcsB to establishing
CAUTIs, additional biofilm assays were performed using
siliconized latex catheters. Recapitulating the results of
the previous biofilm assays, the rcsB mutant did not form
detectable biofilm on catheter after 8 h of incubation. After
24 h of incubation, the rcsB mutant did form biofilm, but
2.7-fold less than wild type (Fig. 1b). Overall biofilm for-
mation for both strains was higher on catheter material,
with the exception of the rcsB mutant after 8 h of incuba-
tion. In fact, the wild-type strain formed 6.3-fold more bio-
film on catheter (Fig. 1b) compared to polystyrene (Fig. 1a)
after 8 h of incubation.

RcsB-repressed genes
Motility

As the Res phosphorelay is a well-characterized repressor
of swarming, it was not surprising that a large number of
flagellar genes were identified as Rcs-repressed (Table 2).
There are 15 proteins that comprise the external structural
proteins of the flagellum, and 13 of those were recognized

as Rcs-repressed. They include the proximal rod (FIgB,
FlgC, FigF), the distal rod (FIgG) and rod cap (FlgJ), the
hook (FIgE), the hook cap (FlgD), hook-length control
protein (FliK), the hook-flagellar junction proteins (FlgK,
FlgL), the major flagellar subunit (FlaA) and flagellar cap
(F1iD), and the anti-o2® regulatory protein (FigM) (Table 2).
Secretion of the structural proteins involves seven proteins
located within the flagellar basal body, four of which have
been identified as Rcs-repressed (FIhB, FliF, FliO, and
FliP). All three proteins which comprise the ATPase that
drives export of flagellar components (Flil, FliH, and FliJ),
the secretion chaperones (FIgN, FliS and FliT), and the
alternative sigma factor FliA (6°®) were all negatively regu-
lated by RcsB (Table 2).

Additional flagellar proteins that were identified as Rcs-
repressed are within the basal body and the flagellar motor.
They include the flagellar basal body protein FliL, the
L-ring protein FlgH, the P-ring proteins FlgA and FlgI, the
MS-ring protein FliF, and the C ring proteins (FliG, FliM,
and FliN). motA, motB, and all genes encoding members
of the chemosensory (Che) complex with the exception of
cheW, and two putative methyl-accepting chemotaxis pro-
teins, PMI2808 and PMI2809, were also identified as nega-
tively regulated by RcsB (Table 2).

Important regulators of flagellar synthesis, in addition to
fliA (6*®) and flgM (anti-5°%), were repressed by RcsB. They
include the class I operon for flagellar synthesis, flhDC;
umoA and umoD (which were named for the upregulated
expression of fIhDC), and fliZ. Finally, ccmA, a gene impor-
tant for cell shape and motility but unrelated to flagella pro-
duction (Hay et al. 1999) was identified as Rcs-repressed
(Table 2).

Virulence genes

RcsB influences the expression of two well-studied viru-
lence genes, the IgA-degrading protease zapA and hemo-
lysin (hpmBA). Both zapA and zapB, encoding a type-1
secretion ATP-binding protein, and zapD, encoding a type
I secretion outer membrane protein, were found to be Res-
repressed. The expression of zapA, zapB, and zapD were
upregulated 43.44-, 39.44-, and 13.87-fold, respectively, in
the rcsB mutant relative to wild type (Table 2). Expression
of the hemolysin encoding genes, ipmA and hpmB, was
also upregulated 12.51 and 10.41-fold, respectively, in the
rcsB mutant relative to wild type (Table 2).

The RNA-Seq data suggested that the virulence of an
rcsB mutant might be enhanced as the ApmBA hemolysin
and zapAB protease genes were overexpressed. To exam-
ine this, we used an invertebrate G. mellonella waxworm
model. In three independent experiments, the average kill-
ing at day 1 after infection was 92 % for the rcsB mutant
versus 34 % for wild-type cells (Fig. 2). At day 2, the
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Table 2 Rcs-repressed genes discussed in this article

Table 2 continued

Gene

Fold change (rcsB::Str®
relative to wild type)

Gene Fold change (rcsB::Str®
relative to wild type)

Virulence factors
zapA
zapB
zapD
hpmA
hpmB

Motility
flio
fiJ
umoD
fihB
ccm
fihC
SfliP
SiK
figC
fiz
figF
SliA
figD
figk
JISE
Sl
flgd
fiH
SiF
AgG
fihD
fiG
flgA
flaD
SiL
umoA
flaA, figB

PMI2809 (methyl-accepting chemotaxis
protein)

fiT
fiM
JsL
cheA
figN
motA
fliN
fliS
figH
motB
fgl
cheZ

43.44
39.44
13.87
12.51
10.41

26.61
25.48
21.51
21.16
15.90
15.71
15.02
13.28
13.26
13.13
12.76
11.51
11.34
10.31
9.47
9.29
9.03
8.71
7.99
797
7.89
7.33
7.07
6.99
6.52
5.86
5.67
4.93

4.87
4.50
4.15
4.06
3.98
3.87
3.85
3.84
3.63
3.59
3.43
291
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PMI2808 (methyl-accepting chemotaxis 2.63

protein)
cheB 2.52
fieM 2.45
cheR 2.26
cheY 2.20
Self-recognition
PMI1332 (idsF paralog) 35.45
PMI0749 (tssA) 10.29
PMI0748 (tssB) 9.01
PMI0747 (tssC) 7.85
PMI1331 (idsB paralog) 6.89
PMI0741 (tssl) 5.90
PMI1118 (idrB paralog) 5.38
PMI0740 (tssJ) 4.49
PMIO0738 (tssL) 4.10
PMI0745 (tssE) 3.90
PMI1117 (hcplidrA paralog) 3.89
PMI0742 (tssH) 3.66
PMI0744 (tssF) 3.39
PMI0751 (idrB) 3.21
PMIO0750 (idrA) 3.11
PMI2990 (idsA) 2.39

percent killing was 96 % for the rcsB mutant and 53 % for
wild type and at day 3, the rcsB mutant killed 96 % of the
worms versus 60 % for wild-type cells.

Self-recognition

Proteus mirabilis undergoes an interesting phenomenon
during swarming where different strains will form bounda-
ries (Dienes lines) between swarming colonies, but swarm-
ing colonies of the same strain will merge (Dienes 1946).
The ability to distinguish between self and non-self has
been well studied in P. mirabilis strain BB2000. Two sys-
tems, ids and idr, are important for self-recognition, and
their products are exported by a type VI secretion system
encoded by #ss (Gibbs et al. 2008; Wenren et al. 2013, Alteri
et al. 2013). The BB2000 homologs of idsA (PMI12990),
idrA (PMI0750), and idrB (PMIO751) were all negatively
regulated by RcsB (Table 2). PMI1117 (hcp) is a par-
alog of PMI0O750, and PMI1118 is a paralog of PMI0751;
both were identified as Rcs-repressed. Several homologs
of the fss system were identified as Rcs-repressed. They
include tssA (PMI0749), tssB (PM10748), tssC (PM10747),
tssE (PMI0745), tssF (PMI0744), tssH (PMI0742), tss]
(PMI0741), tssJ (PMI10740), and zssL (PMI0738) (Table 2).
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Fig. 2 An rcsB mutant exhibits enhanced virulence in a Galleria
mellonella waxworm model. Cells of wild-type PM7002 (light grey
bars) or the isogenic resB::Str® mutant (dark grey bars) were grown
to the same optical density. A 10~° dilution was prepared in sterile
LB and was used to inject G. mellonella in the second proleg. The G.
mellonella worms were incubated at 37 °C in a humidified incubator
and were checked at 24 h intervals for killing. Worms were consid-
ered dead if they did not move when prodded with a pipette tip and
were dark brown or black in color. A total of three independent exper-
iments were conducted representing 28 worms for wild type and 29
worms for the resB mutant. Error bars represent standard deviations

The idr and tss operons neighbor one another, are posi-
tioned divergently, and are separated by a large intergenic
region (1899 bp) on the BB2000 chromosome. This organi-
zation is mimicked in HI4320 with PMI0250 being sepa-
rated by an intergenic region of 2396 bp from the BB2000
homolog of tss. However, none of the genes downstream
of PMIO251 had significant sequence similarity to idrC,
idrD, or idrE. Other Rcs-repressed genes, which could be
involved in self-recognition include PMI1331, which shares
56 % identity with I1dsB, and PMI1332, which shares 44 %
identity with IdsF.

Identification of putative RcsB-binding sites upstream
of ResB-regulated genes

As RcsB modulates the expression of known transcriptional
regulators such as flhDC, crp, rpoN, and rpoE, a bioinfor-
matic approach was used to identify potential RcsB-bind-
ing sites upstream of genes identified by the RNA sequenc-
ing data. After aligning previously identified RcsB-binding
sites (Francez-Charlot et al. 2003; Carballes et al. 1999;
Davalos-Garcia et al. 2001), it is clear that the guanine at
position 4, the adenine at position 5, and the cytosine at
position 10 are the most conserved residues within RcsB-
binding sites.

In addition, if point mutations are introduced into the
adenine at position 5 or the cytosine at position 10, repres-
sion of flhDC expression is reduced in E. coli (Francez-
Charlot et al. 2003). In an S. enterica mutant where the Rcs
system is constitutively active, a point mutation of the ade-
nine, cytosine, or guanine at position 4 was able to restore

swimming motility in the previously non-motile strain
(Wang et al. 2007). These three sites within the RcsAB
box are the only residues conserved across strains and
multiple genes, both activated and repressed. Therefore,
NNNGANNNNNCNNN was used as the input sequence
for the Pattern Locator (PATLOC) program (Mrézek and
Xie, 2006) against the P. mirabilis strain HI4320 genome.
When used as the input for PATLOC, 4605 genomic hits
were returned. 21.47 % were within pseudogenes, 73.05 %
were intergenic, and 5.48 % were partial overlaps. These
hits were compiled to be specific for genes identified using
the RNA sequencing data. After compilation, the number
of hits was reduced to intergenic or partially overlapping
regions of 126 genes identified using RNA sequencing.
Since PATLOC did not take into account whether the puta-
tive site was on the top or bottom strand, each potential
sequence was input into BLAST to confirm its location and
position. Previously proposed or experimentally identified
transcriptional start sites and promoter regions were con-
sidered when determining a potential binding site. Thirty-
four putative RcsB-binding sites were identified for RcsB-
activated genes (Table 3), and 31 putative RcsB-binding
sites were identified for RcsB-repressed genes (Table 4).
These binding sites were aligned to the original consensus
RcsAB box TAAGAATATTCCTA (Wehland and Bernhard
2000) based on the number of shared residues. The consen-
sus RcsAB box was chosen for alignment as it is the origi-
nally defined binding sequence for RcsB, though there is
divergence amongst identified RcsB-binding sequences,
and the RcsB-binding site in P. mirabilis is unknown.
Shared residues in aligned sequences are shown in red. In
addition to putative binding sites, the known RcsA-inde-
pendent RcsB-binding sites for the promoters of flhD, ftsA,
and osmC in E. coli are also aligned (Francez-Charlot et al.
2003; Carballes et al. 1999; Davalos-Garcia et al. 2001).
The sequence for the RcsA-dependent RcsB-binding site
for the flhD promoter is also included (Francez-Charlot
et al. 2003). Their inclusion in the tables illustrates the
divergence of identified RcsB-binding sites from the con-
sensus sequence. The fold-change in gene expression based
on the RNA sequencing data and the location of binding
site relative to important residues are also included in the
table. Unfortunately, for many of the identified genes, no
transcriptional start sites or promoters have been mapped
and the relevance of the putative binding sites is unclear.
Of the Rcs-activated genes, cfa (encoding a cyclopro-
pane fatty acyl phospholipid synthase), eco (encoding the
protease inhibitor ecotin), and mrpA shared the most resi-
dues with the RcsB consensus sequence, with 11 out of
14 base pairs aligning with the sequence (Table 3). The
location of the RcsB-binding site of mrpA is next to the
—35 region of a putative ¢’° promoter, which was identi-
fied when the mrp operon was first sequenced (Bahrani
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Table 3 Location and putative binding sites of Rcs-activated genes

Gene name Binding sequence Location Count Fold-change
RcsAB box consensus TAAGAATATTCCTA 14 n/a

cfa TAGGAAAATTCTTA 272 bp upstream of start codon 11 —28.85
eco TCAGAATAATCCTC 124 bp upstream of start codon 11 —3.69
mrpA TAGGAATAATCCAA —407; 410019 11 —68.69
ompA TAAGATAAGTCATA 289 bp upstream of start codon 10 —52.28
aspA TAAGAAGGTTCTCA Overlapping start codon 10 —4.78
PMI3699 TAAGACTTTTCTCA 98 bp upstream of ATG 10 —11.66
dnakK AATGAATATTCATC 54 bp upstream of ATG 10 —-3.54
osmB CCCGAATATTCTGA 60 bp upstream of start ATG 9 —59.26
osmCpl ResB box? TCGGAATATCCTGC —489 8 n/a
PMI0805 TTGGACTAACCATA 29 bp upstream of ATG 8 —-2.79
PMI0250 TGAGAGAAATCTGA 177 bp upstream of ATG 8 —3.54
katA TTAGATTTTTCAAT 182 bp upstream of ATG 8 —4.44
crp TCCGAATTCTCAGG 95 bp upstream of ATG 7 —2.40
PMI3443 TATGAACAACCGAT 83 bp upstream GTG 7 —3.43
pepD TTTGAGCGTTCAAA 264 bp upstream of GTG 7 —2.06
PMI2837 TATGATAAATCAAT 30 bp upstream of ATG 7 —11.33
frdA ACCGAGAATTCTTG 247 bp upstream of ATG 7 —4.03
rpoB ATGGAAAATTCTAT 100 bp upstream of ATG 7 —2.22
ftsApI ResB box® GAAGATTCATCTGG —50U8 7 n/a
JtsA GCCGAATTTTCAGT 396 bp upstream of ATG 7 —2.38
PMI0044 AGCGAAAATTCAAT 287 bp upstream of ATG 7 —6.70
PMI2772 AATGAGTAATCACT 2 bp upstream of ATG 7 —3.11
ribF AGTGAGTAATCGTT 151 bp upstream of ATG 7 —4.41
udp ATTGAGGAGTCCGA 2 bp upstream of ATG 7 —3.48
nrdD AATGAGCAATCATT 257 bp upstream of GTG 7 —18.11
rraA CTGGACTTTCCTGA 20 bp upstream of ATG 6 —2.50
uspA ACCGATTAATCAGC 19 bp upstream of ATG 6 —4.20
pgk TGTGATAATGCGCG 52 bp upstream of ATG 6 —2.44
poxB AGAGATTACCCACT 24 bp upstream ATG 6 —6.87
PMI1017 AGCGATTTGGCTTA 113 bp upstream of ATG 6 —4.36
tpx AGCGAGTTAACTTA 188 bp upstream of ATG 6 —2.44
rpoN GAGGATCCATCGCA 6 bp upstream of ATG 6 —3.11
PMI0657 TTTGATAAGCCTAT 204 bp upstream of start codon 5 —4.44
rpoE CGGGAGAGTCCATC 2 bp upstream of ATG 5 —-3.04
PMI1454 TCTGATTTAACGCT 49 bp upstream of ATG 5 —4.59
PMI1199 TGTGATAGATCACT 50 bp upstream of ATG 5 —3.73
speB GTTGATACATCACT 60 bp upstream of ATG 4 —2.70

Superscript numbers represent the number of the citation where relevant sites were previously defined

# Denotes previously reported RcsB-binding sequence

and Mobley 1994). The mrp transcriptional start site and
another ¢’ promoter were recently identified within the
invertible repeat region when the phase variable mrp
operon is in ON phase (Bode et al. 2015). This places the
putative binding site 100 base pairs downstream of the
transcriptional start site. Regulatory elements of cfa or eco
have not been identified.
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Genes directly regulated by RcsB in other organisms,
which were identified in P. mirabilis using RNA sequenc-
ing include osmB and ftsA. Their putative binding sites
are located 60 and 396 base pairs, respectively, upstream
of their start codons. The osmB sequences shares 9 out of
14 identities with the consensus RcsAB box and shares 10
out of 14 residues with the osmCp1 RcsB-binding sequence
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Table 4 Location and putative binding sites of Rcs-repressed genes

Gene name Binding sequence Location Count Fold-change
RcsAB box consensus! TAAGAATATTCCTA 14 n/a
fIhD TAGGATTATTCTTA 43082416 11 7.90
fIhD3 ResB box® TAGGAATTCTCCGA +569 10 n/a
fIhD ResAB box® TAGGAAAAATCTTA +569 10 n/a
PMI1359 TTAGAATAATCAAA 213 bp upstream of ATG 10 31.60
PMI1075 AATGAATTTTCCTT 116 bp upstream of ATG 10 10.92
PMI1540 TAAGATTTCTCTTT 250 bp upstream of GTG 9 7.47
SliA TATGACCCATCTTA 178 bp upstream of ATG 8 11.51
ddg TAGGAAAAAGCCGT 135 bp upstream of GTG 8 29.34
flaA AATGAATAGGCAAA 26 bp downstream of ¢-28 promoter® 8 5.69
PMI3378 AGAGATAATTCTGA 28 bp upstream of ATG 8 5.21
hep AGTGACTTATCCTA 167 bp upstream of ATG 8 3.89
PMI0750 AGTGACTTATCCTA 167 bp upstream of ATG 8 3.11
PMI2990 AGTGACTTATCCTA 167 bp upstream of ATG 8 2.39
hpmB GTAGATAACGCTTA Overlapping 0-28 promoter (underlined)®® 7 10.41
PMI1438 AGAGATTAACCTAA 37 bp upstream of ATG 7 13.36
PMI0720 ATAGAAATTACTTT 280 bp upstream of ATG 7 3.46
coaE GAAGATTTAGCCAC 160 bp upstream of ATG 7 3.98
flgA ACAGAATAAACGCT 86 bp upstream of 413 7 7.07
flgB ATAGAAGATGCTCG Overlapping start codon; 42 bp downstream of +1?3 7 5.67
fihB AGAGACATTTCATT Overlapping +1 (underlined)®" 7 21.16
rpmE TATGATCCGCCCCC 98 bp upstream of ATG 6 2.76
flgM AAGGATTTTCCTAT Overlapping start codon (underlined) 6 2.46
PMI2809 TCAGACAGCACTTT 283 bp upstream of ATG 6 4.94
PMI1245 AATGATATAGCCTT 47 bp upstream of ATG 6 234.48
flaD TCCGATAACGCTGT Overlapping o-28 promoter (underlined)® 5 6.99
fiF AATGAGACACCTGA Overlapping putative 5-28 promoter (underlined) 5 7.99
fliL ACAGAAATAGCGGG 81 bp upstream of ATG 5 6.52
PMI2121 CTTGAAAAAACACT 33 bp upstream of ATG 5 17.38
PMI2810 TGTGATTTAGCGAT 122 bp upstream of ATG 5 3.17
PMI3393 AAAGATATAACGAC 31 bp upstream of ATG 5 17.06
PMI11628 GGGGACCCATCAGC 31 bp upstream of ATG 4 14.20
motA AGGGATATCGCGTG Overlapping start codon (underlined) 4 3.87
PMI2808 GTGGAGCTCCCACT 34 bp upstream of ATG 3 11.53

Superscript numbers represent the number of the citation where relevant sites were previously defined

# Denotes previously reported RcsB-binding sequence

(Davalos-Garcia et al. 2001). The ftsA binding sequence
shares seven residues with the consensus sequence, but
nine with the ftsAlp binding site of E. coli. The putative
RcsB-binding site and the ftsAlp binding site are found
in similar locations: at the center of ftsQ (Carballes et al.
1999).

Of the Rcs-repressed genes, the identified ResB-binding
site of fIhD shared 11 out of 14 residues with the RcsAB
consensus sequence and the RcsAB binding site of flhD in
E. coli (Francez-Charlot et al. 2003). It shared nine residues
with the RcsA-independent binding site flhD3p described

in the same manuscript (Table 4). The putative flhD bind-
ing site is located two base pairs upstream of the mapped
transcriptional start site (Furness et al. 1997; Clemmer
and Rather 2008a; Bode et al. 2015). The putative RcsB-
binding sites of PMI1359, which encodes a putative attach-
ment invasion outer membrane protein, and PMI1075, a
hypothetical protein with a domain of unknown function
(DUF1795) aligned 10 of 14 residues with the RcsAB
box. Many of the motility-associated genes have putative
RcsB-binding sites overlapping their promoters (hpmB,
flaD, fliF), start codons (figB, flgM, motA) or transcriptional
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start sites (flhB). Additionally, the genes encoding self-rec-
ognition proteins PMI1117 (hcp/idrA homolog), PMI0O750
(idrA paralog), and PMI2990 (idsA homolog) all share the
same putative RcsB-binding sequence in the same location
(Table 4).

Discussion

The importance of the Rcs phosphorelay in P. mirabilis
has long been associated with the control of swarming via
the negative regulation of flhDC. Through RNA sequenc-
ing, we have shown that the impact of Rcs on gene expres-
sion extends far beyond the inhibition of swarming-related
genes. ResB is not just a repressor of fIhDC, but a repres-
sor of many genes essential for motility, including flagella,
chemotactic proteins, and positive regulators of motility.
In addition, it represses the expression of virulence factors
associated with swarmer cells, including zapA and hemo-
lysin, and genes important for self-recognition. In contrast,
RcsB is an activator of genes important for swarmer cell
differentiation, including minCDE and speB, and also fim-
brial genes, which are important for adherence and biofilm
formation. This work will pave the way for future studies
to identify the specific RcsB-regulated genes that carry out
the above functions. In addition, the role of downstream
transcriptional regulators in the overall ResB regulon can
be assessed.

As expected, RcsB was shown to negatively regulate the
expression of flagellar structural genes and known activa-
tors of flagellar synthesis. The negative effect of RcsB on
motility is seen in a myriad of bacterial species (Takeda
et al. 2001; Wang et al. 2007; Hinchliffe et al. 2008). A
putative RcsB-binding site was identified for the master
operon for flagellar synthesis, flhDC (Table 4); this site
shares high sequence homology to the RcsAB consensus
binding site and is located in a similar region as the RcsB-
binding site of fIhD in E. coli. RcsB-mediated regulation
of flg, fli, or flhBA operons could be indirect, as FIhD,C,
has been shown to bind directly to these operons in E. coli
(Claret and Hughes 2002). FliA, which also has a predicted
RcsB-binding motif (Table 4) has also been shown to bind
directly upstream of motAB-cheAW, predicted methyl-
accepting chemotaxis proteins, and the E. coli homolog of
flaA (Fitzgerald et al. 2014).

The RNA sequencing data have revealed new processes
controlled by RcsB. First, the expression of self-recogni-
tion systems involved in the territoriality of swarmer cells
(ids, idr, tss) were repressed by RcsB. Since self-recogni-
tion systems are primarily observed under swarming per-
missive conditions, the increased expression of these genes
when swarming has initiated would make biological sense.
Second, expression of the speB gene, encoding agmatinase,
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was reduced 2.69-fold in the RcsB mutant (Table 1). SpeB
is required for the production of putrescine and speB
mutants exhibit both delay in the onset of differentiation
and a crippled swarming phenotype.

RcsB also regulated expression of the major fimbrial
subunits of the uroepithelial cell adhesion (UCA), the P.
mirabilis fimbriae (PMF), and the mannose-resistant Pro-
teus-like (M/RP) fimbriae, which were highly down-reg-
ulated in the rcsB mutant relative to wild type. Additional
genes within each of these fimbrial operons were identi-
fied as Rcs-regulated. However, due to low levels of tran-
script reads, the p values for each gene were too high to
be deemed significant, and they were not included. RcsB
has been shown to directly bind to the promoter region of
the mat fimbriae and activate its expression in the E. coli
(Lehti et al. 2012). It also activates the transcription of the
fim operon in E. coli by influencing the orientation of the
fimAp invertible repeat (Schwan et al. 2007). In addition,
fim genes are positively regulated by RcsB in S. enterica
serovar typhimurium (Wang et al. 2007). Identification of
major fimbrial subunits in P. mirabilis as RcsB regulated
is important, as all three systems have been implicated in
virulence. Though the contribution of P. mirabilis fimbriae
to catheter adherence has not been well-characterized, their
importance to the establishment of urinary tract infections
has been recognized. Mutations in ucaA lead to impaired
adhesion to uroepithelial cells and in the ability to colonize
the kidneys of mice (Pellegrino et al. 2013). Mutants of
pmfA have been shown to be deficient in bladder coloni-
zation in a mouse model of ascending urinary tract infec-
tion, but able to colonize the kidneys (Massad et al. 1994).
Another study showed that pmfA mutants were unable to
colonize the bladder and the kidneys (Zunino et al. 2003).
The ability of a pmfA mutant to adhere to uroepithelial cells
also differed between these two reports. The differences
seen between these two studies could be due to the route of
infection, different strains of mice, uroepithelial cells, and
P. mirabilis. Mutants of mrpA reduce P. mirabilis coloni-
zation of the bladder, kidneys, and urine of mice (Bahrani
et al. 1994; Zunino et al. 2001). M/RP fimbriae are also
important for adherence to uroepithelial cells (Zunino et al.
2001) and biofilm formation in P. mirabilis (Jansen et al.
2004).

mrpJ has 14 paralogues in P. mirabilis strain HI4320,
and many of them repress motility (Pearson and Mobley
2008). Mrpl] itself has been shown to directly repress flhDC
expression (Li et al. 2001; Bode et al. 2015). One mrpJ par-
alog, PMI0261, was highly repressed in the rcsB mutant
based on our RNA sequencing data. The neighboring mrpH
paralog, PMI0260, was also significantly down-regulated
in the resB relative to wild type. Expression of the mrpA
paralog of this operon (PMI0254) was also reduced in the
rcsB mutant relative to wild type as well as other members
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of the paralog operon. Their exclusion is due to a high p
value which resulted from low transcript levels. Why the
two terminal genes of this operon produced more read tran-
script relative to the rest of operon members is unknown.
An internal promoter could exist or perhaps more levels
of mrpH and mrpJ are required to initiate transcription of
the operon, as mrpJ binds and activates expression of mrpA
(Bode et al. 2015), and assembly of the fimbriae, which
mrpH is essential for (Li et al. 1999). However, PMI10256,
encoding a fimbrial chaperone mrpD paralog, is a pseudo-
gene due to the presence of a stop codon. This likely ren-
ders this mrp paralog non-functional. Overexpression of
PMI0261 has been shown to reduce motility in P. mirabilis
(Pearson and Mobley 2008) in the same manner as mrpJ,
illustrating its function in counteracting motility is intact.
This negative impact fimbrial activators have on motility
makes biological sense as motile bacteria would not want
to express adherence factors and vice versa.

The formation of biofilms was strongly impacted by
the rcsB mutation. Two different biofilm assays were per-
formed, one using polystyrene (Fig. la) and the other
using catheter sections as biofilm substrates (Fig. 1b). With
polystyrene as the substrate, the rcsB mutant formed no
detectable biofilm after 8 h of incubation, formed 2.9-fold
less biofilm than wild type after 24 h, and formed similar
amounts of biofilm as wild type after 48 h of incubation.
The wild-type strain exhibited a large reduction in bio-
film formation between 24 and 48 h of incubation which
was not as exaggerated in the rcsB mutant (Fig. 1a). The
inability of the rcsB mutant to form biofilm was recapitu-
lated when assays were performed on catheters. Again, it
did not form detectable biofilm after 8 h of incubation, and
formed 2.7-fold less biofilm than wild type after 24 h of
incubation (Fig. 1b). The inability of the rcsB mutant to
form biofilm initially may be due to the down-regulation
of adherence factors, such as the major fimbrial subunits
(ucaA, pmfA, and mrpA). Rcs mutants of Yersinia pseudo-
tuberculosis are deficient in their ability to adhere to HEp-2
cells and form biofilm on abiotic surfaces; fimbrial proteins
are a part of its RcsB regulon (Hinchliffe et al. 2008). Our
RNA-seq data also showed that outer membrane protein A
(ompA) is highly repressed in the rcsB mutant; it has been
shown to bind abiotic surfaces, which could contribute to
initial adherence (Lower et al. 2005). However, other fac-
tors are likely mediating adherence as the rcsB mutant does
form biofilm after 24 h of incubation. Like wild-type cells,
biofilm production of the rcsB mutant decreases after 48 h.
Overall these data, combined with a previous report that
a P. mirabilis resD mutant is deficient in biofilm produc-
tion (Liaw et al. 2004), reiterate the contribution of the Rcs
phosphorelay to biofilm formation in P. mirabilis. These
results also suggest a preference for P. mirabilis to form
biofilm on catheter versus polystyrene, a medically relevant

finding, as the wild-type strain formed 6.8-fold more bio-
film on catheter versus polystyrene after 8 h of incubation.

The virulence genes zapAB and hpmBA were strongly
upregulated in the rcsB mutant; both have increased expres-
sion in swarming bacteria (Walker et al. 1999; Fraser et al.
2002). ZapA is a metalloprotease, which cleaves immuno-
globulins (Senior et al. 1991), host cytoskeletal and matrix
proteins, complement (Clq and C3), and antimicrobial pep-
tides (human beta-defensin 1 and LL-37) (Belas et al. 2004).
It is important for the colonization and subsequent infection
of the urinary tract (Phan et al. 2008). HpmA functions as
a hemolysin (Mobley et al. 1991; Chippendale et al. 1994)
and induces cytotoxicity (Swihart and Welch 1990). Viru-
lence proteins are RcsB regulated in Y. pseudotuberculosis,
and genes within the Salmonella enterica serovar typh-
imurium SP-2 pathogenicity island are highly repressed by
RcsB (Hinchliffe et al. 2008; Wang et al. 2007). Addition-
ally, a mutant of S. enterica with a constitutively activated
Rcs system is attenuated in virulence within a mouse (Gar-
cia-Calderon et al. 2005). Based on these studies and our
RNA-seq data, it was hypothesized that RcsB would regu-
late virulence in P. mirabilis. This was tested using a Galle-
ria mellonella waxworm model. It should be noted that this
model has not been previously used in P. mirabilis, although
it has been used in other bacteria, where a good correlation
has been observed with mammalian virulence (Jander et al.
2000; Seed and Dennis 2008; Murherjee et al. 2010; Fedhila
et al. 2010; Ramarao et al. 2012). Moreover, the relevance
of this model to a mouse model of urinary tract infection
is unknown, but this model was only intended to measure
general differences in virulence. One day after inoculation,
the rcsB mutant had killed 94 % of worms versus 37 % for
wild-type HI4320. By day three, the rcsB mutant had killed
96 % of worms versus 60 % of wild type.

A putative ResB-binding sequence lies upstream of the
hpmBA operon, but not upstream of the zap operon. RcsB
has been shown to directly bind to the promoter region of
the hemolysin homolog (shIBA) in Serratia marcescens (Di
Venanzio et al. 2014), and our putative RcsB-binding site
does overlap the o°® promoter identified by Fraser et al.
However, a limitation exists in our identification of puta-
tive RcsB-binding sites. By using NNNGANNNNCNNN
as the input, many genomic hits were returned to due the
sequence being nonspecific. The input sequence retaining
only 3 of 14 base pairs is due to the variability in known
ResB-binding sites. The original RcsAB Box was defined
as TaAGaataTCctA, with capital letters being the most con-
served residues (Wehland and Bernhard 2000). This bind-
ing site was defined based on the RcsA-dependent RcsB-
binding site of 12 promoters that were RcsAB regulated. It
does not take into account sequence of RcsA-independent
RcsB-binding sites of multiple genes. Presently, the RcsB-
binding site in P. mirabilis is unknown.
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The role of the Rcs phosphorelay in establishing CAU-
TIs has not been determined, but likely depends on whether
the swarmer cell or swimmer cell is more important for
colonization of the urinary tract. Conflicting data exist con-
cerning this topic. Studies have shown that differentiated
swarmer cells invade uroepithelial cells more efficiently
than vegetative cells (Allison et al. 1992), and non-swarm-
ing mutants are unable to establish ascending urinary
tract infections or kill mice (Allison et al. 1994; Mobley
et al. 1996). Other studies have shown swimmer cells,
not swarmer cells, are the dominant cell morphology in a
mouse model of ascending urinary tract infection (Jansen
et al. 2003) and non-flagellated P. mirabilis were isolated
from a human infection (Zunino et al. 1994). Corroborat-
ing these studies is one that showed flagellar genes were
down-regulated during the early stages of ascending uri-
nary tract infection. Fimbrial genes, associated with swim-
mer cells, were upregulated during early infection (Pearson
et al. 2011). Perhaps swarmer cells are needed to establish
infection, as P. mirabilis readily moves across catheters
(Sabbuba et al. 2002), but the antigenic potential due to fla-
gellar components and cell length leads to immune recog-
nition. This leads to the selection of swimmer cells in the
urinary tract. The upregulation of fimbriae during coloniza-
tion offers another set of antigens subject to immune rec-
ognition. To counteract this, P. mirabilis may differentiate
into swarmer cells during later stages of infection, consist-
ent with a previous study where fimbrial gene expression
decreased while the expression of some flagellar genes
increased during the later stages of a mouse ascending uri-
nary tract infection (Pearson et al. 2011). The possibility of
cycling differentiation and consolidation during infection
reiterates the origin of the name Proteus, named for a god
who changed shape to avoid capture and questioning. The
interplay of the Rcs phosphorelay, together with additional
important genetic factors contributes to this elusive change
in cell morphology and affects motility, biofilm formation,
and virulence in P. mirabilis.
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