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ARTICLE INFO ABSTRACT

Urinary Tract Infection (UTI) is a common urogenital disease in cats, with uropathogenic Escherichia coli (UPEC)
being the primary cause. UPEC originates from the normal gastrointestinal flora but is opportunistic, possessing
the ability to adhere, invade, and persist in the urinary tract, leading to recurrent infections and clinical com-
plications. These infections can range from mild to severe, including dysuria, hematuria, pollakiuria, stranguria,
and urinary retention. The prevalence of UTI in cats varies across countries, ranging from 17.5-46.5%, with
UPEC being the dominant pathogen. UPEC virulence is determined by genes encoding adhesion factors (fimA,
pap, sfa, and csgA), iron acquisition systems (ent, fyuA, and iutA), outer membrane proteins (OmpA), and toxins
(hly and ¢nf1), which support colonization, biofilm formation, invasiveness, and tissue damage. These virulence
mechanisms allow the bacteria to survive urinary flow, pH, and host immune defenses, as well as to form in-
tracellular bacterial communities and dormant reservoirs, increasing the risk of persistent and difficult-to-treat
infections. In addition to its impact on feline health, UPEC also has zoonotic potential due to its close interaction
with humans and the presence of antimicrobial resistance factors. Therefore, identifying UPEC virulence genes
is crucial for understanding the pathogenesis of UTIs in cats and anticipating the risk of transmission to humans.
This study reviews the scientific evidence regarding the distribution of UPEC virulence genes in cats, their impli-
cations for clinical infection, and the urgency of a One Health approach to infection prevention, diagnosis, and
control. Understanding UPEC genetics provides the basis for more effective therapeutic strategies, the develop-
ment of antibacterial interventions, and the mitigation of zoonotic risk.
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Introduction include various adhesion factors, invasion proteins, toxins, and other

proteins that play a key role in pathogenesis outside the gastrointesti-

Urinary Tract Infection (UTI) is a urinary tract disease caused by the
most common Escherichia coli bacteria in cats and can cause significant
morbidity and recurrent clinical complications (Hutton et al, 2018). E.
coli is a normal flora in the gastrointestinal tract, but is an opportunistic
pathogen because it can cause various diseases, in the urinary tract in-
fection is caused by a strain called uropathogenic Escherichia coli (UPEC)
(Hasan and Ajeel, 2024). According to Osugui et al. (2014), that UPEC is
included in the EXPEC group, is the bacteria most often isolated from UTI
cases in cats. Urinary Tract Infection is one of the urogenital disorders
often found in cats, both male and female, with clinical symptoms such as
dysuria, hematuria, pollakiuria, periuria or urethral obstruction, and stran-
guria, to urinary retention (Dorsch et al, 2019). According to Nittayasut
et al. (2021), UPEC is responsible for more than 80% of UTls in humans
and between 30 and 69% of UTIs in pets. The gastrointestinal tract serves
as the primary reservoir for UPEC, where urinary tract infections typically
occur due to urogenital contamination by fecal flora, accompanied by a
failure of host defense mechanisms to eliminate uropathogens (Whelan
et al, 2023). This condition places patients with UTls at high risk for re-
colonization.

The ability of UPEC to cause symptomatic urinary tract infections is
closely related to the presence of various virulence genes. These genes

nal tract (Bunduki et al, 2021). The presence of virulence genes along
with resistance determinants increases the risk of persistent and diffi-
cult-to-treat infections (Beceiro et al., 2013). Virulence genes identified
in UPEC, which causes urinary tract infections in cats, include adhesion
factors, persistence, iron acquisition systems, and toxins (Garcia-Garcia
et al, 2025). The most dominant adhesion factors are type 1 fimbriae
(fimACDH), flagella (flgBCDEFGHLJ), and curli fimbriae (csg), which play a
key role in colonization and biofilm formation on urinary tract epithelium
(Aurich et al., 2023). Persistence factors such as MalX, which plays a role in
glucose and maltose transport, and the outer membrane protein OmpA,
which supports continued colonization in the urinary bladder, were found
consistently across all isolates (Cook et al., 2009). In the iron acquisition
system, feline UPEC showed a high prevalence of siderophore genes, in-
cluding enterobactin, yersiniabactin, salmochelin, and aerobactin (Valde-
benito et al, 2005). Toxin factors such as hemolysin hly and cytotoxic
necrotizing factor 1 (cnf1) were also detected and contributed to tissue
damage and modulation of the host immune response (Jousserand et
al., 2025).

The distribution of these genes indicates that UPEC in cats has a
complex virulence potential, thus supporting persistent colonization and
worsening the clinical course of urinary tract infections. The combination
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of virulence factors allows this strain to have a greater ability to migrate
upward through the urinary tract, colonizing, penetrating, and spread-
ing to the bladder mucosa (Johnson, 1991). From there, the bacteria can
further develop until they reach the kidneys, causing pyelonephritis, and
even enter the bloodstream, causing bacteremia (Huang et al., 2020). This
condition not only threatens the cat's health but also poses a potential
zoonotic risk due to the close interaction between cats and humans (Bub-
pamala et al, 2018; Flament-Simon et al, 2020). Therefore, identifying
UPEC genetic factors that play a role in pathogenesis is crucial not only
for understanding the dynamics of infection in cats but also in a public
health context. Studying the distribution of virulence genes can provide
the basis for developing more effective strategies for the prevention, di-
agnosis, and treatment of UTls caused by UPEC. The aim of this review
was to synthesize and evaluate the current scientific evidence regarding
the role of UPEC virulence genes in the pathogenesis of UTls in cats.

The role of E. coli as an opportunistic pathogen

E. coliis a normal flora, but it also has the ability to act as an oppor-
tunistic pathogen when there is a change in the microbiota environment,
decreased host immunity, or migration to organs outside the gastroin-
testinal tract (Riley, 2020). One form of opportunistic pathogenicity of
E. coli is UTI, the strain responsible for which is UPEC (Zhou et al., 2023).
Unlike commensal strains, UPEC has virulence determinants that enable
colonization, adhesion to the urinary tract epithelium, and the ability to
withstand host defense mechanisms (Bunduki et al., 2021). These char-
acteristics make UPEC a major cause of UTI in cats, with clinical mani-
festations that can vary from mild to severe (Kidsley et al., 2020). UTl is
one of the most common urogenital diseases in cats, with a significant
impact on morbidity and the potential for recurrent clinical complications
(Weese et al., 2019). According to Johansen et al. (2011), clinically, UTls
are divided into two main categories: uncomplicated UTIs and compli-
cated UTls. Uncomplicated UTls are generally caused by UPEC and occur
in individuals with good health status, normal anatomy and urinary tract
function, and without systemic comorbidities that can increase suscepti-
bility to infection (Sujith et al., 2024). Conversely, complicated UTls usually
occur in patients with structural or functional abnormalities of the urinary
tract, obstruction, or immunosuppression conditions that play a role in
increasing the risk of bacterial colonization and disease progression (Bai-
makhanova et al., 2025). In line with research conducted by Freitag et al.
(2006), cats suffering from chronic diseases have a higher tendency to
experience UTls. With virulence characteristics that distinguish UPEC from
commensal strains, this bacterium plays an important role in the etiology
of UTls in cats, which can further be observed through epidemiological
and prevalence data from various studies in various countries.

Prevalence of UTIl in cats

According to a study conducted by Hernando et al. (2021), the prev-
alence and characterization of urinary tract infections in cats in Spain
showed that the most frequently isolated bacterial genus was Escherich-
ia spp., with a proportion of 42.7% of the entire cat population stud-
ied. According to Garcés et al. (2022) a study conducted in Portugal on
cats, the dominant bacteria identified included Escherichia spp. 44.5%.
The prevalence in Korea showed the incidence of UTI due to E. coli was
17.5% (Weese et al.,, 2022). Research conducted by Chan et al. (2022) in
Hong Kong showed that the most dominant bacteria isolated from feline
patients was E. coli with a percentage of 46.5% in cat urine samples. Re-
search in the United States showed that 43% of E. coli was found in cat
urine samples (KuKanich et al., 2020). Based on various studies in several
countries, it can be concluded that E. coli is the most dominant bacteria
causing UTls in cats, with prevalence varying between 17.5% and 46.5%.
This finding underscores the importance of recognizing E. coli as the pri-
mary pathogen in feline UTls.

Clinical symptoms of UTI in cats

Urinary Tract Infection can occur in cats of all ages, although previ-
ous studies have emphasized a higher prevalence in older cats due to
aging-related immune function decline (Bailiff et al., 2008). According to
Martinez-Ruzafa et al. (2012), the distribution of UTIs is relatively even
in young, middle-aged, and older cats, possibly influenced by the inclu-
sion of cats undergoing transurethral procedures or urogenital surgery.
Clinical symptoms of UTls in cats vary. Most cats show lower urinary tract
signs, such as dysuria, pollakiuria, hematuria, stranguria, or urinary reten-
tion, but approximately one-third of cases may be asymptomatic (Olin
and Bartges, 2022). According to Olin and Bartges (2015), UTls in cats can
be classified into two main categories: uncomplicated UTIs and compli-
cated UTls. Uncomplicated UTIs generally occur in cats with good health
status, as well as normal urinary tract anatomy and function (Dorsch et al.,
2019). These infections are usually sporadic, non-recurrent, and respon-
sive to standard therapy. In contrast, complicated UTIs occur in cats with
comorbidities, or conditions that affect the structure or function of the
urinary tract (Thassakorn et al,, 2025). Predisposing factors that increase
the risk of persistent infection, recurrent infection, or treatment failure
include endocrine diseases such as diabetes mellitus, hyperadrenocorti-
cism, or hyperthyroidism, and chronic kidney disease (Mayer-Roenne et
al., 2007; Sykes and Westropp, 2014). Additionally, anatomical abnormal-
ities of the urinary or reproductive tract, immune disorders, neurogenic
bladder, and pregnancy are also risk factors for complicated UTls (Dorsch
etal, 2019; Weese et al., 2019; Johnson, 2017). These conditions create an
environment that facilitates bacterial colonization, prolongs the duration
of infection, and decreases response to treatment.

Urinary Tract Infection is closely related to an increase in abnormal
urination frequency, structural abnormalities in the urinary tract, and
changes in the urothelial layer that plays a role in maintaining the integ-
rity of the mucosal defense (Hasan and Ajeel, 2024). This disorder can
be experienced by both male and female cats, with clinical symptoms
varying from mild to severe, such as dysuria characterized by difficulty
urinating, hematuria due to bleeding in the urinary tract, pollakiuria indi-
cated by increased urination frequency but with small volumes, periuria
or urinating behavior outside the litter box, urethral obstruction that can
cause emergency conditions, stranguria in the form of pain during urina-
tion, to urinary retention that has the potential to cause serious complica-
tions in the upper urinary tract (Dorsch et al,, 2019; Hernandez et al., 2014;
Eggertsdottir et al.,, 2007).

UTI isolate resistance in E. coli cases

Antimicrobial resistance (AMR) and multidrug resistance (MDR) in E.
coli, the cause of UTls in cats, show significant regional variation. Table 1
presents AMR and MDR data for E. coli isolated from feline UTI cases in
several countries. The results indicate varying resistance patterns across
regions, with some antibiotics exhibiting very high levels of resistance.

In Saudi Arabia, UTl-causing E. coli showed complete resistance
(100%) to amoxicillin/clavulanic acid, followed by tetracycline (55.5%),
vancomycin (44.4%), ceftazidime (33.3%), cefepime (22.2%), and cipro-
floxacin (11%) (Ataya et al., 2023). These findings indicate a significant
prevalence of resistance to beta-lactam antibiotics and tetracyclines in
cat isolates in the region.

In Germany, a study by Aurich et al. (2022) reported high resistance
to amoxicillin/clavulanic acid (93.4%), trimethoprim-sulfamethoxazole
(87.6%), and ampicillin (76.1%), suggesting that commonly used first-line
antibiotics are experiencing declining effectiveness.

In Italy, Bellato et al. (2024) found more variable resistance, with ami-
nopenicillins with B-lactamase inhibitors having 50.1% resistance, while
those without inhibitors reached 40.0%. Additionally, quinolones (36.1%),
aminoglycosides (32.7%), first- and second-generation cephalosporins
(31.9%) and third- and fourth-generation cephalosporins (29.7%), tetra-
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Table 1. AMR and MDR data for E. coli UTI cases in cats.

Country Other antibiotics and their percentages Reference
Amoxicillin/Clavulanic Acid (100%)
Tetracycline (55.5%)
Arab Vancomycin (44.4%) (Ataya et
Ceftazidime (33.3%) al., 2023)
Cefepime (22.2%)
Ciprofloxacin (11%)
Amoxicillin/clavulanic acid (93.4%) (Aurich et
German Trimethoprim-sulfamethoxazole (87.6%) al,, 2022)

Ampicillin (76.1%)

Aminopenicillins

» With B-lactamase inhibitors (50.1%)

» Without inhibitors (40.0%)

Quinolones (36.1%)

Aminoglycosides (32.7%)

First- and second-generation cephalosporins (31.9%)
third- and fourth-generation cephalosporins (29.7%)
Tetracyclines (25.3%)

Sulfonamides + folate reductase inhibitors (24.3%)
Nitrofuran derivatives (8.5%)

Amphenicols (8.2%)

Carbapenems (2.9%)

Ampicillin/Sulbactam (54%)

Amikacin (39%)

Aztreonam (32%)

Chloramphenicol (37%)
Trimethoprim/Sulfamethoxazole (17%)
Colistin (10%)

Gentamicin (10%)

Ampicillin (65.7%)

Ciprofloxacin (41.8%)

Gentamicin (37.3%)

Cefazolin (35.8%)

Cefaclor (35.8%)

Cefixime (35.8%)
Trimethoprim-sulfamethoxazole (35.8%)
Cefotaxime (34.3%)
Amoxicillin/clavulanic acid (26.9%)
Doxycycline (19.4%)

Cefoxitin (17.9%)

Cefepime (13.4%)

(Bellato et

Italy al., 2024)

(Janczak et

Poland al., 2024)

(Oh and

Korea Park, 2025)

cyclines (25.3%), sulfonamides with folate reductase inhibitors (24.3%),
nitrofuran derivatives (8.5%), amphenicols (8.2%), and carbapenems
(2.9%) were also reported, indicating multilineage resistance to various
antibiotic classes.

In Poland, Janczak et al. (2024) reported resistance to ampicillin/sul-
bactam (54%), amikacin (39%), chloramphenicol (37%), aztreonam (32%),
trimethoprim-sulfamethoxazole (17%), colistin (10%), and gentamicin
(10%). This pattern suggests varying degrees of resistance to beta-lactam
antibiotics and aminoglycosides.

In Korea, Oh and Park (2025) found that E. coli UTI isolates had
the highest resistance to ampicillin (65.7%), followed by ciprofloxa-
cin (41.8%), gentamicin (37.3%), and several cephalosporin-generation
antibiotics such as cefazolin, cefaclor, cefixime (35.8% each), as well as
trimethoprim-sulfamethoxazole (35.8%) and cefotaxime (34.3%). Amox-
icillin/clavulanic acid (26.9%), doxycycline (19.4%), cefoxitin (17.9%), and
cefepime (13.4%) showed lower resistance, but still indicated a decreased
treatment risk.

The role of virulence genes in upec pathogenesis

Bacterial virulence and adaptability play a crucial role in the colo-
nization and pathogenesis of urinary tract infections. According to Ab-
dul-Ghaffar and Abu-Risha (2017), the severity of UTIs caused by E. coli
is influenced by the expression of various virulence factors. These vir-
ulence factors not only influence the severity of urinary infections but
also determine the specific location of infection. Molecularly, virulence
genes are concentrated in pathogenicity islands that can be transferred
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horizontally between bacterial populations, thus expanding the spread of
pathogenicity (Dorsch et al, 2019). In UPEC, the expression of adhesins
such as type 1 and P fimbriae, as well as iron uptake systems and the pro-
duction of exotoxins including hemolysins, enhance the bacteria’s ability
to adhere to and invade the urothelial epithelium (Whelan et al,, 2023).
This invasion often triggers cellular apoptosis and mucosal desquama-
tion, while some isolates are able to penetrate deeper into tissues, persist
intracellularly, and form biofilms, reducing the effectiveness of antimicro-
bial therapy and complicating isolation from urine. These characteristics
make UPEC a pathogen with a high risk of causing recurrent infections
(Vejborg et al., 2011). According to Huang et al. (2020), a combination of
virulence factors increases UPEC's ability to migrate to the upper urinary
tract, invade the bladder, progress to the kidneys (pyelonephritis), and
even enter the bloodstream, causing bacteremia.

Symptomatic infections in cats are strongly influenced by UPEC ge-
netic factors, including adhesins, invasion proteins, toxins, and other fac-
tors that play a role in extraintestinal pathogenesis (Bunduki et al., 2021).
The presence of virulence genes along with antibiotic resistance factors
increases the risk of persistent and difficult-to-treat infections (Schroeder
et al, 2017). Although the genetic profile of UPEC is nearly identical to
that of commensal E. coli, the key difference lies in their pathogenic prop-
erties (Eberly et al., 2020). This high genetic similarity makes UPEC identi-
fication challenging, so the presence of E. coli in urine samples of patients
with clinical symptoms is often sufficient to indicate the presence of a
uropathogenic strain (Zagaglia et al., 2022). UPEC strains must be able to
overcome various physiological barriers, such as continuous urine flow,
pH variations, low oxygen levels, and the presence of urea (Whelan et al.,
2023). After successful entry, the bacteria attach, invade, and replicate
within the bladder epithelial cells, forming intracellular bacterial commu-
nities (IBCs) (Justice et al., 2006). Furthermore, UPEC can form quiescent
intracellular reservoirs (QIRs), which are intracellular reservoirs containing
dormant bacteria (Kwak et al., 2024). These reservoirs can be reactivated
through desquamation of superficial epithelial cells, releasing the bacte-
ria back into the bladder lumen and triggering recurrent infections.

The virulence mechanism of UPEC involves the coordinated regula-
tion of multiple genes encoding virulence factors. These factors include
adhesive structures such as flagella, pili, non-pilus adhesives, outer mem-
brane vesicles, and a polysaccharide capsule (Terlizzi et al., 2017). Outer
membrane proteins, lipopolysaccharides, and various toxins, including
a-hemolysin, cytotoxic necrotizing factor 1 (Cnf1), and autotransporter
cytotoxins that induce vacuolation, also play a role in host colonization
(Whelan et al., 2023). UPEC's ability to maintain iron supply in the iron-
poor urinary tract environment also enhances its virulence (Mann et al.,
2017). This mechanism involves the use of siderophores, iron transport-
ers, and outer membrane receptors to bind heme. Furthermore, biofilm
formation is a crucial virulence factor that protects the bacteria from an-
timicrobial effects and helps evade detection by the host immune system
(Sharma et al, 2023). In urinary tract infections, biofilms can form on
catheter surfaces, the bladder wall, and within epithelial cells, contribut-
ing to both acute and persistent infections (Zagaglia et al., 2022).

Types of virulence genes in UPEC cat

Uropathogenic E. coli in cats has various virulence genes that play an
important role in colonization, persistence, and pathogenesis of urinary
tract infections. According to Shah et al. (2019), virulence factors in UPEC
that play a role in the occurrence of UTI are classified into two groups,
namely virulence factors related to the bacterial surface structure (type
1 fimbriae, P fimbriae, S fimbriae, and afimbrial adhesins), and virulence
factors that are produced and excreted to the target site of action, such
as a-Hemolysin (hlyA), Cytotoxic Necrotizing Factor-1 (cnf1), and vari-
ous siderophores such as yersiniabactin (fyuA) and aerobactin (iutA). The
genes fim1 (type 1 fimbriae), papC (P fimbriae), afa (afimbrial adhesin),
and sfa (S fimbriae) have been identified as key factors involved in UPEC
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pathogenesis, particularly in the early stages of adhesion during urinary
tract infection (Khaleque et al., 2017).

Adhesion genes such as type 1 fimbriae (fimA) and curli fimbri-
ae (csgA) are involved in the mechanisms by which bacteria adhere to
urothelial epithelial cells, facilitate biofilm formation, and maintain their
position in the bladder despite continuous urine flow (Zhou et al., 2023).
Type 1 fimbriae play a role in initial colonization, while flagella support
motility and invasion into the distal epithelium, and curli play a role in
stable attachment and stimulate a local inflammatory response (Wojciuk
et al., 2022). UPEC also has the ability to acquire iron, which is very limited
in urine, through siderophore genes, such as enterobactin (ent/fep/fes),
yersiniabactin (irp/fyup), salmochelin (iroBCDE/N), and aerobactin (iuc/
iutA) (Subashchandrabose and Mobley, 2015). This system allows the
bacteria to obtain essential nutrients for their survival, with enterobactin
and salmochelin being highly prevalent, while aerobactin is only found in
a small proportion of isolates (Whelan et al., 2023).

Table 2 presents the types of virulence genes possessed by UPEC in
cats, along with their primary functions and pathogenic mechanisms. Ac-
cording to Kadry et al. (2020), fimbrial virulence genes are heteropolymer
protein structures whose ends are composed of adhesin subunits. They
function to recognize and bind to specific receptors, enabling UPEC to
attach to and invade the urothelium. The fimA gene is most frequently
found in cat urine isolates (Tramuta et al, 2011). Type-1 fimbriae (fimA)
are the prototype form of the fimbrial family that plays an important
role in colonization of the urinary bladder, by recognizing the uroplakin
receptor that is anosylated on the superficial umbrella cell layer of the
bladder urothelium (Spaulding and Hultgren, 2016). Fimbrial adhesion is

an extracellular protein structure that allows UPEC to adhere to bladder
cells and prevent expulsion from the urinary system through urine flow.
The most defined and most common fimbrial adhesion is type 1 fimbriae.
According to Le Bouguénec (2005), that type 1 fimbriae, which play a role
in increasing adhesion ability to host epithelial cells, are known to have
an important role in the early stages of the biofilm formation process. Ac-
cording to Zamani and Salehzadeh (2018) genomic analysis of the UPEC
population fimA gene has a prevalence of 86-100%.

The curli fimbriae gene, encoded by the csgA gene, has an affinity for
the extracellular matrix and the ability to bind to laminin and fibronectin.
This property makes it a crucial component in biofilm formation (Cha-
hales and Thanassi, 2017). According to Golpasand et al. (2024), CsgA
amyloid functions as the main subunit of curli fimbriae and is part of the
extracellular matrix, contributing to increased bacterial cell resistance to
antibiotics within biofilms (Cordeiro et al., 2016; Dueholm et al., 2012).
Curli fimbriae formed through the Curli pathway contribute to various
forms of urinary tract infections. In a study by Golpasand et al. (2024),
the prevalence of the csgA gene was recorded at 90.4%. According to
Whelan et al. (2023), the CsgA protein is the main subunit of curli, play-
ing a crucial role in the polymerization of curli fibers on the surface of
bacterial cells. In addition to adhesion, UPEC's persistence is supported
by the MalX and OmpA genes (Yazdanpour et al., 2020). MalX, which is
part of the pathogenicity island, functions in glucose and maltose trans-
port, thus supporting bacterial metabolism in the urinary bladder (Méarz
et al, 2024). The outer membrane protein OmpA helps UPEC survive in
the dynamic urinary tract environment, including the bladder, while re-
ducing the effectiveness of host defense mechanisms (Rodrigues et al.,

Table 2. Types and mechanisms of virulence genes of UPEC in cats.

Virulence gene type

Main function

Virulence mechanisms

Reference

fimA (Type 1 fim-
briae)

Initial adhesion and
colonization

Encodes an adhesin protein that binds to the mannose receptor uroplakin in the
urothelium; plays a role in initial colonization and biofilm formation

(Spaulding and Hultgren,
2016; Le Bouguénec, 2005)

papC / papG (P Adhesion to the renal ~ Encodes pili that bind to the glycosphingolipid Gal-a(1-4)-Gal in renal epitheli- (Lane and Mobley, 2007; Du
fimbriae) epithelium um; triggers inflammatory responses and supports pyelonephritis etal., 2021)

. Adhesion to the upper  Encodes a mannose-resistant adhesin that binds to o-sialyl-2,3-0-galactose resi-  (Antdo ef al., 2009; Rahdar et
sfa (S fimbriae) . ot . 1 . . .

urinary tract epithelium dues in uroepithelial glycoprotein; also plays a role in neonatal meningitis al., 2015)
afa (Afimbrial Non-fimbrial attach- Encodes a surface adhesin that allows binding to epithelial cells without fimbrial
. . . . (Khaleque et al., 2017)

adhesin) ment structures; enhances tissue invasion
csgA (Curli fimbriac) Biofilm formation The major subunit of curli binds to laminin and fibronectin in the extracellular ~ (Chahales and Thanassi, 2017;

matrix; strengthening biofilms and antibiotic resistance

Golpasand et al., 2024)

hlyA (a-Hemolysin)

Hemolytic toxin

Encodes a pore-forming toxin that causes host cell lysis, damages tissue, and
triggers apoptosis through disruption of PKB/ACLY

(Stanley et al., 1998; Zhang et
al., 2021)

cnfl (Cytotoxic Nec-
rotizing Factor 1)

Cytotoxic toxins

Modifies the host cell cytoskeleton through deamidase activity; causes vacu-
olization, cell cycle inhibition, and facilitates intracellular invasion

(Landraud et al., 2000; Khalaf
and Flayyih, 2022)

iutA/iucA (Aerobactin

Iron acquisition

Encodes the siderophore receptor aerobactin to take up Fe** in iron-poor urine;

(Calhau et al., 2015; Bunduki

system) supports UPEC growth and virulence etal., 2021)
ﬁ/uA./zrpZ (Yersinia- Iro.n tr:ansport and Encodes the 51der0Ph0re yer.sml.abactln which neutralizes the toxic effects of (Kudinha et al., 2012)
bactin system) oxidative stress heavy metals and aids colonization

lVON/lV(?BCDE (Sal- L1p0<.:a'11.n—res1stant iron Encodes the s'1der9ph0re Sfilmochelm that can avoid binding to host lipocalin-2; (Bunduki et al., 2021
mochelin system) acquisition supports survival in the urine

ent/fep/fes (Entero- Classical siderophore ~ Produces enterobactin with high affinity for Fe**, allowing growth in iron-defi-

bactin system)

system

cient urinary environments

(Wojciuk et al., 2022)

ompA (Outer mem-
brane protein A)

Resistance and per-
sistence

Outer membrane protein that protects against phagocytosis and maintains cell
integrity in the urinary environment

(Rodrigues et al., 2022;
Yazdanpour et al., 2020)

malX (Pathogenicity
island marker)

Metabolism and viru-
lence

Involved in maltose/glucose transport and a marker for the presence of pathoge-
nicity islands (PAIs); supports metabolism during infection

(Tramuta et al., 2011)

USP (Uropathogenic
Specific Protein)

Uropathogen specific
proteins

Plays a role in increasing colonization capacity and infectivity; is associated with
cases of urinary tract bacteremia.

(Kurazono et al., 2003)

fimH

Fimbrial adhesion
gene (Fimbriae type 1
adhesin)

The fimH gene encodes an adhesin protein at the tip of type 1 fimbriae, which
plays a crucial role in the adhesion of Escherichia coli to urinary tract epithelial
cells via mannosylated receptors on the host cell surface. The FimH adhesin
enables the bacteria to adhere firmly to the urinary mucosa, preventing urine
flow, and triggering initial colonization that leads to urinary tract infection. This
gene is a key virulence factor in UPEC and contributes to biofilm formation and
enhances the bacteria’s ability to withstand host immune responses

(Putri et al., 2026; Schwartz et
al., 2013)
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2022). Virulence factors, including adhesins and siderophore systems, can
be integrated into the pathogenicity island, moved via transposons, and
transferred horizontally via plasmids (Schmidt and Hensel, 2004). These
genetic transfer mechanisms provide adaptive advantages for UPEC, al-
lowing the bacteria to respond quickly to environmental stresses and ac-
celerate the evolutionary process.

Toxin genes such as hemolysin (hly) and cytotoxic necrotizing factor
1 (cnf1) play a role in damaging host tissue, triggering cell lysis, apopto-
sis, and vacuolization, which support intracellular invasion and persistent
infection (Kendek et al,, 2024). This combination of adhesion, persistence,
siderophore, and toxin genes allows UPEC to adhere, survive, obtain
essential nutrients, and damage host tissue, resulting in recurrent, per-
sistent, and difficult-to-treat urinary tract infections in cats (Garcia et al.,
2013). This genetic profile confirms the isolate’s status as UPEC, similar to
ExPEC strains in humans and other animals.

Uropathogenic E. coli is a major agent of urinary tract infections in
companion animals, including cats, and feline UPEC isolates exhibit a high
prevalence of several classic virulence genes. According to research con-
ducted by Kurazono et al. (2003), the usp (uropathogenic specific protein)
gene was found in 60% of cat urine isolates, while other adhesin and toxin
genes were also frequently found: pil (type 1 pilus) in 85.3%, pap (P-pili)
in 57.1%, sfa (S fimbriae) in 62.9%, hly (hemolysin) in 60.0%, and cnf1
(cytotoxic necrotizing factor 1) in 62.9% of cat urine isolates. The function
of the UPEC virulence gene in cats, namely, Aspepil (type 1 pilus / type-1
fimbriae) functions to encode an adhesive structure that facilitates initial
attachment to the bladder urothelium; this attachment is a crucial step for
colonization and the formation of intracellular communities or biofilms
(Martinez et al., 2000). Pills are also frequently present in fecal isolates
and are therefore not always specific for the uropathogenic phenotype,
but are very common in UTl isolates (Zhang et al., 2000).

The Pap gene (P fimbriae) encodes P-pili, which attach to epithelial
glycolipids and are associated with a tropism for kidney tissue (pyelone-
phritis) (Lane and Mobley, 2007). In addition to adhesion, P-pili ligation
can trigger a local inflammatory response that supports tissue damage
(Spaulding and Hultgren, 2016). P fimbriae are pili or fimbriae structures
that function as the main adhesion factor for UPEC in colonizing the
urinary tract (Melican et al, 2011). These fimbriae are encoded by the
papBAHCDJKEFG operon, which is generally located on pathogenicity is-
lands (PAls) such as PAI-CFT073-pheV (Snyder et al., 2005). According to
Du et al. (2021), PapC functions as an accommodator protein, PapD as
a chaperone, and PapG as an adhesive. The distal portion of P fimbriae
is equipped with the PapG adhesin protein, which binds specifically to
glycosphingolipids containing Gal-a-(1,4)-Gal residues on the surface of
uroepithelial cells. Based on their binding specificity, there are three PapG
allelic variants: PapGl, PapGll, and PapGlll (Garcia-Garcia et al.,, 2025). P
fimbriae (papG allele Ill) also function as a specific adhesin for the ure-
thra and kidneys, increasing the risk of pyelonephritis in cats (Lane and
Mobley, 2007).

The Sfa gene (S fimbriae) is an additional adhesive determinant that
contributes to the ability to adhere to uroepithelial surfaces and extrain-
testinal tissues (Antdo et al, 2009). S fimbriae are mannose-resistant
adhesins encoded by the sfa operon (Rahdar et al,, 2015). This operon
consists of nine genes, with the SfaA protein acting as the major sub-
unit, while SfaG, SfaH, and SfaS function as minor subunits (Whelan et al.,
2023; Werneburg and Thanassi, 2018). The SfaF protein plays a role in the
assembly and translocation process of the outer membrane (Whelan et
al,, 2023). Regulation of fimbriae expression is controlled by the SfaB and
SfaC proteins, with a regulatory mechanism through phase variations in-
fluenced by environmental factors, such as temperature, osmolarity, glu-
cose concentration, and other external conditions (Blomfield and van der
Woude, 2007). S fimbriae have a specific affinity for alpha-sialyl-2,3-al-
pha-galactose residues found in urothelial tissue glycoproteins, especial-
ly in the bladder and kidneys (Werneburg and Thanassi, 2018). In addition
to its role in the pathogenesis of urinary tract infections, the presence of

fimbriae is also associated with neonatal meningitis, presumably through
its adhesive ability to sialoglycoproteins, which are also expressed on
brain microvascular endothelial cells (lwahi et al., 1983). Molecular stud-
ies have reported a prevalence of the sfa operon in E. coli ranging from
42-87% (Nasrollahian et al., 2024).

The hly (hemolysin) gene is a secreted toxin that damages host
cell membranes, increasing tissue permeability and facilitating bacterial
invasion or spread (Stanley et al, 1998). In cat isolates, hly is found in
substantial proportions, suggesting a role in pathogenesis. a-Hemolysin
(HlyA) is a pore-forming toxin and a virulence factor produced by many
strains of UPEC, with hemolysin production prevalence reported to range
from 21-47% of isolates in various studies (Karam et al., 2018; Shah et al.,
2019). The gene encoding HlyA is located in the hlyCABD operon, which
consists of four genes (Stanley et al., 1998). HIlyA can trigger apoptosis in
host cells by modulating cell death pathways and disrupting the regula-
tion of cellular processes (Dhakal and Mulvey, 2012). For example, HlyA
inhibits protein kinase B (PBK), which plays a role in preventing apoptosis
and stimulating immune responses in bladder epithelial cells (Wiles et
al., 2008). Furthermore, HlyA decreases the activity of the ACLY enzyme,
resulting in decreased acetyl-CoA levels and affecting histone acetyla-
tion, resulting in suboptimal expression of proinflammatory cytokine and
chemokine genes (Zhang et al,, 2021). During infection, HlyA also stimu-
lates increased granulocyte-macrophage colony-stimulating factor (GM-
CSF), leading to macrophage accumulation and kidney damage in cases
of acute pyelonephritis (Wang et al,, 2020). In vitro studies have shown
that UPEC isolates that form stronger biofilms tend to have higher hemo-
lysin activity, reinforcing the role of HlyA in the virulence and pathogen-
esis of urinary tract infections (Nhu et al,, 2019).

The cytotoxic necrotizing factor 1 (cnf1) gene, a toxin that modulates
the host cell cytoskeleton, triggers cellular changes such as vacuoliza-
tion or apoptosis that can facilitate intracellular invasion and persistence
(Stenske et al., 2009). According to Babacan and izgiir (2021), cnf1 func-
tions to increase virulence and inflammatory responses. According to
Landraud et al. (2000), cnf1 plays a role in facilitating bacterial attachment
and colonization of urinary tract epithelial cells. According to Khalaf and
Flayyih (2022), cnf1 is a type AB toxin group produced by UPEC strains.
This toxin plays a role in modifying the host cell cytoskeleton, thereby
inhibiting the cell cycle in the G2 phase and triggering bacterial macropi-
nocytosis (Fabbri et al., 2010). This mechanism supports E. coli coloniza-
tion while reducing epithelial cell turnover. cnf1 is known to play a role in
urinary tract infections. The cnfl molecule is a single chain with a molec-
ular weight of approximately 115 kDa, consisting of a receptor-binding
domain at the N-terminal and a catalytic region at the C-terminal that
exhibits deamidase activity (Yun et al,, 2014).

The siderophore system, controlled by the iutA, ireA, fyuA, iroN, and
aer genes, is associated with the onset and severity of UTIs (Kudinha et
al., 2012). Siderophore molecules play a crucial role in helping E. coli ob-
tain iron from the host, which is necessary for colonization and survival
(Kuznetsova et al., 2025). Siderophores also provide protection against
the potential toxic effects of these metals (Bunduki et al.,, 2021). Accord-
ing to Calhau et al. (2015), the high prevalence of the iutA gene supports
bacterial growth in urine, a low-iron environment, making iron acquisi-
tion crucial for UTI development. Furthermore, this gene is thought to
be more frequently found in antibiotic-resistant strains, as it is typically
located on the ColV plasmid, known to carry antimicrobial resistance de-
terminants.

uropathogenic specific protein (usp): a gene identified as part of a
pathogenicity island (PI), is more frequently found in cat urine isolates
than in fecal isolates from healthy dogs/cats, suggesting a link to the
uropathogenic phenotype (Garcia and Fox, 2021). The usp gene has been
found in UPEC strains in studies by Kurazono et al. (2003) and Yamamoto
(2007), and is reported as a virulence factor that increases the bacteria’s
infectious capacity. In humans, usp is more frequently found in UPEC iso-
lates than in fecal E. coli isolates. Several studies have also shown that this
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gene plays a role in the pathogenesis of urinary tract infections in various
UTI syndromes and different patient groups. Babacan and izgiir (2021)
found a significant correlation between USP and urinary tract bacteremia,
suggesting a role for UPEC in the transition of infection from the urogen-
ital tract to the bloodstream. Other findings revealed that the prevalence
of USP was relatively similar in isolates from cystitis, pyelonephritis, and
prostatitis cases, and was often associated with various common UPEC
serotypes.

The fimH gene encodes the FimH adhesin protein, which is the tip
of the fimbriae or type 1 pili expressed by UPEC (Putri et al., 2026). FimH
plays a key role in the early stages of urinary tract infection by enabling
bacteria to adhere to urothelial cells of the bladder or urethra through in-
teraction with mannose residue (D-mannose) receptors or mannose-con-
taining glycoprotein structures on the host cell surface (Schwartz et al.,
2013). This adhesion mechanism is important because urine flow physio-
logically tends to push bacteria out of the bladder (Feenstra et al., 2017).
By attaching with FimH and type 1 fimbriae, UPEC bacteria can maintain
colonization and initiate the formation of bacterial cell communities (e.g.,
biofilms or intracellular communities) (Terlizzi et al., 2017). For example,
studies have found a fimH prevalence ranging from 87.5% to over 90% in
human UPEC isolates (Hojati et al,, 2015). In addition to its basic adhesion
function, fimH gene variants (SNPs) have also been associated with the
ability to form biofilms and adapt to changing urine flow and urinary
tract environments, strengthening its clinical role as a potential target for
vaccines or adhesion blockade therapies.

UPEC Zoonosis Urgency

Understanding the distribution of virulence genes is crucial for ex-
plaining infection dynamics and for developing strategies for the pre-
vention, diagnosis, and treatment of UTIs caused by UPEC in cats. UPEC
infections in cats not only impact animal health but also pose a poten-
tial zoonotic risk due to close interaction with humans (Bubpamala et
al., 2018; Flament-Simon et al, 2020). The presence of UPEC in cats is
not only important for animal health but also has a direct impact on hu-
man health (Hakim et al.,, 2024). According to Koontz et al. (2023), cats
with urinary tract infections have the potential to serve as reservoirs for
this bacterium. Through close contact between pets and their owners,
the potential for transmission of the bacteria or their virulence genes to
humans is a matter of concern. This situation is increasingly relevant con-
sidering the modern lifestyle, where many cats are companion animals in
the home, so intense interaction can open up transmission routes (Fore-
man-Worsley et al., 2021). UPEC found in cats often carries antimicrobial
resistance. If these resistant strains are transferred to humans, they pose
a greater problem because they can limit therapeutic options, increase
the risk of treatment failure, and prolong the duration of illness (Putra et
al., 2019; Widodo et al,, 2023). From a One Health perspective, this issue
cannot be viewed separately from animal and human health, as both are
closely interconnected with the surrounding environment (Ansharieta et
al,, 2021). Therefore, identifying the genetic factors of UPEC in cats is ur-
gent, not only to understand the mechanisms of infection in animals but
also to anticipate the potential for zoonotic spread to humans.

Conclusion

Uropathogenic E. coli is a major pathogen causing UTls in cats, with
a high prevalence globally. The success of UPEC in causing infection is
closely related to the expression of various virulence genes that support
colonization, persistence, and tissue damage. The presence of adhesion
factors, siderophores, outer membrane proteins, and toxins allow UPEC
to adapt to the hostile urinary tract environment and cause a complex
clinical course. The genetic profile of UPEC in cats is similar to that of hu-
man isolates, thus enhancing its zoonotic potential. Genetic characteriza-
tion of UPEC is not only important for understanding the pathogenesis of

UTls in cats but is also relevant in the context of One Health, particularly
in efforts to prevent, diagnose, and control infections effectively.

Acknowledgement

The authors thank Universitas Airlangga for the funding support with
grant number 397/UN3.14/PT/2020.

Conflict of interest

The authors declare that there is no conflict of interest.

References

Abdul-Ghaffar, S.N., Abu-Risha, R.A., 2017. Virulence Genes Profile of Escherichia coli Isolated from
Urinary Catheterized and Non-Catheterized Patients. Iraqi J. Sci. 58, 820-835.

Ansharieta, R, Effendi, M.H., Plumeriastuti, H., 2021. Genetic identification of Shiga toxin encoding
gene from cases of multidrug resistance (MDR) Escherichia coli isolated from raw milk. Trop.
Anim. Sci. J. 44(1), 10-15. doi: 10.5398/tas}.2021.44.1.10.

Antdo, E.M., Wieler, LH., Ewers, C., 2009. Adhesive threads of extraintestinal pathogenic Escherich-
ia coli. Gut Pathog. 1, 22. doi: 10.1186/1757-4749-1-22.

Ataya, H.AS,, Soliman, S.M., Marouf, S., Alamry, K., 2023. Incidence, bacterial causes and antibiotic
resistance patterns of urinary tract infection in pet animals. J. Appl. Vet. Sci. 8, 35-43. doi:
10.21608/javs.2023.179690.1199.

Aurich, S., Prenger-Berninghoff, E., Ewers, C, 2022. Prevalence and Antimicrobial Resistance
of Bacterial Uropathogens Isolated from Dogs and Cats. Antibiotics (Basel) 11, 1730. doi:
10.3390/antibiotics11121730.

Aurich, S., Wolf, S.A, Prenger-Berninghoff, E., Thrukonda, L, Semmler, T., Ewers, C., 2023. Geno-
typic characterization of uropathogenic Escherichia coli from companion animals: predom-
inance of ST372 in dogs and human-related ST73 in cats. Antibiotics 13, 38. doi: 10.3390/
antibiotics13010038.

Babacan, O, izgﬂr, M., 2021. Detection of virulence factors of Escherichia coli strains isolated from
urogenital system infections in dogs and cats. J. Turk. Vet. Med. Soc. 92, 132-142.

Bailiff, N.L, Westropp, J.L, Nelson, RW., Sykes, J.E., Owens, S.D., Kass, P.H., 2008. Evaluation of
urine specific gravity and urine sediment as risk factors for urinary tract infections in cats. Vet.
Clin. Pathol. 37, 317-322. doi: 10.1111/j.1939-165X.2008.00065.x.

Baimakhanova, B., Sadanov, A, Berezin, V., Baimakhanova, G., Trenozhnikova, L., Orasymbet, S.,
Seitimova, G., Kalmakhanov, S., Xetayeva, G., Shynykul, Z., Seidakhmetova, A., Turgumbayeva,
A., 2025. Emerging Technologies for the Diagnosis of Urinary Tract Infections: Advances in
Molecular Detection and Resistance Profiling. Diagnostics 15, 2469. doi: 10.3390/diagnos-
tics15192469.

Beceiro, A., Tomés, M., Bou, G., 2013. Antimicrobial resistance and virulence: a successful or del-
eterious association in the bacterial world? Clin. Microbiol. Rev. 26, 185-230. doi: 10.1128/
CMR.00059-12.

Bellato, A., Robino, P, Stella, M.C,, Scalas, D., Savarino, P., Zanatta, R., Re, G., Nebbia, P., 2024. Ten-
Year Antimicrobial Resistance Trend in Uropathogenic Escherichia coli (UPEC) Isolated from
Dogs and Cats Admitted to a Veterinary Teaching Hospital in Italy. Microorganisms 12, 2175.
doi: 10.3390/microorganisms12112175.

Blomfield, I., van der Woude, M., 2007. Regulation of Fimbrial Expression. EcoSal Plus. 2. doi:
10.1128/ecosal.2.4.2.2.

Bunduki, G.K,, Heinz, E., Phiri, V.S, Noah, P., Feasey, N., Musaya, J., 2021. Virulence factors and
antimicrobial resistance of uropathogenic Escherichia coli (UPEC) isolated from urinary tract
infections: a systematic review and meta-analysis. BMC Infect. Dis. 21, 753. doi: 10.1186/
512879-021-06435-7.

Bubpamala, J., Khuntayaporn, P., Thirapanmethee, K., Montakantikul, P., Santanirand, P., Chom-
nawang, M.T., 2018. Phenotypic and genotypic characterizations of extended-spectrum be-
ta-lactamase-producing Escherichia coli in Thailand. Infect. Drug Resist. 11, 2151-2157. doi:
10.2147/IDR.S174506.

Calhau, V., Domingues, S., Ribeiro, G., Mendonca, N., Da Silva, G.J., 2015. Interplay between patho-
genicity island carriage, resistance profile and plasmid acquisition in uropathogenic Esche-
richia coli. ). Med. Microbiol. 64, 828-835. doi: 10.1099/jmm.0.000104.

Chahales, P., Thanassi, D.G., 2015. Structure, Function, and Assembly of Adhesive Organelles by
Uropathogenic Bacteria. Microbiol. Spectr. 3, 10.1128/microbiolspec.UTI-0018-2013. doi:
10.1128/microbiolspec.UTI-0018-2013.

Chan, O.SK, Baranger-Ete, M., Lam, W.W.T., Wu, P., Yeung, M., Lee, E, Bond, H., Swan, O., Tun,
H.M., 2022. A Retrospective Study of Antimicrobial Resistant Bacteria Associated with Feline
and Canine Urinary Tract Infection in Hong Kong SAR, China-A Case Study on Implication
of First-Line Antibiotics Use. Antibiotics (Basel) 11, 1140. doi: 10.3390/antibiotics11091140.

Cook, G.M., Berney, M., Gebhard, S., Heinemann, M., Cox, RA,, Danilchanka, O., Niederweis, M.,
2009. Physiology of mycobacteria. Adv. Microb. Physiol. 55, 81-182. doi: 10.1016/S0065-
2911(09)05502-7.

Cordeiro, M.A., Werle, C.H., Milanez, G.P., Yano, T., 2016. Curli fimbria: an Escherichia coli adhesin as-
sociated with human cystitis. Braz. J. Microbiol. 47, 414-416. doi: 10.1016/j.bjm.2016.01.024.

Dhakal, B.K.,, Mulvey, M.A,, 2012. The UPEC pore-forming toxin a-hemolysin triggers proteolysis
of host proteins to disrupt cell adhesion, inflammatory, and survival pathways. Cell Host
Microbe 11, 58-69. doi: 10.1016/j.chom.2011.12.003.

Dorsch, R, Teichmann-Knorrn, S., Lund, H.S., 2019. Urinary tract infection and subclinical bacteriuria
in cats: A clinical update. J. Feline Med. Surg. 21, 1023-1038. doi: 10.1177/1098612X19880435.

Du, M., Yuan, Z, Werneburg, G.T., Henderson, N.S., Chauhan, H., Kovach, A, Zhao, G., Johl, J., Li,
H., Thanassi, D.G., 2021. Processive dynamics of the usher assembly platform during uro-
pathogenic Escherichia coli P pilus biogenesis. Nat. Commun. 12, 5207. doi: 10.1038/s41467-
021-25522-6.

Dueholm, M.S., Albertsen, M., Otzen, D., Nielsen, P.H., 2012. Curli functional amyloid systems are
phylogenetically widespread and display large diversity in operon and protein structure. PloS
One 7, €51274. doi: 10.1371/journal.pone.0051274.

Eberly, AR, Beebout, C.J., Tong, CM.C,, Van Horn, G.T., Green, H.D., Fitzgerald, M.J,, De, S., Ap-
ple, EK., Schrimpe-Rutledge, A.C., Codreanu, S.G., Sherrod, S.D., McLean, J.A, Clayton, D.B.,
Stratton, C.W., Schmitz, J.E., Hadjifrangiskou, M., 2020. Defining a Molecular Signature for
Uropathogenic versus Urocolonizing Escherichia coli: The Status of the Field and New Clinical
Opportunities. J. Mol. Biol. 432, 786-804. doi: 10.1016/j.jmb.2019.11.008.

Eggertsdottir, AV, Lund, H.S., Krontveit, R, Serum, H., 2007. Bacteriuria in cats with feline lower
urinary tract disease: a clinical study of 134 cases in Norway. J. Feline Med. Surg. 9, 458-465.
doi: 10.1016/j.jfms.2007.06.003.

Fabbri, A, Travaglione, S., Fiorentini, C., 2010. Escherichia coli cytotoxic necrotizing factor 1 (Cnf1):
toxin biology, in vivo applications and therapeutic potential. Toxins (Basel) 2, 283-296. doi:
10.3390/toxins2020283.

Feenstra, T, Thagersen, M.S., Wieser, E., Peschel, A, Ball, M.J,, Brandes, R, Satchell, S.C., Stockner,

476



A.P. Cahyani et al. /Journal of Advanced Veterinary Research (2026) Volume 16, Issue 3, 471-478

T., Aarestrup, F.M., Rees, AJ., Kain, R, 2017. Adhesion of Escherichia coli under flow condi-
tions reveals potential novel effects of FimH mutations. Eur. J. Clin. Microbiol. Infect. Dis. 36,
467-478. doi: 10.1007/510096-016-2820-8.

Flament-Simon, S.C., Nicolas-Chanoine, M.H., Garcia, V., Duprilot, M., Mayer, N., Alonso, M.P.,
Garcia-Menifio, I, Blanco, J.E,, Blanco, M., Blanco, J., 2020. Clonal Structure, Virulence Fac-
tor-encoding Genes and Antibiotic Resistance of Escherichia coli, Causing Urinary Tract In-
fections and Other Extraintestinal Infections in Humans in Spain and France during 2016.
Antibiotics (Basel) 9, 161. doi: 10.3390/antibiotics9040161.

Foreman-Worsley, R, Finka, L.R., Ward, S.J., Farnworth, M.J,, 2021. Indoors or Outdoors? An Inter-
national Exploration of Owner Demographics and Decision Making Associated with Lifestyle
of Pet Cats. Animals (Basel) 11, 253. doi: 10.3390/ani11020253.

Freitag, T., Squires, R.A., Schmid, J., Elliott, J., Rycroft, A.N., 2006. Antibiotic sensitivity profiles do
not reliably distinguish relapsing or persisting infections from reinfections in cats with chron-
ic renal failure and multiple diagnoses of Escherichia coli urinary tract infection. J. Vet. Intern.
Med. 20, 245-249. doi: 10.1892/0891-6640(2006)20[245:aspdnr]2.0.co;2.

Garcés, A, Lopes, R, Silva, A, Sampaio, F., Duque, D., Brilhante-Simdes, P., 2022. Bacterial Isolates
from Urinary Tract Infection in Dogs and Cats in Portugal, and Their Antibiotic Susceptibil-
ity Pattern: A Retrospective Study of 5 Years (2017-2021). Antibiotics (Basel) 11, 1520. doi:
10.3390/antibiotics11111520.

Garcia, A, Fox, J.G.,, 2021. A One Health Perspective for Defining and Deciphering Escherichia
coli Pathogenic Potential in Multiple Hosts. Comp. Med. 71, 3-45. doi: 10.30802/AA-
LAS-CM-20-000054.

Garcia, T.A, Ventura, C.L, Smith, M.A, Merrell, D.S., O'Brien, A.D., 2013. Cytotoxic necrotizing factor
1 and hemolysin from uropathogenic Escherichia coli elicit different host responses in the
murine bladder. Infect. Immun. 81, 99-109. doi: 10.1128/1A1.00605-12.

Garcia-Garcia, J.D., Contreras-Alvarado, LM., Cruz-Cérdova, A, Hernandez-Castro, R, Flores-En-
carnacion, M., Rivera-Gutiérrez, S., Arellano-Galindo, J,, Ochoa, S.A., Xicohtencatl-Cortes, J.,
2025. Pathogenesis and Immunomodulation of Urinary Tract Infections Caused by Uropatho-
genic Escherichia coli. Microorganisms 13, 745. doi: 10.3390/microorganisms13040745.

Golpasand, T., Keshvari, M., Behzadi, P., 2024. Distribution of chaperone-usher fimbriae and cur-
li fimbriae among uropathogenic Escherichia coli. BMC Microbiol. 24, 344. doi: 10.1186/
512866-024-03472-5.

Hakim, A., Khalaf, D.D., Farahat, E., Mohammed, M.D., El-Dabae, W.H., El-Razik, KA., Dapgh, A.N.,
Fouad, E.A,, Abuelhag, H., 2024. Emergence of carbapenem resistant Escherichia coli isolated
from human and companion animals associated with urinary tract infection. Adv. Anim. Vet.
Sci. 12, 127-138. doi: 10.17582/journal.aavs/2024/12.51.127.138.

Hasan, Z.M., Ajeel, H.H., 2024. Phenotypic Detection of Escherichia coli Isolated from Urinary Tract
Infections for Cats in Babylon Provence. SAR J. Pathol. Microbiol. 5, 160-166. doi: 10.36346/
sarjpm.2024.v05i05.001.

Hernandez, J.,, Bota, D., Farbos, M., Bernardin, F., Ragetly, G., Médaille, C., 2014. Risk factors for
urinary tract infection with multiple drug-resistant Escherichia coli in cats. J. Feline Med. Surg.
16, 75-81. doi: 10.1177/1098612X13504407.

Hernando, E., Vila, A, D'lppolito, P., Rico, A.J., Rodon, J., Roura, X., 2021. Prevalence and Character-
ization of Urinary Tract Infection in Owned Dogs and Cats From Spain. Top Companion Anim.
Med. 43, 100512. doi: 10.1016/j.tcam.2021.100512.

Hojati, Z, Zamanzad, B, Hashemzadeh, M., Molaie, R., Gholipour, A, 2015. The FimH Gene in
Uropathogenic Escherichia coli Strains Isolated From Patients With Urinary Tract Infection.
Jundishapur J. Microbiol. 8, e17520. doi: 10.5812/jjm.17520.

Huang, W.C., Hashimoto, M., Shih, Y.L, Wu, C.C., Lee, M.F,, Chen, Y.L, Wu, JJ., Wang, M.C, Lin,
W.H., Hong, M.Y., Teng, C.H., 2020. Peptidoglycan Endopeptidase Spr of Uropathogenic
Escherichia coli Contributes to Kidney Infections and Competitive Fitness During Bladder
Colonization. Front. Microbiol. 11, 586214. doi: 10.3389/fmicb.2020.586214.

Hutton, T.A,, Innes, G.K, Harel, J., Garneau, P., Cucchiara, A., Schifferli, D.M., Rankin, S.C., 2018.
Phylogroup and virulence gene association with clinical characteristics of Escherich-
ia coli urinary tract infections from dogs and cats. J. Vet. Diagn. Invest. 30, 64-70. doi:
10.1177/1040638717729395.

Iwahi, T., Abe, Y., Nakao, M., Imada, A., Tsuchiya, K., 1983. Role of type 1 fimbriae in the pathogen-
esis of ascending urinary tract infection induced by Escherichia coli in mice. Infect. Immun.
39, 1307-1315. doi: 10.1128/iai.39.3.1307-1315.1983.

Janczak, D., Gorecki, P., Stryjek, R, Zasada, A., 2024. Multidrug resistance of Escherichia coli isolat-
ed from the urinary bladder of dogs and cats with suspected urinary tract infections. Ann.
Agric. Environ. Med. 31, 178-184. doi: 10.26444/aaem/176843.

Johansen, T.E, Botto, H., Cek, M., Grabe, M., Tenke, P., Wagenlehner, F.M., Naber, K.G., 2011. Critical
review of current definitions of urinary tract infections and proposal of an EAU/ESIU classi-
fication system. Int. J. Antimicrob. Agents 38, 64-70. doi: 10.1016/j.ijantimicag.2011.09.009.

Johnson, J.R,, 1991. Virulence factors in Escherichia coli urinary tract infection. Clin. Microbiol. Rev.
4, 80-128. doi: 10.1128/CMR.4.1.80.

Johnson, J.R,, 2017. Definition of Complicated Urinary Tract Infection. Clin. Infect. Dis. 64, 529. doi:
10.1093/cid/ciw751.

Jousserand, N., Auvray, F., Chagneau, C., Cavalié, L, Maurey, C, Drut, A, Lavoué, R, Oswald, E.,
2025. Zoonotic potential of uropathogenic Escherichia coli lineages from companion ani-
mals. Vet. Res. 56, 69. doi: 10.1186/513567-025-01493-0.

Justice, S.S., Lauer, S.R, Hultgren, S.J.,, Hunstad, D.A., 2006. Maturation of intracellular Escherich-
ia coli communities requires SurA. Infect. Immun. 74, 4793-800. doi: 10.1128/IA1.00355-06.

Kadry, AA., Al-Kashef, N.M., El-Ganiny, A.M., 2020. Distribution of genes encoding adhesins and
biofilm formation capacity among Uropathogenic Escherichia coli isolates in relation to the
antimicrobial resistance. Afr. Health Sci. 20, 238-247. doi: 10.4314/ahs.v20i1.29.

Karam, M.RA,, Habibi, M., Bouzari, S., 2018. Relationships between Virulence Factors and An-
timicrobial Resistance among Escherichia coli Isolated from Urinary Tract Infections and
Commensal Isolates in Tehran, Iran. Osong Public Health Res. Perspect. 9, 217-224. doi:
10.24171/j.phrp.2018.9.5.02.

Kendek, I.A., Putri, M.F.R., Wibisono, F.J., Effendi, M.H., Tyasningsih, W., Ugbo, E.N., Agumah, N.B.,
2024. Molecular detection of hlyF gene on multidrug resistance of avian pathogenic Esch-
erichia coli isolated from ducks on wet markets of Surabaya, Indonesia. Biodiversitas 25,
1246-1252.

Khalaf, Z.Z., Flayyih, M.T.,, 2022. Detection of cnfl and cnf2 Genes in Clinical Isolates of E. coli.
Egypt. J. Hosp. Med. 89, 8088-8094. doi: 10.21608/ejhm.2022.277598.

Khaleque, M., Akter, S., Akhter, H., Khan, S.I, Begum, A., 2017. Analysis of diarrheagenic potential
of uropathogenic Escherichia coli isolates in Dhaka, Bangladesh. J. Infect. Dev. Ctries. 11,
459-469. doi: 10.3855/jidc.8257.

Kidsley, AK., O'Dea, M., Ebrahimie, E, Mohammadi-Dehcheshmeh, M., Saputra, S., Jordan, D.,
Johnson, J.R, Gordon, D., Turni, C,, Djordjevic, S.P., Abraham, S., Trott, D.J., 2020. Genomic
analysis of fluoroquinolone-susceptible phylogenetic group B2 extraintestinal pathogenic
Escherichia coli causing infections in cats. Vet. Microbiol. 245, 108685. doi: 10.1016/j.vet-
mic.2020.108685.

Koontz, CW., Epstein, S.E., Westropp, J.L., 2023. Antimicrobial susceptibility patterns from urinary
isolates obtained from cats (2013-2020). J. Vet. Intern. Med. 37, 1077-1087. doi: 10.1111/
jvim.16711.

Kudinha, T, Kong, F., Johnson, J.R,, Andrew, S.D., Anderson, P., Gilbert, G.L,, 2012. Multiplex PCR-
based reverse line blot assay for simultaneous detection of 22 virulence genes in uropatho-
genic Escherichia coli. Appl. Environ. Microbiol. 78, 1198-1202. doi: 10.1128/AEM.06921-11.

KuKanich, K., Lubbers, B., Salgado, B., 2020. Amoxicillin and amoxicillin-clavulanate resistance in
urinary Escherichia coli antibiograms of cats and dogs from the Midwestern United States. J.
Vet. Intern. Med. 34, 227-231. doi: 10.1111/jvim.15674.

Kurazono, H., Nakano, M., Yamamoto, S., Ogawa, O., Yuri, K, Nakata, K., Kimura, M., Makino, S.,
Nair, G.B.,, 2003. Distribution of the usp gene in uropathogenic Escherichia coli isolated from
companion animals and correlation with serotypes and size-variations of the pathogenicity

island. Microbiol. Immunol. 47, 797-802. doi: 10.1111/j.1348-0421.2003.tb03437 x.

Kuznetsova, M.V., Mihailovskaya, V.S., Selivanova, P.A., Kochergina, D.A.,, Remezovskaya, N.B., Er-
javec, M.S., 2025. Siderophore Production, Diversity of Siderophore Receptors and Associa-
tions with Virulence-Associated Genes, Phylogroups and Bacteriocin Production in Escherich-
ia coli Strains Isolated from Humans, Animals and Organic Fertilizers. Microbiol. Res. 16, 50.
doi: 10.3390/microbiolres16020050.

Kwak, Y., Kim, H.G., Seok, J., Kim, S., Kim, E.M., Kim, A., 2024. The Critical Role of Intracellular Bac-
terial Communities in Uncomplicated Recurrent Urinary Cystitis: A Comprehensive Review
of Detection Methods and Diagnostic Potential. Int. Neurourol. J. 28, 4-10. doi: 10.5213/
inj.2448066.033.

Landraud, L., Gauthier, M., Fosse, T., Boquet, P., 2000. Frequency of Escherichia coli strains produc-
ing the cytotoxic necrotizing factor (Cnf1) in nosocomial urinary tract infections. Lett. Appl.
Microbiol. 30, 213-216. doi: 10.1046/j.1472-765x.2000.00698.x.

Lane, M.C,, Mobley, H.L., 2007. Role of P-fimbrial-mediated adherence in pyelonephritis and per-
sistence of uropathogenic Escherichia coli (UPEC) in the mammalian kidney. Kidney Int. 72,
19-25. doi: 10.1038/s).ki.5002230.

Le Bouguénec, C., 2005. Adhesins and invasins of pathogenic Escherichia coli. Int. J. Med. Microbi-
ol. 295, 471-478. doi: 10.1016/j.ijmm.2005.07.001.

Mancuso, G., Midiri, A, Gerace, E., Marra, M., Zummo, S., Biondo, C., 2023. Urinary Tract Infec-
tions: The Current Scenario and Future Prospects. Pathogens 12, 623. doi: 10.3390/patho-
gens12040623.

Mann, R, Mediati, D.G., Duggin, 1.G., Harry, E.J., Bottomley, A.L, 2017. Metabolic Adaptations of
Uropathogenic E. coli in the Urinary Tract. Front. Cell. Infect. Microbiol. 7, 241. doi: 10.3389/
fcimb.2017.00241.

Martinez, J.J., Mulvey, M.A,, Schilling, J.D., Pinkner, J.S., Hultgren, S.J,, 2000. Type 1 pilus-mediat-
ed bacterial invasion of bladder epithelial cells. EMBO J. 19, 2803-2812. doi: 10.1093/em-
b0j/19.12.2803.

Martinez-Ruzafa, I, Kruger, J.M., Miller, R,, Swenson, C.L, Bolin, CA,, Kaneene, J.B,, 2012. Clinical
features and risk factors for development of urinary tract infections in cats. J. Feline Med.
Surg. 14, 729-740. doi: 10.1177/1098612X12451372.

Mérz, C,, Nélting, S., Wollenschlager, L., Pihler, A, Kalinowski, J., 2024. Role of MalQ Enzyme in a
Reconstructed Maltose/Maltodextrin Pathway in Actinoplanes sp. SE50/110. Microorganisms
12, 1221. doi: 10.3390/microorganisms12061221.

Mayer-Roenne, B., Goldstein, R.E., Erb, H.N., 2007. Urinary tract infections in cats with hyperthy-
roidism, diabetes mellitus and chronic kidney disease. J. Feline Med. Surg. 9, 124-132. doi:
10.1016/j.jfms.2006.09.004.

Melican, K., Sandoval, R.M., Kader, A, Josefsson, L., Tanner, G.A., Molitoris, B.A., Richter-Dahlfors,
A., 2011. Uropathogenic Escherichia coli P and Type 1 fimbriae act in synergy in a living host
to facilitate renal colonization leading to nephron obstruction. PLoS Pathog. 7, e1001298.
doi: 10.1371/journal.ppat.1001298.

Nasrollahian, S., Graham, J.P., Halaji, M., 2024. A review of the mechanisms that confer antibiotic
resistance in pathotypes of E. coli. Front. Cell. Infect. Microbiol. 14, 1387497. doi: 10.3389/
fcimb.2024.1387497.

Nhu, N.T.K, Phan, M.D., Forde, B.M., Murthy, AM.V,, Peters, KM., Day, C.J., Poole, J., Kidd, T.J.,
Welch, RA,, Jennings, M.P., Ulett, G.C,, Sweet, M.J,, Beatson, S.A., Schembri, M.A,, 2019. Com-
plex Multilevel Control of Hemolysin Production by Uropathogenic Escherichia coli. mBio 10,
€02248-19. doi: 10.1128/mBi0.02248-19.

Nittayasut, N., Yindee, J, Boonkham, P, Yata, T., Suanpairintr, N., Chanchaithong, P., 2021. Multiple
and High-Risk Clones of Extended-Spectrum Cephalosporin-Resistant and blaNDM-5-Har-
bouring Uropathogenic Escherichia coli from Cats and Dogs in Thailand. Antibiotics (Basel)
10, 1374. doi: 10.3390/antibiotics10111374.

Oh, J.Y., Park, H.M., 2025. Molecular characterization of uropathogenic Escherichia coli (UPEC)
strains isolated from companion dogs and cats in Korea. J. Vet. Sci. 26, e14. doi: 10.4142/
jvs.24244.

Olin, S.J., Bartges, JW., 2015. Urinary tract infections: treatment/comparative therapeutics. Vet.
Clin. North Am. Small Anim. Pract. 45, 721-746. doi: 10.1016/j.cvsm.2015.02.005.

Olin, S.J.,, Bartges, J.W., 2022. Urinary Tract Infections Treatment/Comparative Therapeutics. Vet.
Clin. North Am. Small Anim. Pract. 52, 581-608. doi: 10.1016/j.cvsm.2022.01.002.

Osugui, L, de Castro, AF., lovine, R, Irino, K., Carvalho, V.M., 2014. Virulence genotypes, antibiotic
resistance and the phylogenetic background of extraintestinal pathogenic Escherichia coli
isolated from urinary tract infections of dogs and cats in Brazil. Vet. Microbiol. 171, 242-247.
doi: 10.1016/j.vetmic.2014.03.027.

Putra, ARS, Effendi, M.H., Koesdarto, S., Tyasningsih, W., 2019. Molecular identification of extend-
ed spectrum beta-lactamase (ESBL) producing Escherichia coli isolated from dairy cows in
East Java Province, Indonesia. Indian Vet. J. 96, 26-30.

Putri, L.R., Keytimu, M.O., Rahayu, U., Tyasningsih, W., Effendi, M.H., Tang, J.Y.H., Khairullah, AR.
. Rehman, S., Kurniasih, D.A.A., Pratama, B.P., Afnani, D.A., Ahmad, R.Z,, 2026. Detection of
FimH gene of Klebsiella pneumoniae isolate from quail cloacal swab in Surabaya city market.
J. Adv. Vet. Res. 16, 223-226.

Rahdar, M., Rashki, A, Miri, H.R., Ghalehnoo, M.R,, 2015. Detection of pap, sfa, afa, foc, and fim Ad-
hesin-Encoding Operons in Uropathogenic Escherichia coli Isolates Collected From Patients
With Urinary Tract Infection. Jundishapur. J. Microbiol. 8, €22647. doi: 10.5812/jjm.22647.

Riley, LW., 2020. Distinguishing Pathovars from Nonpathovars: Escherichia coli. Microbiol. Spectr.
8, 10.1128/microbiolspec.ame-0014-2020. doi: 10.1128/microbiolspec. AME-0014-2020.

Rodrigues, I.C., Rodrigues, S.C., Duarte, F.V., Costa, P.Md., Costa, P.Md., 2022. The Role of Outer
Membrane Proteins in UPEC Antimicrobial Resistance: A Systematic Review. Membranes 12,
981. doi: 10.3390/membranes12100981.

Schroeder, M., Brooks, B.D., Brooks, A.E,, 2017. The Complex Relationship between Virulence and
Antibiotic Resistance. Genes (Basel) 8, 39. doi: 10.3390/genes8010039.

Schmidt, H.,, Hensel, M., 2004. Pathogenicity islands in bacterial pathogenesis. Clin. Microbiol. Rev.
17, 14-56. doi: 10.1128/CMR.17.1.14-56.2004.

Schwartz, D.J.,, Kalas, V., Pinkner, J.S.,, Chen, S.L, Spaulding, C.N., Dodson, KW., Hultgren, S.J,,
2013. Positively selected FimH residues enhance virulence during urinary tract infection by
altering FimH conformation. Proc. Natl. Acad. Sci. U S A. 110, 15530-15537. doi: 10.1073/
pnas.1315203110.

Shah, C,, Baral, R, Bartaula, B., Shrestha, L.B., 2019. Virulence factors of uropathogenic Escherich-
ia coli (UPEC) and correlation with antimicrobial resistance. BMC Microbiol. 19, 204. doi:
10.1186/512866-019-1587-3.

Sharma, S., Mohler, J., Mahajan, S.D., Schwartz, S.A.,, Bruggemann, L., Aalinkeel, R., 2023. Microbial
Biofilm: A Review on Formation, Infection, Antibiotic Resistance, Control Measures, and Inno-
vative Treatment. Microorganisms 11, 1614. doi: 10.3390/microorganisms11061614.

Snyder, J.A,, Haugen, B.J., Lockatell, C.V., Maroncle, N., Hagan, E.C., Johnson, D.E., Welch, RA., Mo-
bley, H.L., 2005. Coordinate expression of fimbriae in uropathogenic Escherichia coli. Infect.
Immun. 73, 7588-7596. doi: 10.1128/IA1.73.11.7588-7596.2005.

Spaulding, C.N., Hultgren, S.J., 2016. Adhesive Pili in UTI Pathogenesis and Drug Development.
Pathogens 5, 30. doi: 10.3390/pathogens5010030.

Stanley, P., Koronakis, V., Hughes, C., 1998. Acylation of Escherichia coli hemolysin: a unique pro-
tein lipidation mechanism underlying toxin function. Microbiol. Mol. Biol. Rev. 62, 309-333.
doi: 10.1128/MMBR.62.2.309-333.1998.

Stenske, KA., Bemis, D.A,, Gillespie, B.E., Oliver, S.P.,, Draughon, F.A,, Matteson, K.J, Bartges, JW.,
2009. Prevalence of urovirulence genes cnf, hlyD, sfa/foc, and papGlll in fecal Escherich-
ia coli from healthy dogs and their owners. Am. J. Vet. Res. 70, 1401-1406. doi: 10.2460/
ajvr.70.11.1401.

Subashchandrabose, S., Mobley, H.L.T, 2015. Virulence and Fitness Determinants of Uropathogen-
ic Escherichia coli. Microbiol. Spectr. 3, 10.1128/microbiolspec.UTI-0015-2012. doi: 10.1128/
microbiolspec.UTI-0015-2012.

Sujith, S., Solomon, A.P., Rayappan, J.B.B., 2024. Comprehensive insights into UTIs: from patho-

477



A.P. Cahyani et al. /Journal of Advanced Veterinary Research (2026) Volume 16, Issue 3, 471-478

physiology to precision diagnosis and management. Front. Cell. Infect. Microbiol. 14,
1402941. doi: 10.3389/fcimb.2024.1402941.

Sykes, J.E., Westropp, J.L., 2014. Bacterial Infections of the Genitourinary Tract. Canine and Feline
Infectious Diseases 2014, 871-885. doi: 10.1016/B978-1-4377-0795-3.00089-2.

Terlizzi, M.E., Gribaudo, G., Maffei, M.E., 2017. UroPathogenic Escherichia coli (UPEC) Infections: Vir-
ulence Factors, Bladder Responses, Antibiotic, and Non-antibiotic Antimicrobial Strategies.
Front. Microbiol. 8, 1566. doi: 10.3389/fmicb.2017.01566.

Thassakorn, P., Sukon, P., Phuektes, P., Fungbun, N., 2025. Prevalence of Bacterial Urinary Tract In-
fections in Dogs and Cats with Lower Urinary Tract Diseases and Other llinesses: A Systematic
Review and Meta-Analysis. Animals 15, 3456. doi: 10.3390/ani15233456.

Tramuta, C., Nucera, D., Robino, P., Salvarani, S, Nebbia, P., 2011. Virulence factors and genetic
variability of uropathogenic Escherichia coli isolated from dogs and cats in Italy. J. Vet. Sci. 12,
49-55. doi: 10.4142/jvs.2011.12.1.49.

Valdebenito, M., Bister, B, Reissbrodt, R, Hantke, K., Winkelmann, G., 2005. The detection of sal-
mochelin and yersiniabactin in uropathogenic Escherichia coli strains by a novel hydroly-
sis-fluorescence-detection (HFD) method. Int. J. Med. Microbiol. 295, 99-107. doi: 10.1016/j.
ijmm.2005.02.001.

Vejborg, R.M., Hancock, V., Schembri, M.A,, Klemm, P., 2011. Comparative genomics of Escherich-
ia coli strains causing urinary tract infections. Appl. Environ. Microbiol. 77, 3268-3278. doi:
10.1128/AEM.02970-10.

Wang, C, Li, Q. Lv, J,, Sun, X, Cao, Y., Yu, K, Miao, C., Zhang, Z.S., Yao, Z,, Wang, Q., 2020. Alpha-he-
molysin of uropathogenic Escherichia coli induces GM-CSF-mediated acute kidney injury.
Mucosal. Immunol. 13, 22-33. doi: 10.1038/541385-019-0225-6.

Weese, J.S., Blondeau, J., Boothe, D., Guardabassi, L.G., Gumley, N., Papich, M., Jessen, LR, Lappin,
M., Rankin, S., Westropp, J.L., Sykes, J., 2019. International Society for Companion Animal In-
fectious Diseases (ISCAID) guidelines for the diagnosis and management of bacterial urinary
tract infections in dogs and cats. Vet. J. 247, 8-25. doi: 10.1016/j.tvjl.2019.02.008.

Weese, J.S., Stull, JW., Evason, M., Webb, J., Balance, D., McKee, T., Bergman, P.J,, 2022. A multi-
center study of antimicrobial prescriptions for cats diagnosed with bacterial urinary tract
disease. J. Feline Med. Surg. 24, 806-814. doi: 10.1177/1098612X211054815.

Werneburg, G.T., Thanassi, D.G., 2018. Pili Assembled by the Chaperone/Usher Pathway in Esche-
richia coli and Salmonella. EcoSal Plus 8, 10.1128/ecosalplus.ESP-0007-2017. doi: 10.1128/
ecosalplus.ESP-0007-2017.

Whelan, S., Lucey, B, Finn, K., 2023. Uropathogenic Escherichia coli (UPEC)-Associated Urinary Tract
Infections: The Molecular Basis for Challenges to Effective Treatment. Microorganisms 11,
2169. doi: 10.3390/microorganisms11092169.

Widodo, A, Lamid, M., Effendi, M.H., Khairullah, AR, Kurniawan, S.C,, Silaen, O.S.M., Riwu, K.H.P,,
Yustinasari, L.R., Afnani, D.A., Dameanti, F.N.A.E.P., Ramandinianto, S.C., 2023. Antimicrobial
resistance characteristics of multidrug resistance and extended-spectrum beta-lactamase
producing Escherichia coli from several dairy farms in Probolinggo, Indonesia. Biodiversitas
24, 215-221. doi: 10.13057/biodiv/d240126.

Wiles, T.J., Dhakal, B.K, Eto, D.S., Mulvey, M.A,, 2008. Inactivation of host Akt/protein kinase B
signaling by bacterial pore-forming toxins. Mol. Biol. Cell. 19, 1427-1438. doi: 10.1091/mbc.
e07-07-0638.

Wojciuk, B., Majewska, K., Grygorcewicz, B., Krukowska, Z., Kwiatkowska, E., Ciechanowski, K., Dote-
gowska, B., 2022. The role of uropathogenic Escherichia coli adhesive molecules in inflam-
matory response-comparative study on immunocompetent hosts and kidney recipients. Plos
One 17, e0268243. doi: 10.1371/journal.pone.0268243.

Yamamoto, S., 2007. Molecular epidemiology of uropathogenic Escherichia coli. ). Infect. Chemo-
ther. 13, 68-73. doi: 10.1007/510156-007-0506-y.

Yazdanpour, Z., Tadjrobehkar, O., Shahkhah, M., 2020. Significant association between genes en-
coding virulence factors with antibiotic resistance and phylogenetic groups in communi-
ty acquired uropathogenic Escherichia coli isolates. BMC Microbiol. 20, 241. doi: 10.1186/
512866-020-01933-1.

Yun, KW., Kim, H.Y., Park, H.K., Kim, W., Lim, .S., 2014. Virulence factors of uropathogenic Esche-
richia coli of urinary tract infections and asymptomatic bacteriuria in children. J. Microbiol.
Immunol. Infect. 47, 455-461. doi: 10.1016/j,jmii.2013.07.010.

Zagaglia, C, Ammendolia, M.G., Maurizi, L., Nicoletti, M., Longhi, C,, 2022. Urinary Tract Infections
Caused by Uropathogenic Escherichia coli Strains-New Strategies for an Old Pathogen. Mi-
croorganisms 10, 1425. doi: 10.3390/microorganisms10071425.

Zamani, H., Salehzadeh, A., 2018. Biofilm formation in uropathogenic Escherichia coli: association
with adhesion factor genes. Turk. J. Med. Sci. 48, 162-167. doi: 10.3906/sag-1707-3.

Zhang, L., Foxman, B, Manning, S.D., Tallman, P., Marrs, C.F., 2000. Molecular epidemiologic ap-
proaches to urinary tract infection gene discovery in uropathogenic Escherichia coli. Infect.
Immun. 68, 2009-2015. doi: 10.1128/IAI.68.4.2009-2015.2000.

Zhang, Z, Wang, M., Zhang, Y., Zhang, Y., Bartkuhn, M., Markmann, M., Hossain, H., Chakraborty,
T., Hake, S.B., Jia, Z,, Meinhardt, A., Bhushan, S., 2021. Uropathogenic Escherichia coli Viru-
lence Factor a-Hemolysin Reduces Histone Acetylation to Inhibit Expression of Proinflamma-
tory Cytokine Genes. J. Infect. Dis. 223, 1040-1051. doi: 10.1093/infdis/jiab018.

Zhou, Y., Zhou, Z,, Zheng, L., Gong, Z., Li, Y., Jin, Y., Huang, Y., Chi, M., 2023. Urinary Tract Infections
Caused by Uropathogenic Escherichia coli: Mechanisms of Infection and Treatment Options.
Int. J. Mol. Sci. 24, 10537. doi: 10.3390/ijms241310537.

478



