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The emergence and spread of extended-spectrum beta-lactamases and carbapenemases among common bacterial pathogens are
threatening our ability to treat routine hospital- and community-acquired infections. With the pipeline for new antibiotics vir-
tually empty, there is an urgent need to develop novel therapeutics. Bacteria require iron to establish infection, and specialized
pathogen-associated iron acquisition systems like yersiniabactin, common among pathogenic species in the family Enterobacte-
riaceae, including multidrug-resistant Klebsiella pneumoniae and pathogenic Escherichia coli, represent potentially novel thera-
peutic targets. Although the yersiniabactin system was recently identified as a vaccine target for uropathogenic E. coli (UPEC)-
mediated urinary tract infection (UTI), its contribution to UPEC pathogenesis is unknown. Using an E. coli mutant (strain
536�fyuA) unable to acquire yersiniabactin during infection, we established the yersiniabactin receptor as a UPEC virulence
factor during cystitis and pyelonephritis, a fitness factor during bacteremia, and a surface-accessible target of the experimental
FyuA vaccine. In addition, we determined through transcriptome sequencing (RNA-seq) analyses of RNA from E. coli causing
cystitis in women that iron acquisition systems, including the yersiniabactin system, are highly expressed by bacteria during nat-
ural uncomplicated UTI. Given that yersiniabactin contributes to the virulence of several pathogenic species in the family Enter-
obacteriaceae, including UPEC, and is frequently associated with multidrug-resistant strains, it represents a promising novel
target to combat antibiotic-resistant infections.

Widespread and increasing antibiotic resistance among bacte-
rial pathogens that cause some of our most common health

care-associated and community-acquired infections is jeopardiz-
ing our ability to prevent and treat routine infectious diseases (1).
Two pathogens of particular concern are uropathogenic Esche-
richia coli (UPEC), which causes the majority (80%) of uncompli-
cated urinary tract infections (UTI) (2), and Klebsiella pneu-
moniae, a frequent cause of hospital-acquired pneumonia and
UTI (3). Without adequate treatment, both UPEC and K. pneu-
moniae can breach epithelial and endothelial barriers to gain ac-
cess to the bloodstream, causing life-threatening bacteremia (4).
E. coli rates of resistance to fluoroquinolones and third-generation
cephalosporins now exceed 50% in 5 of 6 global regions, and sim-
ilar resistance rates were reported for K. pneumoniae worldwide
(5). Unfortunately, the treatment of severe infections caused by
these species must rely on carbapenems, the last resort to treat
severe community- and hospital-acquired infections (6). Not only
are these antibacterial compounds more expensive and less avail-
able in resource-constrained settings, but their extended use con-
tributes to the spread of carbapenem-resistant Enterobacteriaceae
(CRE), a serious global public health concern (7).

Increasing rates of antimicrobial resistance and limited new
therapeutics in the development pipeline have created a critical
need for new antibiotics with novel mechanisms of action (8). We
hypothesized that targeting nutrient acquisition in pathogenic
bacteria, specifically systems to acquire iron, could provide a novel
mechanism to prevent or treat infection. Iron is an essential co-
factor for normal cell physiology, and bacteria require a source of
iron to establish infection (9). Most tissues in the body limit iron
availability to microorganisms, sequestering it in storage and car-

rier molecules such as transferrin, lactoferrin, and ferritin, or
binding it to heme in hemoglobin and hemopexin (10). During
infection, additional iron sequestration occurs as epithelial cells
and neutrophils secrete lipocalin-2, a competitor for bacterial
iron-scavenging siderophores, and iron absorption and recycling
pathways are repressed (11). Collectively, these antimicrobial
mechanisms are characterized as “nutritional immunity” (12),
and the ability to circumvent these barriers is a hallmark of suc-
cessful pathogens.

Many pathogenic species in the family Enterobacteriaceae have
multiple and often-redundant iron acquisition systems to facili-
tate infection (13). The genome of UPEC strain 536, for example,
encodes two heme receptors (Hma, ChuA), three siderophore sys-
tems (enterobactin, salmochelin, and yersiniabactin), and recep-
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tors for two fungal siderophores (FhuA, FhuE), siderophores that
UPEC does not synthesize but can import (14). Of particular in-
terest is the yersiniabactin system, which is often pathogen asso-
ciated (15) and encoded by the high-pathogenicity island, a hori-
zontally acquired 30-kb chromosomal region common among
highly pathogenic strains of Yersinia pestis, Yersinia enterocolitica,
Yersinia pseudotuberculosis, K. pneumoniae, Klebsiella oxytoca, Sal-
monella enterica, and E. coli (16). Animal studies confirm that
yersiniabactin contributes to the virulence of K. pneumoniae dur-
ing respiratory infection (17) and to that of Y. pestis during bu-
bonic and pneumonic plague (18). Recently, we identified the
receptor for yersiniabactin, FyuA, as a protective vaccine target
against E. coli-mediated pyelonephritis in a murine model of UTI
(19). Although the yersiniabactin system is often pathogen asso-
ciated, a protective vaccine target in the urinary tract, and more
prevalent among UPEC isolates that cause pyelonephritis (94%)
and cystitis (87%) than among commensal E. coli strains (59%),
the contribution of the yersiniabactin system to E. coli pathogen-
esis during UTI is unknown (20).

The purpose of this study was to determine if yersiniabactin
contributes to UPEC pathogenesis during UTI and whether yers-
iniabactin-mediated virulence in the kidney is different from that
in the bladder, which would clarify the kidney-specific protection
of the experimental FyuA vaccine (19). Understanding yersini-
abactin-mediated pathogenesis has the potential to provide a new
therapeutic target for a number of highly pathogenic bacterial
species that cause some of our most common community- and
hospital-acquired infections as well as to guide UTI vaccine design
against a highly prevalent vaccine target.

Here we describe the use of a yersiniabactin receptor mutant
(�fyuA mutant) to establish the yersiniabactin system as a UPEC
virulence factor during cystitis and pyelonephritis, a fitness factor
during bacteremia, and the surface-accessible target of the FyuA
vaccine. In addition, we demonstrate through transcriptome se-
quencing (RNA-seq) analysis of RNA, isolated directly from E. coli
in urine from women with cystitis, that iron acquisition systems,
including the yersiniabactin system, are highly expressed by bac-
teria during natural uncomplicated UTI.

MATERIALS AND METHODS
Ethical statement. Protocols involving human subjects were approved by
the Institutional Review Board of the University of Michigan Medical
School (HUM00029910). Mouse experimental procedures were con-
ducted in accordance to protocols approved by the University Committee
on Use and Care of Animals at the University of Michigan.

E. coli gene expression during human infection. Urine samples col-
lected from women with cystitis at the University Health Services Clinic
were immediately stabilized with RNAprotect (Qiagen) to preserve bac-
terial RNA transcriptional profiles. Bacteria were pelleted by centrifuga-
tion and treated with proteinase K (0.06 mAU/�l), and RNA was ex-
tracted with the RNeasy minikit (Qiagen). DNA was removed by Turbo
DNase (Ambion) treatment and RNA integrity assessed by the Bioana-
lyzer system (Agilent). Isolated E. coli strains were also cultured statically
at 37°C in pooled, filter-sterilized human urine and LB to mid-log phase
and processed according to the same protocol. Cystitis RNA samples were
depleted of human RNA using the MicrobEnrich kit (Ambion). Sequenc-
ing libraries were generated using the Ovation Prokaryotic RNA-seq sys-
tem (NuGen) and the Encore next generation sequencing library system
(NuGen).

Libraries were sequenced using an Illumina HiSeq2000 at the Institute
for Genome Sciences at the University of Maryland, Baltimore. Illumina
reads were analyzed using an automated pipeline (21), and Bowtie (22)

was used to align the reads to the sequenced reference genome of the
isolate (23). Gene expression was calculated as reads per kilobase of a gene
per million mapped reads (RPKM) (24). Differences in gene expression
exhibited by each E. coli strain in two samples (normal urine sample and
UTI urine sample compared to LB) were determined by calculating the
log2-fold change (FC) of the RPKM values. A comprehensive report of this
clinical study is presented by Subashchandrabose and colleagues (25). A
heat map of differential gene expression was produced in R version 2.15.1
(R Development Core Team) (26) with the package “pheatmap” (27), and
histograms of transcript abundance were generated with Artemis (Well-
come Trust Sanger Institute) (28).

Bacterial strains and culture conditions. E. coli strains were cultured
in lysogeny broth (LB; 10 g/liter tryptone, 5 g/liter yeast extract, 0.5 g/liter
NaCl) at 37°C with aeration. E. coli 536 was isolated from the urine of a
patient with UTI (14), and E. coli HM27, HM46, HM65, and HM69 were
individually cultured from the urine of women with cystitis at the Uni-
versity of Michigan University Health Services Clinic, Ann Arbor. The
isogenic mutant 536�fyuA::kan was generated in E. coli 536 using the �
Red recombinase system (29) as described previously (13).

Murine model of ascending UTI. Six- to 8-week-old female CBA/J
mice (Harlan Laboratories) were inoculated transurethrally with 50 �l of
1 � 108 CFU total bacteria/mouse as described previously (30), using a
modification of the Hagberg protocol (31). In competition (cochallenge)
experiments, mice were inoculated with 50 �l of a 1:1 mixture of strains
536�fyuA::kan and 536 for a total of 1 � 108 CFU of bacteria/mouse. Total
CFU for each inoculum was quantified by plating dilutions onto LB agar
with and without kanamycin (25 �g/ml). After 48 h, mice were eutha-
nized and organs were removed and homogenized in 3 ml phosphate-
buffered saline (PBS) (128 mM NaCl, 2.7 mM KCl, pH 7.4) using an
Omni GLH homogenizer (Omni International). Homogenized organs
were plated onto LB agar plates using an Autoplate 4000 spiral plater
(Spiral Biotech), and total CFU/g tissue was determined (output) for each
inoculating strain. For cochallenge experiments with two inoculated
strains, competitive indices (C.I.) were calculated by dividing the ratio of
the mutant to the wild type in the output by the ratio of the mutant to
the wild type in the inoculum [(CFU�fyuA/CFU536)output/(CFU�fyuA/
CFU536)inoculum]. Coinoculated strains that colonize to a similar level
would have a C.I. of 1.

Murine model of bacteremia. Six- to eight-week-old female CBA/J
mice (Harlan Laboratories) were inoculated via tail vein injection with
100 �l of a 1:1 mixture of E. coli strains 536 and 536�fyuA::kan for a total
of 1 � 107 CFU/mouse. After 21 h, mice were euthanized and kidneys and
spleen were removed. Organs were homogenized and plated, and com-
petitive indices were calculated as described above.

Vaccine antigen preparation. The gene encoding the yersiniabactin
receptor, fyuA, was PCR amplified from E. coli 536 genomic DNA and
cloned into the expression vector pBAD-myc-HisA (Invitrogen). Recom-
binant FyuA expression was induced in E. coli TOP10 cells cultured in
Terrific broth (12 g/liter tryptone, 24 g/liter yeast extract, 4 ml/liter glyc-
erol, 100 ml/liter filter-sterilized 0.17 M KH2PO4 and 0.72 M K2HPO4) at
37°C with aeration to an optical density at 600 nm (OD600) of 0.8 by the
addition of 1 mM L-arabinose. After 4 h, the induced cultures were har-
vested by centrifugation (8,000 � g, 10 min, 4°C) and resuspended in 10
mM HEPES, pH 7, and 100 U Benzonase nuclease (Sigma-Aldrich). Bac-
teria were lysed by passage through a French pressure cell (20,000 lb/in2),
and the lysate was cleared by centrifugation. Bacterial membranes were
pelleted by ultracentrifugation (112,000 � g, 30 min, 4°C) and solubilized
in 5 ml of 100 mM NaH2PO4, 10 mM Tris-HCl, and 8 M urea, pH 8.0.
His6-tagged FyuA was purified on nickel-nitrilotriacetic acid-agarose col-
umns (Qiagen) under denaturing conditions according to the manufac-
turer’s instructions. Eluted FyuA-His6 was renatured by four successive
dialysis steps at 4°C into a final solution of 0.05% Zwittergent in PBS, pH
7.4, and quantified by the bicinchoninic acid (BCA) protein assay
(Pierce).
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Vaccination. Recombinant FyuA was chemically cross-linked to chol-
era toxin (CT; Sigma-Aldrich) at a ratio of 10:1 using N-succinimidyl
3-(2-pyridyldithio)propionate (Pierce) according to the manufacturer’s
recommendations. Cross-linked FyuA-CT was administered to six- to
eight-week-old female CBA/J mice (Harlan Laboratories) intranasally at
20 �l/mouse (10 �l/nare). A primary dose of 100 �g FyuA cross-linked to
10 �g CT was administered on day 0, and two booster doses of 25 �g FyuA
cross-linked to 2.5 �g CT were administered on days 7 and 14. On day 21,
mice were challenged with E. coli as described above.

MAb generation. A female BALB/c mouse aged 6 to 8 weeks was im-
munized intraperitoneally with 20 �g of recombinant FyuA emulsified in
complete Freund’s adjuvant (Sigma-Aldrich) on day 0, followed by
booster injections of 20 �g of FyuA with incomplete Freund’s adjuvant
(Sigma-Aldrich) on days 14, 42, and 56. The induction of FyuA-specific
antibodies in serum was monitored by enzyme-linked immunosorbent
assay (ELISA), and on day 60 the mouse was euthanized and the spleen
removed. Harvested splenocytes were fused to the murine cell line P3X63-
Ag8.653 (32) using polyethylene glycol and conventional somatic cell hy-
bridization techniques (33, 34), and hybridoma clones were screened for
antibody production by ELISA, Western blotting, and flow cytometry.
The monoclonal antibody (MAb) selected for the highest affinity for FyuA
(5E7.22) was isotyped as IgG2b� using a Pierce Rapid ELISA Mouse mAB
Isotyping kit (ThermoFisher).

Flow cytometric analysis of yersiniabactin receptor surface accessi-
bility. Iron receptor expression was induced in freshly diluted bacterial
cultures by adding 200 �M 2,2=-dipyridyl (Sigma-Aldrich) and incubat-
ing the mixture at 37°C with aeration for 6 h. Cultures were pelleted,
washed with PBS, and incubated in supernatant from hybridoma clone
5E7.22 for 30 min at room temperature. FyuA-specific antibody binding
was quantified by staining with secondary antibody fluorescein isothio-
cyanate (FITC)-conjugated goat anti-mouse IgG (H�L) (Jackson Immuno-
Research) and analyzed by FACSCanto (Becton Dickinson). Histograms
were produced with FlowJo software (Tree Star Inc.).

Statistical analysis. Significance was assessed using a two-tailed
Mann-Whitney test or a Wilcoxon signed-rank test with a theoretical
median of zero, when appropriate. All P values are two tailed at a 95%
confidence interval. Analyses were performed using GraphPad Prism, ver-
sion 6.0d (GraphPad Software, San Diego, CA).

RESULTS
The yersiniabactin system is highly expressed during uncompli-
cated UTI. To determine if bacterial iron acquisition systems are
expressed during natural, uncomplicated UTI, urine was collected
and immediately stabilized with RNAprotect from women seek-
ing treatment for cystitis at the University of Michigan University
Health Services Clinic. Urine samples contained both planktonic
bacteria infecting the bladder and bacteria adherent to or within
exfoliated uroepithelial cells. Of the 86 urine samples collected, 42
were positive for bacteria by culture, and of those, 38 (90%) con-
tained E. coli at �105 CFU/ml. An additional four species were
isolated: Citrobacter freundii, Citrobacter koseri, Enterobacter aero-
genes, and Proteus mirabilis. Bacterial RNA transcript levels from
five E. coli samples were quantified by RNA-seq analysis, and four
mapped sufficiently to their respective genomes for quantification
(23). To provide comparison, RNA-seq analyses were also per-
formed for RNA isolated from the same four E. coli strains cul-
tured in LB (an iron-replete medium) and filter-sterilized human
urine, which is naturally iron limited. All four UTI isolates from
natural bladder infection had measurable RNA transcript levels
for bacterial genes involved in iron acquisition, mirroring levels
observed during culture in human urine, in contrast to levels in LB
(Fig. 1). Of the three E. coli siderophore systems that are pathogen
associated (salmochelin, aerobactin, and yersiniabactin), the yers-

iniabactin system was the most prevalent, found in three of the
four isolates (Fig. 1). Our observations support previous molecu-
lar epidemiological data on UPEC virulence factors, which found
that 87% of cystitis E. coli isolate genomes carried fyuA, compared
to 74% and 35% for iroN (salmochelin) and iutA (aerobactin),
respectively (20). Transcript levels for the gene fyuA were among
the most abundant, as all three yersiniabactin-encoding isolates

FIG 1 UPEC iron acquisition gene expression by E. coli strains during cystitis
in women and culture in urine. Fresh urine samples from four women with
uncomplicated E. coli UTI were stabilized immediately and processed for bac-
terial RNA (HM46, HM69, HM65, HM27). RNA transcript levels were quan-
tified by RNA-seq and compared to transcript levels in the same strains during
culture in normal human urine and LB. Differential transcript abundance
between UTI urine samples or normal urine samples compared to LB for each
gene is presented as the log2-fold change (FC) and visualized on a heat map.
Genes with more abundant RNA transcripts during cystitis or cultured growth
in urine than in growth in LB are in darker red. Genes not present in the
genome of the isolate are in white.
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had fyuA in the top 15% of genes expressed during cystitis, which
was not the case for growth in LB (HM27, 11.1%; HM69,10.4%;
HM65,14.4%). Transcriptional start sites in the yersiniabactin
operon could also be predicted by a histogram of transcript abun-
dance, suggesting strong induction of the promoter upstream of
ybtA, which encodes an AraC-like transcriptional activator of fyuA
(35), and the promoter directly upstream of fyuA (Fig. 2).

Blocking yersiniabactin import attenuates UPEC during
UTI. The yersiniabactin receptor FyuA is an effective vaccine tar-
get to prevent pyelonephritis but not cystitis (19). Given that gene
expression studies from experimental infections in mice (36) and
now natural uncomplicated infections in women indicate that
iron acquisition systems are highly expressed by bacteria infecting
the bladder, the lack of bladder protection by an FyuA-based vac-
cine is surprising. One possible mechanism for this organ-specific
immunity is that the yersiniabactin system mediates infection of
the kidneys but not the bladder. To test whether the yersiniabactin
system contributes to E. coli pathogenesis in the urinary tract, we
evaluated the virulence of an E. coli mutant unable to acquire iron
by yersiniabactin during infection. Mice inoculated transure-
thrally with wild-type E. coli 536 had significantly higher bacterial
colonization in the bladder (2.6-fold) and the kidneys (6.4-fold)
than did mice inoculated with an isogenic mutant deficient in the
yersiniabactin receptor (�fyuA mutant) (Fig. 3). No growth defect
was observed for the �fyuA mutant during cultured growth in
vitro under iron-replete and iron-limiting conditions (see Fig. S1
in the supplemental material). These data support yersiniabactin
as a significant E. coli virulence factor in the bladder and kidneys
and suggest that the failure of an FyuA vaccine to prevent cystitis
may be due to immunological differences, such as antibody con-
centration, between the bladder and the kidneys rather than dif-
ferences in E. coli pathogenesis.

The recombinant FyuA vaccine is target specific. The yersini-
abactin iron acquisition system facilitates E. coli infection of the
kidneys and bladder, but immunization with an experimental
FyuA vaccine protected against only pyelonephritis, not cystitis
(19). To confirm that the protective target of the FyuA vaccine is

indeed the yersiniabactin receptor, mice were immunized and
then cochallenged with a mixture of two isogenic E. coli strains:
wild-type 536, which produces FyuA, and 536�fyuA::kan, which
does not. E. coli isolates expressing FyuA have a substantial fitness
advantage in the urinary tract (Fig. 3), but in the presence of an
FyuA-specific immune response, we hypothesized that the advan-
tage would be reduced or lost. Female CBA/J mice, intranasally
immunized with FyuA-CT, were transurethrally coinoculated
with a 1:1 mixture of 536 and 536�fyuA::kan. Forty-eight hours
after inoculation, mice were euthanized and organs were removed
to quantify the level of bacterial infection from each strain. As
expected, wild-type E. coli outcompeted the �fyuA mutant when
infecting the bladder and kidneys of control mice immunized with
only adjuvant (Fig. 4A), reinforcing the observation that FyuA acts

FIG 2 RNA-seq read coverage of the yersiniabactin operon in E. coli cultured in human urine. Histogram displaying sequence coverage per nucleotide for reads
mapped to the yersiniabactin operon of the E. coli HM27 genome from RNA-seq data of E. coli HM27 cultured in urine. Open reading frames are illustrated below
the histogram, with known promoter regions identified. The genes ybtA and fyuA, which encode an AraC-like transcriptional activator of fyuA and the
yersiniabactin receptor FyuA, respectively, are highlighted. Genes irp2, irp1, ybtU, ybtT, ybtE, and ybtS encode proteins involved in yersiniabactin synthesis, ybtP
and ybtQ encode proteins that facilitate yersiniabactin transport across the inner membrane, and ybtX encodes a protein that contributes to yersiniabactin-
mediated zinc acquisition (52, 53).

FIG 3 Blocking yersiniabactin import attenuates E. coli during UTI. Female
CBA/J mice were transurethrally inoculated with 1 � 108 CFU of E. coli 536 or
E. coli 536�fyuA in independent challenges, and colonization was measured 48
h postinoculation. Data from two independent experiments are presented,
with the total number of animals per group (n) being 20 for strain 536 and 20
for strain 536�fyuA. Symbols represent CFU/g tissue from an individual
mouse, and bars indicate median values. The dashed line shows the limit of
detection for the assay, 100 CFU/g. Significance was determined using a two-
tailed Mann-Whitney test.
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as a UPEC virulence factor during UTI (Fig. 3). Furthermore, in
the five mice that had their infection reach the spleen, wild-type E.
coli was found exclusively, suggesting a role for yersiniabactin dur-
ing systemic infection (Fig. 4A). However, when mice were immu-
nized with FyuA-CT prior to experimental infection, the fitness
advantage of wild-type E. coli over the �fyuA mutant was lost
exclusively in the kidneys (Fig. 4B). Kidney-specific attenuation of
E. coli 536 in FyuA-immunized mice is consistent with the kidney-
specific protection of the FyuA vaccine (19) and confirms the ye-
rsiniabactin receptor, FyuA, as the protective target of the FyuA
vaccine.

Yersiniabactin contributes to UPEC pathogenesis during
systemic infection. During severe infection, bacteria infecting the
kidneys can breach epithelial and endothelial barriers to gain ac-
cess to the bloodstream, causing systemic and life-threatening dis-
ease (4). Since blocking yersiniabactin attenuates E. coli in the
urinary tract and FyuA-immunized mice are protected from sys-
temic infection (37), we hypothesized that the yersiniabactin sys-
tem may contribute to E. coli pathogenesis during bacteremia. To
test this, mice were challenged systemically by intravenous injec-
tion with a 1:1 mixture of wild-type E. coli 536 and an isogenic
mutant unable to import yersiniabactin. Twenty-one hours after
inoculation, the E. coli mutant, unable to acquire iron by the yer-
siniabactin system, was significantly outcompeted by wild-type
E. coli in the spleen and kidneys (Fig. 5), indicating that iron ac-
quisition by the yersiniabactin system contributes significantly to
UPEC fitness during bacteremia.

The yersiniabactin receptor is accessible on the bacterial cell
surface. Preventing iron acquisition by yersiniabactin attenuates
UPEC in the urinary tract and bloodstream. Therapeutically
blocking the yersiniabactin system, either with vaccine-induced
antibodies or a pharmaceutical agent, would likely be simplest by
targeting the siderophore receptor, FyuA, on the bacterial outer
membrane. To confirm that FyuA is exposed and accessible on the
cell surface, despite the presence of capsule and surface polysac-

charides, we developed an FyuA-specific monoclonal antibody
and quantified cell surface binding by flow cytometry. E. coli 536
cultured under iron limitation, mimicking conditions during in-
fection, had a dramatic increase in median fluorescence intensity
in comparison to an FyuA-deficient isogenic mutant (536�fyuA),
indicating that a portion of FyuA is accessible to antibody binding
on the bacterial cell surface (Fig. 6).

DISCUSSION

Here we demonstrate the yersiniabactin receptor to be a virulence
factor for UPEC during cystitis and pyelonephritis, a fitness factor

FIG 4 The FyuA vaccine is specific for the yersiniabactin receptor. Female
CBA/J mice immunized with CT (A) or FyuA-CT (B) were transurethrally
coinoculated with a mixture of E. coli strains 536 and 536�fyuA::kan. Coloni-
zation was measured 48 h postinfection by plating for CFU/g tissue, and com-
petitive indices (C.I.) were calculated by dividing the fraction of the �fyuA
mutant in the output (CFU/g tissue) by the fraction of the �fyuA mutant in the
input (CFU/ml inoculum). Solid lines represent the median value for each
group, and the dotted line indicates a theoretical median of zero. Symbols
represent the C.I. of an organ from a single mouse. Data were validated by two
independent experiments for a total of 16 mice per group, with the exception
of the spleen, which had only 10 mice per group. Significance was determined
by the Wilcoxon signed-rank test with a theoretical median of zero. P values for
each group, from left to right, are 0.2293, 0.0005, and 0.0625 (A) and 0.0245,
0.2402, and not applicable (all spleens from the FyuA-CT-immunized mice
had bacterial counts that were below the limit of detection) (B).

FIG 5 Blocking yersiniabactin import attenuates E. coli during systemic infec-
tion. Ten female CBA/J mice were intravenously coinoculated with an equal
mixture of wild-type E. coli 536 and E. coli 536�fyuA::kan, and organ coloni-
zation was measured 21 h postinoculation. Competitive indices were calcu-
lated by dividing the fraction of the mutant in the output (CFU/g tissue) by the
fraction of the mutant in the input (CFU/g inoculum). The median value for
each group is represented as a solid line, and the dotted line indicates a theo-
retical median of zero, which would occur if both wild-type and mutant E. coli
strains had equal representation in both the input and the output. Three mice
succumbed to the infection before being euthanized and were excluded from
the analysis. Significance was determined by the Wilcoxon signed-rank test
with a theoretical median of zero, and the P value for each group was 0.0313 for
the kidneys and 0.0313 for the spleen.

FIG 6 The yersiniabactin receptor is surface exposed and accessible to anti-
bodies. Histogram overlay of FyuA surface expression and antibody binding as
assessed by flow cytometry. UPEC strains 536 and 536�fyuA were cultured
under iron limitation and incubated with an FyuA-specific MAb (5E7.22),
followed by a secondary antibody conjugated to FITC. The shaded area repre-
sents a control E. coli strain unable to express FyuA (536�fyuA), and the un-
shaded area denotes antibody binding to wild-type E. coli.
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during bacteremia, and the specific, surface-accessible target of
the experimental FyuA vaccine. Furthermore, we demonstrate
that genes encoding bacterial systems for iron acquisition, includ-
ing the yersiniabactin system, are highly expressed during natural,
uncomplicated cystitis in women. Overall, our data support the
yersiniabactin system as a therapeutic target to prevent or treat
UPEC-mediated UTI and reinforce the potential of the yersini-
abactin system as a common target for several, increasingly mul-
tidrug-resistant, Gram-negative enteric pathogens (38, 39).

Given that UPEC strains frequently encode numerous, often-
redundant iron acquisition systems, the ability to attenuate infec-
tion by targeting just a single system is surprising. While individ-
ual iron uptake mechanisms uniquely contribute to bacterial
pathogenesis (13, 40), it seems reasonable to assume that their
similar function would allow for compensation. Of the four sid-
erophores that UPEC isolates produce, three are so-called
“stealth” siderophores (salmochelin, yersiniabactin, aerobactin)
for their ability to avoid sequestration by lipocalin-2 (40, 41). Iso-
lating UPEC strains with all three stealth siderophore systems is
uncommon, possibly due to their outer membrane receptors be-
ing the frequent target of bacteriophages and bacteriocins (42).
UPEC strain 536 synthesizes two of these stealth siderophores, i.e.,
salmochelin and yersiniabactin, but not aerobactin. It is possible
that the less common aerobactin system may compensate for the
loss of yersiniabactin during E. coli UTI, but this remains to be
tested.

Although the protective mechanism of the kidney-specific
FyuA vaccine is unknown, fyuA expression and significant FyuA-
mediated virulence during cystitis suggest that the absence of vac-
cine protection in the bladder (19) is not due to reduced yersini-
abactin expression or pathogenesis in this organ. Thus,
immunological differences, such as lower antibody concentra-
tions, between the bladder and kidneys may explain the disparity
in vaccine efficacy between tissues. Indeed, despite being prone to
recurrent infection, the immunological networks of the bladder
are distinct from those of the kidney and remain poorly defined
(43). Therefore, it may be possible to extend the protection of the
FyuA vaccine to the bladder by modifying the immunization
route, formula, adjuvant, or timeline to improve the adaptive im-
mune response in the bladder.

It is important to note that UTI vaccine development has been
difficult, in part, due to heterogeneity of UPEC strains and be-
cause no core set of virulence factors required for UPEC to cause
infection has been identified (44). A vaccine against the diverse
UPEC population will likely need to be multivalent, targeting
multiple, commonly expressed UPEC virulence factors. There-
fore, the yersiniabactin receptor, whose gene is highly represented
among the genomes of pyelonephritis (94%) and cystitis (87%)
strains (20), is a strong candidate antigen for inclusion in a mul-
tivalent UTI vaccine. Whether a UTI vaccine targeting FyuA
would be broadly effective in all patient subpopulations remains
to be determined, as yersiniabactin gene expression in UPEC
strains from atypical UTI patient cohorts may be less uniform. A
recent study evaluating UPEC gene expression in elderly men and
women with UTI found yersiniabactin system genes to be ex-
pressed in only 13 of 21 UPEC cystitis isolates (45). In contrast, a
microarray-based study evaluating UPEC gene expression from
women at a hospital urology clinic found fyuA to be highly ex-
pressed in seven of eight UPEC cystitis isolates (46). Potential
variability in UPEC yersiniabactin system gene expression be-

tween UTI patient subpopulations will likely need to be taken into
account during UPEC vaccine design.

Lastly, since yersiniabactin is predominantly associated with
highly pathogenic strains and is a major virulence factor for sev-
eral pathogenic bacteria in the family Enterobacteriaceae, targeting
FyuA may provide a mechanism to specifically eliminate bacterial
pathogens without harming the beneficial bacteria constituting
the microbiome, which is a common side effect of conventional
antibiotics (47). In addition, yersiniabactin is disproportionately
associated with antibiotic-resistant strains, including �90% of
strains of the E. coli sequence type 131 (ST131), an alarming pan-
demic multidrug-resistant (MDR) clonal group (48–51), and
�60% of respiratory carbapenemase-producing K. pneumoniae
strains, compared to 10% of susceptible K. pneumoniae strains
(41). Novel antimicrobial agents or vaccines that target yersini-
abactin iron transport or other pathogen-associated nutrient ac-
quisition systems may provide an effective strategy to combat the
rising surge of antibiotic-resistant common infections.
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