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Abstract: Urinary tract infections (UTI) affect community and healthcare patients worldwide and may
have different clinical outcomes. We assessed the phylogenetic origin, the presence of 43 virulence
factors (VFs) of diarrheagenic and extraintestinal pathogenic Escherichia coli, and the occurrence
of hybrid strains among E. coli isolates from 172 outpatients with different types of UTI. Isolates
from phylogroup B2 (46%) prevailed, followed by phylogroups A (15.7%) and B1 (12.2%), with
similar phylogenetic distribution in symptomatic and asymptomatic patients. The most frequent VFs
according to their functional category were fimA (94.8%), ompA (83.1%), ompT (63.3%), chuA (57.6%),
and vat (22%). Using published molecular criteria, 34.3% and 18.0% of the isolates showed intrinsic
virulence and uropathogenic potential, respectively. Two strains carried the eae and escV genes and
one the aggR gene, which classified them as hybrid strains. These hybrid strains interacted with
renal and bladder cells, reinforcing their uropathogenic potential. The frequency of UPEC strains
bearing a more pathogenic potential in the outpatients studied was smaller than reported in other
regions. Our data contribute to deepening current knowledge about the mechanisms involved in
UTI pathogenesis, especially among hybrid UPEC strains, as these could colonize the host’s intestine,
leading to intestinal infections followed by UTI.

Keywords: urinary tract infection; Escherichia coli; epidemiology; hybrid E. coli strains; DEC; UPEC;
ExPEC; virulence factors; phylogeny; outpatients

1. Introduction

Urinary tract infection (UTI) is the most prevalent bacterial infection worldwide and
affects approximately 150 million people each year [1–4]. UTIs are frequent in commu-
nity and healthcare infections and have different clinical outcomes, including cystitis,
pyelonephritis, and asymptomatic bacteriuria [5,6]. These infections are caused by various
microorganisms, including Gram-positive bacteria, Gram-negative bacteria, and fungi.
However, the most common etiologic agent of community-acquired and healthcare-related
infections is uropathogenic Escherichia coli (UPEC) [2,7].
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E. coli is the main facultative anaerobe present in the intestine of humans and ani-
mals as an important member of their microbiota, participating in the maintenance and
stability of intestinal homeostasis [8–10]. However, the genetic plasticity of the species al-
lowed the emergence of pathogenic strains capable of causing intestinal and extraintestinal
diseases [11–13].

About 50% of the E. coli genome comprises accessory genes acquired by horizontal
gene transfer (HGT). The mixing of these genes in different combinations increases the
capacity of E. coli to adapt to different niches and environments. Additionally, some of
them contribute to their hosts’ colonization and infection processes [14–17].

The E. coli strains that produce diarrhea due to intestinal infections are known as diar-
rheagenic E. coli (DEC), which is divided into pathotypes, according to the combination of
virulence factors (VFs) that determine virulence, colonization sites, and the signs and symp-
toms generated in the host. The DEC pathotypes are represented by: enteropathogenic
E. coli (EPEC), Shiga toxin-producing E. coli (STEC), enterotoxigenic E. coli (ETEC), en-
teroaggregative E. coli (EAEC), enteroinvasive E. coli (EIEC), and diffusely adherent E. coli
(DAEC) [18,19].

The E. coli strains that affect organs outside the intestine are known as extraintestinal
pathogenic E. coli (ExPEC) [12,20]. Among the most common diseases that ExPEC can cause
are UTI, sepsis, neonatal meningitis, and diseases that affect animals such as poultry, which
are caused by UPEC, sepsis-associated E. coli (SEPEC), neonatal meningitis-associated
E. coli (NMEC), and avian pathogenic E. coli (APEC), respectively [21–24].

These pathogens use adhesins, fimbriae, toxins, invasins, in addition to different
escape mechanisms from the immune system to cause tissue damage and spread in the
urinary tract [25]. These VFs contribute to the survival of UPEC in distinct niches and the
pathogenicity of these microorganisms [25].

Since most genes related to E. coli virulence are inserted into mobile genetic elements
that can be transferred to others by HGT, the mix of pathotypes might happen when one
already established pathogenic strain acquires new genes from another pathotype [26].

Because of these findings, the term hybrid was adopted to describe the emergence
of pathogenic E. coli strains carrying combinations of DEC and ExPEC diagnostic-related
VFs or strains recovered from extraintestinal infections that harbor the DEC VFs used to
characterize the various DEC pathotypes [15,26–29]. Although there are substantial studies
that describe the epidemiology of these hybrid E. coli strains, most of them focus on the
presence of hybrid strains in metropolitan or large cities or the screening of collections, and
little is known about their frequency in smaller cities. To better address this topic, this study
aimed to analyze the occurrence of hybrid strains of UPEC in isolates from outpatients
with different types of UTI in the São Paulo countryside and evaluate their phenotypic
and genotypic properties to determine the pathogenic potential of hybrid UPEC strains.
Additionally, we provide information regarding the molecular epidemiology of UTI caused
by E. coli in the community.

2. Materials and Methods
2.1. Patients and Bacterial Isolates

From July 2019 to December 2020, all E. coli strains isolated from urine culture with
a bacterial counting of at least 105 CFU/mL and identified by the BD Phoenix Automatic
System were enrolled in this study.

The strains were from outpatients who attended a private clinical laboratory located in
Mogi Guaçu, in the countryside of São Paulo state (Brazil), with urine culture demand. All
information regarding host symptoms, gender, and age were obtained from anonymized
medical records when it was available.

Using a collection and transport swab in Cary Blair gel medium (Cary Blair 132C,
Venturi Transystem, COPAN, Murrieta, CA, USA), a single E. coli colony obtained from the
urine culture was collected. The swabs containing the isolate were plated on MacConkey
agar and incubated at 37 ◦C for 24 h. To confirm the E. coli species, after checking the purity,
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a single colony from each sample was evaluated by biochemical assays in EPM medium,
MILi medium, and Simmon’s Citrate [30–32].

2.2. Phylogenetic Origin

The Clermont et al. [33] multiplex method to assign the strains into one of the eight
phylogroups (A, B1, B2, C, D, E, F, or Clade I) was applied. Briefly, the chuA, yjaA, arpA,
and TspE4.C2 genes were searched in a quadruplex PCR (Table S1). A duplex PCR was
performed if phylogroup identification was not possible in this first reaction. The PCR reac-
tions were carried out using GoTaq® Green Master Mix (Promega, Promega Corporation,
Madison, WI, USA), and 1 µL of boiled bacterial suspension as template.

2.3. Virulence Genes Characterization

The presence of 43 virulence-associated genes was evaluated by PCR. Genes coding for
the production of adhesins (afaBCIII, afaE-VIII, bfpB, bmaE, cf29A, daaE, eae, fimA, hra, iha, mat,
papC, saa, sfaDE, shf, tsh, yfcV), invasins (invE, ompA), protectins (cvaC, kpsMTII, kpsMTIII,
ompT, traT,), toxins (cdtA, cnf1, eltA, estA, hlyA, pet, pic, sat, stx1, stx2, vat), secretion system
(escV), iron transport systems (chuA, ireA, iroN, iucD, fyuA, sitA), and the transcriptional
regulator gene, aggR, were searched. The detailed conditions of each PCR reaction are
described in Table S2.

The presence of specific molecular markers was used to classify E. coli into one of
seven pathotypes as previously published [18,19,34,35] and summarized in Table 1.

Table 1. Molecular markers used to identify the Escherichia coli pathotypes.

Pathotype Molecular Markers

EAEC aggR
ETEC elt and/or est
EIEC invE

typical EPEC bfpB, eae, escV
atypical EPEC eae, escV

STEC stx1 and/or stx2
EHEC stx1 and/or stx2, eae, escV

ExPEC+ (intrinsic virulence) a ≥2 among papC, sfaDE, afaBCIII, iucD, kpsMTII
UPEC+ (uropathogenic potential) a vat, chuA, fyuA, and yfcV

a The Escherichia coli strains isolated from UTI were considered to belong to the ExPEC/UPEC pathotype. The
usage of the molecular markers intends to identify strains harboring a more specific pathogenic profile as
previously described [26,34,35].

The molecular markers related to the identification of the intrinsic virulence (presence
of two or more out of the papC, sfaDE, afaBCIII, iucD, and kpsMTII genes) and uropathogenic
potential (simultaneous presence of vat, chuA, fyuA, and yfcV) [34,35] were also searched to
evaluate the frequency of strains harboring these traits among the strains studied (Table 1).

The strains that harbored at least one of the molecular markers used for DEC patho-
types’ molecular diagnosis (Table 1) were considered hybrid strains [26] and were further
evaluated for their phenotypic characteristics.

2.4. Random Amplified Polymorphic DNA (RAPD)

The hybrid strains were analyzed by RAPD as previously described [36] to distin-
guish if they were highly related or different E. coli clones. This assay is based on two
distinct PCR reactions, using a single primer each, 1247 (5′-AAGAGCCCGT-3′) and 1283
(5′-GCGATCCCCA-3′). The cycle conditions for the 1247 primer were: 95 ◦C for 5 min;
35 cycles (95 ◦C for 1 min, 38 ◦C for 1 min, 72 ◦C for 2 min); 72 ◦C for 10 min; and for the
1283 primer, they were: 95 ◦C for 5 min; 35 cycles (95 ◦C for 1 min, 36 ◦C for 1 min, 72 ◦C
for 2 min); 72 ◦C for 10 min. Reactions were carried out as previously described.

The PCR products were then evaluated on the same agarose gel. The clonal evaluation
was based on the amplification profile. If the strains presented the same amplification
pattern in both PCRs, they were classified as clones.
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2.5. Cell Culture, Maintenance and Adherence Assay

Assays using HeLa (ATCC® CCL-2™), HEK 293T (ATCC® CRL-1573™), and T24
(ATCC® HTB-4™) cell lineages were performed. HeLa cells were used to determine
the hybrid strains’ adherence patterns as usually performed in the diagnosis of typical
(3 h) and atypical (6 h) DEC strains, as previously described [11,19]. The other cell lines,
representing epithelial cells from the human bladder (T24 cells) and kidneys (HEK293T
cells), were used to evaluate the ability of hybrid strains to colonize the urinary tract. The
cultures maintenance for HeLa and HEK 293T cells was performed exactly as previously
described [37]. T24 cells were maintained in McCoy 5A (modified) media (Sigma, Saint
Louis, MO, USA), supplemented with 10% bovine fetal serum (BFS) (Gibco, Brazil), and 1%
antibiotic mixture (penicillin—5 mg/mL, streptomycin—5 mg/mL; neomycin—10 mg/mL)
(PSN) (Gibco, Carlsbad, CA, USA). Cells were maintained in 25 mL cell cultures flasks at
37 ◦C in an atmosphere of 5% CO2.

The adherence assays were carried out using glass coverslips contained in 24-wells
microplates at 80% cell confluence as previously described [38]. For the adherence assay,
the cells were washed three times with sterile phosphate-buffered saline (PBS), and then,
1 mL of DMEM (for HeLa and HEK 293T) or McCoy 5A (for T24) with 2% of BFS were
added in each well. In the HeLa cells assay, 2% methyl-D-mannose (Sigma-Aldrich, Saint
Louis, MO, USA) was added to the medium to evaluate the adherence pattern. Each
well was inoculated with 20 µL of each bacterial suspension containing 108 CFU/mL and
then, the microplates were incubated at 37 ◦C for 3 h or 6 h. Afterward, the cells were
washed three times with PBS, fixed with methanol at room temperature for 30 min and
stained with May-Grünwald/Giemsa (Merck, Darmstadt, Germany), diluted 1:1 and 1:2 in
water, respectively.

Bacterial adherence was evaluated under immersion light microscopy. The prototype
strains EAEC 042 (aggregative adherence), EPEC E2348/69 (localized adherence), and
aEPEC 4581-2 (localized adherence-like) were used as adherence patterns controls. E. coli
HB101 and non-infected cells were used as negative controls, while the CFT073 strain was
used as a UPEC control.

2.6. Biofilm Assay

A quantitative biofilm formation assay was performed with the hybrid strains as
previously published [39]. Strains were grown in Lysogeny Broth (LB) at 37 ◦C for 18 h.
After that, in 96-well polystyrene plates, 5 µL of each culture were added into 200 µL of LB
or DMEM and incubated at 37 ◦C for 24 h. Afterward, the wells were gently washed with
PBS, fixed with 3% formaldehyde, stained with 200 µL of 0.5% crystal violet, and 200 µL of
95% ethanol was added for dye solubilization.

The wells were examined using a spectrophotometer (EnSpire Multimode Plate Reader,
PerkinElmer, Waltham, MA, USA), at an optical density of 620 nm (OD620). The strains
EAEC 042 and E. coli HB101 were used as positive and negative controls, respectively.
Biofilm production was determined by comparing each strain with the non-biofilm pro-
ducing strain, HB101. The strain CFT073 was used as a UPEC control, and non-infected
wells were used as dye retention control. Results were obtained from the average of an
experiment conducted in triplicate.

2.7. Statistical Analyses

GraphPadPrism 5.0 (GraphPad Prism Software, Inc., San Diego, CA, USA) was used
to perform the analyses. The One-way ANOVA followed by post hoc Tukey HSD test was
used to compare the results, and the threshold for statistical significance was p-value ≤ 0.05.

3. Results
3.1. Epidemiological Data on Infections Caused by UPEC Strains

A total of 172 E. coli isolates was assessed, of which 143 (83.1%) were from female
patients with a mean age of 49 years, ranging between 4 and 94 years and median of
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54.5 years; and 7 (4%) male patients with a mean age of 62 years, ranging between 44 and
80 years and median 60.5 years. Information related to gender and age was unavailable for
22 patients (22.7%).

The type of infection was determined for 131 patients (76.1%), in which 37 (28%)
were asymptomatic bacteriuria (ABU) and 94 (71.7%) were symptomatic UTI, including
17 (12.9%) recurrent infections.

3.2. Classification of ExPEC Virulence Profile, Uropathogenicity, and Phylogenetic Origin of
Hybrid UPEC Strains

The 172 urine isolates were analyzed for phylogenetic origin, presence of DEC and
ExPEC markers, genetic classification of ExPEC virulence, and uropathogenic potential,
as described above. Regarding the phylogenetic origin of the strains, 46% belonged to
phylogroup B2, 15.7% to phylogroup A, 12.2% to phylogroup B1, 8.1% to phylogroup
C, 2.3% to D, 5.2% to E, 2.9% to F, and 7.5% of the strains were not identified by the
methodology used (Table 2).

Among the 43 genes searched, 14 have been described in DEC isolates (including the
pathotype diagnosis markers), 16 described in ExPEC, and 13 described in both pathotypes.
Thirty genes were found, and it was observed that the most frequent VFs according to
their functional category were fimA (94.8%), ompA (83.1%), ompT (63.3%), chuA (57.6%),
and vat (22%) representing adhesins, invasins, protectins, iron uptake systems, and toxins,
respectively. Virulence genes common to DEC strains but unrelated to pathotype definition
were found (saa, pet, shf, cdtA, and daaE), with the STEC autoagglutinating adhesin gene saa
being the most frequent (37 isolates, 21.5%). All VFs studied are presented in Table 2.

Table 2. Frequency of DEC and ExPEC virulence factors (VFs) and phylogroups of urinary tract
infection strains (n (%)).

All Isolates ExPEC+ a UPEC+ b Non-UPEC+/ExPEC+

Traits VFs n = 172 n = 59 n = 31 n = 101

Adhesins /Invasins fimA 163 (94.8) 57 (96.6) 29 (93.5) 95 (94)

ompA 143 (83.1) 46 (77.9) 27 (87.1) 86 (85.1)

yfcV 72 (41.8) 36 (61) *** 31 (100) *** 24 (23.7)

mat 72 (41.8) 30 (50.8) 13 (41.9) 37 (36.6)

hra 61 (35.4) 32 (54.2) ** 17 (54.8) * 26 (25.7)

papC 48 (27.9) 40 (67.8) *** 14 (45.2) *** 7 (6.9)

saa 37 (21.5) 23 (38.9) *** 12 (38.7) ** 10 (9.9)

sfaDE 28 (16.2) 23 (38.9) *** 8 (25.8) * 5 (4.9)

iha 19 (11) 7 (11.8) 4 (12.9) 10 (9.9)

shf 14 (8.1) 2 (3.3) 2 (6.4) 10 (9.9)

daaE 2 (1.1) 2 (3.3) 0 (0) 0 (0)

eae 2 (1.1) 0 (0) 1 (3.2) 1 (0.9)

tsh 1 (0.5) 0 (0) 1 (3.2) 0 (0)

Protectins ompT 109 (63.3) 52 (88.1) *** 28 (90.3) *** 46 (45.5)

kpsMTII 77 (44.7) 51 (86.4) *** 24 (77.4) *** 20 (19.8)

traT 72 (41.9) 34 (57.6) * 20 (64.5) * 32 (31.6)

kpsMTIII 2 (1.1) 1 (1.6) 2 (6.4) * 0 (0)

cvaC 16 (9.3) 8 (13.6) 5 (16.1) 7 (6.9)
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Table 2. Cont.

All Isolates ExPEC+ a UPEC+ b Non-UPEC+/ExPEC+

Traits VFs n = 172 n = 59 n = 31 n = 101

Iron acquisition systems chuA 99 (57.6) 53 (89.8) *** 31 (100) *** 34 (33.6)

fyuA 89 (51.7) 37 (62.7) * 31 (100) *** 40 (39.6)

sitA 88 (51.1) 35 (59.3) 20 (64.5) 46 (45.5)

iroN 57 (33.1) 33 (55.9) *** 21 (67.7) *** 18 (17.8)

iucD 41 (23.8) 29 (49.1) *** 9 (29) * 11 (10.9)

ireA 15 (8.7) 8 (13.6) * 4 (12.9) 4 (3.9)

Toxins vat 38 (22) 19 (32.2) *** 31 (100) *** 7 (6.9)

sat 22 (12.7) 12 (20.3) * 4 (12.9) 8 (7.9)

hlyA 18 (10.4) 16 (27.1) *** 5 (16.1) * 2 (1.9)

pet 17 (9.9) 11 (18.6) * 7 (22.6) ** 3 (2.9)

pic 9 (5.2) 7 (11.8) * 2 (6.4) 1 (0.9)

cdtA 6 (3.5) 4 (6.7) 4 (12.9) * 1 (0.9)

Transcriptional regulator aggR 1 (0.5) 0 (0) 0 (0) 1 (0.9)

Secretion system escV 2 (1.1) 0 (0) 1 (3.2) 1 (0.9)

ExPEC+ 59 (34.3) N.A. 19 (61.2) N.A.

UPEC+ 31 (18) 19 (32.2) N.A. N.A.

Hybrid pathogenic E. coli c 3 (1.7) 0 (0) 1 (3.2) 2 (1.9)

Phylogroups

A 27 (15.7) 0 (0) (***) 0 (0) (**) 27 (26.7)

B1 21 (12.2) 2 (3.3) (*) 0 (0) (*) 19 (18.8)

B2 79 (46) 49 (83) *** 30 (96.8) *** 19 (18.8)

C 14 (8.1) 4 (6.7) 0 (0) 10 (9.9)

D 4 (2.3) 2 (3.3) 0 (0) 2 (1.9)

E 9 (5.2) 2 (3.3) 0 (0) 7 (6.9)

F 5 (2.9) 0 (0) 0 (0) 5 (4.9)

NC 13 (7.5) 0 (0) (*) 1 (3.2) 12 (11.8)
a intrinsic virulence as determined by the presence of at least two among the genes papC, sfaDE, afaBCIII, iucD,
and kpsMTII; b uropathogenic potential, as determined by the simultaneous presence of vat, chuA, fyuA, and
yfcV; c strains that harbor a molecular marker related to DEC diagnosis (eae, escV, or aggR). N.A., not applicable.
The differences in the frequency of VFs present in strains classified as ExPEC+ or UPEC+ were compared with
those present in strains negative for both classifications, here named as non-ExPEC+/UPEC+ strains. Fisher exact
test, * p ≤ 0.05; ** p < 0.001; *** p < 0.0001. The parenthesis means that the trait is negatively related with the
ExPEC+/UPEC+ classification or statistically related to non-UPEC+/ExPEC+ group. All strains were negative to
the following VFs: afaBCIII, afaE-VIII, bfpB, bmaE, cf29A, invE, cnf1, eltA, estA, stx1, and stx2.

Considering the molecular classification for intrinsic virulence (ExPEC+) and uropathogenic
potential (UPEC+), 34.3% (59 strains) were classified as ExPEC+ and 18% (31 strains) as
UPEC+. Together, ExPEC+ and UPEC+ sum 71 (41.3%) strains, including 19 E. coli strains
that had virulence markers compatible with both definitions (Table 2).

Evaluation of the distribution of VFs considering the molecular classification showed
that 15 VFs were statistically related to the ExPEC+ and UPEC+ classifications, including
the saa and pet genes, which are commonly related to DEC pathotypes (Table 2). The ireA,
pic, and sat genes were exclusively associated with ExPEC+ strains, while kpsMTIII and
cdtA were related to UPEC+ strains.
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Additionally, the phylogroup B2 was related to ExPEC+ and UPEC+ strains, whereas
phylogroups A and B1 were related to those strains that were negative for both classifi-
cations. Three hybrid pathogenic strains were found in this study (1.7%), two of which
presented the eae gene and lacked the bfpB gene (LSC 073 and LSC 183). For this reason,
they were provisionally classified as UPEC/aEPEC. The third hybrid strain harbored the
aggR gene, characteristic of EAEC, being provisionally classified as UPEC/EAEC (LSC 052).
The three hybrid strains comprised different clones as detected by RAPD (not shown) and
their different phylogenetic origin (phylogroups B2, B1, and D, respectively) (Table S3).

It was not possible to identify any difference between symptomatic and asymptomatic
patients regarding the phylogenetic origin of the strains or the presence of molecular
markers related to ExPEC+ and UPEC+ molecular classification (p > 0.05) (Table S4). The
identified hybrid isolates were isolated from symptomatic and asymptomatic patients
(Table S4).

The VFs profile, phylogenetic origin, and the characterization of intrinsic virulence
and uropathogenic potential of the strains studied are described in Table S3.

The diagnostic marker genes of the other DEC pathotypes researched (ETEC, EIEC,
and STEC) were not identified among the studied isolates.

3.3. Adherence Pattern of Hybrid UPEC Strains

The interaction assays on HeLa cells were performed within 3 h of incubation for the
UPEC/EAEC strains and within 6 h for the UPEC/aEPEC strains. The latter strains adhered
poorly in 3-h assays, which is an expected behavior observed in aEPEC strains [11,19]. In
the two UPEC/aEPEC strains, the formation of small loose clusters of bacteria adhered
to the cell surface that discern the localized adherence-like pattern (LAL) was observed,
which is characteristic of aEPEC (Figure 1). The UPEC/EAEC strain showed an aggregative
adherence pattern characteristic of typical EAEC.

3.4. Interaction with HEK 293T Cells

HEK 293T cells were used in this study to assess the adherence capacity of hybrid
UPEC strains in the urinary tract. The UPEC/aEPEC strains were able to adhere to these
cells and were randomly distributed on the coverslips, and the UPEC/EAEC strain was
able to adhere firmly to this cell lineage (Figure 2).

3.5. Interaction with T24 Cells

The T24 lineage was used to analyze the adherence capacity of hybrid UPEC strains in
the urinary tract. The UPEC/aEPEC strains, despite being able to adhere, did so with less
intensity and more dispersed and the UPEC/EAEC strain was able to adhere very well to
this cell lineage (Figure 3).

3.6. Biofilm Formation Assays

Biofilm formation assays revealed that the hybrid UPEC/aEPEC and UPEC/EAEC
strains in this study were unable to produce biofilm in the media and conditions tested
(not shown).
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0.0001. The parenthesis means that the trait is negatively related with the ExPEC+/UPEC+ classifi-
cation or statistically related to non-UPEC+/ExPEC+ group. All strains were negative to the follow-
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Figure 1. Adherence patterns of hybrid uropathogenic Escherichia coli (UPEC) strains to HeLa cells. 
Adherence patterns were evaluated in assays with incubation periods of 3 h or 6 h, at 37 ◦C, in the 
presence of 2% D-mannose, using a multiplicity of infection of 10. The preparations were stained 

Figure 1. Adherence patterns of hybrid uropathogenic Escherichia coli (UPEC) strains to HeLa cells.
Adherence patterns were evaluated in assays with incubation periods of 3 h or 6 h, at 37 ◦C, in the
presence of 2% D-mannose, using a multiplicity of infection of 10. The preparations were stained
with May-Grünwald/Giemsa and observed under an optical microscope (magnification ×1000).
All hybrid UPEC strains were adherent. Strain LSC 052, showing the aggregative adherence (AA)
pattern; strains LSC 073 and LSC 183, showing the localized adherence-like (LAL) pattern. E. coli
strains used as controls: 042 (prototype enteroaggregative E. coli (EAEC) expressing AA; E2348/69
(prototype typical enteropathogenic E. coli (EPEC) expressing a localized adherence (LA) pattern);
4581-2 (atypical EPEC (aEPEC) showing the LAL pattern); CFT073 (prototype UPEC strain); HB101
(E. coli K-12-derived laboratory strain, non-adherent).
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Figure 2. Interaction of hybrid uropathogenic Escherichia coli (UPEC) strains with HEK 293T cells of
renal origin. The ability of hybrid UPEC strains to interact with human kidney cells was evaluated
in assays with an incubation period of 3 h, at 37 ◦C without D-mannose, using a multiplicity of
infection of 10. The preparations were stained with May-Grünwald/Giemsa and observed under an
optical microscope (magnification ×1000). All hybrid UPEC strains interacted with the kidney cells
in different strengths. E. coli strains used as controls: 042 (prototype EAEC); E2348/69 (prototype
typical EPEC); 4581-2 (atypical EPEC); CFT073 (prototype UPEC); HB101 strain (non-adherent E. coli
K-12-derived laboratory strain).
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Figure 3. Interaction of hybrid uropathogenic Escherichia coli (UPEC) strains with T24 cells of bladder
origin. The ability of hybrid UPEC strains to interact with human bladder cells was evaluated
in assays with an incubation period of 3 h, at 37 ◦C, without D-mannose, using a multiplicity of
infection of 10. The preparations were stained with May-Grünwald/Giemsa and observed under light
microscopy (magnification ×1000). Hybrid UPEC/enteroaggregative E. coli (EAEC) strain (LSC 052)
and hybrid UPEC/atypical enteropathogenic E. coli (aEPEC) strains (LSC 073 and LSC 183) interacted
with bladder cells at different intensities. E. coli strains used as controls: 042 (prototype EAEC);
E2348/69 (prototype typical EPEC); 4581-2 (atypical EPEC); CFT073 (prototype UPEC); HB101 strain
(non-adherent E. coli K-12-derived laboratory strain).

4. Discussion

E. coli is currently the primary etiological agent of UTI [3,7,40–42], being responsi-
ble for about 80% of the cases, demonstrating the importance of studies on the genetic
characteristics of this species [43–45]. However, most studies regarding molecular epidemi-
ology of the VFs presented by E. coli strains isolated from bacteriuria were carried out in
metropolitan regions or large cities, and epidemiological data from the countryside are
barely known. In the present work, we assessed the phylogenetic origin, VFs, and the
occurrence of hybrid strains among E. coli isolates from bacteriuria of outpatients in Mogi
Guaçu, a city located in Sao Paulo state countryside bearing 153,033 inhabitants. Our results
showed that most of the UPEC isolates identified in this study were recovered from female
patients. This finding corroborates with other previous studies that report women of all
ages as the most affected patients [46], mainly due to the anatomy of the female urinary
tract that favors the emergence of these infections [47].

When analyzing the phylogenetic origin of the isolates, we found that phylogroup
B2 was predominant in the study population. This finding is supported by other studies
that report the predominance of phylogroup B2 in UPEC isolates, such as those published
by Paniagua-Contreras et al. [48], Rezatofighi et al. [49], and Lin et al. [50] that showed
the prevalence of 51%, 55%, and 65.7% of UTI in females, respectively. Interestingly, it is
worth noting that in the present study, strains belonging to phylogroups A and B1 represent
about 27% of the isolates. These phylogroups are known to generally harbor commensal
E. coli strains; however, especially in recent years, some studies have demonstrated ExPEC
strains belonging to these phylogroups [37,51–54], and our data contribute effectively to
corroborate their importance in community-acquired UTI in the symptomatic population
evaluated. The phylogenetic distribution was similar in symptomatic and asymptomatic
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patients, with phylogroup B2 being the most frequent, followed by phylogroups A and B1
for both types of patients.

A great diversity of adhesin-encoding genes was observed among the virulence genes
analyzed, with fimA, which encodes type 1 fimbria, being the most frequent. Adhesive
structures such as fimbriae and pili are essential VFs, as it is through these structures that
the bacterial adhesion process to host cells occurs, which is essential for the initial stages
of the infection [55]. Other studies conducted in different regions of the world also found
a high prevalence of genes encoding type 1 fimbriae [46,48,55–57]. Virulence genes such
as papC, sfaDE, ompT, and kpsMTII found in the isolates of the present study have been
frequently reported in UPEC strains worldwide [49,50,56].

Among the UPEC isolates studied, we also detected genes that are involved in iron
uptake systems (sitA, chuA, iucD, fyuA, iroN, and ireA) [55,58,59]. Interestingly, 63.9% of
the isolates had the traT and/or kpsMT genes. These genes are related to the capacity
of the bacteria to resist the bactericidal activities of the human serum and neutrophils.
These mechanisms are an important advantage to pathogenic bacteria that ascend the
urinary tract, reach the kidneys, and cause pyelonephritis, which is the main source of
E. coli bloodstream infections. Additionally, the traT gene is plasmid located and associated
with the plasmid conjugative-transfer apparatus. Therefore, it means that about 42% of
the evaluated strains harbor conjugative plasmids that may harbor genes encoding VFs,
antimicrobial resistance, or both. This high frequency is problematic since, in many cases,
bloodstream infections originate from strains that can access the bloodstream through the
kidneys. It is believed that this access is facilitated by the P fimbriae [60,61], which were
detected in 24.5% of our isolates. Previous studies have also found a high frequency of traT,
with frequencies varying between 42% and 73.2% [48,56].

To assess the strains that were considered potentially more pathogenic, we used the
criteria proposed by Johnson et al. [34] and Spurbeck et al. [35] to characterize the intrinsic
virulence and the uropathogenic potential here referred to as ExPEC+ and UPEC+. Inter-
estingly, our data showed that 34.3% of the isolates were classified as ExPEC+ and 18.0%
as UPEC+. Although these markers strongly indicate pathogenic potential, they are not
sufficient to identify all E. coli strains recovered from extraintestinal infections of symp-
tomatic outpatients, especially in the studied population. Additionally, we did not find a
difference in the frequency of these markers comparing host symptomatology. Moreover,
other studies reported the occurrence of ExPEC devoid of these classic virulence markers,
some of them in strains with epidemiological relevance [20,62–66]. Few studies evaluated
the significance of the UPEC+ classification in strains isolated from bacteriuria [67–70]. Still,
the frequency found in the present study is by far the lowest reported since the UPEC+
frequency reported in the referred studies was above 50%. Moreover, studies that searched
for UPEC+ among human bloodstream isolates reported frequencies above 44% [71–73].
However, it is remarkable that these studies were carried out in North America and Europe,
which may suggest a link with the geographic region evaluated.

Nevertheless, strains classified as ExPEC+ or UPEC+ bear more VFs than those that do
not meet the criteria, and 20 VFs were significantly more frequent in these types of strains.
Fifteen of these VFs were shared by both groups, including hlyA, hra, iroN, ompT, pet, saa,
traT, and the VFs related to the ExPEC+ and UPEC+ molecular classification (vat, chuA,
fyuA, yfcV, papC, sfaDE, iucD, and kpsMTII). Five VFs were exclusively associated with one
of the groups, with ireA, sat, and pic being associated with the ExPEC+ classification and
kpsMTIII and cdtA being associated with UPEC+.

Regarding the VFs searched, we found in the UPEC strains studied eight VFs that
are commonly related to the DEC pathotypes. Genes like saa, pet, shf, cdtA, and daaE were
rarely assessed in this type of strain. Among them, saa and pet called the attention by their
association with the ExPEC+ and UPEC+ classification. The saa gene encodes the STEC
autoagglutinating adhesin, reported in ExPEC strains in a frequency lower than that found
in the present study (21.5%) [74]. Interestingly, it was previously reported in a STEC strain
isolated from UTI. The pet gene codes for a toxin, which belongs to the Serine protease
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autotransporters of Enterobacteriaceae (SPATE) family and was associated with EAEC
strains. This toxin was previously reported in ExPEC strains isolated from different sources.
The frequency found here (9.9%) was higher than those found among strains isolated
from bloodstream infections in adults and newborns with meningitis [75,76], similar to the
frequency found in one study that evaluated strains from UTI [77], and lower than another
study that assessed strains isolated from bacteremia of children with diarrhea [78].

There have been increasingly frequent reports of infections caused by hybrid E. coli
strains in recent years. This term has been used to describe pathogenic E. coli strains car-
rying new combinations of DEC and ExPEC VFs or strains recovered from extraintestinal
infections that had DEC VFs [15,26–29]. Currently, several studies have reported the occur-
rence of hybrid pathogens in diverse countries around the world; in fact, the occurrence of
this type of pathogen was already reported in all continents [27,51,54,74,79–84].

Given the importance of these hybrid strains, we investigated the presence of DEC
markers in our collection, and the results showed the presence of two strains that carried
the eae and escV genes and one with the aggR gene, which classified them as UPEC/aEPEC
and UPEC/EAEC, respectively. The presence of the eae and aggR markers in UPEC strains
have been previously described, revealing what would be an increased potential in the
virulence arsenal of these strains, as they could have the capacity to cause intestinal and
extraintestinal infections [26,51,74]. A previous study developed by Valiatti et al. [54] with
an aEPEC/UPEC strain reinforces this hypothesis, as it demonstrated the functionality of
the LEE region in causing the attaching/effacing lesion in HeLa cells. However, in our study,
the two UPEC/aEPEC strains found were isolated from ABU, while the UPEC/EAEC strain
was isolated from one symptomatic patient. These conflicting data reinforce the necessity
for additional studies evaluating hybrid strains and the host symptoms to increase the
knowledge regarding the pathogenic potential of all hybrid strains. Overall, the frequency
of hybrid strains in UPEC collections in Sao Paulo is low. In two previous studies from our
group developed by Abe et al. [85] and Nascimento et al. [37], this frequency was 3% and
2%, respectively, and in both, the highest frequency observed was related to UPEC/EAEC
strains, unlike the data we present here, where we saw a higher number of UPEC/aEPEC
strains. However, in some countries like Mexico, UPEC/EAEC occurs in a much higher
frequency, 22% [86], and similar frequencies were reported in Mozambique, but in strains
isolated from bacteremia in children [78]. Interestingly, in our collection and the studies
mentioned above, the presence of UPEC/STEC strains was not observed, which has been
reported in other studies [74,87] showing that, apparently, this type of hybrid strain is not
yet circulating in Sao Paulo.

The three hybrid strains in our study were evaluated for their ability to interact in vitro
with HeLa and urinary tract (HEK 293T and T24) cells. The UPEC/aEPEC strains showed
a LAL pattern that is commonly observed in aEPEC strains, and the UPEC/EAEC strain
showed the AA pattern. Previous studies with UPEC/aEPEC isolates corroborate our
findings, as these also showed a LAL pattern [37,54]. Interestingly, Nascimento et al. [37]
found that when analyzing the adherence pattern of seven UPEC/EAEC isolates, five did
not show the typical AA pattern. We also found that all strains were able to interact with
HEK 293T and T24 cell lines, which reinforces the uropathogenic potential of these strains.
Furthermore, the hybrid strains were unable to produce biofilm under the conditions
tested. Generally, biofilm-producing strains are associated with greater severity and/or
persistence of the infection [88]; however, in general, the ability of UPEC strains to form
biofilm varies [69,89–93]. So far, the few studies that have evaluated biofilm formation
by hybrid strains have demonstrated that this property is also variable among these
strains [37,54,86].

5. Conclusions

Finally, the data presented here provide an in-depth and detailed analysis of UPEC
strains, particularly hybrid strains, which have genotypic markers of DEC and ExPEC.
We believe that these data are of great interest and may contribute to deepening current
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knowledge about the mechanisms involved in the pathogenesis of urinary tract infections,
especially among hybrid UPEC strains, as these could colonize the host’s intestine, leading
to intestinal infections followed by UTI.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/microorganisms10020302/s1, Table S1: Primers and conditions used for phylogenetic clas-
sification [33]; Table S2: Primers and conditions used in PCR for amplification of E. coli virulence
genes [33,35,94–112]; Table S3: Virulence profile, phylogenetic origin, and characterization of intrinsic
virulence and uropathogenic potential of strains isolated from urine in the Mogi Guaçu community
Table S4: Frequency of phylogroups and molecular classification markers regarding occurrence of
UTI symptoms.

Author Contributions: Conceptualization: T.A.T.G. and A.C.M.S.; validation: J.A.S.N., J.F.S.-N. and
L.O.T.; formal analysis: J.A.S.N., F.F.S. and A.C.M.S.; investigation: J.A.S.N., J.F.S.-N., L.O.T., T.B.V.,
I.C.P. and M.A.M.V.; resources: I.N.F. and T.A.T.G.; writing—original draft preparation: J.A.S.N., F.F.S.,
J.F.S.-N., A.C.M.S. and T.B.V.; writing—review and editing: J.A.S.N., F.F.S., A.C.M.S., T.B.V., R.M.S.
and T.A.T.G.; visualization: J.A.S.N.; supervision: F.F.S., I.N.F. and T.A.T.G.; project administration:
A.C.M.S., F.F.S. and T.A.T.G.; funding acquisition: T.A.T.G. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Research grants from Fundação de Amparo à Pesquisa do
Estado de São Paulo (FAPESP) (process 2018/17353-7) and Conselho Nacional de Desenvolvimento
Científico e Tecnológico (CNPq) (processes: 304760/2015-3 and 311283/2020-9) to TATG. JASN and
JFSN received Master Scholarship from FAPESP (2019/14553-8 and 2019/21685-8, respectively). FFS
and ACMS received PNPD fellowship from Coordenação de Aperfeiçoamento de Pessoal de Nível
Superior (CAPES) (process 88887.464416/2019-00 and 88882.306532/2018-01, respectively) under
financial code 001. The APC was funded by FAPESP (process 2017/14821-7).

Institutional Review Board Statement: The study was conducted in accordance with the Dec-
laration of Helsinki, and the research project was reviewed and approved by the National Re-
search Ethics Commission (CONEP) of the Brazilian National Health Council (CNS) [CAAE number:
06258319.2.0000.5505—approved in April 2019) with the agreement of the Research Ethics Committee
of Federal University of São Paulo (UNIFESP) and the Laboratory Santa Cruz.

Informed Consent Statement: Patient consent was waived due to all strains evaluated were obtained
after processing related to routine clinical procedures for diagnosis purposes. As no additional
procedure was performed, a consent form was not required as determined by the Brazilian National
Health Council laws n◦ 466/12 and 510/16. The anonymized patient information was obtained from
medical records.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Dubbs, S.B.; Sommerkamp, S.K. Evaluation and Management of Urinary Tract Infection in the Emergency Department. Emerg.

Med. Clin. N. Am. 2019, 37, 707–723. [CrossRef]
2. Flores-Mireles, A.L.; Walker, J.N.; Caparon, M.; Hultgren, S.J. Urinary Tract Infections: Epidemiology, Mechanisms of Infection

and Treatment Options. Nat. Rev. Microbiol. 2015, 13, 269–284. [CrossRef]
3. Foxman, B. The Epidemiology of Urinary Tract Infection. Nat. Rev. Urol. 2010, 7, 653–660. [CrossRef]
4. Tamadonfar, K.O.; Omattage, N.S.; Spaulding, C.N.; Hultgren, S.J. Reaching the End of the Line: Urinary Tract Infections. Bact.

Intracell. 2020, 7, 83–99. [CrossRef]
5. Geerlings, S.E. Clinical Presentations and Epidemiology of Urinary Tract Infections. In Urinary Tract Infections: Molecular

Pathogenesis and Clinical Management, 2nd ed.; Mulvey, M.A., Klumpp, D.J., Stapleton, A.E., Eds.; ASM Press: Washington, DC,
USA, 2017; pp. 27–40. [CrossRef]

6. Tandogdu, Z.; Wagenlehner, F.M.E. Global Epidemiology of Urinary Tract Infections. Curr. Opin. Infect. Dis. 2016, 29, 73–79.
[CrossRef]

7. Foxman, B. Urinary Tract Infection Syndromes. Occurrence, Recurrence, Bacteriology, Risk Factors, and Disease Burden. Infect.
Dis. Clin. N. Am. 2014, 28, 1–13. [CrossRef]

https://www.mdpi.com/article/10.3390/microorganisms10020302/s1
https://www.mdpi.com/article/10.3390/microorganisms10020302/s1
http://doi.org/10.1016/j.emc.2019.07.007
http://doi.org/10.1038/nrmicro3432
http://doi.org/10.1038/nrurol.2010.190
http://doi.org/10.1128/9781683670261.ch6
http://doi.org/10.1128/9781555817404.ch2
http://doi.org/10.1097/QCO.0000000000000228
http://doi.org/10.1016/j.idc.2013.09.003


Microorganisms 2022, 10, 302 13 of 17

8. Leimbach, A.; Hacker, J.; Dobrindt, U. E. coli as an All-Rounder: The Thin Line Between Commensalism and Pathogenicity. Curr.
Top. Microbiol. Immunol. 2013, 358, 3–32. [CrossRef]

9. Yan, F.; Polk, D.B. Commensal Bacteria in the Gut: Learning Who Our Friends Are. Curr. Opin. Gastroenterol. 2004, 20, 565–571.
[CrossRef]

10. Martinson, J.N.V.; Walk, S.T. Escherichia coli Residency in the Gut of Healthy Human Adults. EcoSal Plus 2020, 9, 10. [CrossRef]
11. Croxen, M.A.; Finlay, B.B. Molecular Mechanisms of Escherichia coli Pathogenicity. Nat. Rev. Microbiol. 2010, 8, 26–38. [CrossRef]
12. Kaper, J.B.; Nataro, J.P.; Mobley, H.L.T. Pathogenic Escherichia coli. Nat. Rev. Microbiol. 2004, 2, 123–140. [CrossRef] [PubMed]
13. Johnson, J.R.; Russo, T.A. Molecular Epidemiology of Extraintestinal Pathogenic Escherichia coli. EcoSal Plus 2018, 8.

[CrossRef] [PubMed]
14. Dobrindt, U.; Chowdary, M.G.; Krumbholz, G.; Hacker, J. Genome Dynamics and Its Impact on Evolution of Escherichia coli. Med.

Microbiol. Immunol. 2010, 199, 145–154. [CrossRef] [PubMed]
15. Braz, S.; Melchior, K.; Moreira, C.G. Escherichia coli as a Multifaceted Pathogenic and Versatile Bacterium. Front. Cell. Infect.

Microbiol. 2020, 10, 1–9. [CrossRef]
16. Touchon, M.; Perrin, A.; de Sousa, J.A.M.; Vangchhia, B.; Burn, S.; O’Brien, C.L.; Denamur, E.; Gordon, D.; Rocha, E.P.C.

Phylogenetic Background and Habitat Drive the Genetic Diversification of Escherichia coli. PLoS Genet. 2020, 16, e1008866.
[CrossRef]

17. Denamur, E.; Clermont, O.; Bonacorsi, S.; Gordon, D. The Population Genetics of Pathogenic Escherichia coli. Nat. Rev. Microbiol.
2021, 19, 37–54. [CrossRef]

18. Nataro, J.P.; Kaper, J.B. Diarrheagenic Escherichia coli. Clin. Microbiol. Rev. 1998, 11, 142–201. [CrossRef]
19. Gomes, T.A.T.; Elias, W.P.; Scaletsky, I.C.A.; Guth, B.E.C.; Rodrigues, J.F.; Piazza, R.M.F.; Ferreira, L.C.S.; Martinez, M.B.

Diarrheagenic Escherichia coli. Braz. J. Microbiol. 2016, 47, 3–30. [CrossRef]
20. Manges, A.R.; Geum, H.M.; Guo, A.; Edens, T.J.; Fibke, C.D.; Pitout, J.D.D. Global Extraintestinal Pathogenic Escherichia coli

(ExPEC) Lineages. Clin. Microbiol. Rev. 2019, 32, e00135-18. [CrossRef]
21. Johnson, J.R.; Russo, T.A. Extraintestinal Pathogenic Escherichia coli: “The Other Bad E. coli”. Clin. Microbiol. Rev. 2002, 139, 155–162.

[CrossRef]
22. Pitout, J.D.D. Extraintestinal Pathogenic Escherichia coli: A Combination of Virulence with Antibiotic Resistance. Front. Microbiol.

2012, 3, 9. [CrossRef] [PubMed]
23. Riley, L.W. Pandemic Lineages of Extraintestinal Pathogenic Escherichia coli. Clin. Microbiol. Infect. 2014, 20, 380–390.

[CrossRef] [PubMed]
24. Johnson, J.R.; Russo, T.A. Molecular Epidemiology of Extraintestinal Pathogenic (Uropathogenic) Escherichia coli. Int. J. Med.

Microbiol. 2005, 295, 383–404. [CrossRef] [PubMed]
25. Subashchandrabose, S.; Mobley, H.L.T. Virulence and Fitness Determinants of Uropathogenic Escherichia coli. Microbiol. Spectr.

2015, 1, 235–261. [CrossRef]
26. Santos, A.C.M.; Santos, F.F.; Silva, R.M.; Gomes, T.A.T. Diversity of Hybrid- and Hetero-Pathogenic Escherichia coli and Their

Potential Implication in More Severe Diseases. Front. Cell. Infect. Microbiol. 2020, 10, 339. [CrossRef]
27. Bai, X.; Zhang, J.; Ambikan, A.; Jernberg, C.; Ehricht, R.; Scheutz, F.; Xiong, Y.; Matussek, A. Molecular Characterization and

Comparative Genomics of Clinical Hybrid Shiga Toxin-Producing and Enterotoxigenic Escherichia coli (STEC/ETEC) Strains in
Sweden. Sci. Rep. 2019, 9, 1–9. [CrossRef]

28. Bielaszewska, M.; Schiller, R.; Lammers, L.; Bauwens, A.; Fruth, A.; Middendorf, B.; Schmidt, M.A.; Tarr, P.I.; Dobrindt, U.; Karch,
H.; et al. Heteropathogenic Virulence and Phylogeny Reveal Phased Pathogenic Metamorphosis in Escherichia coli O2:H6. EMBO
Mol. Med. 2014, 6, 347–357. [CrossRef]

29. Lindstedt, B.-A.; Finton, M.D.; Porcellato, D.; Brandal, L.T. High Frequency of Hybrid Escherichia coli Strains with Combined
Intestinal Pathogenic Escherichia coli (IPEC) and Extraintestinal Pathogenic Escherichia coli (ExPEC) Virulence Factors Isolated
from Human Faecal Samples. BMC Infect. Dis. 2018, 18, 544. [CrossRef]

30. Toledo, M.; Fontes, C.; Trabulsi, L. EPM-Modificação Do Meio de Rugai e Araujo Para a Realização Simultânea Dos Testes de
Produção de Gás a Partir Da Glicose, H2S, Urease e Triptofano Desaminase. Rev. Microbiol. 1982, 13, 309–315.

31. Toledo, M.; Fontes, C.; Trabulsi, L. MILi-Um Meio Para a Realização Dos Testes de Motilidade, Indol e Lisina Descarboxilase. Rev.
Microbiol. 1982, 13, 230–235.

32. Starr, M.P. Edwards and Ewing’s Identification of Enterobacteriaceae. Int. J. Syst. Bacteriol. 1986, 36, 581–582. [CrossRef]
33. Clermont, O.; Christenson, J.K.; Denamur, E.; Gordon, D.M. The Clermont Escherichia coli Phylo-Typing Method Revisited:

Improvement of Specificity and Detection of New Phylo-Groups. Environ. Microbiol. Rep. 2013, 5, 58–65. [CrossRef] [PubMed]
34. Johnson, J.R.; Murray, A.C.; Gajewski, A.; Sullivan, M.; Snippes, P.; Kuskowski, M.A.; Smith, K.E. Isolation and Molecular

Characterization of Nalidixic Acid-Resistant Extraintestinal Pathogenic Escherichia coli from Retail Chicken Products. Antimicrob.
Agents Chemother. 2003, 47, 2161–2168. [CrossRef] [PubMed]

35. Spurbeck, R.R.; Dinh, P.C.; Walk, S.T.; Stapleton, A.E.; Hooton, T.M.; Nolan, L.K.; Kim, K.S.; Johnson, J.R.; Mobley, H.L.T.
Escherichia coli Isolates That Carry vat, fyuA, chuA, and yfcV Efficiently Colonize the Urinary Tract. Infect. Immun. 2012,
80, 4115–4122. [CrossRef] [PubMed]

36. Nielsen, K.L.; Dynesen, P.; Larsen, P.; Frimodt-Møller, N. Faecal Escherichia coli from Patients with E. coli Urinary Tract Infection
and Healthy Controls Who Have Never Had a Urinary Tract Infection. J. Med. Microbiol. 2014, 63, 582–589. [CrossRef]

http://doi.org/10.1007/82_2012_303
http://doi.org/10.1097/00001574-200411000-00011
http://doi.org/10.1128/ecosalplus.ESP-0003-2020
http://doi.org/10.1038/nrmicro2265
http://doi.org/10.1038/nrmicro818
http://www.ncbi.nlm.nih.gov/pubmed/15040260
http://doi.org/10.1128/ecosalplus.ESP-0004-2017
http://www.ncbi.nlm.nih.gov/pubmed/29667573
http://doi.org/10.1007/s00430-010-0161-2
http://www.ncbi.nlm.nih.gov/pubmed/20445988
http://doi.org/10.3389/fcimb.2020.548492
http://doi.org/10.1371/journal.pgen.1008866
http://doi.org/10.1038/s41579-020-0416-x
http://doi.org/10.1128/CMR.11.1.142
http://doi.org/10.1016/j.bjm.2016.10.015
http://doi.org/10.1128/CMR.00135-18
http://doi.org/10.1067/mlc.2002.121550
http://doi.org/10.3389/fmicb.2012.00009
http://www.ncbi.nlm.nih.gov/pubmed/22294983
http://doi.org/10.1111/1469-0691.12646
http://www.ncbi.nlm.nih.gov/pubmed/24766445
http://doi.org/10.1016/j.ijmm.2005.07.005
http://www.ncbi.nlm.nih.gov/pubmed/16238015
http://doi.org/10.1128/microbiolspec.UTI-0015-2012
http://doi.org/10.3389/fcimb.2020.00339
http://doi.org/10.1038/s41598-019-42122-z
http://doi.org/10.1002/emmm.201303133
http://doi.org/10.1186/s12879-018-3449-2
http://doi.org/10.1099/00207713-36-4-581
http://doi.org/10.1111/1758-2229.12019
http://www.ncbi.nlm.nih.gov/pubmed/23757131
http://doi.org/10.1128/AAC.47.7.2161-2168.2003
http://www.ncbi.nlm.nih.gov/pubmed/12821463
http://doi.org/10.1128/IAI.00752-12
http://www.ncbi.nlm.nih.gov/pubmed/22966046
http://doi.org/10.1099/jmm.0.068783-0


Microorganisms 2022, 10, 302 14 of 17

37. Nascimento, J.A.S.; Santos, F.F.; Valiatti, T.B.; Santos-Neto, J.F.; Santos, A.C.M.; Cayô, R.; Gales, A.C.; Gomes, T.A.T. Frequency
and Diversity of Hybrid Escherichia coli Strains Isolated from Urinary Tract Infections. Microorganisms 2021, 9, 693. [CrossRef]

38. Santos, F.F.; Yamamoto, D.; Abe, C.M.; Bryant, J.A.; Hernandes, R.T.; Kitamura, F.C.; Castro, F.S.; Valiatti, T.B.; Piazza, R.M.F.;
Elias, W.P.; et al. The Type III Secretion System (T3SS)-Translocon of Atypical Enteropathogenic Escherichia coli (aEPEC) Can
Mediate Adherence. Front. Microbiol. 2019, 10, 1527. [CrossRef]

39. Wakimoto, N.; Nishi, J.; Sheikh, J.; Nataro, J.P.; Sarantuya, J.; Iwashita, M.; Manago, K.; Tokuda, K.; Yoshinaga, M.; Kawano, Y.
Quantitative Biofilm Assay Using a Microtiter Plate to Screen for Enteroaggregative Escherichia coli. Am. J. Trop. Med. Hyg. 2004,
71, 687–690. [CrossRef]

40. Heilberg, I.P.; Schor, N. Abordagem diagnóstica e terapêutica na infecção do trato urinário: ITU. Rev. Assoc. Med. Bras. 2003,
49, 109–116. [CrossRef]

41. Terlizzi, M.E.; Gribaudo, G.; Maffei, M.E. UroPathogenic Escherichia coli (UPEC) Infections: Virulence Factors, Bladder Responses,
Antibiotic, and Non-Antibiotic Antimicrobial Strategies. Front. Microbiol. 2017, 8, 1566. [CrossRef]

42. Foxman, B.; Brown, P. Epidemiology of Urinary Tract Infections: Transmission and Risk Factors, Incidence, and Costs. Infect. Dis.
Clin. N. Am. 2003, 17, 227–241. [CrossRef]

43. Ronald, A. The Etiology of Urinary Tract Infection: Traditional and Emerging Pathogens. Dis. Mon. 2003, 49, 71–82.
[CrossRef] [PubMed]

44. Hooton, T.M. Clinical Practice. Uncomplicated Urinary Tract Infection. N. Engl. J. Med. 2012, 366, 1028–1037. [CrossRef]
45. Korbel, L.; Howell, M.; Spencer, J.D. The Clinical Diagnosis and Management of Urinary Tract Infections in Children and

Adolescents. Paediatr. Int. Child Health 2017, 37, 273–279. [CrossRef] [PubMed]
46. Stapleton, A.E. The Vaginal Microbiota and Urinary Tract Infection. Microbiol. Spectr. 2016, 4, 79–86. [CrossRef]
47. Dielubanza, E.J.; Schaeffer, A.J. Urinary Tract Infections in Women. Med. Clin. N. Am. 2011, 95, 27–41. [CrossRef]
48. Paniagua-Contreras, G.L.; Monroy-Pérez, E.; Bautista, A.; Reyes, R.; Vicente, A.; Vaca-Paniagua, F.; Díaz, C.E.; Martínez, S.;

Domínguez, P.; García, L.R.; et al. Multiple Antibiotic Resistances and Virulence Markers of Uropathogenic Escherichia coli from
Mexico. Pathog. Glob. Health. 2018, 112, 415–420. [CrossRef]

49. Rezatofighi, S.E.; Mirzarazi, M.; Salehi, M. Virulence Genes and Phylogenetic Groups of Uropathogenic Escherichia coli Isolates
from Patients with Urinary Tract Infection and Uninfected Control Subjects: A Case-Control Study. BMC Infect. Dis. 2021, 21, 361.
[CrossRef]

50. Lin, W.H.; Wang, M.C.; Liu, P.Y.; Chen, P.S.; Wen, L.L.; Teng, C.H.; Kao, C.Y. Escherichia coli Urinary Tract Infections: Host
Age-Related Differences in Bacterial Virulence Factors and Antimicrobial Susceptibility. J. Microbiol. Immunol. Infect. 2021; in press.
[CrossRef]

51. Lara, F.B.M.; Nery, D.R.; de Oliveira, P.M.; Araujo, M.L.; Carvalho, F.R.Q.; Messias-Silva, L.C.F.; Ferreira, L.B.; Faria-Junior,
C.; Pereira, A.L. Virulence Markers and Phylogenetic Analysis of Escherichia coli Strains with Hybrid EAEC/UPEC Genotypes
Recovered from Sporadic Cases of Extraintestinal Infections. Front. Microbiol. 2017, 8, 146. [CrossRef]

52. Olesen, B.; Scheutz, F.; Andersen, R.L.; Menard, M.; Boisen, N.; Johnston, B.; Hansen, D.S.; Krogfelt, K.A.; Nataro, J.P.; Johnson,
J.R. Enteroaggregative Escherichia coli O78:H10, the Cause of an Outbreak of Urinary Tract Infection. J. Clin. Microbiol. 2012,
50, 3703–3711. [CrossRef] [PubMed]

53. Dias, R.C.S.; Marangoni, D.V.; Smith, S.P.; Alves, E.M.; Pellegrino, F.L.P.C.; Riley, L.W.; Moreira, B.M. Clonal Composition of
Escherichia coli Causing Community-Acquired Urinary Tract Infections in the State of Rio de Janeiro, Brazil. Microb. Drug. Resist.
2009, 15, 303–308. [CrossRef] [PubMed]

54. Valiatti, T.B.; Santos, F.F.; Santos, A.C.M.; Nascimento, J.A.S.; Silva, R.M.; Carvalho, E.; Sinigaglia, R.; Gomes, T.A.T. Genetic and
Virulence Characteristics of a Hybrid Atypical Enteropathogenic and Uropathogenic Escherichia coli (aEPEC/UPEC) Strain. Front.
Cell Infect. Microbiol. 2020, 10, 492. [CrossRef] [PubMed]

55. Lüthje, P.; Brauner, A. Virulence Factors of Uropathogenic E. coli and Their Interaction with the Host. Adv. Microb. Physiol. 2014,
65, 337–372. [CrossRef]

56. Zangane Matin, F.; Rezatofighi, S.E.; Roayaei Ardakani, M.; Akhoond, M.R.; Mahmoodi, F. Virulence Characterization and Clonal
Analysis of Uropathogenic Escherichia coli Metallo-Beta-Lactamase-Producing Isolates. Ann. Clin. Microbiol. Antimicrob. 2021,
20, 50. [CrossRef]

57. Zeng, Q.; Xiao, S.; Gu, F.; He, W.; Xie, Q.; Yu, F.; Han, L. Antimicrobial Resistance and Molecular Epidemiology of Uropathogenic
Escherichia coli Isolated From Female Patients in Shanghai, China. Front. Cell. Infect. Microbiol. 2021, 11, 751. [CrossRef]

58. Johnson, J.R. Virulence Factors in Escherichia coli Urinary Tract Infection. Clin. Microbiol. Rev. 1991, 4, 80–128. [CrossRef]
59. O’Brien, V.P.; Hannan, T.J.; Yu, L.; Livny, J.; Roberson, E.D.O.; Schwartz, D.J.; Souza, S.; Mendelsohn, C.L.; Colonna, M.; Lewis,

A.L.; et al. A Mucosal Imprint Left by Prior Escherichia coli Bladder Infection Sensitizes to Recurrent Disease. Nat. Microbiol. 2016,
2, 16196. [CrossRef]

60. Warren, J.W.; Mobley, H.L.T.; Trifillis, A.L. Internalization of Escherichia coli into Human Renal Tubular Epithelial Cells. J. Infect.
Dis. 1988, 158, 221–223. [CrossRef]

61. Otto, G.; Magnusson, M.; Svensson, M.; Braconier, J.; Svanborg, C. pap Genotype and P Fimbrial Expression in Escherichia coli
Causing Bacteremic and Nonbacteremic Febrile Urinary Tract Infection. Clin. Infect. Dis 2001, 32, 1523–1531. [CrossRef]

http://doi.org/10.3390/microorganisms9040693
http://doi.org/10.3389/fmicb.2019.01527
http://doi.org/10.4269/ajtmh.2004.71.687
http://doi.org/10.1590/S0104-42302003000100043
http://doi.org/10.3389/fmicb.2017.01566
http://doi.org/10.1016/S0891-5520(03)00005-9
http://doi.org/10.1067/mda.2003.8
http://www.ncbi.nlm.nih.gov/pubmed/12601338
http://doi.org/10.1056/NEJMcp1104429
http://doi.org/10.1080/20469047.2017.1382046
http://www.ncbi.nlm.nih.gov/pubmed/28978286
http://doi.org/10.1128/microbiolspec.UTI-0025-2016
http://doi.org/10.1016/j.mcna.2010.08.023
http://doi.org/10.1080/20477724.2018.1547542
http://doi.org/10.1186/s12879-021-06036-4
http://doi.org/10.1016/j.jmii.2021.04.001
http://doi.org/10.3389/fmicb.2017.00146
http://doi.org/10.1128/JCM.01909-12
http://www.ncbi.nlm.nih.gov/pubmed/22972830
http://doi.org/10.1089/mdr.2009.0067
http://www.ncbi.nlm.nih.gov/pubmed/19857137
http://doi.org/10.3389/fcimb.2020.00492
http://www.ncbi.nlm.nih.gov/pubmed/33134184
http://doi.org/10.1016/bs.ampbs.2014.08.006
http://doi.org/10.1186/s12941-021-00457-4
http://doi.org/10.3389/fcimb.2021.653983
http://doi.org/10.1128/CMR.4.1.80
http://doi.org/10.1038/nmicrobiol.2016.196
http://doi.org/10.1093/infdis/158.1.221
http://doi.org/10.1086/320511


Microorganisms 2022, 10, 302 15 of 17

62. Bert, F.; Johnson, J.R.; Ouattara, B.; Leflon-Guibout, V.; Johnston, B.; Marcon, E.; Valla, D.; Moreau, R.; Nicolas-Chanoine, M.H.
Genetic Diversity and Virulence Profiles of Escherichia coli Isolates Causing Spontaneous Bacterial Peritonitis and Bacteremia in
Patients with Cirrhosis. J. Clin. Microbiol. 2010, 48, 2709–2714. [CrossRef] [PubMed]

63. Olesen, B.; Kolmos, H.J.; Ørskov, F.; Ørskov, I. Cluster of Multiresistant Escherichia coli 078:H10 in Greater Copenhagen. Scand. J.
Infect. Dis 1994, 26, 406–410. [CrossRef] [PubMed]

64. Manges, A.R.; Mende, K.; Murray, C.K.; Johnston, B.D.; Sokurenko, E.V.; Tchesnokova, V.; Johnson, J.R. Clonal Distribution and
Associated Characteristics of Escherichia coli Clinical and Surveillance Isolates from a Military Medical Center. Diagn. Microbiol.
Infect. Dis. 2017, 87, 382–385. [CrossRef] [PubMed]

65. Campos, A.C.C.; Andrade, N.L.; Ferdous, M.; Chlebowicz, M.A.; Santos, C.C.; Correal, J.C.D.; lo Ten Foe, J.R.; Rosa, A.C.P.;
Damasco, P.V.; Friedrich, A.W.; et al. Comprehensive Molecular Characterization of Escherichia coli Isolates from Urine Samples of
Hospitalized Patients in Rio de Janeiro, Brazil. Front. Microbiol. 2018, 9, 243. [CrossRef]

66. Santos, A.C.M.; Silva, R.M.; Valiatti, T.B.; Santos, F.F.; Santos-Neto, J.F.; Cayô, R.; Streling, A.P.; Nodari, C.S.; Gales, A.C.;
Nishiyama, M.Y.; et al. Virulence Potential of a Multidrug-Resistant Escherichia coli Strain Belonging to the Emerging Clonal
Group ST101-B1 Isolated from Bloodstream Infection. Microorganisms 2020, 8, 827. [CrossRef]

67. Nüesch-Inderbinen, M.T.; Baschera, M.; Zurfluh, K.; Hächler, H.; Nüesch, H.; Stephan, R. Clonal Diversity, Virulence Potential
and Antimicrobial Resistance of Escherichia coli Causing Community Acquired Urinary Tract Infection in Switzerland. Front.
Microbiol. 2017, 8, 2334. [CrossRef]

68. Johnson, J.R.; Johnston, B.D.; Porter, S.; Thuras, P.; Aziz, M.; Price, L.B. Accessory Traits and Phylogenetic Background Predict
Escherichia coli Extraintestinal Virulence Better Than Does Ecological Source. J. Infect. Dis. 2019, 219, 121–132. [CrossRef]

69. Flament-Simon, S.C.; Nicolas-Chanoine, M.H.; García, V.; Duprilot, M.; Mayer, N.; Alonso, M.P.; García-Meniño, I.; Blanco, J.E.;
Blanco, M.; Blanco, J. Clonal Structure, Virulence Factor-encoding Genes and Antibiotic Resistance of Escherichia coli Causing
Urinary Tract Infections and Other Extraintestinal Infections in Humans in Spain and France during 2016. Antibiotics 2020, 9, 161.
[CrossRef]

70. Merino, I.; Porter, S.B.; Johnston, B.; Clabots, C.; Thuras, P.; Ruiz-Garbajosa, P.; Cantón, R.; Johnson, J.R. Molecularly defined
extraintestinal pathogenic Escherichia coli status predicts virulence in a murine sepsis model better than does virotype, individual
virulence genes, or clonal subset among E. coli ST131 isolates. Virulence 2020, 11, 327–336. [CrossRef]

71. Johnson, J.R.; Porter, S.; Johnston, B.; Kuskowski, M.A.; Spurbeck, R.R.; Mobley, H.L.; Williamson, D.A. Host Characteristics and
Bacterial Traits Predict Experimental Virulence for Escherichia coli Bloodstream Isolates From Patients With Urosepsis. Open Forum
Infect. Dis. 2015, 2, 1–9. [CrossRef]

72. Mamani, R.; Flament-Simon, S.C.; García, V.; Mora, A.; Alonso, M.P.; López, C.; García-Meniño, I.; Díaz-Jiménez, D.; Blanco,
J.E.; Blanco, M.; et al. Sequence Types, Clonotypes, Serotypes, and Virotypes of Extended-Spectrum β-Lactamase-Producing
Escherichia coli Causing Bacteraemia in a Spanish Hospital Over a 12-Year Period (2000 to 2011). Front. Microbiol. 2019, 10, 1530.
[CrossRef] [PubMed]

73. Fröding, I.; Hasan, B.; Sylvin, I.; Coorens, M.; Nauclér, P.; Giske, C.G. Extended-Spectrum-β-Lactamase- and Plasmid AmpC-
Producing Escherichia coli Causing Community-Onset Bloodstream Infection: Association of Bacterial Clones and Virulence Genes
with Septic Shock, Source of Infection, and Recurrence. Antimicrob. Agents Chemother. 2020, 64, e02351-19. [CrossRef] [PubMed]

74. Toval, F.; Köhler, C.D.; Vogel, U.; Wagenlehner, F.; Mellmann, A.; Fruth, A.; Schmidt, M.A.; Karch, H.; Bielaszewska, M.; Dobrindt,
U. Characterization of Escherichia coli Isolates from Hospital Inpatients or Outpatients with Urinary Tract Infection. J. Clin.
Microbiol. 2014, 52, 407–418. [CrossRef] [PubMed]

75. Freire, C.A.; Santos, A.C.M.; Pignatari, A.C.; Silva, R.M.; Elias, W.P. Serine Protease Autotransporters of Enterobacteriaceae
(SPATEs) Are Largely Distributed among Escherichia coli Isolated from the Bloodstream. Braz. J. Microbiol. 2020, 51, 447–454.
[CrossRef] [PubMed]

76. Tapader, R.; Basu, S.; Pal, A. Secreted Proteases: A New Insight in the Pathogenesis of Extraintestinal Pathogenic Escherichia coli.
Int. J. Med. Microbiol. 2019, 309, 159–168. [CrossRef] [PubMed]

77. Modgil, V.; Kaur, H.; Mohan, B.; Taneja, N. Molecular, phylogenetic and antibiotic resistance analysis of enteroaggregative
Escherichia coli/uropathogenic Escherichia coli hybrid genotypes causing urinary tract infections. Indian J. Med. Microbiol. 2020,
38, 421–429. [CrossRef] [PubMed]

78. Mandomando, I.; Vubil, D.; Boisen, N.; Quintó, L.; Ruiz, J.; Sigaúque, B.; Nhampossa, T.; Garrine, M.; Massora, S.; Aide, P.; et al.
Escherichia coli ST131 Clones Harbouring AggR and AAF/V Fimbriae Causing Bacteremia in Mozambican Children: Emergence
of New Variant of fimH27 Subclone. PLoS Negl. Trop. Dis. 2020, 14, e0008274. [CrossRef]

79. Cointe, A.; Birgy, A.; Mariani-Kurkdjian, P.; Liguori, S.; Courroux, C.; Blanco, J.; Delannoy, S.; Fach, P.; Loukiadis, E.; Bidet,
P.; et al. Emerging Multidrug-Resistant Hybrid Pathotype Shiga Toxin–Producing Escherichia coli O80 and Related Strains of
Clonal Complex 165, Europe. Emerg. Infect. Dis. 2018, 24, 2262–2269. [CrossRef]

80. Gati, N.S.; Middendorf-Bauchart, B.; Bletz, S.; Dobrindt, U.; Mellmann, A. Origin and evolution of hybrid Shiga toxin-producing
and uropathogenic (STEC/UPEC) Escherichia coli of sequence type 141. J. Clin. Microbiol. 2019, 58, 1309–1319. [CrossRef]

81. Mariani-Kurkdjian, P.; Lemaître, C.; Bidet, P.; Perez, D.; Boggini, L.; Kwon, T.; Bonacorsi, S. Haemolytic-Uraemic Syndrome with
Bacteraemia Caused by a New Hybrid Escherichia coli Pathotype. New Microbes New Infect 2014, 2, 127–131. [CrossRef]

82. Munhoz, D.D.; Santos, F.F.; Mitsunari, T.; Schüroff, P.A.; Elias, W.P.; Carvalho, E.; Piazza, R.M.F. Hybrid Atypical Enteropathogenic
and Extraintestinal Escherichia coli (aEPEC/ExPEC) BA1250 Strain: A Draft Genome. Pathogens 2021, 10, 475. [CrossRef] [PubMed]

http://doi.org/10.1128/JCM.00516-10
http://www.ncbi.nlm.nih.gov/pubmed/20519468
http://doi.org/10.3109/00365549409008613
http://www.ncbi.nlm.nih.gov/pubmed/7984972
http://doi.org/10.1016/j.diagmicrobio.2017.01.007
http://www.ncbi.nlm.nih.gov/pubmed/28139277
http://doi.org/10.3389/fmicb.2018.00243
http://doi.org/10.3390/microorganisms8060827
http://doi.org/10.3389/fmicb.2017.02334
http://doi.org/10.1093/infdis/jiy459
http://doi.org/10.3390/antibiotics9040161
http://doi.org/10.1080/21505594.2020.1747799
http://doi.org/10.1093/ofid/ofv083
http://doi.org/10.3389/fmicb.2019.01530
http://www.ncbi.nlm.nih.gov/pubmed/31379759
http://doi.org/10.1128/AAC.02351-19
http://www.ncbi.nlm.nih.gov/pubmed/32423949
http://doi.org/10.1128/JCM.02069-13
http://www.ncbi.nlm.nih.gov/pubmed/24478469
http://doi.org/10.1007/s42770-020-00224-1
http://www.ncbi.nlm.nih.gov/pubmed/31965549
http://doi.org/10.1016/j.ijmm.2019.03.002
http://www.ncbi.nlm.nih.gov/pubmed/30940425
http://doi.org/10.4103/ijmm.IJMM_20_365
http://www.ncbi.nlm.nih.gov/pubmed/33154257
http://doi.org/10.1371/journal.pntd.0008274
http://doi.org/10.3201/eid2412.180272
http://doi.org/10.1128/JCM.01309-19
http://doi.org/10.1002/nmi2.49
http://doi.org/10.3390/pathogens10040475
http://www.ncbi.nlm.nih.gov/pubmed/33919948


Microorganisms 2022, 10, 302 16 of 17

83. Riveros, M.; García, W.; García, C.; Durand, D.; Mercado, E.; Ruiz, J.; Ochoa, T.J. Molecular and Phenotypic Characterization
of Diarrheagenic Escherichia coli Strains Isolated from Bacteremic Children. Am. J. Trop. Med. Hyg. 2017, 97, 1329–1336.
[CrossRef] [PubMed]

84. Alipour, T.; Poursina, F. The Frequency of Hybrid Enteroaggregative/Uropathogenic Escherichia coli Isolated from Clinical
Samples of Isfahan Hospitals, Iran. Gene Rep. 2021, 23, 101042. [CrossRef]

85. Abe, C.M.; Salvador, F.A.; Falsetti, I.N.; Vieira, M.A.M.; Blanco, J.; Blanco, J.E.; Blanco, M.; Machado, A.M.O.; Elias, W.P.;
Hernandes, R.T.; et al. Uropathogenic Escherichia coli (UPEC) Strains May Carry Virulence Properties of Diarrhoeagenic E. coli.
FEMS Microbiol. Immunol. 2008, 52, 397–406. [CrossRef] [PubMed]

86. Martínez-Santos, V.I.; Ruíz-Rosas, M.; Ramirez-Peralta, A.; García, O.Z.; Resendiz-Reyes, L.A.; Romero-Pineda, O.J.; Castro-
Alarcón, N. Enteroaggregative Escherichia coli Is Associated with Antibiotic Resistance and Urinary Tract Infection Symptomatol-
ogy. PeerJ 2021, 9, e11726. [CrossRef] [PubMed]

87. Gati, N.S.; Temme, I.J.; Middendorf-Bauchart, B.; Kehl, A.; Dobrindt, U.; Mellmann, A. Comparative Phenotypic Characterization
of Hybrid Shiga Toxin-Producing/Uropathogenic Escherichia coli, Canonical Uropathogenic and Shiga Toxin-Producing Escherichia
coli. Int. J. Med. Microbiol. 2021, 311, 151533. [CrossRef]

88. Høiby, N.; Ciofu, O.; Johansen, H.K.; Song, Z.J.; Moser, C.; Jensen, P.Ø.; Molin, S.; Givskov, M.; Tolker-Nielsen, T.; Bjarnsholt, T.
The Clinical Impact of Bacterial Biofilms. Int. J. Oral Sci. 2011, 3, 55–65. [CrossRef]

89. Watts, R.E.; Hancock, V.; Ong, C.L.Y.; Vejborg, R.M.; Mabbett, A.N.; Totsika, M.; Looke, D.F.; Nimmo, G.R.; Klemm, P.; Schembri,
M.A. Escherichia coli Isolates Causing Asymptomatic Bacteriuria in Catheterized and Noncatheterized Individuals Possess Similar
Virulence Properties. J. Clin. Microbiol. 2010, 48, 2449–2458. [CrossRef]

90. Novais, Â.; Pires, J.; Ferreira, H.; Costa, L.; Montenegro, C.; Vuotto, C.; Donelli, G.; Coque, T.M.; Peixe, L. Characterization of
Globally Spread Escherichia coli ST131 Isolates (1991 to 2010). Antimicrob. Agents Chemother. 2012, 56, 3973–3976. [CrossRef]

91. Ponnusamy, P.; Natarajan, V.; Sevanan, M. In Vitro Biofilm Formation by Uropathogenic Escherichia coli and Their Antimicrobial
Susceptibility Pattern. Asian Pac. J. Trop. Med. 2012, 5, 210–213. [CrossRef]

92. Agarwal, J.; Mishra, B.; Srivastava, S.; Srivastava, R. Genotypic Characteristics and Biofilm Formation among Escherichia coli
Isolates from Indian Women with Acute Cystitis. Trans. R. Soc. Trop. Med. Hyg. 2013, 107, 183–187. [CrossRef] [PubMed]

93. Tapiainen, T.; Hanni, A.M.; Salo, J.; Ikäheimo, I.; Uhari, M. Escherichia coli Biofilm Formation and Recurrences of Urinary Tract
Infections in Children. Eur. J. Clin. Microbiol. Infect. Dis. 2014, 33, 111–115. [CrossRef] [PubMed]

94. Le Bouguenec, C.; Archambaud, M.; Labigne, A. Rapid and specific detection of the pap, afa, and sfa adhesin-encoding operons in
uropathogenic Escherichia coli strains by polymerase chain reaction. J. Clin. Microbiol. 1992, 5, 1189–1193. [CrossRef] [PubMed]

95. Lalioui, L.; Le Bouguénec, C. afa-8 Gene cluster is carried by a pathogenicity island inserted into the tRNA(Phe) of human and
bovine pathogenic Escherichia coli isolates. Infect. Immun. 2001, 69, 937–948. [CrossRef] [PubMed]

96. Müller, D.; Greune, L.; Heusipp, G.; Karch, H.; Fruth, A.; Tschäpe, H.; Schmidt, M.A. Identification of unconventional intestinal
pathogenic Escherichia coli isolates expressing intermediate virulence factor profiles by using a novel single-step multiplex PCR.
Appl. Environ. Microbiol. 2007, 73, 3380–3390. [CrossRef] [PubMed]

97. Johnson, J.R.; Stell, A.L. Extended virulence genotypes of Escherichia coli strains from patients with urosepsis in relation to
phylogeny and host compromise. J. Infect. Dis. 2000, 181, 261–272. [CrossRef] [PubMed]

98. Okuda, J.; Kurazono, H.; Takeda, Y. Distribution of the cytolethal distending toxin A gene (cdtA) among species of Shigella and
Vibrio, and cloning and sequencing of the cdt gene from Shigella dysenteriae. Microb. Pathog. 1995, 18, 167–172. [CrossRef]

99. Santos, A.C.; Zidko, A.C.; Pignatari, A.C.; Silva, R.M. Assessing the diversity of the virulence potential of Escherichia coli isolated
from bacteremia in São Paulo, Brazil. Braz. J. Med. Biol. Res. 2013, 46, 968–973. [CrossRef]

100. Vidal, M.; Kruger, E.; Durán, C.; Lagos, R.; Levine, M.; Prado, V.; Toro, C.; Vidal, R. Single multiplex PCR assay to identify
simultaneously the six categories of diarrheagenic Escherichia coli associated with enteric infections. J. Clin. Microbiol. 2005,
43, 5362–5365. [CrossRef]

101. Gannon, V.P.; Rashed, M.; King, R.K.; Thomas, E.J. Detection and characterization of the eae gene of Shiga-like toxin-producing
Escherichia coli using polymerase chain reaction. J. Clin. Microbiol. 1993, 31, 1268–1274. [CrossRef]

102. Marc, D.; Dho-Moulin, M. Analysis of the fim cluster of an avian O2 strain of Escherichia coli: Serogroup-specific sites within fimA
and nucleotide sequence of fimI. J. Med. Microbiol. 1996, 44, 444–452. [CrossRef] [PubMed]

103. Yamamoto, S.; Terai, A.; Yuri, K.; Kurazono, H.; Takeda, Y.; Yoshida, O. Detection of urovirulence factors in Escherichia coli by
multiplex polymerase chain reaction. FEMS Immunol. Med. Microbiol. 1995, 12, 85–90. [CrossRef] [PubMed]

104. Ewers, C.; Li, G.; Wilking, H.; Kiessling, S.; Alt, K.; Antáo, E.M.; Laturnus, C.; Diehl, I.; Glodde, S.; Homeier, T.; et al. Avian
pathogenic, uropathogenic, and newborn meningitis-causing Escherichia coli: How closely related are they? Int. J. Med. Microbiol.
2007, 297, 163–176. [CrossRef]

105. Szalo, I.M.; Goffaux, F.; Pirson, V.; Piérard, D.; Ball, H.; Mainil, J. Presence in bovine enteropathogenic (EPEC) and enterohaemor-
rhagic (EHEC) Escherichia coli of genes encoding for putative adhesins of human EHEC strains. Res. Microbiol. 2002, 153, 653–658.
[CrossRef]

106. Johnson, J.R.; Russo, T.A.; Tarr, P.I.; Carlino, U.; Bilge, S.S.; Vary, J.C., Jr.; Stell, A.L. Molecular epidemiological and phylogenetic
associations of two novel putative virulence genes, iha and iroN (E. coli), among Escherichia coli isolates from patients with
urosepsis. Infect. Immun. 2000, 68, 3040–3047. [CrossRef] [PubMed]

http://doi.org/10.4269/ajtmh.17-0066
http://www.ncbi.nlm.nih.gov/pubmed/29016293
http://doi.org/10.1016/j.genrep.2021.101042
http://doi.org/10.1111/j.1574-695X.2008.00388.x
http://www.ncbi.nlm.nih.gov/pubmed/18336383
http://doi.org/10.7717/peerj.11726
http://www.ncbi.nlm.nih.gov/pubmed/34513321
http://doi.org/10.1016/j.ijmm.2021.151533
http://doi.org/10.4248/IJOS11026
http://doi.org/10.1128/JCM.01611-09
http://doi.org/10.1128/AAC.00475-12
http://doi.org/10.1016/S1995-7645(12)60026-1
http://doi.org/10.1093/trstmh/trs090
http://www.ncbi.nlm.nih.gov/pubmed/23296752
http://doi.org/10.1007/s10096-013-1935-4
http://www.ncbi.nlm.nih.gov/pubmed/23996047
http://doi.org/10.1128/jcm.30.5.1189-1193.1992
http://www.ncbi.nlm.nih.gov/pubmed/1349900
http://doi.org/10.1128/IAI.69.2.937-948.2001
http://www.ncbi.nlm.nih.gov/pubmed/11159989
http://doi.org/10.1128/AEM.02855-06
http://www.ncbi.nlm.nih.gov/pubmed/17400780
http://doi.org/10.1086/315217
http://www.ncbi.nlm.nih.gov/pubmed/10608775
http://doi.org/10.1016/S0882-4010(95)90022-5
http://doi.org/10.1590/1414-431X20133184
http://doi.org/10.1128/JCM.43.10.5362-5365.2005
http://doi.org/10.1128/jcm.31.5.1268-1274.1993
http://doi.org/10.1099/00222615-44-6-444
http://www.ncbi.nlm.nih.gov/pubmed/8636962
http://doi.org/10.1111/j.1574-695X.1995.tb00179.x
http://www.ncbi.nlm.nih.gov/pubmed/8589667
http://doi.org/10.1016/j.ijmm.2007.01.003
http://doi.org/10.1016/S0923-2508(02)01379-7
http://doi.org/10.1128/IAI.68.5.3040-3047.2000
http://www.ncbi.nlm.nih.gov/pubmed/10769012


Microorganisms 2022, 10, 302 17 of 17

107. Johnson, J.R.; O’Bryan, T.T.; Low, D.A.; Ling, G.; Delavari, P.; Fasching, C.; Russo, T.A.; Carlino, U.; Stell, A.L. Evidence of
commonality between canine and human extraintestinal pathogenic Escherichia coli strains that express papG allele III. Infect.
Immun. 2000, 68, 3327–3336. [CrossRef] [PubMed]

108. Gioppo, N.M.; Elias, W.P., Jr.; Vidotto, M.C.; Linhares, R.E.; Saridakis, H.O.; Gomes, T.A.; Trabulsi, L.R.; Pelayo, J.S. Prevalence of
HEp-2 cell-adherent Escherichia coli and characterisation of enteroaggregative E. coli and chain-like adherent E. coli isolated from
children with and without diarrhoea, in Londrina, Brazil. FEMS Microbiol. Lett. 2000, 190, 293–298. [CrossRef]

109. Paton, A.W.; Paton, J.C. Direct detection and characterization of Shiga toxigenic Escherichia coli by multiplex PCR for stx1, stx2, eae,
ehxA, and saa. J. Clin. Microbiol. 2002, 40, 271–274. [CrossRef]

110. Czeczulin, J.R.; Whittam, T.S.; Henderson, I.R.; Navarro-Garcia, F.; Nataro, J.P. Phylogenetic analysis of enteroaggregative and
diffusely adherent Escherichia coli. Infect. Immun. 1999, 67, 2692–2699. [CrossRef]

111. Rodriguez-Siek, K.E.; Giddings, C.W.; Doetkott, C.; Johnson, T.J.; Nolan, L.K. Characterizing the APEC pathotype. Vet. Res. 2005,
36, 241–256. [CrossRef]

112. Delicato, E.R.; de Brito, B.G.; Konopatzki, A.P.; Gaziri, L.C.; Vidotto, M.C. Occurrence of the temperature-sensitive hemagglutinin
among avian Escherichia coli. Avian Dis. 2002, 46, 713–716. [CrossRef]

http://doi.org/10.1128/IAI.68.6.3327-3336.2000
http://www.ncbi.nlm.nih.gov/pubmed/10816481
http://doi.org/10.1111/j.1574-6968.2000.tb09301.x
http://doi.org/10.1128/JCM.40.1.271-274.2002
http://doi.org/10.1128/IAI.67.6.2692-2699.1999
http://doi.org/10.1051/vetres:2004057
http://doi.org/10.1637/0005-2086(2002)046[0713:OOTTSH]2.0.CO;2

	Introduction 
	Materials and Methods 
	Patients and Bacterial Isolates 
	Phylogenetic Origin 
	Virulence Genes Characterization 
	Random Amplified Polymorphic DNA (RAPD) 
	Cell Culture, Maintenance and Adherence Assay 
	Biofilm Assay 
	Statistical Analyses 

	Results 
	Epidemiological Data on Infections Caused by UPEC Strains 
	Classification of ExPEC Virulence Profile, Uropathogenicity, and Phylogenetic Origin of Hybrid UPEC Strains 
	Adherence Pattern of Hybrid UPEC Strains 
	Interaction with HEK 293T Cells 
	Interaction with T24 Cells 
	Biofilm Formation Assays 

	Discussion 
	Conclusions 
	References

