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Extraintestinal Escherichia coli (ExPEC), a heterogeneous group of pathogens, encompasses avian, neonatal meningitis, and uro-
pathogenic E. coli strains. While several virulence factors are associated with ExPEC, there is no core set of virulence factors that
can be used to definitively differentiate these pathotypes. Here we describe a multiplex of four virulence factor-encoding genes,
yfcV, vat, fyuA, and chuA, highly associated with uropathogenic E. coli strains that can distinguish three groups of E. coli: diar-
rheagenic and animal-associated E. coli strains, human commensal and avian pathogenic E. coli strains, and uropathogenic and
neonatal meningitis E. coli strains. Furthermore, human intestinal isolates that encode all four predictor genes express them
during exponential growth in human urine and colonize the bladder in the mouse model of ascending urinary tract infection in
higher numbers than human commensal strains that do not encode the four predictor genes (P � 0.02), suggesting that the pres-
ence of the predictors correlates with uropathogenic potential.

Extraintestinal pathogenic Escherichia coli (ExPEC), a heteroge-
neous group of E. coli pathotypes defined by isolation from

infections outside the intestinal tract, includes uropathogenic E.
coli (UPEC), avian-pathogenic E. coli (APEC), and neonatal men-
ingitis E. coli (NMEC) (20, 32). ExPEC strains are a diverse group
of pathogenic E. coli strains that cause disease in poultry and com-
panion animals as well as humans (32). While many virulence
factors are associated with ExPEC, no core set of virulence factors
can unambiguously distinguish the ExPEC subgroups from one
another. Therefore, strains can be designated UPEC, APEC, or
NMEC only on the basis of the isolation source (20). Unlike diar-
rheagenic E. coli (DEC) strains, which are obligate intestinal
pathogens, ExPEC strains can commensally colonize the human
intestine; thus, the intestinal tract can serve as a reservoir for ex-
traintestinal E. coli (20).

This ExPEC reservoir is of particular importance for women
with recurrent urinary tract infections (UTIs), as UPEC is the
predominant cause of uncomplicated UTIs. It is estimated that
over 50% of women will have a UTI in their lifetime; 25% will then
experience a second UTI and 3% will have a third UTI within 6
months of the initial infection (5). One explanation for recurrence
is that such a reservoir of UPEC in the gastrointestinal tract of this
population of women is reintroduced to the urinary tract, allow-
ing subsequent infections to occur. Indeed, UPEC clones persist
long term as commensals within the intestinal tract and can even
be shared among family members and household pets (13, 24). A
diagnostic test that could identify potential carriers of UPEC,
therefore, would be beneficial for medical practitioners to deter-
mine a course for prevention of recurrent UTI. Identification of
reservoirs of uropathogens could be used to identify at-risk pop-
ulations and reduce disease transmission. Once carriers of UPEC
are identified, the patients can be treated to eradicate the patho-
gen. Furthermore, identifying carriers of these strains will allow

research into why certain individuals are more susceptible to col-
onization with UPEC strains to be conducted, furthering our un-
derstanding of the contribution of the host to infection.

We have previously reported the prevalence of 29 virulence
and fitness genes in an E. coli strain collection comprised of UPEC,
human commensal, and animal commensal E. coli isolates (n �
227) (33, 37). On the basis of further analysis of these data, four
genes were chosen for the development of a diagnostic multiplex
PCR of UPEC. These genes are vat, which encodes an autotrans-
porter serine protease toxin; fyuA, which encodes the yersiniabac-
tin receptor; chuA, which encodes a heme binding protein; and
yfcV, which encodes the major subunit of a putative chaperone-
usher fimbria. E. coli isolates that encode these four genes are
correlated with carriage of a high number of other virulence fac-
tors, are able to colonize the bladder in higher numbers than
strains lacking these genes, and are nearly 10 times more likely to
represent UPEC or NMEC strains than fecal commensal strains.

MATERIALS AND METHODS
Strain collection. A strain collection that contained 485 E. coli isolates was
assembled. These included human commensal isolates (n � 67) (23, 25),
animal commensal isolates from the Escherichia coli collection of refer-

Received 19 July 2012 Returned for modification 17 August 2012
Accepted 2 September 2012

Published ahead of print 10 September 2012

Editor: A. J. Bäumler

Address correspondence to Harry L. T. Mobley, hmobley@umich.edu.

Supplemental material for this article may be found at http://iai.asm.org/.

Copyright © 2012, American Society for Microbiology. All Rights Reserved.

doi:10.1128/IAI.00752-12

December 2012 Volume 80 Number 12 Infection and Immunity p. 4115–4122 iai.asm.org 4115

http://iai.asm.org/
http://dx.doi.org/10.1128/IAI.00752-12
http://iai.asm.org


ence (ECOR) (n � 32) (25), APEC isolates (n � 30; 10 virulence cluster 1
[low virulence], 10 virulence cluster 2 [intermediate virulence], and 10
virulence cluster 3 [highly virulent] isolates) (18), DEC isolates (n � 29;
10 enteropathogenic, 10 enterohemorrhagic, and 9 enterotoxigenic E. coli
isolates) (2, 28, 40), NMEC isolates (n � 30) (41), and UPEC isolates (n �
293), including isolates from patients with asymptomatic bacteriuria
(ABU; n � 65) (11, 25), complicated UTI (n � 82) (22, 39), uncompli-
cated cystitis (n � 69) (7, 25, 34; this study), and pyelonephritis (n � 77)
(23, 25, 38). Urine was collected at the University of Michigan Urology
Center and University Health Services from women over 18 years of age
presenting with symptoms of a urinary tract infection and streaked for
isolation onto MacConkey agar. Isolates confirmed to be E. coli were in-
cluded in this study. All participants gave informed consent for the urine
to be collected and used in this study.

Diagnostic multiplex PCR. Isolates were tested in duplicate by mul-
tiplex PCR using single colonies as the template. Purified genomic DNA
from E. coli UTI89, a cystitis isolate positive for vat, fyuA, chuA, and yfcV,
was included as a positive-control template. A no-template control was
included as a negative control. Multiplex PCR was carried out using a
Qiagen multiplex PCR kit. Thermocycler conditions were 95°C for 15
min, followed by 30 cycles of 30 s at 94°C, 1.5 min at 63°C, and 1.5 min at
72°C and then a final extension incubation for 10 min at 72°C. The primer
mix (10 �M) included primers for vat, fyuA, chuA, and yfcV. The primer
sequences are listed in Table 1. The predictor gene (PG) score is defined as
the total number of predictor genes present per isolate.

RNA isolation and cDNA synthesis. E. coli isolates were cultured
overnight in LB broth with aeration at 37°C. The bacterial concentration
was estimated by spectrophotometry at a wavelength of 600 nm, and 1-ml
samples were diluted to 109 CFU/ml. Bacteria were collected by centrifu-
gation, washed once with phosphate-buffered saline (PBS), and resus-
pended in 20 ml of sterile human urine (filter sterilized, 0.22-�m pore
size; Millipore). Bacteria were cultured statically at 37°C, and culture sam-
ples (2 ml) were removed during mid-exponential phase and stationary
phase. RNA was stabilized with 4 ml RNAprotect (Qiagen), and total RNA
was isolated using an RNeasy minisystem (Qiagen) according to the man-
ufacturer’s instructions. Total RNA and cDNA sample concentrations
were estimated using a NanoDrop ND-1000 spectrophotometer (Thermo
Scientific). cDNA was synthesized from total RNA using a Superscript
double-stranded cDNA synthesis system (Invitrogen) according to the
manufacturer’s instructions.

In vivo murine model of ascending UTI. Six- to 8-week-old CBA/J
mice were infected transurethrally as previously described (12) with 108

CFU E. coli suspended in 50 �l of PBS. Dilutions of the suspension were
cultured to quantify the inocula on LB agar. At 48 h postinoculation (hpi),
mice were euthanized and target organs were removed. To quantify the
bacterial load, the target organs were weighed and homogenized in 3 ml
sterile PBS with a GLH homogenizer (Omni International), and using an
Autoplate 4000 spiral plater (Spiral Biotech), dilutions were cultured on
LB agar. The number of CFU/g tissue was calculated for each target organ
for each mouse, and the data were compiled and analyzed with a Mann-
Whitney test, where a P value of �0.05 was considered significant.

Statistical analysis. Comparison of the PG score of E. coli isolates of
different pathotypes was conducted with Kruskal-Wallis one-way analysis
of variance, and when this test yielded a P value of �0.05, pairwise com-
parisons were conducted using Dunn’s multiple-comparison test.

Cluster analysis was used to visualize the relationship between E. coli
pathotypes on the basis of the presence/absence of each predictor gene, as
follows. A four-digit genotype was assigned to each isolate, where 1 is the
presence and 0 is the absence of individual predictor genes. Since the
presence and absence of four genes were considered, a total of 16 geno-
types were possible. Next, a data matrix was generated where pathotypes
were rows, genotypes were columns, and each cell was the observed num-
ber of isolates of each pathotype/genotype combination. A distance ma-
trix was generated from the data matrix using the Bray-Curtis distance in
EstimateS (4). This distance metric was used because it considers both the
presence/absence and the relative abundance of genotypes among the
pathotypes. Finally, a neighbor-joining dendrogram was constructed in
MEGA, version 5 (35), to visualize the Bray-Curtis similarity. Genotypic
diversity within each pathotype was measured by the Shannon-Wiener
diversity index, which considers rare and abundant genotypes with equal
weight, and 1/Simpson index, which is sensitive to changes in the most
dominant genotypes of the population. Univariate logistic regression was
used to predict whether an isolate was UPEC on the basis of the presence/
absence of certain genes (i.e., predictor genes). Logistic regression was
used to calculate odds ratios and 95% confidence intervals (CIs) for mod-
els of the odds that a strain was UPEC relative to a reference strain based
on the diagnostic predictors. All univariate and multinomial logistic re-
gressions were performed using SAS, version 9.2 (SAS Statistical Institute,
Cary, NC).

RESULTS
The genes yfcV, vat, fyuA, and chuA are associated with higher
numbers of other UPEC virulence factors. By combining the ob-
servations from Vigil et al. (37) and Spurbeck et al. (33), in which
the prevalence of 29 potential virulence factors was determined in
an E. coli strain collection of 227 uropathogenic (n � 170) and
commensal (n � 57) isolates, the ability of 23 UPEC-associated
genes to predict urovirulence was assessed (Fig. 1A). We hypoth-
esized that the difference in the number of virulence factor (VF)
genes between isolates that either carried or did not carry a gene
would indicate its predictive potential. For example, an ideal pre-
dictor gene (gene X) would be one in which the population of E.
coli carrying gene X also carries the highest mean number of VF
genes and the population of E. coli that does not carry gene X
carries the lowest mean number of VF genes; therefore, the best
predictor genes have the largest differences in mean number of
other VF genes carried. Of the 23 UPEC-associated genes exam-
ined, yfcV (131 positive and 96 negative isolates, differing for a
mean of 10.1 other VF genes), vat (101 positive and 126 negative
isolates, differing for a mean of 10.1 other VF genes), chuA (153
positive and 74 negative isolates, differing for a mean of 9.8 other
VF genes), and fyuA (164 positive and 63 negative isolates, differ-
ing for a mean of 7.2 other VF genes) showed the largest differ-
ences and were chosen for inclusion in this study.

The differences displayed in Fig. 1A were calculated on an in-
dividual gene basis. To determine whether combinations of these
four predictor genes (PGs) correlated with the number of VF

TABLE 1 Primer sequences used in the diagnostic multiplex PCR

Target
gene

Primer sequence (5=–3=)
Product
size (bp) ReferenceForward primer Reverse primer

vat TCAGGACACGTTCAGGCATTCAGT GGCCAGAACATTTGCTCCCTTGTT 1100 37
fyuA GTAAACAATCTTCCCGCTCGGCAT TGACGATTAACGAACCGGAAGGGA 850 37
chuA CTGAAACCATGACCGTTACG TTGTAGTAACGCACTAAACC 652 This study
yfcV ACATGGAGACCACGTTCACC GTAATCTGGAATGTGGTCAGG 292 33
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genes, we plotted the number of other VF genes present in isolates
against the number of PGs present (Fig. 1B). The number of other
VF genes increased with the number of PGs, from the 50 strains
without yfcV, vat, fyuA, and chuA (which had an average of 4.0 �

1.3 VF genes) to the 100 strains positive for all four genes (which
had an average of 17.5 � 2.9 VF genes) (Fig. 1B). The number of
PGs present correlated with the mean number of VF genes (r2 �
0.975, P � 0.0017), with the number of other VF genes increasing

FIG 1 Power of each virulence gene to predict the presence of other virulence genes in E. coli isolates. (A) Box-and-whisker plot of the number of other virulence
or colonization factor genes present (total screened � 29) in strains positive for each predictor gene compared to strains negative for the predictor gene. The line
in each box indicates the median, whiskers indicate the 5th to 95th percentiles, and dots are outliers. �, positive for the gene; �, negative for the gene. (B)
Comparison of the PG score with the number of other VF genes present in each isolate. Data points indicate the mean number of other VF genes for PG score.
Error bars represent the standard deviation.
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on average by 3.21 � 0.30 for each incremental increase in the
number of PGs.

The presence of yfcV, vat, fyuA, and chuA is significantly as-
sociated with UPEC and NMEC but not DEC. To investigate the
ability of yfcV, vat, fyuA, and chuA to predict whether E. coli iso-
lates are uropathogenic, we developed a multiplex PCR to deter-
mine their prevalence in the diverse collection of 485 E. coli iso-
lates described above. The prevalence of yfcV, vat, fyuA, and chuA
in each E. coli pathotype and the commensal isolates is shown in
Table S1 in the supplemental material. The presence of each PG
was able to differentiate UPEC from animal commensal, human
commensal, and DEC isolates. UPEC can also be distinguished
from APEC by yfcV, fyuA, and chuA but not by vat. UPEC could
not be distinguished from NMEC by any of the predictor genes
(Table 2). Although all isolates representing EPEC, ETEC, and
EHEC are included in the strain collection, there was no signifi-
cant difference in the prevalence of yfcV, vat, fyuA, and chuA
among the diarrheagenic pathotypes by Fisher’s exact test, so these
are discussed together as DEC. Likewise, the prevalences of yfcV,
vat, fyuA, and chuA among the low, intermediate, and highly vir-
ulent APEC clusters were not significantly different from each
other and are therefore not differentiated into these groups for the
purpose of this study. Furthermore, there was no significant dif-
ference in the prevalence of the predictor genes among ABU, cys-
titis, complicated UTI, and pyelonephritis isolates; therefore, for
the rest of this work these subtypes of UPEC will not be distin-
guished (see Table S2 in the supplemental material).

Pathotype similarity based on PG score. Three groups of E.
coli isolates could be differentiated according to the Bray-Curtis
similarity metric: (i) animal commensal and DEC isolates, (ii)
APEC and human commensal isolates, and (iii) UPEC and NMEC
isolates (Fig. 2A). The same pathotypes could be grouped by me-
dian PG score. UPEC and NMEC isolates had the highest median
PG scores (for UPEC, score � 4; for NMEC, score � 4). NMEC
and UPEC differed significantly from all other source groups (P �
0.05), including APEC. Animal commensal and DEC isolates had
the lowest median PG score (for animal commensals, score � 0;
for DEC, score � 1) but differed significantly from the rest of the
isolates tested. Human commensal and APEC isolates made up an

intermediate group (for human commensals, median PG score �
1 and APEC median PG score � 2). The proportion of isolates
positively correlated with the PG score for UPEC and NMEC, as
68% of UPEC isolates and 83% of NMEC isolates had a PG score
of 3 or 4.There is an inverse relationship between the proportion
of isolates and the PG score for DEC and animal commensal iso-
lates, as 100% of DEC and 78% of animal commensal isolates had
a PG score of 0 or 1 (Fig. 2B).

APEC and human commensal isolates are the most genotyp-
ically diverse groups. Of the 16 potential genotypes, 13 were rep-
resented in the strain collection (Table 3). The genotypes vat, vat
fyuA, and vat chuA yfcV were never observed. Shannon diversity
and 1/Simpson indices were calculated for each pathotype on the
basis of the genotypes observed. APEC and human commensal
isolates had the greatest genotypic diversity of all pathotypes,
whereas DEC and NMEC isolates were the least diverse.

fyuA is the best predictor of UPEC. When all predictors were
adjusted for in the multinomial logistic regression models, only
three predictors retained their significance from the individual
diagnostic predictor regression models: specifically, fyuA in mod-
els where animal commensals, human commensals, DEC, and
APEC were the reference groups and vat and yfcV in the model
where APEC was the reference group (Table 4). Notably, vat was a
negative predictor of UPEC (or, conversely, a positive predictor of
APEC), with an odds ratio of 0.008 (95% CI, � 0.001 to 0.08). The
finding that the various predictors’ significance was attenuated in

TABLE 2 Multinomial logistic regression models for individual
predictor genes

Outcome variablea

Predictor
variableb P value

Odds
ratio 95% CI

UPEC (animal commensal) vat �0.0001 13.1 3.99–44.0
UPEC (animal commensal) fyuA �0.0001 14.6 6.4–33.0
UPEC (animal commensal) chuA �0.0001 8.9 3.9–20.3
UPEC (animal commensal) yfcV �0.0001 9.7 3.8–24.3
UPEC (human commensal) vat 0.0003 2.8 1.6–4.9
UPEC (human commensal) fyuA �0.0001 4.5 2.5–8.1
UPEC (human commensal) chuA �0.0001 3.2 1.8–5.6
UPEC (human commensal) yfcV 0.001 2.4 1.4–4.2
UPEC (DEC) fyuA �0.0001 20.8 8.3–51.9
UPEC (DEC) chuA �0.0001 9.2 3. 9–21.7
UPEC (APEC) fyuA �0.0001 5.1 2.3–11.2
UPEC (APEC) chuA 0.01 2.7 1.2–5.8
UPEC (APEC) yfcV �0.0001 7.3 3.0–17.7
UPEC (NMEC) yfcV 0.11 0.5 0.2–1.2
a The reference group is given in parentheses.
b Only models with significant or nearly significant predictors are shown.

FIG 2 Multiplex PCR results for yfcV, vat, fyuA, and chuA separate E. coli
pathotypes into three groups, (i) animal isolates and DEC, (ii) APEC and
human isolates, and (iii) UPEC and NMEC isolates, with high PG scores cor-
relating with UPEC and NMEC isolates. (A) Dendrogram depicting the distri-
bution of the E. coli pathotypes on the basis of the Bray-Curtis similarity met-
ric; (B) proportion of isolates with the indicated PG score for each E. coli
pathotype (comm., commensal).
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many of the adjusted models compared with the primary models
suggests that the other three predictors could explain part of the
effect of a given predictor on the odds of a strain being UPEC
versus the reference group. Therefore, any two of yfcV, vat, or
chuA along with fyuA could be used to differentiate UPEC from
DEC, human commensal, or animal commensal isolates. How-

ever, to differentiate UPEC from APEC, vat, fyuA, and yfcV to-
gether are necessary.

PG score can differentiate UPEC from other types of E. coli
except NMEC. Multinomial logistic regression modeling for PG
score as the predictive variable differentiated UPEC from APEC,
DEC, and animal and human commensal E. coli isolates (Table 5).

TABLE 3 Distribution of the 16 possible genotypes among the pathotypes

Genotypea

No. of isolates

Animal commensal
(n � 32)

Human commensal
(n � 67)

UPEC
(n � 297)

DEC
(n � 29)

APEC
(n � 30)

NMEC
(n � 30)

All genotypes 18 22 28 14 10 3
yfcV 1 1 1
chuA 3 4 9 8 1
fyuA 3 8 34 7 2 2
vat
vat yfcV 1
fyuA chuA 2 1 20 1
fyuA yfcV 1 1 2
vat chuA 1
vat fyuA
chuA yfcV 1
vat fyuA chuA 1 8
vat fyuA yfcV 1 1
vat chuA yfcV
fyuA chuA yfcV 1 8 31 1 8
vat fyuA chuA yfcV 3 22 169 5 16

Shannon diversity index 0.65 0.69 0.62 0.46 0.77 0.53
1/Simpson index 2.86 4.03 2.76 2.72 4.55 2.69
a The genotype indicates positivity for the indicated genes.

TABLE 4 Multinomial logistic regression models for all diagnostic predictors

Outcome variablea

Predictor
variable P value Odds ratio 95% CI

UPEC (animal commensal) vat 0.13 3.6 0.7–19.2
fyuAb 0.0006 5.9 2.2–16.4
chuA 0.14 2.3 0.8–6.7
yfcV 0.78 0.8 0.2–3.6

UPEC (human commensal) vat 0.16 1.8 0.8–4.3
fyuA 0.002 3.5 1.6–7.7
chuA 0.09 2.1 0.9–5.2
yfcV 0.14 0.5 0.2–1.3

UPEC (DEC) vat 0.96 6308.5 �0.001–�999.1
fyuA 0.002 4.4 1.7–11.3
chuA 0.87 1.1 0.4–2.8
yfcV 0.94 116366.5 �0.001–�999.1

UPEC (APEC) vat <0.0001 0.008 <0.001–0.08
fyuA 0.01 5.2 1.4–18.6
chuA 0.25 2.3 0.6–9.5
yfcV <0.0001 99.5 17.6–561.0

UPEC (NMEC) vat 0.14 2.0 0.8–5.1
fyuA 0.81 1.2 0.3–5.8
chuA 0.23 2.5 0.6–11.2
yfcV 0.01 0.1 0.03–0.6

a The reference group is given in parentheses.
b Significant predictors are in boldface.
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For the model with human commensal E. coli isolates held as the
reference group, each unit increase in PG score increased the odds
of a strain being a UPEC strain versus a human commensal E. coli
strain by a factor of 2.4. Therefore, the odds of an isolate being
UPEC would be 9.7-fold higher for an isolate with a PG score of 4
than for an isolate with a score of 0. The model with the most
significant predictor held DEC as the reference group; each unit
increase in PG score increased the odds of an isolate being UPEC
versus DEC by a factor of 3.3 (95% CI, 2.2 to 5.1). The sensitivity
of the multiplex PCR assay to predict UPEC isolates by PG score
was 62.4% for strains with a PG score of 3 or 4, the specificity was
69.6%, and the positive predictive value was 82.5%.

Fecal isolates positive for yfcV, vat, fyuA, and chuA colonize
the murine bladder more efficiently than negative isolates. Five
human fecal E. coli isolates positive (EFC18, EFC24, EFC26,
ECOR55, and ECOR61) and five isolates negative (EFC7, EFC9,
EFC14, EFC22, and ECOR5) for the presence of yfcV, vat, fyuA,
and chuA by multiplex PCR randomly selected from all such iso-
lates were tested in individual challenges (5 mice/strain) in the
mouse model of ascending UTI. At 48 h postinfection, target or-
gans from each mouse were harvested, weighed, and homoge-
nized, and dilutions were cultured to determine the number of
CFU/g tissue. The compiled data from all 5 isolates positive for
yfcV, vat, fyuA, and chuA were compared to those from the 5
negative isolates. Positive isolates had a significant colonization
advantage in the bladder, with a greater than 1,000-fold increase in
median colonization compared to negative isolates (Fig. 3A; P �
0.0213). This demonstrates that the presence of these four genes
can predict the in vivo urovirulence of human fecal E. coli isolates.

Fecal isolates that contain all four predictor genes express
them in human urine. The five human fecal isolates containing
yfcV, vat, fyuA, and chuA used in the murine in vivo study were
cultured in human urine, and RNA was extracted from bacteria in
midexponential and stationary phases. Reverse transcription-
PCR followed by diagnostic multiplex PCR was performed to de-
termine if these genes are expressed when the bacteria are cultured
in human urine. Four of the five isolates expressed yfcV, vat, fyuA,
and chuA during mid-exponential phase (Fig. 3B). In stationary
phase, expression was reduced, demonstrating that these genes are
differentially regulated during growth.

DISCUSSION

A diagnostic test to predict potential for urovirulence would
greatly benefit the population of women plagued by recurrent
infections. Testing could determine whether patients are com-
mensally colonized in their gastrointestinal tract with UPEC iso-
lates that could be the source of recurrent UTI. The presence of
virulence factor genes better predicts experimental virulence than

isolation source or phylogenetic group (14, 17, 31); therefore, we
developed an assay for genes that are highly prevalent in UPEC
and correlate with strains that colonize the urinary tract. Here we
demonstrate that the presence of four genes, yfcV, vat, fyuA, and
chuA, predicts whether isolates can colonize the bladder more
efficiently than E. coli isolates without these genes. While isolates
with a PG score of 4 make up only 65% of all UPEC strains tested,
these strains encode, on average, 17.5 additional virulence factors.
Therefore, isolates with a PG score of 4 may be highly virulent. The
sensitivity and specificity are probably underestimated for the
multiplex PCR assay used to predict whether isolates are UPEC, as
UPEC isolates can commensally colonize the gastrointestinal
tract, and therefore, some of the human fecal isolates in this study
are likely uropathogens.

Previously, the presence of two or more of papA (and/or
papC), afa-dra, sfa-foc, kpsM II, and iutA was used to molecularly
define isolates as ExPEC (15, 16, 27). Comparison of our multi-
plex PCR assay, where a PG score of 3 or 4 is indicative of UPEC,
with the ExPEC multiplex assay on 202 E. coli strains (57 human
fecal, 32 animal fecal, 37 cystitis, and 76 pyelonephritis strains)
demonstrated that our assay predicted that 113 isolates were
UPEC, whereas the ExPEC assay predicted that 95 isolates were
ExPEC, with 80 isolates predicted to be ExPEC by both assays.

TABLE 5 Multinomial logistic regression models for PG score

Outcome variablea P value
Odds
ratio 95% CI

UPEC (human commensal) �0.0001 2.435 1.804–3.288
UPEC (animal commensal) �0.0001 1.491 1.259–1.767
UPEC (DEC) �0.0001 3.349 2.19–5.122
UPEC (APEC) 0.0005 1.525 1.204–1.933
UPEC (NMEC) 0.50 0.908 0.687–1.200
a The predictor variable for each model is the PG score. The reference group is given in
parentheses.

FIG 3 Human fecal isolates that encode and express the four predictor genes
more efficiently colonize the mouse bladder in the murine model of ascending
UTI than isolates that do not encode the predictor genes. (A) Individual in vivo
challenge of the murine model of ascending UTI (five mice/strain) with five
human fecal E. coli isolates (EFC18, EFC24, EFC26, ECOR55, and ECOR61)
that encode yfcV, vat, fyuA, and chuA (positive) and five that encode none of
the predictor genes (negative, EFC7, EFC9, EFC14, EFC22, and ECOR5). (B)
Multiplex PCR of the predictor genes using cDNA from the human fecal E. coli
isolates used in the in vivo study (EFC18, EFC24, EFC26, ECOR55, and
ECOR61) cultured in human urine as the template. Lanes: �, no-template
control; �, positive genomic DNA control from UTI89; kb�, 1-kb-plus lad-
der; E, exponential phase; S, stationary phase.
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Furthermore, the virulence gene profile for predicted UPEC and
ExPEC isolates was similar (means � 16.2 and 15.7, respectively),
and isolates predicted by both assays encode the most virulence
genes (mean � 17.2). The additional UPEC isolates predicted by
our assay had more virulence genes (mean � 14.6) than the pre-
dicted ExPEC isolates missed by our assay (mean � 9.6), again
suggesting that our assay tests for highly virulent strains.

One caveat that should be mentioned is that ABU strains,
which do not cause disease, test positive by this and any multiplex
assay that screens for genomic carriage of urovirulence factors.
However, ABU strains are still able to colonize the human urinary
tract. Therefore, our assay still differentiates strains that may col-
onize the urinary tract from those that cannot. While 33% of the
fecal isolates in our collection were positive by our test, we believe
that the results show that isolates bearing these genes have poten-
tial to colonize the urinary tract and thus are important for con-
sideration when treating patients with recurrent UTIs. Here we
have shown that fecal isolates that tested positive for all four pre-
dictor genes were better able to colonize the bladder than fecal
isolates that tested negative for the predictor genes, thereby exper-
imentally determining that strains bearing the four predictors are
urovirulent in the murine model of ascending UTI.

The ability to differentiate UPEC from APEC was not surpris-
ing, as previous work has determined that APEC strains are dif-
ferent from human ExPEC strains (19). However, the ability of
yfcV to differentiate UPEC from APEC is novel. The presence
of the putative fimbrial subunit gene yfcV was highly predictive of
UPEC, increasing the odds of a strain being UPEC by 99.5-fold,
and the presence of the yersiniabactin receptor gene fyuA in-
creased the odds of a strain being UPEC by 5.2 times. On the other
hand, the presence of the toxin-encoding gene vat was predictive
of an isolate being APEC, decreasing the odds of a strain being
UPEC by 0.008.

The PG score was predictive of UPEC, as the PG score in-
creased the odds that the isolate is UPEC. The PG score separated
our strain collection into three groups: UPEC and NMEC had the
highest PG scores, human commensal and APEC isolates had in-
termediate PG scores, and DEC and animal commensal isolates
had the lowest PG scores. Furthermore, APEC and human com-
mensal E. coli isolates were the most genotypically diverse groups
of E. coli tested, consistent with previous work (3), demonstrating
a high degree of variation in the presence or absence of yfcV, vat,
fyuA, and chuA.

The broad prevalence of the predictor genes in highly virulent
UPEC isolates could indicate that the protein products of these
genes would be good vaccine targets for prevention of UTI. Here
we have shown that all four genes are expressed in human urine,
suggesting that the products of these genes are present during
human UTI and may therefore be exposed antigens. Both iron
receptors are expressed during UTI and induce an antibody re-
sponse (1, 8). Currently, we are studying the efficacy of using the
two iron receptors FyuA and ChuA, among other antigens, as
vaccine targets (1). FyuA mediates yersiniabactin uptake (9),
while ChuA mediates direct heme uptake (36). While functional
redundancy exists in the iron acquisition systems of UPEC, ChuA
and FyuA are two receptors that contribute the most during infec-
tion. As in the cochallenge model of ascending UTI, the fyuA and
chuA deletion mutants are outcompeted by deletion mutants of
the other iron receptors (6).

Vat is a chromosomally encoded autotransporter vacuolating

toxin that is found in both UPEC and APEC isolates (26). Another
autotransporter, called Tsh, is encoded on a plasmid that is prev-
alent in APEC isolates and is a hemagglutinin and protease. Be-
cause the two proteins share 78% amino acid identity, Vat has in
the past been called Tsh (10, 29). However, previous work has
shown that vat (tsh) is highly associated with UPEC isolates com-
pared to fecal E. coli strains and vat (tsh) is expressed during in-
fection (10). Furthermore, it has been suggested that vat (tsh)
delays neutrophil infiltration of the urinary tract in response to
UPEC by cleaving surface glycoproteins from leukocytes that are
involved in neutrophil attraction and migration (30).

Likewise, there is some confusion about the fimbrial protein
YfcV. The gene is chromosomally encoded and naturally ex-
pressed in the laboratory by UPEC isolates, but a gene also called
yfcV is found in E. coli K-12. However, yfcV in E. coli K-12 is
cryptic, and so no condition under which it is expressed is known
(21). Also, there is only 70% amino acid identity between the YfcV
in E. coli CFT073 and the YfcV in E. coli K-12, whereas between
UPEC isolates such as E. coli CFT073 and E. coli UTI89, there is
100% identity. Thus, the primers used in this study were specific
to the yfcV gene found in UPEC isolates.

When examining the ECOR collection for association of the
four genes in the multiplex with E. coli phylogroups, all four genes
were highly associated in the B2 and D phylogroups and rarely
found in either the A or B1 phylogroup. Although only four
strains representing phylogroup E are present in the ECOR collec-
tion, chuA was found in all four isolates and fyuA was found in one
of the isolates. Therefore, these genes are highly associated with
the B2 and D phylogroups into which the majority of ExPEC iso-
lates are categorized. Here we have developed a diagnostic multi-
plex PCR to predict carriers of uropathogenic E. coli. This test
could help physicians plan how to treat women suffering with
recurrent UTI, as they may carry a reservoir of UPEC in their
gastrointestinal tracts that can recolonize the urinary tract causing
new UTIs. Further study characterizing the role of the Yfc fimbriae
in uropathogenesis is ongoing.
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