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Abstract

Uropathogenic Escherichia coli (UPEC) is the leading cause of urinary tract infections worldwide.
ESBL-producing UPEC poses an escalating public health threat, yet its molecular epidemiology remains
completely uncharacterized in Yemen. A cross-sectional study of 400 urine samples was conducted in
Sana’a, Yemen. ESBL production was phenotypically screened. Multiplex PCR detected fimH and papC,
confirmed by Sanger sequencing. Of 180 UPEC isolates, 75 (41.7%) were ESBL-producers. ESBL production
was significantly associated with ICU admission, diabetes, and urinary tract abnormalities (P < 0.001).
Resistance to third-generation cephalosporins exceeded 95%. Meropenem (96.0%), imipenem (92.0%),
and amikacin (82.7%) were the most effective agents. fimH was detected in 89.3% and papCin 86.7%
of ESBL-UPEC isolates; 84% co-harbored both genes. Sequencing confirmed high identity to reference
sequences (99.37% and 98.25%, respectively). This first molecular study from Yemen reveals a high
prevalence of multidrug-resistant ESBL-UPEC harboring fimH and papCin both hospital and community
settings, underscoring an urgent public health threat.
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INTRODUCTION

Urinary tract infections (UTIs) impose a
substantial burden on global healthcare systems.
Uropathogenic Escherichia coli (UPEC) is the
leading cause of UTlIs, responsible for nearly 80%
of community-acquired and approximately 50%
of hospital-acquired infections.? The emergence
of antibiotic resistance in UPEC, particularly
via extended-spectrum B-lactamase (ESBL)
production, has become a critical public health
concern.?

ESBL enzymes (CTX-M, TEM, and SHV)
confer resistance to penicillins and third-generation
cephalosporins. These enzymes have driven
the emergence of multidrug-resistant (MDR)
superbugs harboring diverse resistance genes.>*
The growing dissemination of ESBL-producing
UPEC leads to prolonged illness, therapeutic
failure, and substantially higher healthcare costs.>®

Multiple virulence factors enable ESBL-
UPEC to colonize and invade the urinary tract.*
Adhesion genes are particularly critical during
the initial stages of infection. The fimH gene (type
1 fimbriae) mediates bacterial attachment to
bladder cells through D-mannose binding, thereby
initiating colonization and biofilm formation.®’

The papC gene encodes the P fimbrial
usher protein, which binds to receptors on kidney
epithelial cells and is strongly associated with
pyelonephritis.®” Co-carriage of both adhesion
genes (fimH and papC) alongside multidrug-
resistance complicates clinical management and
limits therapeutic options.

Despite extensive global research on
ESBL and virulence gene genetics in UPEC, no
molecular data exist from Yemen. To date, no
study has characterized virulence genes in ESBL-
producing UPEC strains from this region. Given
their well-established roles in UPEC pathogenesis
and resource limitations, this pilot study focused
on fimH and papC as representative adhesion
factors, acknowledging that a broader panel of
virulence genes (e.g., afa, sfa, hlyA, cnf1, and iron
acquisition genes) remains to be investigated.

Therefore, this study represents the first
comprehensive molecular investigation of ESBL-
producing UPEC in Yemen. Our objectives were
to determine the incidence and antimicrobial

resistance profiles of ESBL-UPEC and to characterize
the virulence genes fimH and papC.

MATERIALS AND METHODS

Study Design, Study Population, and Eligibility
Criteria

This cross-sectional study was conducted
at Al-Kuwait University Hospital in Sana’a City,
Yemen, between April 2024 and April 2025. Ethical
approval was obtained from the Committee of
the Biological Department, Microbiology Branch,
Faculty of Science, Sana’a University (approval no.
825-9). A consecutive sampling technique was
employed: all patients presenting with suspected
urinary tract infections (UTIs) during the study
period who met the eligibility criteria were invited
to participate. A total of 180 E. coli isolates were
recovered from 400 midstream urine samples
collected at the hospital. Prior to collection, all
patients received standardized verbal and written
instructions for obtaining a clean-catch midstream
urine specimen. Samples were immediately stored
at 4 °C and processed for culture within 24 hours.
Demographic and clinical data were collected from
all participants using a structured questionnaire.

Inclusion criteria

Patients of all ages and genders who
provided informed consent and from whose urine
samples a significant growth of E. coli (> 10° CFU/
mL) was isolated.

Exclusion criteria

Individuals who declined to participate,
samples with insufficient volume, and specimens
showing mixed bacterial growth or insignificant
bacteriuria (< 10° CFU/mL) were excluded.

Identification of uropathogenic E. coli

Urine samples were inoculated onto
blood agar and MacConkey agar (HiMedia, India)
using a calibrated loop and incubated aerobically at
37 °Cfor 18-24 hours. Presumptive E. coli isolates
were confirmed by Gram staining (Gram-negative
bacilli) and the IMViC biochemical profile (indole
positive, methyl red positive, Voges-Proskauer
negative, citrate negative).®
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Table 1. Characteristics of oligonucleotide primers for multiplex PCR

Target Base Primer Sequence (5' — 3') Stock (uM) Ref.

Gene Pair

fimH 508 bp F: TCGAGAACGGATAAGCCGTGG 100 uM 12
R: GCAGTCACCTGCCCTCCGGTA

papC 200 bp F: GTGGAGTATGAGTAATGACCGTTA 100 uM 12

R: ATATCCTTTCTGCAGGGATGCAATA

Note: F, forward; R, reverse. All primers were reconstituted with nuclease-free water (H,0) to obtain a 100 uM stock solution.
The final concentration in the PCR reaction was 1.0 uM per primer

Phenotypic confirmation of ESBL production

Phenotypic ESBL confirmation was
performed using the Double-Disk Synergy
Test (DDST).2 A Mueller-Hinton agar plate was
inoculated with a 0.5 McFarland bacterial
suspension. An amoxicillin-clavulanic acid disk
(20/10 pg) was placed centrally, with ceftazidime
(30 pg), cefotaxime (30 ug), and aztreonam (30
ug) disks positioned 20 mm from the center. After
incubation (35 + 2 °C, 16-18 hours), a positive
result was defined as a “keyhole” effect synergistic
enhancement of any antibiotic inhibition zone
toward the central disk.

Antimicrobial susceptibility testing and screening
for ESBL producers

Antimicrobial susceptibility was
determined using the Kirby-Bauer disk diffusion
method following CLSI M100 guidelines.? E.
coli ATCC® 25922 served as the quality control
strain in each run. Following incubation, inhibition
zone diameters were measured, and isolates
were categorized as susceptible, intermediate,
susceptible-dose dependent, or resistant according
to CLSI M100, 33" edition (2023), breakpoints.?

Storage of bacterial isolates

To preserve the viability and genetic
integrity of the confirmed ESBL- producing
uropathogenic E. coli isolates for downstream
molecular analyses, a cryopreservation protocol
was implemented. Following daily confirmation,
theisolates were resuspended in a cryoprotectant
solution of nutrient broth (HiMedia, India)
supplemented with 10% (v/v) glycerol. The
suspensions were then aliquoted into cryovials
and stored at -20 °C for short-term preservation.’

Molecular identification

All ESBL-producing UPEC isolates were
screened for the fimH and papC genes using a
multiplex polymerase chain reaction (PCR) assay.

DNA extraction genomic

Genomic DNA was extracted using the
Bioneer Exgene™ Kit (K-3032G, Bioneer, Korea)
according to the manufacturer’s protocol. DNA
purity (A260/280 ratio = 1.8-2.0) was confirmed
using a Genova Nano spectrophotometer.

Polymerase Chain Reaction (PCR)

A single-tube multiplex assay was
performed to detect both fimH and papC adhesion
genes. Each 20 pl reaction mixture contained 10
pL of 2 x master mix, 2 pL of primer mix (10 uM
each; final concentration 1.0 uM per primer), 4 pL
of DNA template, and 4 pL of nuclease-free water.
Negative (nuclease-free water) and positive (E.
coli ATCC® 25922) controls were included in each
run. The primer sequences and target amplicon
sizes are provided in Table 1.

Thermal cycling

Initial denaturation at 95 °C for 5 minutes;
35 cycles of denaturation at 95 °C for 30 seconds,
annealing at 54 °C for 30 seconds, and extension at
72 °Cfor 35 seconds; followed by a final extension
at 72 °C for 5 minutes.

Electrophoresis

PCR products were resolved by
electrophoresis on a 1% agarose gel stained with
ethidium bromide. A 100 bp DNA ladder was used
as a size marker, and amplicons were visualized
under ultraviolet (UV) light.
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Table 2. Demographic and clinical characteristics of patients with ESBL-producing and non-ESBL UPEC infections

Characteristic Category ESBL- Non-ESBL P-value Chi- Odds Ratio
UPEC UPEC Square (95% Cl)
(n=75) (n=105)
Age Group (years) <20 8 (10.7%) 17 (16.2%) 0.209 4.53 -
21-40 45 (60%) 50 (47.6%)
41-60 17 (22.6%) 23 (21.9%)
>60 5 (6.7%) 15 (14.3%)
Sex Male 23 (30.6%) 43 (40.6%) 0.157 2.00 1.55(0.83-2.89)
Female 52 (69.3%) 62 (59.1%)
Patient Type Inpatient 35 (46.7%) 30 (28.6%) 0.059 3.56 2.19 (1.18-4.06)
Outpatient 40 (53.3%) 75 (71.4%)

Note: Chi-square >3.84 (significant), P-value: <0.05 (significant)

DNA sequencing

Purified PCR products were submitted to
Genome Medical Company (Amman, Jordan) and
forwarded to Macrogen Europe (Milan, Italy) for
bidirectional Sanger sequencing using the BigDye®
Terminator v3.1 Kit on an ABI 3730x|I DNA Analyzer.
Sequence chromatograms and trimmed consensus
sequences were provided by the sequencing
facility. The obtained sequences were deposited in
GenBank, and sequence identities were confirmed
using NCBI BLASTn.

Statistical analyses

Data were analyzed using SPSS statistical
software version 25 (IBM Corp., Armonk, NY,
USA). Univariate analysis was performed using
the chi-square (x?) test. Odds ratios (OR) with
95% confidence intervals (Cl) were calculated to
assess associations between categorical variables.
A P-value <0.05 was considered statistically
significant.

RESULTS

Prevalence of uropathogenic E. coli

Of the 400 midstream urine samples
processed, 180 (45.0%) yielded significant growth
of E. coli and were confirmed as uropathogenic E.
coli (UPEC). Among these 180 isolates, 105 (58.3%)
were classified as non-ESBL producers, while 75
(41.7%) were confirmed as ESBL producers using
the double-disk synergy test (DDST).

Association of ESBL-UPEC infections with
demographic and clinical characteristics

Among the 180 UPEC isolates, 75 were
ESBL producers. Inpatient status was associated
with higher odds of ESBL production (odds ratio
[OR] = 2.19; 95% confidence interval [CI]: 1.18-
4.06); however, this association did not reach
statistical significance (P = 0.059). No significant
associations were observed between ESBL
production and sex (P = 0.157) or age group
(P = 0.209). Detailed demographic and clinical
characteristics are presented in Table 2.

Risk factors and ESBL-UPEC infections

As shown in Table 3, ICU admission,
urinary tract deformity, heart disease, and
diabetes were significantly associated with ESBL-
UPEC infections (P < 0.001). History of surgery
(P =0.589) and prostatic disease (P = 0.747) were
not significantly associated.

Antibiotic susceptibility profiles

ESBL-producing UPEC isolates
demonstrated high levels of resistance to third-
generation cephalosporins (>95%). The most
effective antibiotics were meropenem (96.0%
susceptible), imipenem (92.0%), and amikacin
(82.7%). Nitrofurantoin exhibited only moderate
activity (46.7% susceptible). The complete
antimicrobial susceptibility profile is detailed in
Table 4.
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Table 3. Association of clinical risk factors for ESBL-producing UPEC infection

Risk Factor Non-ESBL UPEC ESBL UPEC P-value Odds Ratio
(n=105) (%) (n=75) (%) (95% Cl)

Urinary Deformity 15 (14.3%) 30 (40%) <0.001 4(1.9-8.2)
Diabetes 32 (30.5%) 41 (54.7%) <0.001 2.7 (1.5-4.9)
Heart Disease 22 (21%) 32 (42.7%) <0.001 2.8(1.5-5.3)
ICU Admission 2 (1.9%) 19 (25.3%) <0.001 17.1(3.9-75.4)
Surgery 19 (18.1%) 16 (21.3%) 0.5890 1.2 (0.6-2.5)
Prostatic Disease 11 (10.5%) 9 (12%) 0.7470 1.2(0.5-2.9)

Distribution of virulence genes in ESBL-producing
UPEC

Among the 75 ESBL-UPEC isolates, 67
(89.3%) tested positive for the fimH gene, 65
(86.7%) tested positive for the papC gene, and
63 (84.0%) harbored both genes concurrently.
Specifically, 4 isolates (5.3%) harbored fimH only, 2
isolates (2.7%) harbored papC only, and 6 isolates
(8.0%) lacked both genes. A representative agarose
gel image showing the amplification of fimH (508
bp) and papC (200 bp) is presented in Figure.

Association of virulence genes with clinical
syndromes and clinical risk factors

Cystitis was significantly associated
with the presence of both fimH (P = 0.01)
and papC (P = 0.01). No significant associations
were observed between either virulence gene and
ICU admission, diabetes mellitus, heart disease,
or urinary tract abnormalities. A non-significant
trend was observed between papC carriage and

post-surgical status (P = 0.083). Both genes were
more frequently detected in outpatients than
in inpatients, although this difference was not
statistically significant.

Nucleotide sequencing and GenBank deposition
Bidirectional Sanger sequencing of
the fimH and papC amplicons yielded high-
quality chromatograms and trimmed consensus
sequences. BLASTn analysis of the fimH sequence
revealed 99.37% identity with the fimH gene
located on the chromosomes of Escherichia
coli strains 22AR0747, MLI109, and R12 (GenBank
accession numbers CP195459.1, CP117008.1,
and CP066740.1, respectively). The fimH DNA
sequence generated in this study was deposited
in GenBank under accession number PX893128.
The DNA sequence of both genes
generated in this study was deposited in GenBank
under the accession number as shown in Table 5.

Figure. Agarose gel image showing the fimH (508 bp) and papC (200 bp) virulence genes in ESBL UPEC isolates
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Table 4. Antimicrobial susceptibility profile of 75 extended-spectrum

Antibiotic ESBL Isolates (n = 75)
Susceptible (%) Intermediate (%) Resistant (%)

Amikacin 62 (82.7%) 3 (4.0%) 10 (13.3%)
Gentamicin 48 (64.0%) 3 (4.0%) 24 (32.0%)
Tobramycin 40 (53.3%) 5(6.7%) 30 (40.0%)
Ampicillin 0 1(1.3%) 74 (98.6%)
Amoxicillin-Clavulanate 40 (53.3 %) 2(2.7%) 33 (44.0%)
Cefepime (4% generation) 2 (2.7%) 1(1.3%) 72 (96.0)
Cefotaxime (3™ generation) 0 1(1.3%) 74 (98.7)
Ceftazidime (3" generation) 0 (4.0%)3 72 (96.0)
Cefoxitin (2™ generation) 45 (60%) 6 (6.7%) 25 (33.3%)
Aztreonam 0 4 (5.3%) 71 (94.7%)
Meropenem 72 (96.0%) 2 (2.7%) 1(1.3%)
Imipenem 69 (92.0%) 4 (5.3%) 2(2.7%)
Ciprofloxacin 25 (33.3%) 5(6.7%) 45 (60.0%)
Levofloxacin 35 (46.7%) 6 (8.0%) 34 (45.3%)
Nalidixic Acid 3 (4.0%) 2(2.7%) 70 (93.3%)
Chloramphenicol 20 (26.7%) 6 (8.0%) 49 (65.3%)
Nitrofurantoin 35 (46.7%) 7 (9.3%) 33 (44.0%)
Piperacillin-Tazobactam 30 (40.0%) 7 (9.3%) 38 (50.7%)
Tetracycline 14 (18.7%) 2(2.7%) 59 (78.7%)

Table 5. Determination of accession numbers by
GenBank

Sequence_ID Identifier Organism GenBank

accession number

PX893128 fimH
PZ454262 papC
DISCUSSION

This study provides thefirstcomprehensive
analysis presenting molecular epidemiological data
on ESBL-producing uropathogenic E. coli (UPEC)
from Yemen, revealing a high prevalence of
multidrug-resistant clones that are increasingly
community-associated and harbor a potent
combination of virulence genes.

The prevalence of ESBL-producing UPEC
in Sana’a was 41.7%, and these isolates exhibited
multidrug resistance. This rate is consistent with
a report from Eastern India.°

Therefore, our demographic analysis
showed increased infection rates among females
and the 21-40 age group, consistent with global
data where anatomical factors and sexual activity

are well-known contributors.'*'* Community-
driven spread of ESBL-UPEC has also been reported
in Saudi Arabia® and China.® In our study, 60% of
ESBL-UPEC infections were community-acquired,
indicating widespread community dissemination.*®

Also, analysis revealed significant
associations between ESBL-UPEC and several risk
factors, including ICU admission, diabetes, and
urinary tract abnormalities. These conditions
may create a vicious cycle: predisposing patients
to recurrent infections, prompting repeated
antibiotic use, and thereby driving further
resistance selection and spread.'’-*°

Our susceptibility data reveal a critical
treatment challenge in Yemeni clinics. Resistance
rates reached 98.7% for cefotaxime and 60.0%
for ciprofloxacin, rendering third-generation
cephalosporins and fluoroquinolones unreliable
for empirical UTI treatment. Consequently,
clinicians have limited options, necessitating
alternative agents such as amikacin (82.7%
susceptible). These findings align with reports from
Ethiopia'® and Egypt?! and are supported by studies
from Iran and China advocating combination
therapy.?%
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Polymerase chain reaction (PCR) analysis
detected fimH in 89.3% and papC in 86.7%
of ESBL-UPEC isolates. The high prevalence
of fimH is expected, as this gene is commonly
found in both pathogenic and commensal E. coli.
In contrast, papC is more specifically associated
with uropathogenic strains.?*?¢ No association
was found between fimH or papC and clinical
syndrome, a finding possibly attributable to
the limited sample size. This contrasts with a
Colombian study that reported a significant
association between fimH-positive ESBL-UPEC
and ICU admission (OR 5.63; 95% Cl 1.92-16.53;
P =0.002).%8 In the present study, virulence genes
were most prevalent among outpatients, but no
association was found with inpatient or outpatient
status. This agrees with a Peruvian study reporting
a higher fimH prevalence among outpatients
(68.9%) than inpatients (31.1%).%

In addition, sequencing confirmed
that the amplified product was the type 1
fimbrial adhesin gene (fimH) from Escherichia
coli, showing high identity to known sequences
(e.g., XNP_02010.1)%*. The fimH sequence was
deposited in GenBank under accession number
PX893128. Furthermore, BLASTN and BLASTX
analyses identified the 174 bp amplicon as a
fragment of the papC gene, which encodes the P
fimbrial usher protein — a critical virulence factor
in uropathogenic E. coli.*

CONCLUSION

This study reveals a critical public health
concern in Sana’a, Yemen. Among UPEC isolates,
41.7% were ESBL producers and demonstrated
resistance to commonly used antibiotics. Notably,
the majority of ESBL-UPEC cases (60%) occurred
in outpatients, indicating that antimicrobial
resistance is now a community-wide problem.
Furthermore, most isolates harbored the adhesion
genes fimH (89.3%) and papC (86.7%), which
may contribute to pathogenicity. These findings
underscore the urgent need for enhanced
antimicrobial stewardship, routine surveillance,
and infection control measures in both hospital
and community settings in Yemen.
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