RESEARCH ARTICLE

RpoS Contributes to Phagocyte Oxidase-Mediated Stress Resistance
during Urinary Tract Infection by Escherichia coli CFT073
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ABSTRACT Uropathogenic Escherichia coli (UPEC) is the most common causative agent of community-acquired urinary tract
infection (UTI). In order to cause UTI, UPEC must endure stresses ranging from nutrient limitation to host immune compo-
nents. RpoS (0%), the general stress response sigma factor, directs gene expression under a variety of inhibitory conditions. Our
study of rpoS in UPEC strain CFT073 began after we discovered an rpoS-frameshift mutation in one of our laboratory stocks of
“wild-type” CFT073. We demonstrate that an rpoS-deletion mutation in CFT073 leads to a colonization defect during UTI of
CBA/] mice at 48 hours postinfection (hpi). There is no difference between the growth rates of CFT073 and CFT073 rpoS in
urine. This indicates that rpoS is needed for replication and survival in the host rather than being needed to address limitations
imposed by urine nutrients. Consistent with previous observations in E. coli K-12, CFT073 rpoS is more sensitive to oxidative
stress than the wild type. We demonstrate that peroxide levels are elevated in voided urine from CFT073-infected mice compared
to urine from mock-infected mice, which supports the notion that oxidative stress is generated by the host in response to UPEC.
In mice that lack phagocyte oxidase, the enzyme complex expressed by phagocytes that produces superoxide, the competitive
defect of CFT073 rpoS in bladder colonization is lost. These results demonstrate that o is important for UPEC survival under
conditions of phagocyte oxidase-generated stress during UTIL. Though o affects the pathogenesis of other bacterial species, this
is the first work that directly implicates o as important for UPEC pathogenesis.

IMPORTANCE UPEC must cope with a variety of stressful conditions in the urinary tract during infection. RpoS (o®), the general
stress response sigma factor, is known to direct the expression of many genes under a variety of stressful conditions in
laboratory-adapted E. coli K-12. Here, we show that oS is needed by the model UPEC strain CFT073 to cope with oxidative stress
provided by phagocytes during infection. These findings represent the first report that implicates ¢® in the fitness of UPEC dur-
ing infection and support the idea of the need for a better understanding of the effects of this global regulator of gene expression

during UTL.

Received 9 January 2013 Accepted 11 January 2013 Published 12 February 2013

Citation Hryckowian AJ, Welch RA. 2013. RpoS contributes to resistance to phagocyte oxidase-mediated stress during urinary tract infection by Escherichia coli CFT073. mBio

4(1):200023-13. doi:10.1128/mBi0.00023-13.
Editor Michael Gilmore, Harvard Medical School

Copyright © 2013 Hryckowian and Welch. This is an open-access article distributed under the terms of the Creative Commons Attribution-Noncommercial-ShareAlike 3.0
Unported license, which permits unrestricted noncommercial use, distribution, and reproduction in any medium, provided the original author and source are credited.

Address correspondence to Rodney A. Welch, rawelch@wisc.edu.

rinary tract infections (UTIs) are among the most common

human bacterial infections. UTIs cause significant discom-
fort, malaise, and lethargy, frequently require antibiotic treat-
ment, and can become life threatening. It is estimated that 150
million cases of UTT occur per year, resulting in global health care
costs totaling over 6 billion U.S. dollars (1). Forty percent of
women will have a UTTI in their lifetimes, and 25% of this popu-
lation will suffer recurrent UTIs, with subsequent infections usu-
ally occurring within 6 to 12 months of the previous occurrence
(2, 3). Additionally, 12% of men, with a large proportion of those
being elderly, will experience a UTI (2, 3). Though many microbes
are known to cause UTI (4), Escherichia coli is the most common
causative agent, accounting for 70 to 95% of all reported cases (1).
Uropathogenic E. coli (UPEC) strains are residents of the gut mi-
crobiota and can gain access to the urinary tract through an as-
cending route (4). This route of infection involves the coloniza-
tion of the periurethral area and ascension through the urethra to
the bladder, where the bacteria cause cystitis. If cystitis is left un-
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treated, the bacteria can ascend into the ureters and kidneys,
where they cause pyelonephritis.

Neutrophils have been shown to be critical for the clearance of
UPEC during infection (5). Neutrophils produce many antimi-
crobial factors, a primary component being reactive oxygen spe-
cies (ROS) (6). These ROS originate from superoxide (O, ),
which is produced by phagocyte oxidase, a multisubunit enzyme
complex expressed by phagocytic cells (7-9). ROS have pleiotro-
pic effects on bacterial cells, where they react with thiols, lipids,
metal centers, nucleic acids, and tyrosine residues (8, 10, 11). In-
deed, E. coli is capable of coping with oxidative stress by a variety
of mechanisms, and it is thought that resistance to ROS may be
important for UPEC pathogenesis (12).

Transcription of genes in E. coli is catalyzed by the RNA poly-
merase holoenzyme, which is composed of core RNA polymerase
(a,BB' w) and a dissociable sigma factor (o). E. coli has one house-
keeping sigma factor (07°) and six other “alternative” o factors
(13). In response to stimuli, each of these o factors facilitates tran-
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scription from a variety of different promoters when bound to
core polymerase. The best studied of the alternative sigma factors,
0%, positively regulates ~500 genes involved in stationary-phase
survival and in resistance to a variety of stresses, including oxida-
tive stress in E. coli K-12 (13-17). Insight into the role of o5 in
uropathogenesis is lacking, despite an appreciated role in the
pathogenesis of other bacterial species and epidemiological data
suggesting that a loss of rpoS function may be detrimental to E. coli
during human extraintestinal pathogenic E. coli (ExPEC) infec-
tions (18, 19).

Here, we show that 0® allows UPEC strain CFT073 to cope with
phagocyte-mediated oxidative stress during urinary tract infec-
tion. These data support the hypothesis that o° is needed for effi-
cient bladder colonization and that oS-regulated genes play a sig-
nificant role during UTT in tolerating oxidative stress provided by
the host innate immune response.

RESULTS

CFT073 rpoS is attenuated for colonization relative to wild type
in CBA/J] mouse bladders at 48 hpi. To assess if rpoS is important
for E. coli CFT073 during urinary tract infection, we utilized the
murine model of UTI. When coinoculated with wild type into
CBA/J mice, CFT073 rpoS was recovered from bladder homoge-
nates at approximately 50-fold-lower levels at 48 hours postinfec-
tion (hpi) (Fig. 1A). This competitive disadvantage was lost when
a functional copy of rpoS was reintroduced into its native location
in the rpoS mutant by ¢EB49-mediated allelic transductional re-
pair (Fig. 1A).

To further investigate the defect shown by a CFT073 rpoS mu-
tant during experimental UTI, we infected CBA/J mice with single
strains, either wild type CFT073 or the rpoS mutant. Animals were
sacrificed at 48 hpi, and bacterial burdens were assessed. The rpoS
mutant was recovered at significantly lower levels than wild type at
48 hpi (Fig. 1B). We assessed several phenotypes known to influ-
ence colonization in the murine UTI model. There was no statis-
tically significant difference between mannose-sensitive guinea
pig erythrocyte agglutination results nor was there a difference in
motility on Adler motility agar (data not shown). Furthermore,
the growth kinetics of these two strains in human urine were iden-
tical (data not shown).

CFTO073 rpoS is more sensitive to oxidative stress than wild
type. It was previously demonstrated in E. coli K-12 that many
oS-regulated genes are involved in detoxifying ROS or repairing
damage caused by ROS. To show that rpoS contributes to oxida-
tive stress resistance in CFT073, we utilized a hydrogen peroxide
killing assay (modified from reference 20). CFT073 rpoS is killed
more readily than wild type by treatment with 5mM hydrogen
peroxide (Fig. 2).

Mice infected with CFT073 or CFT073 rpoS have elevated
levels of peroxide in urine. To demonstrate that the infected blad-
der environment provides oxidative stress to bacteria, we mea-
sured the levels of H,0,, a relatively stable byproduct of superox-
ide, in infected CBA/J mouse urine at 24 hpi and 48 hpi. Urine was
collected from anesthetized mice that were infected with either
strain and subjected to a Xylenol Orange-based Pierce quantita-
tive peroxide assay (n = 12 each). The fold changes in urine per-
oxide levels were calculated relative to phosphate-buffered saline
(PBS) mock-infected control levels. CFT073 rpoS-infected ani-
mals did not have increased levels of H,O, in their urine relative to
wild-type-infected animals at either of these time points. From
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FIG 1 CFT073 rpoS has a colonization defect at 48 hpi in CBA/J] murine
model UTI. (A) CFT073 rpoS and CFT073 lacZYA were coinoculated at a 1:1
ratio into CBA/J mice (n = 17). A functional copy of rpoS was reintroduced
into CFT073 rpoS via generalized transduction with ¢EB49. This transductant
(rpoS::rpoS) was also coinoculated with the wild type (wt) into CBA/J mice (n
= 8). Mice were sacrificed at 48 hpi. Bacteria from bladder homogenates were
enumerated on MacConkey’s medium plus lactose. Lines are drawn at the
geometric mean relative competitive index (RCI). Statistical significance was
assessed by a Mann-Whitney U test relative to a hypothetical RCI of 1. (B)
Manipulations were carried out as described for panel A except that single
strains were used (wt, n = 22; rpoS, n = 24). Lines are drawn at the geometric
mean CFU/bladder. Total burdens of animals coinfected with the CFT073
wild-type and rpoS strains at 48 hpi (from panel A) are included for compar-
ison. Statistical significance was assessed by the Mann-Whitney U test.

24 hpi to 48 hpi, however, the concentration of peroxide in all
infected animals increased significantly (Fig. 3).

The competitive defect shown by CFT073 rpoS in bladders at
48 hpi is diminished in mice that lack functional phagocyte ox-
idase. During infection, inflammatory cells produce a variety of
antimicrobial factors. A primary antimicrobial agent in this rep-
ertoire is superoxide, which reacts with other molecules to form
ROS. The primary source of bactericidal ROS during infection is
provided by phagocyte oxidase. To assess the contribution of
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FIG2 CFTO073 rpoS is more sensitive to oxidative stress in vitro than wild type.
CFT073 and CFT073 rpoS were grown overnight in LB medium and diluted
1:1,000 into PBS-5 mM H,O, or an equivalent volume of distilled water
(dH,0). Cells were then incubated at 37°C and were enumerated every 5 min
by plating onto LB agar. Data from four independent experiments are repre-
sented as mean percent survival = standard error of the mean (SEM) relative
to bacterial counts at £ = 0.

phagocyte oxidase to the colonization defect of CFT073 rpoS, we
utilized C57BL/6 mice and a congenic strain lacking the p47 sub-
unit of this enzyme complex. p47Phox knockout mice lack func-
tional phagocyte oxidase (21, 22). As seen in Fig. 4, the competi-
tive disadvantage seen in C57BL/6 mice was significantly
diminished in the mice lacking functional phagocyte oxidase.

DISCUSSION

Here we present data showing that rpoS is needed for efficient UTI
by UPEC. These studies began after we discovered that the se-
quenced CFT073 strain (23) has a 5-bp duplication in rpoS, which
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FIG 3 Levels of peroxide in urine are elevated in urine from infected CBA/J
mice. CBA/J mice were infected with either CFT073 or CFT073 rpoS (n = 12
each). At 24 and 48 hpi, urine was collected from these animals and H,O,
concentrations were measured using a Xylenol Orange-based quantitative per-
oxide assay kit (Pierce). Data are represented as mean fold change in [H,0,] *
SEM relative to PBS mock-infected control animals. Mean fold changes in
[H,0,] did not differ between mice infected with CFT073 and mice infected
with CFT073 rpoS at 24 or 48 hpi, but there was a significant change in [H,0,]
in infected animals from 24 to 48 hpi, as assessed by an unpaired ¢ test and a
paired ¢ test, respectively.
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FIG 4 The competitive defect of CFT073 rpoS during UTI is diminished in
mice that lack functional phagocyte oxidase. C57BL/6 mice (n = 16) and
age-matched congenic mice lacking phagocyte oxidase [p47phox (—/—)] (n =
16) were infected with a 1:1 ratio of CFT073 rpoS and wild-type strains. Ani-
mals were infected and sacrificed at 48 hpi, and bacteria were enumerated as
described in the Fig. 2 legend. Lines are drawn at the geometric mean relative
competitive index (RCI). Statistical significance was assessed by the Mann-
Whitney U test.

results in the production of a nonfunctional, truncated o protein.
The wild-type strain used in the present study was obtained from
the original CFT073 clinical isolate (Table 1). The nucleotide se-
quence of the CFT073 wild-type rpoS allele has been reported
previously (24) and can be found in GenBank (accession no.
AF270497).

This report represents the first use of $EB49, the uropatho-
genic E. coli transducing phage (25), to conduct allelic repair of the
rpoS null allele. Allelic repair involves the cotransduction of a
functional copy of an allele of interest with a closely linked antibi-
otic resistance marker. Because the concentration of ¢ within
cells and the subsequent influence on o°-dependent genes are reg-
ulated at several different levels (17), allelic repair was used rather
than more “traditional” methods of genetic complementation
(i.e., single-copy complementation in cis or low-copy-number
vector complementation in frans) to maintain wild-type regula-
tion of 0¥ levels. The CFT073 rpoS::¢rpoS repaired strain shown in
Fig. 1, as well as other CFT073 rpoS::¢prpoS transductants tested (n
= 10), were shown to have growth kinetics in Luria-Bertani (LB)
broth identical to those of wild-type CFT073. Furthermore, trans-
ductants that incorporated the kanamycin (Kan) cassette but not
the functional rpoS allele (n = 3) and CFT073 rpoS exhibited a

TABLE 1 Bacterial strains and transducing phage used in this study

Strain name Genotype Source or reference
WAM 4505 Escherichia coli CFT073 Original clinical isolate
WAM 4519 CFT073 rpoS Our laboratory

WAM 4520 CFT073 lacZYA Our laboratory

WAM 4530 CFT073 rpoS* Kan Our laboratory

WAM 4560 CFT073 rpoS::¢prpoS* Kan Our laboratory

$EB49 Generalized transducing phage 25
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small decrease in the final optical density at 600 nm (ODg,) in LB
broth in late stationary phase (data not shown).

In E. coli K-12, many oS-regulated genes are involved in miti-
gating the toxic effects of reactive oxygen species by a variety of
mechanisms. Although these genes (dps, katE, sodC, xthA, and
otsAB, among others) are shared between K-12 and CFT073, their
expression during infection and their degree of dependence on 0
in CFT073 are not known. Regardless, we show that CFT073 rpoS
is killed more readily than wild type by treatment with hydrogen
peroxide (Fig. 2), indicating that one or more mechanisms of ox-
idative stress resistance are regulated by o® in CFT073. The extent
of the 0% regulon in CFT073 during experimental UTI is a subject
of ongoing investigation in our laboratory. A role of o5-regulated
genes in resistance to oxidative and pH stress in the model UPEC
strain UTI89 has been suggested (26). Our observations provide
further evidence that o° regulates the expression of oxidative
stress resistance genes in UPEC.

Interestingly, there was a significant increase in the concentra-
tion of peroxide in urine from 24 hpi to 48 hpi in all infected
animals (Fig. 2). This increase in peroxide concentration corre-
lates with a significant change in the bladder relative competitive
index (RCI) but not in total bacterial loads in animals coinfected
with the wild-type and rpoS strains (data not shown). These ob-
servations support the notion that CFT073 rpoS is more sensitive
than wild type to oxidative stress in vivo. Indeed, when the source
of phagocyte-mediated oxidative stress was removed, CFT073
rpoS no longer showed a pronounced colonization defect (Fig. 4).

Our findings that rpoS is needed during UTT conflict with pre-
viously reported results from Culham et al. (24), where an assess-
ment of 0% and o%-dependent osmotic stress resistance mecha-
nisms suggested that rpoS was not important during infection. We
surmise that the use of outbred mice as in the previous study does
not control for host genetic polymorphism and may have helped
lead to a conclusion that underestimates the importance of rpoS
during UTI. Furthermore, the CFT073 variant used by Culham et
al. expresses 0 but not the 5-regulated catalase KatE, whereas the
original clinical isolate of CFT073 used in this study expresses
KatE (reference 24 and data not shown). We established that sev-
eral research groups have variants of CFT073 with respect to rpoS
status, and this observation suggests that there may be further
variations in what a particular research group refers to as “wild-
type” CFT073. Mutations in rpoS have been demonstrated in ac-
cordance with the transfer of E. coli strains between laboratories,
which is likely due to the growth advantage in stationary phase
(GASP) afforded by loss-of-function mutations in rpoS (27-29).

Oxidative stress resistance by UPEC during urinary tract infec-
tion was explored previously in the context of OxyR, a transcrip-
tional activator responsible for expression of antioxidant genes
under conditions of oxidative stress in E. coli K-12 (30-32). John-
son et al. showed that although the deletion of oxyR results in a
bladder colonization disadvantage for UPEC strain Ecla in
C57BL/6 mice during experimental UTTI, this competitive defect is
not diminished in mice lacking phagocyte oxidase (33). These
findings, coupled with the decreased ability of Ecla oxyR to grow
in human urine, suggest that the OxyR regulon is needed to cope
with stresses present in urine alone and that there may be genes
independent of oxyR in UPEC involved in resistance to phagocyte-
mediated oxidative stress during UTL. We report here that the
growth kinetics of CFT073 rpoS are indistinguishable from those
of wild type in filter-sterilized human urine (data not shown). This
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lends support to our assertion that the observed defect in coloni-
zation by CFT073 rpoS is due to phagocyte oxidase-mediated
stress during infection rather than to limiting nutrients or growth
inhibitors that may be present in uninfected urine.

Itis apparent that E. coli strains capable of causing urinary tract
infections do not have a single virulence factor that distinguishes
them from non-UPEC strains. Although much work has charac-
terized the roles of adhesion, motility, and nutrient acquisition in
UPEC pathogenesis, the ability to cope with host stress during UTI
is also important. For example, it is known that the SOS response
(34), DNA mismatch repair (35), and components of the PhoP
regulon (36) are needed during experimental UTIL. Our laboratory
demonstrated that DegS and DegP, elements of the RpoE (oF)
regulon, the extracytoplasmic stress sigma factor, are critical for
successful CFT073 colonization of the murine urinary tract (37,
38). We hypothesize that differences in the regulation of stress
response systems may determine if a particular pathovar of E. coli
is able to cause disease in its niche and host. Indeed, it is known
that o® levels are elevated during log-phase growth in CFT073 and
HU734, two independently isolated UPEC strains (24). This ob-
servation contrasts with the well-established stationary-phase in-
duction of ¢® levels in laboratory-adapted E. coli strains (17).

We demonstrate that rpoS is needed to cope with phagocyte
oxidase-mediated stress during infection. However, we cannot
discount the possibility that this global regulator may be impor-
tant for directing the expression of other genes important during
UTI. With a better understanding of oS-regulated genes and the
regulation of cellular o° levels in UPEC, we expect to garner a
greater understanding of how UPEC causes UTIs.

MATERIALS AND METHODS

Strains. Strains used in this study are listed in Table 1. In-frame deletion
mutants of E. coli CFT073 were constructed using the lambda Red mu-
tagenesis protocol (39), which was modified to incorporate a generalized
transduction step using ¢pEB49 prior to pCP20-mediated antibiotic resis-
tance cassette removal (25). Allelic repair of the rpoS null allele was carried
out by ¢EB49-mediated cotransduction of a functional rpoS allele linked
to a kanamycin resistance cassette (see Fig. S1 in the supplemental mate-
rial).

Media and bacterial growth conditions. All strains were grown in
Luria-Bertain (LB) broth, on LB agar, on MacConkey’s agar containing
lactose (Difco), or in filter-sterilized human urine samples. Urine was
collected and pooled from healthy human volunteers (n = 3) with no
recent history of antibiotic use. Inocula for murine model UTI were pre-
pared as described previously (38). For in vitro growth analysis, bacteria
were grown overnight at 37°C with aeration, washed twice in phosphate-
buffered saline (PBS), and added to fresh growth medium to reach an
ODg,, = 0.01. Bacterial growth was measured by ODy,, readings over
time in a Synergy HT plate reader (Bio-Tek). Antibiotic selection (kana-
mycin [50 pug/ml] and chloramphenicol [20 ug/ml]) was used when ap-
plicable.

Murine model UTI. Six-to-nine-week-old mice were used for all ex-
periments described here. CBA/] mice were purchased from Harlan Lab-
oratories (Indianapolis, IN). C57/BL6 mice and age-matched, congenic
p47phox(=/=) mice were obtained from Jackson Laboratory (Bar Harbor,
ME). Mice were inoculated with either a single strain (single infection) or
equal numbers of two strains (competitive infection) as described previ-
ously (38) and sacrificed at 48 hours postinfection (hpi). Bladders were
homogenized in PBS—0.0025% Triton X-100, and 10-fold serial dilutions
in PBS were plated onto MacConkey’s agar containing lactose. In com-
petitive infections, CFT073 lacZYA was used to facilitate enumeration of
wild type/mutant ratios. It has been shown previously that CFT073 lac-
ZYA colonizes the murine urinary tract as well as wild-type CFT073 (37).
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Competitive infection data are reported as a relative competitive index
(RCI), which is defined as the ratio of mutant to wild type recovered
normalized to the ratio of mutant to wild type in the inoculum.

Sensitivity to hydrogen peroxide. Bacteria were grown overnight at
37°C in LB broth with aeration and diluted 1:1,000 in PBS. Diluted cul-
tures were incubated at 37°C, and hydrogen peroxide (Fisher Scientific)
was added to reach a final concentration of 5 mM (20). After the addition
of peroxide, samples of cells were plated at various time points for viable
counts on LB agar and compared to samples where hydrogen peroxide
was not added.

Fold change in levels of peroxides in infected urine samples. A Pierce
quantitative peroxide colorimetric assay kit (Thermo Scientific) was used
according to the manufacturer’s protocol, and a Synergy HT plate reader
(Bio-Tek) was used to measure peroxide concentration in infected and
PBS mock-infected mouse urine samples.

Assays for motility and expression of type 1 pili. The motility of
single-strain inocula containing CFT073 or CFT073 rpoS was assessed on
Adler motility agar as described previously (40). The diameter of the
growth area was measured after 22 h of incubation at room temperature.
Semiquantitative mannose-sensitive guinea pig erythrocyte agglutination
was carried out to assess the presence of type 1 pili as described previously
(37). For each assay, the ODg, of the inocula was normalized by dilution
in PBS where necessary and viable counts on LB agar were used to confirm
that there was no significant difference in numbers of bacterial cells used
in the assays.

Statistical analyses. All statistical analyses were carried out using
Prism 4.0 (GraphPad, Inc.). Statistical significance was determined by the
Mann-Whitney U test for log distributed data and was determined by
paired or unpaired t tests for normally distributed data where applicable.
Pvalues = 0.05 represent statistically significant differences between data
sets.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at http://mbio.asm.org
Nlookup/suppl/doi:10.1128/mBio.00023-13/-/DCSupplemental.
Figure S1, DOCX file, 0.1 MB.
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