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signaling in Citrobacter rodentium
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Abstract
Enterohemorrhagic (EHEC) and enteropathogenic Escherichia coli (EPEC) are human intestinal pathogens of clinical impor-
tance and their mechanism of pathogenicity is widely studied. However, both EHEC and EPEC poorly infect mice, whereas they
do not develop important characteristics of the disease, hindering studies about mechanisms of virulence in vivo. Citrobacter
rodentium exhibits high similarity of its genes with these human pathogens, including the island of pathogenicity Locus of
Enterocyte Effacement (LEE). Therefore, C. rodentium becomes an alternative in vivo model for microorganisms that harbor
LEE. The QseC directly regulates LEE as well as virulence mechanisms on these pathogens. Here, we report a novel surface
motility inC. rodentiumQseC-mediated in this non-flagellated bacterium. Moreover, we show norepinephrine and ethanolamine
act as environmental signals in this movement. Hence, this study clarifies a novel role of the sensor QseC in completely
unreported motility process of C. rodentium.
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Introduction

Citrobacter rodentium is a naturally occurring murine patho-
gen transmitted via fecal-oral route used as an in vivomodel to
study enterohemorrhagic (EHEC) and enteropathogenic
(EPEC) Escherichia coli pathogenesis for sharing 67% of its
genes with these human gastrointestinal pathogens, including
an important island of pathogenicity termed Locus of
Enterocyte Effacement (LEE Island) [3, 22]. This island con-
tains important virulence genes of these pathogens. The acti-
vation of the LEE genes leads to the production of factors such
as the type III secretion system (T3SS), Tir, and Intimin to
develop the Attaching and Effacement lesion (A/E lesion).
The T3SS is a needle-like structure which injects effector pro-
teins such as the receptor Tir that binds to the Intimin present

in the bacterial cell membrane. This process induces the re-
modeling of the actin cytoskeleton of the host cell to form the
characteristic pedestal-like structure (A/E lesion) which pro-
motes the bacterial attachment to the host epithelium, leading
to destruction of the microvilli [24].

Bacteria can establish cell-cell communication through the
production and diffusion of small chemical molecules. These
molecules are recognized by membrane receptors that detect
changes in the environment, such as the increase in colony
number, and modulate responses through gene expression
[7]. Furthermore, bacteria and hosts establish inter-kingdom
communication wherein bacterial cells modulate signal trans-
duction in mammalian cells and host can, through cross-sig-
naling, modulate gene expression in bacteria [10, 27, 28].
Chemical signaling gives bacteria the ability to control their
genes through receptors and to adapt to changes in the envi-
ronment. Pathogens such as EHEC and EPEC have in their
membrane important receptors that are able to detect these
changes [25].

The membrane receptor QseC is sensor histidine kinase
which form a two-component system with the respective cog-
nate regulator QseB [11, 26, 31]. The QseC sensor senses the
adrenergic hormones norepinephrine (Nor) and epinephrine of
mammals and autoinducer 3 (AI-3) secreted by bacteria from
the microbiota [27]. Other molecules produced by the host,
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such as ethanolamine (EA), contribute as a signaling molecule
to promote virulence expression in EHEC [14] as well as to
colonize the gastrointestinal tract of cattle due to its
metabolization by EHEC, which promote a growth advantage
over the microbiota since EA is naturally present in the mam-
malian gut [1].

Bacteria can perform movement in surfaces as a way to
access nutrients through the detection of environmental sig-
nals. Swarming is described as a flagellum-dependent surface
movement and has been used to analyze the role of the flagel-
lum in the expansion and surface growth of bacterial groups
[8]. The movement on the surfaces plays an important role in
the colonization of flagellated bacteria [8]. Furthermore, it is
known that non-flagellated bacteria can perform surface
movement through different mechanisms such as twitching,
sliding, and gliding [17]. In sliding movement, the expansion
of the colony occurs through the production of surfactants
which reduce the surface tension [8, 9]. Bacteria employ
mechanisms through pili retraction, such as type IV fimbria,
called Twitching motility [8]. Another condition is the bacte-
rial gliding, which is known as a smooth movement usually
along the axis of the cell [17, 18].

C. rodentium is an important alternative infection model
used to understand the molecular basis and mechanisms of
virulence developed by EHEC and EPEC in vivo, since
these human pathogens poorly infect animals [3, 22]. Is a
non-flagellar bacterium classified as a non-motile organ-
ism, therefore, no descriptions about its surface motility
have been done.

Based on that, here we studied if C. rodentium uses mech-
anisms to move along the surface, employing swarming like-
assays, under similar conditions used for tests in flagellated
bacteria. The assays were performed to analyze surface motil-
ity and the role of QseC sensor kinase during this movement.
This is a novel surface motility mechanism of C. rodentium
and the sensor QseC modulates this non-flagellated pheno-
type. Moreover, Nor and EA act as environmental signals
via QseC during the movement in order to better understand
the role of the QseC sensor kinases during this novel surface
motility of this murine pathogen and to elucidate this feature
in clinically important human pathogens such as EHEC.

Materials and methods

Bacterial strains

The C. rodentium strains used in this study are described in
Table 1 [6]. All the strains were grown aerobically in Luria-
Bertani (LB) broth supplemented with appropriate antibiotics
at 37 °C, overnight in shaker (250 rpm) under aerobic
conditions.

Construction of isogenic mutants

The construction of isogenic single mutant ΔqseC of
C. rodentium was achieved by using λ Red mutagenesis [5].
The ΔqseC single mutant was complemented with the qseC
gene cloned into the vector pBADMycHisA, with an ampicil-
lin resistance marker to generate the strain ΔqseC/qseC+.

Surface motility assays

The swarming-like assays were performed to measure the
C. rodentium surface motility. For the assay, 5 μl of strains
wild type (WT), ΔqseC, and qseC/qseC+ cultured overnight
was inoculated on the surface of the plate with LB medium
plus semi-solid agar (0.5%) with or without addition of EA
(100 μM) or Nor (1 μM). The dimethyl sulfoxide (DMSO)
used as solvent for Nor was added in control group in same
concentration as Nor-treated group. The motility rings were
measured in samples at 12, 24, and 48 h.

Results

The absence of QseC induces changes in the surface
motility in C. rodentium

The motility swarming-like assays were performed in the
same conditions used to swarming assay, in LB broth with
0.5% agar added. Herein, the main aim was to initially verify
theC. rodentium ability to perform any sort of surface motility
and investigate the QseC sensor role during the movement.
The qseC mutant was employed and showed a significant
decrease in the motility halo diameter when compared with
WT levels in both 12 and 48 h period assayed (Fig. 1a). Thus,
QseC complementation was also included to assure the resto-
ration of the phenotype in comparison with WT and ΔqseC.
There were no significant halo diameter differences between
wild type (WT) and ΔqseC/ΔqseC+ during all time periods
measured (Fig. 1a).

In addition to the motility halo size measurement, colony
morphology differences were observed (Fig. 1b) and they
were intensified in ΔqseC strain. The WT strain showed a
uniform circular motility halo formation with regular edges
at all times analyzed, in every condition assayed here. The
ΔqseC strain presented visible motility halo differences with
unregular edges in all conditions tested. During the first 12 h
of the movement, in the absence of QseC sensor kinase, con-
siderable differences in morphology with satellite colonies
and deformed edges were present throughout the period test-
ed. The motility halo consolidation was reached at the 48-h
assay; however, the colony morphology still showed a differ-
ent aspect than WT strain, which may indicate a possible LPS
modification in this condition exacerbated during this motile

Braz J Microbiol (2019) 50:881–886882



phenotype. The genetic complementation with the qseC+ led
to a similar morphology of WT relating the absence of the
sensor to phenotype change observed in the ΔqseC strain.

Norepinephrine acts as an adrenergic signal via QseC
for this novel motility

Epinephrine and Nor adrenergic hormones induce LEE activa-
tion through QseC in C. rodentium [4, 20]; therefore, the assays
were performed in presence of Nor (1 μM) to evaluate its influ-
ence in this non-flagellar motility phenotype (Fig. 2). In the
ΔqseC mutant, significant changes were not observed in the
motility halo at all measured times under Nor added conditions,
when compared with its control group. Moreover, the observed
increase in halo sizewas not related toNor-induced growth, since

these strains have not demonstrated advantages in Nor presence
(Figure S1). The QseC-mediated motility increase in the WT
strain started to show significant halo diameter when compared
with its group without Nor at 24-h time point. These differences
were more evident after 48 h, once the WTwith Nor showed an
increase of 1 mm in comparison with the control group, evidenc-
ing a clear phenotype QseC-mediated in WT strain since the
mutant did not show this augment.

Ethanolamine contributes also as a signal to this
bacterial motility

Chemical signals such as EA have been shown to affect bacterial
pathogenesis [14]. The assay was performed in 100μMof EA to
evaluate how the different environment signals influencemotility

Table 1 Strain and plasmids used
in this study Strain or plasmid Resistance marker References or source

pBADMycHisA (+ QseC) Ampicillin Invitrogen

Citrobacter rodentium – ICC168 (wild type – WT) Nalidixic acid [6]

C. rodentium – qseC mutant Nalidixic acid [4]

C. rodentium – qseC complemented Ampicillin and nalidixic acid This study

Fig. 1 a Surface motility halo in
C. rodentium. Halo sizes
measured in semi-solid LB medi-
um (0.5% agar) compared with
wild type at 12, 24, and 48 h.
Statistical significance P < 0.05
(*) (two-way ANOVA). All other
not pointed had no statistic dif-
ferences. b Differences in mor-
phology after 48 h between WT,
ΔqseC mutant, and its
complemented strain
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(Fig. 3). When comparing each strain with its respective control
group (without EA) at 12 h, the WT had significant increase in
themotility halo in EA. TheΔqseC strain showed lower motility
halo in EA-treated group. After these 12 h, the mutant demon-
strated no differences in the motility size. At 48 h, WTstrain has
clearly obtained advantages in EA presence, since the increase
was ranged approximately 2 mm in the motility halo diameter if
compared with its control group. Similar to the results observed
in Nor presence, the increase in halo size was not correlated also
with EA-induced growth, (Figure S2). These results indicate that
EA contributes as signal to this surface motility and the absence
of QseC impairs EA-mediated signaling.

Discussion

Motility in bacteria is important for nutrient acquisition, im-
mune system evasion, biofilm formation, and pathogenesis

and supports bacterial survival upon environment hostile con-
ditions [12]. The motility via rotational flagella is well studied
and broadly distributed in several distinct bacteria [12, 13].
The motility associated with flagella, i.e., swimming and
swarming, is directly linked to biosurfactants presence within
semi-solid media and on the surfaces, respectively. Bacteria
classified as non-motile or unflagellated are still able to move
on surfaces through different types of mechanisms [8]. In the
present study, we have verified clear evidences that
C. rodentium performs a surface motility, totally independent
of flagella, via QseC modulation, under Nor and EA influence
during the mechanism.

In this study, the qseC mutant has presented differences in
the motility halo in almost all assays performed, demonstrat-
ing the membrane sensor kinase QseC role in this mechanism.
The QseBC two-component system regulates important viru-
lence genes in EHEC and EPEC through external signals,
such as AI-3 secreted by bacteria as a population signal [29].

Fig. 2 Surface motility by
C. rodentium. Halo sizes
measured in semi-solid LB medi-
um (0.5% agar) with addition of
norepinephrine (Nor) 1 μM,
compared with its respective
control group (C) with DMSO at
12, 24, and 48 h. Statistical sig-
nificance P < 0.001 (**), P < 0.05
(*) (two-way ANOVA). All other
not pointed had no statistic
differences

Fig. 3 Surface motility by
C. rodentium. Halo sizes
measured in semi-solid LB medi-
um (0.5% agar) with addition of
ethanolamine 100 μM (EA),
compared with its respective
control group (C) without etha-
nolamine at 12, 24, and 48 h.
Statistical significance P < 0.001
(***), P < 0.01 (**) (two-way
ANOVA). All other not pointed
had no statistic differences
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In EHEC, a study demonstrated that qseC mutants showed
less flagellin production and reduction in motility when com-
pared with the wild type [26], evidences of QseC signaling
role during bacterial flagella rotation.

Kendall and collaborators have previously shown that EA
acts as a trigger molecule for cell-to-cell signaling to activate
important virulence genes with increased in qseC expression
in the presence of EA in EHEC. Although the EutR transcrip-
tional factor is the key element for EA-mediated regulation,
the study suggests a second sensor which responds at low EA
concentrations. It was observed EA-dependent virulence gene
induction in EHEC at micromolar concentrations and qseC
had increase expression in eutRmutant when cells grown with
100 μM EA [14]. Here, C. rodentium WT strain had an in-
creased in motility in the halo diameter in EA presence for all
assayed hours, evidencing that the presence of EA contributes
as favorable signaling during the progress of this surface mo-
tility. In contrast, the ΔqseC mutant exhibited significant dis-
advantage in EA presence at 12 h that suggests the QseC
sensor kinase has important role sensing the ethanolamine-
mediated signaling in C. rodentium, and for effective EA sig-
naling, positive induction of the presence of the sensor is
needed, since in the QseC sensor kinase absence, there was
a significant decrease during motility at early stages of surface
movement that clearly indicates QseC essential role during
this initial stage of bacterial motility.

Our group has previously reported in vivo studies demon-
strating significant increase C. rodentium colonization under
Nor influence in mice infection andΔqseCmutant attenuated
in murine infection. Inasmuch, QseC adrenergic sensor is re-
quired for C. rodentium to sense neurotransmitters in vivo
[20]. In this study, Nor showed modulation in the movement
that seems to be even more advantageous in later time points
tested for the surface movement. On the other hand, the ab-
sence of sensor QseC has shown to be detrimental in this
process, which corroborates to illustrate the QseC importance
to detect the Nor hormone in C. rodentium.

Important non-flagellated bacterial movements such
twitching occur via retraction of fimbria type IV, particularly
in aggregated cells that are highly aligned in close cell-cell
contact to form a lattice-like structure, where the cells in the
first movement go forward and towards other cells. They
touch their own poles, then quickly fit into an aligned position
again, which explains the featured spasmodic movement ob-
served in this form of motility [8, 17]. This maneuver phe-
nomenon is related to the way bacteria tend to translocate in
low water environments and to colonize hydrated surfaces as
opposed to free living in fluids [16]. It is well-known
C. rodentium capacity to encode and fully assemble important
fimbriae for its virulence such as gut colonization fimbria
(Gfc) [2] and colonization factor Citrobacter (cfc) type IV
fimbrial locus [21]; however, these studies did not demon-
strate the participation of these fimbria on surface motility.

Previous studies have shown that the QseC sensor has a
direct role in the regulation of fimbriae. The QseBC system
regulates hemagglutination controlling the expression of fim-
brial genes in Edwardsiella tarda [30]. The QseC presence
increases the expression of fimbria type I leading to a more
virulent phenotype in uropathogenic Escherichia coli [15].

Fimbriae are important in several processes, such as adhesion
[23], survival, and phagocytosis in macrophages [19], as well as
superficial movements like twitching [8]. Therefore, it is well
known that bacteria may perform a sort of motility through fim-
briae expression, based on the authors, we can speculate the role
of these fimbriae of type IV in many aspects of C. rodentium
virulence [3, 21]. Here, we hypothesize that these fimbriae may
assist bacteria in order to position themselves in a lined up form
to perform this sort of twitching motility and move along on the
agar surface [8]. Speculative and more studies are still necessary
to clarify it; however, the data presented here support this model.
Thus, the absence or reduction of the fimbriae via QseC-
mediated signaling in C. rodentium could lead bacteria to grow
in different directions, which would explain the differentiated
morphology presented by the strain ΔqseC observed in this
study. In addition, chemical signaling such as Nor and EA may
be important to regulateC. rodentium fimbrial assembly through
QseC, and its lack led to decrease these proteic appendages pro-
duction, once the pathogen does not have a proper assembled
flagellum, becoming an interesting structure to be further inves-
tigate in future studies.

Non-flagellated bacteria are reported to demonstrate differ-
ent types of surface movement; here, we describe for the first
time a surface motility by C. rodentium. However, more stud-
ies are needed to better detail and understand this surface
movement and to elucidate how that is performed and which
are the triggers to the mechanism, as well as the full role of the
QseC sensor kinase in this process. These data presented here
converge to the novel important feature of the QseC sensor
acting in a distinct flagella-independent surfacemotility mech-
anism in this important A/E lesion model pathogen.

Herein, we have substantiatedC. rodentium non-flagellar sur-
face motility mediated via QseC sensor. TheC. rodentium chem-
ical signaling also employs EA and Nor to redirect this novel
surface motility response. Additional investigation is necessary
to fully clarify the structures involved during surface transloca-
tion and to understand the signaling through sensor QseC that
modulates this movement in this murine pathogen.
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