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ABSTRACT Salmonella enterica, a common cause of diarrhea, has to colonize the gut
lumen to elicit disease. In the gut, the pathogen encounters a vast array of environ-
mental stresses that cause perturbations in the bacterial envelope. The CpxRA two-
component system monitors envelope perturbations and responds by altering the
bacterial gene expression profile. This allows Salmonella to survive under such harm-
ful conditions. Therefore, CpxRA activation is likely to contribute to Salmonella gut
infection. However, the role of the CpxRA-mediated envelope stress response in
Salmonella-induced diarrhea is unclear. Here, we show that CpxRA is dispensable for
the induction of colitis by S. enterica serovar Typhimurium, whereas it is required
for gut colonization. We prove that CpxRA is expressed during gut infection and
that the presence of antimicrobial peptides in growth media activates the expres-
sion of CpxRA-regulated genes. In addition, we demonstrate that a S. Typhimurium
strain lacking the cpxRA gene is able to cause colitis but is unable to continuously
colonize the gut. Finally, we show that CpxRA-dependent gut colonization requires
the host gut inflammatory response, while DegP, a CpxRA-regulated protease, is dis-
pensable. Our findings reveal that the CpxRA-mediated envelope stress response
plays a crucial role in Salmonella gut infection, suggesting that CpxRA might be a
promising therapeutic target for infectious diarrhea.
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Fine-tuned gene expression is necessary for bacterial survival in diverse environ-
ments. To achieve appropriate regulation, bacteria must sense changes in their

environment and adapt to them. Therefore, bacteria have developed a number of
sophisticated signal transduction systems called two-component systems (1). CpxRA is
a two-component signal transduction system present in Gram-negative bacteria. It
consists of the inner membrane-bound histidine sensor kinase CpxA and the cytoplas-
mic response regulator CpxR (2). CpxA senses environmental stimuli that cause enve-
lope stress and responds through autophosphorylation at a conserved histidine resi-
due, followed by the transfer of the phosphate to CpxR at a conserved aspartate residue
(3). Phosphorylated CpxR alters the transcriptional profile of a large number of
genes, alleviating envelope stress and allowing bacteria to adapt to changes in the
environment (3). Periplasmic CpxP participates in the CpxRA two-component sys-
tem response, acting as a negative-feedback regulator. Specifically, CpxP sup-
presses the CpxRA response by maintaining CpxA in an unphosphorylated state
under noninducible conditions (4, 5). Under inducible conditions, phosphorylated
CpxR upregulates the expression of cpxP, which avoids the overexpression of the
CpxRA two-component system (5).

CpxRA activation is also involved in the response of bacteria to misfolded proteins
in the periplasmic space and the inner membrane. Phosphorylated CpxR increases the
expression of degP, which encodes a periplasmic protease that degrades misfolded
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proteins, allowing bacteria to cope with misfolded-protein-related envelope stress
(6–8). Besides degP, phosphorylated CpxR also alters the transcriptional activity of
numerous genes involved in protein folding, peptidoglycan degradation, efflux, and
membrane respiration (9–11). In this way, Gram-negative bacteria adapt to various
types of envelope stress, surviving under harmful environmental conditions.

Host mucosal immunity has a deleterious effect on enteropathogenic bacteria. For
instance, epithelial cells produce antimicrobial peptides that can damage the bacterial
membrane, leading to envelope stress. Therefore, CpxRA activation is thought to play
a crucial role during infection by enteropathogenic bacteria. Several studies on the role
of CpxRA in the pathogenesis of enteropathogenic bacteria have been reported to
date, with conflicting results. For instance, in Citrobacter rodentium, enteropathogenic
Escherichia coli (EPEC), and Shigella spp., CpxRA has been found to be involved in
pathogenesis (12) and the expression of virulence factors (13–16) and virulence regu-
lators (17, 18). However, other studies suggest that CpxRA activation inhibits virulence-
associated phenotypes in EPEC and Yersinia spp. (15, 19, 20). It is likely that the final
effect of CpxRA on bacterial infection depends on the fine-tuned control of gene
expression by CpxRA.

The Gram-negative bacterium Salmonella enterica, in particular Salmonella enterica
serovar Typhimurium, causes self-limiting diarrhea in humans, calves, and primates.
CpxRA activation has been found to negatively affect the pathogenesis of S. Typhimu-
rium in a mouse model of infection, where the classical mouse model for typhoid fever
in humans was used (21). In the mouse, the normal gut microbiota prevents intestinal
colonization upon oral infection with S. Typhimurium, which leads to a typhoid-like
infection rather than gastrointestinal disease as in humans. Therefore, the role of CpxRA
in S. Typhimurium gut infection remains unknown. Here, we have used the strepto-
mycin mouse model of infection to study the role of CpxRA in Salmonella-induced
colitis and gut infection. In this model, oral treatment of mice with streptomycin
transitionally reduces the normal gut microbiota, allowing the colonization of the gut
by S. Typhimurium and the induction of gut inflammation (22, 23). Using this model, we
show that CpxRA activation contributes to S. Typhimurium gut infection, especially gut
colonization. Our findings suggest that CpxRA might be a novel therapeutic target for
infectious diarrhea inflicted by enteropathogenic bacteria.

RESULTS
In vivo expression of cpxRA and CpxRA-regulated genes during S. Typhimurium

gut infection. To study the role of the CpxRA two-component system in gut infection
by S. Typhimurium, we first examined the expression of cpxR, cpxA, and the CpxRA-
regulated genes cpxP and degP in feces during S. Typhimurium intestinal infection.
Streptomycin-pretreated C57BL/6 mice were infected with S. Typhimurium wild-type
strain SL1344 by oral gavage (5 � 107 CFU). On days 1 and 3 postinfection (p.i.), fecal
pellets were harvested, and total RNA was extracted. Quantitative PCR (qPCR) on cDNA
samples prepared from feces demonstrated that all four genes were expressed in the
gut on days 1 and 3 p.i. (Fig. 1). Furthermore, the cpxP expression level tended to be
increased on day 3 p.i. compared with that on day 1 p.i. (Fig. 1). This result suggests that
CpxRA is expressed in the feces during intestinal infection, since the expression of cpxP
occurs during CpxRA activation (4, 5). As expected, expression of the Salmonella genes
rpoD, cpxR, cpxA, cpxP, and degP was not detected in uninfected mice, confirming that
the above-described results were specific for S. Typhimurium. Therefore, the data imply
the possibility that the CpxRA two-component system is expressed during S. Typhimu-
rium intestinal infection.

Antimicrobial peptides activate CpxRA. Some environmental stimuli have been
found to activate CpxRA in E. coli (6, 24–29), including antimicrobial peptides that are
constitutively expressed in the gut lumen (28). Therefore, we decided to study whether
the S. Typhimurium CpxRA signal transduction system also responds to antimicrobial
peptides, stimuli that could be found during gut colonization. To this end, strains T429
and T443, containing degP::lacZ and cpxP::lacZ chromosomal transcriptional fusions,
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respectively, were generated in S. Typhimurium wild-type strain SH100, an ATCC 14028
derivative harboring spontaneous resistance to nalidixic acid (30). Moreover, an in-
frame cpxRA deletion (ΔcpxRA::kan) was introduced into T429 by phage transduction
with a P22 phage lysate prepared from the T192 strain (S. Typhimurium SL1344
ΔcpxRA::kan), yielding strain T442. The expression levels of degP and cpxP were mea-
sured in T429 and T443 in the presence or absence of the antimicrobial peptide
polymyxin B by using a �-galactosidase assay. As shown in Fig. 2A, higher levels of
�-galactosidase activity were observed in the presence of polymyxin B, while the

FIG 1 In vivo expression of cpxRA and CpxRA-regulated genes. C57BL/6 mice were pretreated with
streptomycin (25 mg per mouse 24 h before infection) and left uninfected or infected orally with 5 � 107

CFU S. Typhimurium wild-type strain SL1344 for 3 days. mRNA levels of cpxRA and cpxRA-regulated genes
(cpxP and degP) in the gut were measured by reverse transcription-qPCR. Data were normalized to rpoD
expression levels (n � 12). dpi, day(s) postinfection. Bars represent means � standard deviations. ns, not
significant (P � 0.05); **, P � 0.01; ***, P � 0.001 (as determined by a one-sample t test).

FIG 2 CpxRA is activated by antimicrobial peptides. (A) S. Typhimurium wild-type strains were grown in
LB medium or LB medium with 1 �g/ml polymyxin B (PMB) to the stationary growth phase (A600 of �1.0),
and �-galactosidase activities (Miller units) were measured. (B) The S. Typhimurium wild-type strain,
the ΔcpxRA::kan mutant strain, or the mutant strain harboring pMW-cpxRA, which contains a
chromosomal degP::lacZ fusion, was grown in LB medium with 1 �g/ml polymyxin B to the stationary
growth phase (A600, �1.0), and �-galactosidase activities (Miller units) were measured. Error bars
represent the standard deviations of the means from at least five independent experiments. ns, not
significant (P � 0.05); **, P � 0.01; ***, P � 0.001 (as determined by a Mann-Whitney U test).
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deletion of the cpxRA genes (T442) resulted in the reduced expression of degP, even in
the presence of polymyxin B (Fig. 2B). Complementation of the cpxRA genes in T442
restored the induction of degP by polymyxin B (Fig. 2B). These results suggest that an
in vitro environmental stimulus usually found in the gut lumen, such as the presence of
antimicrobial peptides, activates S. Typhimurium CpxRA.

CpxRA is dispensable for induction of colitis. To examine whether the CpxRA
two-component system is required for the induction of colitis by S. Typhimurium, the
pathogenicities of the wild-type strain and a cpxRA deletion mutant were compared by
using the streptomycin mouse model. Specifically, two groups of five streptomycin-
pretreated C57BL/6 mice were infected with 5 � 107 CFU of S. Typhimurium SL1344
(wild type) or T192 (ΔcpxRA::kan) by oral gavage. On day 2 p.i., the bacterial load in
feces was enumerated by plating serial dilutions onto selective medium. The bacterial
loads were high for both S. Typhimurium strains, and no significant differences were
observed (Fig. 3A). Similarly, histopathological analysis of the cecal mucosa revealed
inflammation in the gut of both groups of mice (Fig. 3B and C). Measurement of fecal
lipocalin-2, an inflammatory marker, suggested that intestinal inflammation is induced

FIG 3 CpxRA is dispensable for induction of S. Typhimurium colitis on day 2 postinfection. Streptomycin-
treated C57BL/6 mice (n � 5) were infected intragastrically for 2 days with 5 � 107 CFU S. Typhimurium
wild-type strain SL1344 or ΔcpxRA::kan mutant strain T192. (A) S. Typhimurium loads in feces on day 2
postinfection. (B) Representative H&E-stained cecal sections (magnification, �100). Bars, 100 �m. (C)
Cecal pathological scores for H&E-stained cecal tissue sections. (D) Fecal lipocalin-2 levels monitored by
an ELISA. Data points represent means � standard deviations. For panels A and C, bars indicate the
medians. ns, not significant (P � 0.05) (as determined by a Mann-Whitney U test).
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after infection (Fig. 3D). These results suggest that either CpxRA is not required for S.
Typhimurium enteropathy on day 2 p.i. or its function is redundant.

CpxRA is involved in gut colonization. Next, we investigated whether CpxRA
contributes to S. Typhimurium gut colonization using a competitive index (CI) assay.
Streptomycin-pretreated C57BL/6 mice were infected with a 1:1 mixture of the SL1344
and ΔcpxRA::kan (T192) strains via oral gavage (5 � 107 CFU). On days 1 and 4 p.i., the
bacterial load in feces was analyzed. On day 4 p.i., the mice were sacrificed, and
bacterial loads in the cecum lumen, mesenteric lymph nodes (mLN), and spleen were
monitored. The bacterial loads in feces were not significantly different on day 1 p.i.
(CI, 1.65) (Fig. 4A). In contrast, on day 4 p.i., cpxRA mutant strain T192 displayed a
competitive-colonization defect in the gut (CI, 12.59) (Fig. 4A) as well as in the cecum
lumen, mLN, and spleen (Fig. 4B to D). Fecal lipocalin-2 measurements suggested that
the mice developed gut inflammation (Fig. 4E). These results indicate that CpxRA is
required by S. Typhimurium for gut colonization during acute colitis and for further
systemic infection.

CpxRA contributes to gut colonization in a TTSS-2-independent manner. To clarify
whether CpxRA contributes to sustained gut colonization, we used attenuated S.
Typhimurium strain T145, a deletion mutant of the ssaV gene encoding a component
of type III secretion system 2 (TTSS-2). Infection with the S. Typhimurium TTSS-2 gene
mutant strains allows the evaluation of sustained gut colonization by S. Typhimurium
in the streptomycin-treated mouse colitis model because the attenuated S. Typhimu-
rium strain cannot spread to systemic sites, resulting in local gut infection (31, 32).
Furthermore, the use of this strain also allows the evaluation of whether CpxRA-

FIG 4 CpxRA is required for S. Typhimurium gut colonization on day 4 postinfection in mixed infections.
Streptomycin-treated C57BL/6 mice (n � 5) were infected intragastrically for 4 days with a 1:1 mixture
(total of 5 � 107 CFU) of S. Typhimurium wild-type (wt) strain SL1344 and ΔcpxRA::kan mutant strain
T192. (A to D) S. Typhimurium loads in feces (A), cecal contents (B), mLN (C), and spleen (D) were
determined by selective plating, and competitive-infection indices (CIs) were subsequently determined
on days 1 and 4 p.i. dpi, day(s) postinfection. (E) Fecal lipocalin-2 levels were determined by an ELISA.
Data points represent means � standard deviations. For panels A to D, horizontal bars indicate the
medians. ns, not significant (P � 0.05); *, P � 0.05; **, P � 0.01 (as determined by a Mann-Whitney U test).
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dependent colonization requires the TTSS-2 gene, since CpxRA activation has been
shown to repress TTSS-2 gene expression (33). Streptomycin-pretreated C57BL/6 mice
were coinfected with T145 (ΔssaV::cat) and T198 (ΔssaV ΔcpxRA::kan) by oral gavage
(5 � 107 CFU). S. Typhimurium loads in feces were monitored for 8 days. On day 1 p.i.,
both strains displayed comparable abilities to colonize the gut (CI, 1) (Fig. 5A). However,
by day 4 p.i., S. Typhimurium strain T198 exhibited a substantial colonization defect (CI,
30) (Fig. 5A) that extended to days 6 and 8 p.i. (Fig. 5A). The colonization defect was also
observed in the cecum and mLN on day 8 p.i. (Fig. 5B and C). Measurement of fecal
lipocalin-2 levels revealed that the mice developed gut inflammation, especially on day
4 p.i., when the inflammation levels were maximal (Fig. 5D). These results indicate that
CpxRA contributes to sustained gut colonization by S. Typhimurium and that CpxRA-
dependent colonization does not involve TTSS-2.

DegP is dispensable for gut colonization. We next investigated whether impaired
colonization by the cpxRA mutant is due to a defect in the degradation of misfolded
proteins in the periplasmic space. To this end, we constructed a S. Typhimurium mutant
strain lacking the CpxRA-regulated periplasmic protease DegP and performed a
competitive-infection assay with wild-type strain SL1344. Streptomycin-pretreated
C57BL/6 mice were infected with a 1:1 mixture of SL1344 and the ΔdegP::cat strain
(TM1739) by oral gavage (5 � 107 CFU). For 4 days, the bacterial loads in feces were
analyzed. In addition, on day 4 p.i., mice were sacrificed, and the bacterial loads in the
cecum lumen were determined. The bacterial loads of the two S. Typhimurium strains
in feces were not significantly different on days 1, 2, 3, and 4 p.i. (Fig. 6A). Similarly, no
significant differences in the S. Typhimurium loads in the cecum were observed on day

FIG 5 CpxRA is required for sustained S. Typhimurium gut colonization in mixed infection. Streptomycin-
treated C57BL/6 mice (n � 9) were infected for 8 days with a 1:1 mixture (total of 5 � 107 CFU
intragastrically) of the S. Typhimurium ΔssaV::cat (T145) and ΔssaV ΔcpxRA::kan (T198) strains. (A) CIs of
S. Typhimurium loads in feces on days 1, 4, 6, and 8 p.i. (B) CIs of S. Typhimurium loads in cecal contents
on day 8 p.i. (C) CIs of S. Typhimurium loads in mLN on day 8 p.i. dpi, day(s) postinfection. (D) Fecal
lipocalin-2 levels were monitored by an ELISA. Data points represent means � standard deviations. For
panels A to C, bars indicate the medians. *, P � 0.05; **, P � 0.01; ***, P � 0.001 (as determined by a
Mann-Whitney U test).
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4 p.i. (Fig. 6B). These results suggest that DegP is dispensable for gut colonization in a
competitive-infection assay, and therefore it, is not involved in CpxRA-dependent gut
colonization.

CpxRA-dependent gut colonization requires the TTSS-1 gene and the TTSS-1-
inducible host inflammatory response. TTSS-1-triggered gut inflammation promotes
S. Typhimurium gut colonization (34, 35). Thus, we investigated whether CpxRA-
dependent gut colonization requires TTSS-1-inducible gut inflammation. To this end,
we started by constructing a competitive-infection assay with an avirulent S. Typhimu-
rium TTSS-1 TTSS-2 double mutant strain (T249 [ΔinvG ΔssaV::cat]) that does not induce
an inflammatory response during gut infection. The isogenic S. Typhimurium mutant
strain colonizes the gut but remains silent, as it does not have two key virulence factors
and cannot elicit mucosal inflammation (34, 35). Therefore, we tested whether T249
is incapable of eliciting gut inflammation in the streptomycin mouse model.
Streptomycin-pretreated C57BL/6 mice were infected with 5 � 107 CFU of S. Typhimu-
rium T249 by oral gavage, and S. Typhimurium loads in feces were monitored for 3
days. Colonization levels of T249 in feces remained high on days 1 to 3 p.i., whereas
histopathological analysis of the cecal mucosa and fecal lipocalin-2 measurements
suggested that the mice did not develop gut inflammation (Fig. 7A to C). Thus, we
confirmed that T249 is an avirulent S. Typhimurium mutant strain that colonizes the gut
but cannot elicit gut inflammation.

Streptomycin-pretreated C57BL/6 mice were infected with a 1:1 mixture of strains
T249 and T441 (ΔinvG ΔssaV ΔcpxRA::kan) by oral gavage (5 � 107 CFU), and the S.
Typhimurium loads in feces were monitored for 4 days. On day 4 p.i., mice were
sacrificed, and the bacterial loads in the cecum lumen were determined. As shown in
Fig. 7D, the bacterial loads of the two S. Typhimurium strains in feces were not
significantly different on days 1, 3, and 4 p.i., nor were the colonization levels in the
cecum on day 4 p.i. (Fig. 7D). Gut inflammation was verified by measuring fecal
lipocalin-2 levels (Fig. 7E), indicating that mice with mixed infection did not develop gut
inflammation. These results suggest that CpxRA activation is beneficial for S. Typhimu-
rium gut colonization when there is a TTSS-1-inducible host inflammatory response.

DISCUSSION

Enteric pathogens encounter a broad range of stimuli in the gut, including high
osmolarity and the presence of antimicrobial peptides. These stresses cause perturba-
tions in the bacterial cell envelope, and bacteria try to adapt by activating two-

FIG 6 DegP is not involved in S. Typhimurium gut colonization in mixed infection. Streptomycin-treated
C57BL/6 mice (n � 5) were infected intragastrically for 4 days with a 1:1 mixture (total of 5 � 107 CFU)
of S. Typhimurium wild-type strain SL1344 and ΔdegP::cat mutant strain TM1739. (A) CIs of S. Typhimu-
rium loads in feces on days 1, 2, 3, and 4 p.i. (B) CIs of S. Typhimurium loads in cecal contents at 4 days
postinfection (dpi). Bars indicate the medians. ns, not significant (P � 0.05) (as determined by a
Mann-Whitney U test).
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component systems, such as CpxRA, that respond to envelope stresses. Therefore, the
aim of this work was to study the role of CpxRA in a mouse model of colitis. We show
that cpxRA and the CpxRA-regulated genes degP and cpxP are expressed in the feces
during intestinal infection and in vitro in the presence of antimicrobial peptides. These
data suggest that CpxRA is activated under these conditions, probably as the result of
bacterial envelope perturbations caused by the antimicrobial peptides and other
stresses found in the gut. Furthermore, we show that CpxRA is not involved in the
induction of colitis but is required for gut colonization; that is, the CpxRA-mediated
envelope stress response allows S. Typhimurium to colonize the gut.

Some environmental stimuli known to activate CpxRA in E. coli include the overex-
pression of the outer membrane lipoprotein NlpE (6, 24), misfolded P pilin subunits (25),
high concentrations of external copper (29), high osmolarity (27, 36), antimicrobial
cationic polyethylenimine (26), and antimicrobial peptides (28). The osmolarity of the
gut lumen is quite high (equivalent to 0.3 M NaCl or higher), and antimicrobial
peptides, such as �-defensin, are dominantly present (37, 38). Therefore, it is likely that,
in the gut, S. Typhimurium senses these environmental stimuli, which leads to the
activation of CpxRA. Our findings showing that cpxRA and the CpxRA-regulated genes
are induced in the presence of antimicrobial peptides support this hypothesis.

FIG 7 CpxRA-dependent gut colonization requires a host inflammatory response. (A to C) Streptomycin-
treated C57BL/6 mice (n � 5) were infected for 3 days with 5 � 107 CFU of the S. Typhimurium ΔinvG
ΔssaV::cat strain (T249) via gavage. (A) S. Typhimurium loads in feces on days 1, 2, and 3 postinfection.
(B) Cecal pathological scores for H&E-stained cecal tissue sections. (C) Fecal lipocalin-2 levels monitored
by an ELISA. (D and E) Streptomycin-treated C57BL/6 mice (n � 5) were infected for 4 days with a 1:1
mixture (total of 5 � 107 CFU intragastrically) of the S. Typhimurium ΔinvG ΔssaV::cat (T249) and ΔinvG
ΔssaV ΔcpxRA::kan (T441) strains. (D) CIs of S. Typhimurium loads in feces on days 1, 2, 3, and 4 p.i. and
in cecal contents on day 4 p.i. (E) Fecal lipocalin-2 levels on days 1 and 4 p.i. were determined by an
ELISA. For panels A, C, and E, data points represent means � standard deviations. For panels B and D,
bars indicate the medians. ns, not significant (P � 0.05); *, P � 0.05 (as determined by a Mann-Whitney
U test).
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Antimicrobial peptides are known to activate the S. Typhimurium PhoPQ two-
component system by the direct binding of the peptides to the PhoQ sensor (39).
Although our results show that S. Typhimurium CpxRA also responds to antimicrobial
peptides, a direct interaction between the CpxA sensor and the peptides has not been
reported so far. Therefore, it is possible that, unlike PhoQ, CpxA senses envelope
perturbations caused by the antimicrobial peptides. Interestingly, CpxRA activation has
been shown to mediate resistance to antimicrobial peptides in both E. coli and S.
Typhimurium (28, 40), and resistance to �-helical antimicrobial peptides is required, at
least in part, for S. Typhimurium gut colonization (41). Therefore, an impaired resistance
to antimicrobial peptides might account for the reduced competitive fitness of the S.
Typhimurium cpxRA mutant in the gut.

Other scenarios could explain the involvement of CpxRA in S. Typhimurium gut
colonization. For instance, CpxRA-regulated motility may affect gut colonization. It
has been demonstrated that CpxRA activation in E. coli has a negative effect on
bacterial motility (42, 43), whereas mutations of the CpxRA-regulated dsbA and degP
genes result in decreased motility in EPEC (42, 44). Like E. coli, the S. Typhimurium
dsbA mutant displays a motility defect (30). Since motility allows S. Typhimurium to
exploit mucosal inflammation and contributes to sustained gut colonization (45,
46), it is possible that the loss of the CpxRA-mediated tuning of motility could result
in impaired gut colonization. Alternatively, a derepression of certain respiratory
complexes in the absence of CpxRA could result in reduced gut colonization. In that
sense, it was recently shown that CpxRA regulates the expression of certain
respiratory complexes in EPEC, whose derepression is toxic for the bacteria during
envelope stresses (11). Indeed, dysbiosis-derived oxygen facilitates the growth of S.
Typhimurium in the gut lumen through cytochrome bd-II oxidase-dependent aer-
obic respiration (47). Therefore, CpxRA-regulated aerobic respiration might be
essential for the growth of S. Typhimurium in the gut. Our results showing that
DegP is dispensable for S. Typhimurium gut colonization imply that the periplasmic
accumulation of misfolded toxic proteins is unlikely to be the cause of impaired
colonization by the cpxRA mutant, opening the door to other hypotheses, such as
the involvement of aerobic respiration. Deciphering the mechanism underlying
CpxRA-regulated aerobic respiration in S. Typhimurium and its involvement in gut
colonization deserves further investigation.

The colonization defect of the S. Typhimurium cpxRA mutant depends on the host
inflammatory response. In general, gut inflammation is a protective response of the
host against infection by enteric pathogens. For example, the levels of gut luminal
mucin, secreted from goblet cells, increase massively during gut inflammation, result-
ing in the formation of a robust mucosal barrier that inhibits the access of pathogens
to intestinal epithelial cells. However, flagellum-mediated motility allows S. Typhimu-
rium to localize to and use the mucosal components as high-energy nutrients for
enhanced growth (45, 46). In addition, inflammation provides S. Typhimurium with a
respiratory electron acceptor that members of the resident microbiota are unable to
utilize, thereby allowing S. Typhimurium to outcompete the resident commensal
bacteria in the gut (34, 48, 49). It remains unclear how host inflammation causes the
impaired-colonization phenotype of the S. Typhimurium cpxRA mutant in the gut.
However, it is possible that decreased resistance to antimicrobial peptides, such as
defensin, and reduced motility contribute, at least in part, to it. In any case, our results
allow us to conclude that S. Typhimurium CpxRA-dependent gut colonization benefits
from pathogen-exploited inflammation.

In summary, environmental stresses in the gut cause perturbations in the S. Typhi-
murium envelope. This leads to CpxRA expression, which is essential for gut coloniza-
tion by S. Typhimurium, similarly to what was previously reported for C. rodentium, a
model for EPEC and enterohemorrhagic E. coli (EHEC) infection (12). Therefore, CpxRA
might be a promising therapeutic target for gut infections by enteric pathogens.
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MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. Bacterial strains and plasmids used in this

study are listed in Table 1. S. Typhimurium strain SL1344 was mouse virulent and used for mouse
infection experiments. S. Typhimurium strain SH100, an ATCC 14028 derivative, was used for
�-galactosidase assays. Bacterial strains were grown in LB medium containing the appropriate antibiot-
ic(s). For mouse infection experiments, bacteria were grown in LB medium supplemented with 0.3 M
NaCl and the appropriate antibiotic(s) for 13 h at 37°C under mild aeration (160 rpm) and subcultured
at a 1:20 dilution rate for 4 h under the same conditions except that LB medium was used without
supplementation with antibiotics.

Construction of S. Typhimurium gene deletion mutants. S. Typhimurium strains harboring
chromosomal in-frame deletions were created by using the lambda red homologous-recombination
system (50). Primers used for the construction of S. Typhimurium mutants are listed in Table 2.

Construction of S. Typhimurium strains with a chromosomal transcriptional lacZ fusion. The
DNA fragments containing the degP promoter region were amplified by PCR using primer set degP-Pro-
SalI and degP-Rev-BamHI or ProcpxP-FW-SalI and cpxP-RV-BamHI (Table 2). The PCR products digested
with SalI and BamHI were ligated into the same sites of pLD-lacZ� containing a promoterless lacZ gene
(30), yielding pLD-degPZ and pLD-cpxPZ. The resulting plasmid was transferred from E. coli SM10�pir to
S. Typhimurium strain SH100 by conjugation, and subsequently, the cpxRA::kan allele from T192 was
transduced via the P22 phage.

Construction of a complementary plasmid. The complementary plasmid pMW-cpxRA was con-
structed by using DNA fragments containing the cpxRA gene generated by PCR with primers cpxR-FW-
HindIII and cpxA-RV-SalI (Table 2), and S. Typhimurium strain SL1344 chromosomal DNA as the template,
which were digested with HindIII and SalI and then ligated between the same sites of pMW118.

Ethical statement. The use of mice for infection experiments was reviewed and approved by the
Kitasato University Institutional Animal Care and Use Committee (permit numbers A13-6, J96-1, and
J13-1).

Mouse infection experiments. All mice used in this study were of the C57BL/6 background and
maintained at the institute of experiments of animals at the School of Pharmacy, Kitasato University, or
purchased from Japan SLC. Infection experiments were performed as described previously (51). Pretreat-
ment with 25 mg streptomycin by gavage was performed, and 24 h later, mice were infected with 5 �
107 CFU S. Typhimurium strains by the same route. To determine S. Typhimurium population sizes, fecal
pellets, cecal contents, mesenteric lymph nodes (mLN), and spleens were freshly collected and homog-
enized in sterile phosphate-buffered saline (PBS) containing 0.5% Tergitol for differential plating onto
MacConkey agar plates (Nissui Pharmaceutical) supplemented with the appropriate antibiotics (50 �g/ml
streptomycin, 50 �g/ml kanamycin, and 10 �g/ml chloramphenicol). The competitive index was calcu-
lated by the division of the population sizes of S. Typhimurium strains by those of their derivative
mutants. Parts of cecal tissue were fixed in 4% formaldehyde (Mildform; Wako Pure Chemical Industries,
Ltd.) and embedded in paraffin. Cryosections were prepared, air dried, and then stained with hematox-
ylin and eosin (H&E). To determine the degree of inflammation, the pathological score was monitored,
as previously described (51), evaluating submucosal edema, polymorphonuclear leukocyte infiltration,
goblet cell numbers, and epithelial damage, resulting in maximum scores of 13.

Reverse transcription-quantitative PCR for quantifying bacterial gene expression levels in the
gut. Total RNA from murine feces was isolated by using the RNeasy powermicrobiome kit (Qiagen). Five

TABLE 1 Strains and plasmids used in this study

Strain or plasmid Genotype or description
Reference or
source

Salmonella enterica serovar
Typhimurium strains

SL1344 Wild-type S. Typhimurium; hisG 54
T192 SL1344 ΔcpxAR::kan This study
SH100 Wild-type S. Typhimurium; ATCC 14028 derivative 30
T429 SH100 degP::lacZ This study
T442 SH100 ΔcpxAR::kan degP::lacZ This study
T446 T442 harboring pMW-cpxRA This study
T443 SH100 cpxP::lacZ fusion This study
T145 SL1344 ΔssaV::cat 41
T198 SL1344 ΔssaV ΔcpxAR::kan This study
TM1739 SL1344 ΔdegP::cat This study
T249 SL1344 ΔinvG ΔssaV::cat This study
T441 SL1344 ΔinvG ΔssaV �cpxAR::kan This study

Plasmids
pLD-lacZ� Integrational plasmid with a promoterless lacZ gene 30
pLD-degPZ degP::lacZ transcriptional fusion in pLD-lacZ� This study
pLD-cpxPZ cpxP::lacZ transcriptional fusion in pLD-lacZ� This study
pMW118 Low-copy-no. expression vector NipponGene
pMW-cpxRA pMW118 containing the cpxRA gene from SL1344 This study
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hundred micrograms of total RNA was used for reverse transcription using TaqMan reverse transcription
reagents (ThermoFisher Scientific). qPCR was conducted with a CFX96 real-time PCR detection system
(Bio-Rad), using SsoAdvanced universal SYBR green supermix (Bio-Rad) or Kapa SYBR fast qPCR master
mix (Kapa Biosystems). Relative transcript levels were normalized to the values for the rpoD gene and
calculated by using the 2�ΔCT method (52).

�-Galactosidase assay. �-Galactosidase activities of reporter gene fusions were determined accord-
ing to standard procedures (53). Briefly, bacterial reporter strains were grown overnight in LB medium,
diluted 1:100, and subcultured for 2.5 h in the same medium. For inducing conditions, polymyxin B (1
�g/ml; Wako) was supplemented after 2 h of subculturing, and the culture was then incubated for a
further 30 min. One hundred microliters of the bacterial culture was added to 900 �l of Z buffer (60 mM
Na2HPO4·7H2O, 40 mM NaH2PO4·H2O, 10 mM KCl, 1 mM MgSO4·7H2O, 50 mM �-mercaptoethanol), and
20 �l of 0.1% (wt/vol) SDS and 40 �l of chloroform were mixed well. After incubation for 5 min at 28°C,
the reaction was started by the addition of 200 �l of o-nitrophenyl-�-D-galactopyranoside (ONPG; Wako)
in 0.1 M potassium phosphate buffer (pH 7) (4 mg/ml) and developed at 28°C. The reactions were
stopped by the addition of 500 �l of 1 M Na2CO3, and the optical densities at 420 nm were measured.
Miller units were calculated as described previously (53).

Quantification of fecal lipcalin-2. Fecal pellets were homogenized and diluted in PBS. The resulting
serial dilutions were analyzed by an enzyme-linked immunosorbent assay (ELISA) using a mouse
lipocalin-2/NGAL detection kit (R&D), according to the manufacturer’s instructions.

Statistical analysis. Statistical tests were performed by using GraphPad Prism (version 5) for Mac OS
X (GraphPad Software). Statistical significance (P � 0.05) was determined by a Mann-Whitney U test or
Student’s t test. In the in vivo expression experiment, a one-sample t test was employed, as the
theoretical mean value was zero.
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