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Editorial

One size doesn’t fit all: unraveling the diversity of factors and 
interactions that drive E. coli urovirulence
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Uropathogenic Escherichia coli (UPEC): a 
common pathogen without a clear definition

Urinary tract infections (UTIs) are common (with  
11 million cases annually in the USA), costly (with $5 billion 
spent per year), and increasingly antibiotic resistant (1).  
The clinical manifestations and symptomatologies of UTIs 
are strikingly complex and result from the interactions 
between diverse uropathogens and host urothelial tissues. 
The most common cause of UTIs is UPEC, which cause up 
to 80% of community-acquired UTIs and 65% of hospital-
acquired UTIs (1). Despite appropriate treatment for the 
initial infection, UTIs are frequently recurrent as 25–35% of 
initial infections are followed by a recurrent UTI (rUTI) (2).  
In addition, the high level of same-strain recurrences, 
in which a single bacterial strain (as defined by genetic 
identity) causes two or more consecutive UTIs, strongly 
suggests that there exist non-pathogenic reservoirs within 
hosts (2). One established reservoir is the gastrointestinal 
tract (GIT) microbiota (3). UPEC strains can maintain 
non-pathogenic colonization of the GIT, where they form 
a reservoir and subsequently seed extraintestinal infections 
such as UTI. In this review, we detail critical gaps in our 
understanding of the pathogenic and non-pathogenic 
colonization of UPEC in different habitats in the host and 
describe a new perspective on UTI susceptibility that better 
reflects the complexity of this disease.

In contrast to other Escherichia coli (E. coli) pathotypes, 
UPEC are distinct in their lack of a defined set of genes 

that distinguish them from non-UPEC (4). In other E. coli 
pathotypes, virulence is demarcated by a clearly defined 
set of virulence genes, such as the stx gene in Shiga-
toxin producing E. coli (5). This likely reflects the broad 
definition of UPEC as any strain that is recovered from 
the urine of symptomatic UTI patients, a classification that 
fails to account for differences in host susceptibility or the 
possibility for multiple evolutionary and mechanistic paths 
to urovirulence. Further, despite widespread acceptance 
that the gut is a reservoir of UPEC that lead to UTI 
(3,6), we know very little about the host and bacterial 
factors that promote the establishment and maintenance 
of UPEC in this habitat. Towards the goal of identifying 
conserved bacterial features enabling urovirulence and gut 
colonization, recent work has integrated different animal 
models with comparative genomics and transcriptomics to 
test the long-held view that the ability of E. coli to cause 
UTIs correlates with carriage of putative urovirulence 
factors (PUFs) and that pathogenicity is restricted to 
certain branches of the E. coli phylogenetic tree (7). This 
work, coupled with the diversity of urine isolates observed 
clinically, has led us to a new way of thinking about UTI—a 
“Key and Lock” model. This model posits that the outcome 
of an encounter between a specific host and potential UPEC 
isolate is dependent upon the combination of the particular 
fitness state of the UPEC isolate (the “key”) matched with 
the particular host environment and susceptibility (the 
“lock”). Below we describe what is being learned about each 
of these components.
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The host “Lock”: UTI susceptibility is shaped 
by host genetic, environmental and behavioral 
factors

Epidemiological studies have shown that host susceptibility 
i s  va r i ab le  and  media ted  by  numerous  genet i c , 
environmental, and behavioral risk factors (8). Many of 
these risk factors have been investigated in experimental 
mouse infection models. Mice have similar bladder 
morphology and express many of the same surface proteins 
as humans. Mice also respond to infection with phenotypes 
that recapitulate clinical findings in humans [e.g., epithelial 
exfoliation, cytokines, pyuria, and antimicrobial peptide, 
as reviewed in (9) and (10)]. However, as with all animal 
models of any human infectious disease, a single animal 
model using a host with a single genetic background 
cannot possibly reflect all of the variation observed in 
clinical UTIs driven by diverse genetic, behavioral and 
environmental differences within human populations. Thus, 
multiple animal models of UTI have been developed, each 
reflecting a portion of UTI clinical complexity (Table 1). 
These different mouse models have been critical in defining 
particular host-pathogen interactions that contribute 

to UTI in both mice and humans as well as elucidating 
unappreciated aspects of clinical UPEC infection. However, 
while investigations of UPEC pathogenesis in mice have 
yielded important insights into the clinical progression of 
UTI in humans, such studies have relied almost exclusively 
on model UPEC strains, such as UTI89 and CFT073, 
which represent only a small section of the overall E. 
coli phylogenetic tree despite the remarkable diversity of 
UPEC strains in the clinic (7). Thus, it is unknown whether 
diverse UPEC strains found in the clinic follow the same 
pathogenic pathways or how these diverse UPEC interact 
with different host susceptibility factors. 

In addition to host factors that directly impact 
susceptibility to bladder colonization by UPEC, recent 
advances in the understanding of the gut microbiota suggest 
that host factors influence the composition of the UPEC 
reservoir in the gut, thus affecting host susceptibility to both 
acute and rUTIs. In healthy adults, E. coli account for ~0.8% 
of the total microbiota and are the primary facultative 
anaerobe in the GIT microbial community (23). While the 
majority of adults carry E. coli asymptomatically in their gut, 
blooms of E. coli are associated with a number of intestinal 
diseases including diarrheal diseases, inflammatory bowel 

Table 1 Different mouse models have been critical in elucidating critical host-pathogen interactions that contribute to UTI in both mice and 
humans

Mouse model findings Human correlates Reference  

Intracellular bacterial community (IBC) formation 
during acute cystitis (6–24 hpi)

IBCs have been identified in both children and adults Mouse: (11); human: (12)

Genetically diverse mouse strains have different 
susceptibilities to cystitis

UTI susceptibility is hereditary; ABO blood types correlate 
to UTI susceptibility

Mouse: (13); human: (8)

Chronic cystitis results in bladder remodeling in 
C3H/HeN mice

Chronic cystitis occurs in the absence of antibiotic 
treatment; submucosal lymphoid aggregates and urothelial 
hyperplasia found in humans with severe UTI

Mouse: (14); human: (15)

Mutation in TLR4 results in different 
susceptibilities to UTI between closely related 
mouse strains

Mutations in TLR1 and TLR4 are associated with 
differences in susceptibility to UTI and asymptomatic 
bacteriuria

Mouse: (16); human: (17,18)

Superinfection (multiple inoculations in quick 
succession) increases susceptibility to severe UTI 
in C57BL/6 mice

Sexual intercourse increases bacteruria and is one of the 
greatest risk factors in developing UTI, especially frequent 
intercourse (“Honeymoon cystitis”)

Mouse: (19); human: (8)

Severe, chronic cystitis increases susceptibility to 
subsequent UTIs in C3H/HeN mice

One of the greatest risk factors for developing UTIs is a 
history of previous UTIs

Mouse: (20); human: (8,20)

Catheterization increases susceptibility to UTI. 
For gram-positive organisms, catheter-associated 
UTI is dependent on fibrinogen binding

Gram-positive organisms are more likely to cause catheter-
associated UTIs than community-acquired UTIs; fibrinogen 
is deposited on human catheters in less than an hour

Mouse: (21); human: (22)

UTI, urinary tract infection.
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diseases (IBD) such as Crohn’s disease, and colorectal cancer 
(24,25). One prominent host factor that likely influences 
the E. coli population in the gut is inflammation, which 
can be triggered in numerous ways including infection by 
a pathogen, an imbalance of the existing microbiota, or 
exposure to antibiotics during clinical intervention (26,27). 
Interestingly, biopsy specimens from patients with Crohn’s 
disease and ulcerative colitis, two IBD syndromes, revealed 
that these patients have a 3–4 log increase in the levels of 
Enterobacteriaceae in their intestines over healthy controls, 
with a significant increase in the abundance of E. coli from 
the B2 and D phylogenetic groups (24). This has also been 
observed in conventionally raised mice treated with the 
antibiotic streptomycin or dextran sulfate sodium (DSS), 
a chemical used to superficially stimulate Crohn’s disease 
in murine animals (28). Of interest, several clinical studies 
have found that patients with intestinal inflammatory 
diseases, like IBD and AIDS, have an increased incidence 
of rUTI (29,30). Together, these data suggest that intestinal 
inflammation may alter conditions in the gut in a way that 
enhances UPEC colonization, ultimately increasing the 
likelihood of a downstream UTI, particularly in individuals 
that are susceptible to chronic/recurrent cystitis.

The UPEC “Key”: dynamic bacterial features link 
UPEC colonization of the gut and bladder

As a species, E. coli strains possess striking genetic diversity 
and two strains can differ in their gene content by up to 
40% (31). As such, individual genes can be classified as 
“core genes” belonging to all sequenced E. coli genomes 
or “variable” genes, those that are only found in some, but 
not all strains (32). Analysis of the genetic diversity in these 
core genes can be used to subdivide E. coli strains into a 
phylogenetic tree with strains grouping into different clades, 
including clades A, B1, B2, D and E that are commonly 
associated with humans (33). Using a PCR-based, fragment 
analysis of largely conserved genomic loci, molecular 
epidemiology studies have shown that, in the western world, 
between 50% and 75% of UPEC isolates originate from 
clade B2 (7,34).

Many studies have identified PUF genes and described 
them as being enriched in UPEC isolates relative to 
E. coli isolates found in the gut. PUF genes are often 
posited to increase the urovirulence of UPEC strains (35).  
However, no study has ever identified a single, core 
set of genes that clearly discriminate a UPEC strain 
from a non-UPEC strain and the role of many PUF 

genes in bladder persistence and colonization remains 
unknown (4). B2 strains of E. coli are commonly used 
in the study of UTIs and typically encode many PUFs 
in their genomes; however, approximately 25–50%  
of UPEC UTIs are caused by strains outside of clade B2 
(non-B2 strains) that carry few PUF genes. To address this 
disconnect between model B2 strains and the diversity of 
UPEC seen clinically, recent work used systematic genetic, 
transcriptional, and phenotypic comparisons among dozens 
of diverse UPEC clinical isolates to examine the complexity 
of uropathogenicity (7). This interdisciplinary study showed 
that PUFs were associated with strains of the B2 clade whether 
isolated from the urine of UTI patients or other sources. 
Further, it revealed that transcriptional and phenotypic 
features of E. coli isolates were better predictors of virulence 
in defined model systems of acute cystitis than the carriage 
of PUFs. This work suggested that differential expression 
and/or regulation of conserved functions is a key driver of 
UPEC pathogenesis. Further, while PUFs may be important 
factors in different, sometimes unknown, aspects of UPEC 
virulence, this study proposes that there may be more than one 
“pathway” or one set of genes/mechanisms that allow E. coli 
to cause disease in the bladder similar to what has been shown 
for different E. coli pathotypes causing disease in the GIT [as 
reviewed in (5)]. Thus, we argue that to more fully understand 
human UTI, studies elucidating the factors and mechanisms 
underlying UPEC urovirulence must be broadened to include 
a more diverse set of strains and extended to compare not only 
patterns of gene carriage but also of gene expression and key 
phenotypes among these strains.

In addition to our relatively shallow understanding of 
bladder colonization and persistence by genetically diverse 
UPEC, the bacterial factors that influence colonization 
and persistence of UPEC in the gut are even less clear. 
However, several studies have shown that at the time of 
UTI, the dominant E. coli strain in the urine and feces of an 
infected woman is the same (3,6). In women with rUTI, this 
dominant strain can change from one infection to the next 
or stay the same (3). When strain replacement does occur in 
women with rUTI, a recent study found that the new E. coli 
strain is associated with increased fitness in both the gut and 
bladder, as measured by its ability to colonize these habitats 
compared to its predecessor (3). Prior to this finding, the 
long-standing hypothesis regarding UPEC fitness in the 
gut was that UPEC followed the source-sink model, which 
posits a fitness tradeoff for UPEC between the “source”, 
the gut, and the “sink”, the urinary tract, compartments (36). 
The recent data does not preclude the presence of UPEC 
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genetic factors that provide enhanced fitness in one habitat 
while lowering fitness in the other, but strongly opposes the 
idea that UPEC must undergo a complete loss of fitness in 
one habitat, to be fit in the other. Overall, findings indicate 
that some UPEC-microbiota interactions in the gut that 
impact the ability of UPEC to colonize this habitat may 
also increase fitness in the bladder. Thus, seeding effects 
between the gut and urinary tract can lead to one dominant 
UPEC strain emerging across both habitats during a UTI 
episode. This has implications for our understanding of 
genetically diverse UPEC, as PUFs, which do not enhance 
bladder persistence and colonization directly may actually 
enhance overall urovirulence by enhancing UPEC gut 
colonization. Ultimately, these studies underscore the 
necessity of investigating UPEC within the broader context 
of their human lifestyles—as both gut commensals and 
genetically diverse opportunistic pathogens.

Matching the “Key” to the “Lock”: the outcome 
of encounters between a particular host and a 
particular pathogen reflect the “fit” between the 
two

Research to date has lead us to a new perspective on UPEC 
pathogenesis in which UTI risk is determined by diverse 
bacterial virulence phenotypes, variable and changing host 
susceptibilities, and the interactions of these phenotypes 
and susceptibilities in specific host-pathogen combinations. 
Thus, we propose a multi-dimensional and dynamic 
“Lock and Key” model of UTI risk in which the “Lock” 
of host susceptibility is matched against the “Key” of an 
individual E. coli isolate’s virulence potential (7). Given the 
multi-dimensionality of this concept, it is best visualized 
as landscape of interactions between hosts and UPEC  
(Figure 1). In this model, some UPEC “keys” may 
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Figure 1 The “Key and Lock” model of UTI susceptibility. For a given host-pathogen interaction (shown at the top), the risk of a UTI 
(shown in color scale from blue being low risk and red being high risk) depends on the susceptibility profile of the host (on one axis) and 
the pathogenicity of the UPEC (on the other axis) resulting in peaks of high risk and valleys of low risk. Previous research has shown that 
host susceptibility (shown on the bottom left) is mediated by the interaction of genetic and environmental influences (listed below) resulting 
in variable susceptibility profiles. More recent research has shown that the genotype of an E. coli strain alone is insufficient to predict its 
virulence across diverse hosts. Instead the transcriptional profile, in addition to the genotype, is better able to predict high urovirulence 
phenotypes (shown in the bottom right). UTI, urinary tract infection; UPEC, uropathogenic Escherichia coli.
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act as “master keys” being able to open a variety of 
different “locks” and some “keys” may be host specific, 
only functioning on a narrow spectrum of host “locks”. 
Similarly, some “locks” may differentially accommodate 
the fit of a broad spectrum of different “keys”, while 
some may be specific to only a few. Importantly, we posit 
that not all UPEC “keys” are limited in their activity 
of colonization and persistence within the urinary tract 
during an acute infection. Instead, additional attention 
must be paid to factors that contribute to the ability 
of UPEC strains to persist within host reservoirs 
outside of the bladder, such as in the gut microbiota. By 
incorporating previously unaccounted for phenotypic and 
transcriptional variation among E. coli strains and their 
differential responses to dynamic host environments, this 
conceptual model helps to explain UPEC diversity in 
the clinic, including the lack of a clear genetic signature 
of uropathogenesis. However, picturing the “locks and 
keys” in this analogy as immutable objects that are in 
incapable of change oversimplifies the state of UTI risk. 
Instead we suggest that this is better envisioned with both 
the host susceptibility “lock” and the bacterial pathogen 
“key” being malleable in nature and changing over time 
in response to differing conditions due to the dynamic 
nature of both host and bacterial phenotypes. This is 
exemplified by recent work showing that UPEC alter their 
transcriptional expression of attachment organelles from  
type 1 pili to FML pili during the transition from acute 
cystitis to chronic cystitis in mouse bladders (37). Notably, 
this change in expression coincides with inflammation in 
the mouse bladder epithelium that results in the expression 
of new ligands that are recognized by newly expressed FML 
pili, thus enabling the persistence of UPEC that would 
otherwise be removed during bladder remodeling.

Numerous clinical infections are caused by genetically 
diverse pathogens that infect hosts with varying levels of 
susceptibility. Thus, the dynamic “Lock and Key” model of 
UTI risk is likely translatable to other infectious diseases 
that lack clear bacterial genetic signatures for pathogenicity. 
Thus, integrated research methods that combine clinical 
research with experimental model systems are needed to 
probe the effects of: (I) host and pathogen genetic diversity; 
(II) host and bacterial responses to changing infection 
conditions; (III) infection dynamics that lead to differential 
susceptibilities and outcomes of bacterial infections in 
humans and; (IV) pathogen transmission between varied 
reservoir and infection habitats. This research paradigm 
promises to yield new insight into the conserved and 

targetable mechanisms of virulence, critical for development 
of novel therapeutic strategies that are increasingly needed 
to face the rising tide of antibiotic resistance.
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