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1 Department of Biology, Biotechnical Faculty, University of Ljubljana, 1000 Ljubljana, Slovenia;
katja.hrovat@bf.uni-lj.si (K.H.); jerneja.zupancic@bf.uni-lj.si (J.Č.Z.)
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Abstract: Biocidal products prevent the spread of pathogenic microorganisms, including extended-
spectrum β-lactamase-producing Escherichia coli (ESBL-EC), which is one of the most alarming health
problems worldwide. Quaternary ammonium compounds (QACs) are surface-active agents that
interact with the cytoplasmic membrane and are widely used in hospitals and food processing
environments. A collection of 577 ESBL-EC, isolated from lower respiratory tract (LRT) samples, was
screened for QAC resistance genes oqxA; oqxB; qacE∆1; qacE; qacF/H/I; qacG; sugE (p); emrE; mdfA;
sugE (c); ydgE; ydgF; and for class 1, 2, and 3 integrons. The prevalence of chromosome-encoded genes
ranged from 77 to 100%, while the prevalence of QAC resistance genes encoded on mobile genetic
elements (MGEs) was relatively low (0–0.9%), with the exception of qacE∆1 (54.6%). PCR screening
detected the presence of class 1 integrons in 36.3% (n = 210) of isolates, which were positively
correlated with qacE∆1. More correlations between QAC resistance genes, integrons, sequence type
group ST131, and β-lactamase genes were presented. The results of our study confirm the presence
of QAC resistance genes and also class 1 integrons commonly found in multidrug-resistant clinical
isolates and highlight the potential role of QAC resistance genes in the selection of ESBL-producing
E. coli in hospitals.

Keywords: Escherichia coli; lower respiratory tract samples; extended-spectrum β-lactamases; QAC
resistance genes

1. Introduction

Escherichia coli (E. coli) is a commensal in the intestines of humans and warm-blooded
animals but can also cause a variety of intestinal and extraintestinal infections (ExPEC).
ExPEC strains are among the most common bacterial pathogens isolated from clinical
specimens and are associated with different types of infections, including bacteremia,
urinary tract infections, neonatal meningitis, respiratory tract infections, and skin and soft
tissue infections [1–4]. Despite the plasticity and variability of the E. coli genome, several
studies have shown that ExPEC strains possess a distinct set of virulence-associated genes
(VAGs), including adhesins, autotransporters, toxins, siderophores, and protectins, which
are usually encoded on MGEs [5–7]. These strains mainly belong to phylogenetic group
B2 or D with the most frequent sequence type 131 (ST131), which can be found in the
community, hospitals, and also in the environment [8,9]. The clonal group ST131 plays an
important role in the worldwide distribution of antibiotic-concerning resistance genes in
E. coli, e.g., resistance to β-lactams and fluoroquinolones. Genes for extended-spectrum
β-lactamases (ESBLs) and fluoroquinolone-resistance are often encoded on the same MGEs,
with a common combination of blaCTX-M-15 and aac(6′)-Ib-cr [9–13]. The emergence and
increasing dissemination of highly virulent and multidrug-resistant ESBL-producing E. coli
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(ESBL-EC) contributes to treatment failure and increased mortality. Therefore, the World
Health Organization has classified ESBL-EC in the group of critical pathogens for which
research and development of new antibiotics are urgently needed [14]. In order to reduce
infections with antimicrobial-resistant microorganisms, effective disinfection and hygiene
strategies have been applied in the last two decades, leading to increased use of biocides,
which peaked during the SARS-CoV-2 pandemic [15,16].

Biocidal products are of great importance for the control and elimination of pathogens,
especially in settings such as hospitals, the food industry, and, recently, increasingly in
the domestic environment. In hospitals, biocides are used for medical devices and sur-
face disinfection and also for skin antisepsis. Effective disinfection of hospital surfaces,
instruments, and rooms is especially crucial for intensive care patients, where nosocomial
infections are often associated with mechanical ventilation [17,18]. Quaternary ammonium
compounds (QACs) are cationic surfactants that interact with the cytoplasmic membrane
of bacteria, resulting in cell lysis, and are commonly used as biocidal agents. They act
on a wide range of microorganisms, including fungi, bacteria, parasites, and lipophilic
viruses [16,19]. Continuous exposure to biocidal products exerts constant selective pres-
sure on bacteria and, over time, promotes tolerance or resistance [20–22]. Gram-negative
bacteria are intrinsically resistant to biocides due to their outer membrane, efflux pumps,
and biofilm formation. Additionally, they can also acquire resistance genes via horizontal
gene transfer. QAC resistance genes can be encoded on the chromosome (emrE, mdfA, sugE,
ydgE, ydgF) or MGEs (oqxA, oqxB, qacE∆1, qacE, qacF/H/I, qacG, sugE) such as plasmids,
integrons, transposons, and integrative conjugative elements [21,23–25]. Proteins involved
in QAC resistance belong to the small multidrug resistance (SMR) efflux family, with the
exception of MdfA, a member of the major facilitator superfamily (MFS), and OqxAB from
the resistance-nodulation-division (RND) family. Moreover, genes for these efflux pumps
can be encoded on the same MGEs as antibiotic resistance genes, resulting in co-resistance
or cross-resistance due to the same resistance mechanism [15,22,23,26]. The aim of our
study was to determine the prevalence of QAC resistance genes and three classes of inte-
grons in the collection of ESBL-EC isolated from the lower respiratory tract (LRT) samples,
molecularly characterized for ST131 sequence type group and β-lactamase resistance genes.

2. Materials and Methods
2.1. Bacterial Isolates

E. coli isolates were obtained from LRT samples (sputa, tracheal aspirates, and bron-
choalveolar lavages) between 2002 and 2022. All isolates were isolated and identified at the
Institute of Microbiology and Immunology, Faculty of Medicine, University of Ljubljana
(IMI), by using matrix-assisted laser desorption/ionization time-of-flight mass-spectrometry
(MALDI TOF MS) (MBT COMPASS 4.1, Microflex, Bruker Daltonics, Bremen, Germany).

Furthermore, isolates were routinely tested for the phenotypic resistance to antimi-
crobial agents by disk diffusion assay. Results were interpreted according to Clinical
and Laboratory Standards Institute (CLSI) [27] guidelines through 31 March 2014, and
European Committee on Antimicrobial Susceptibility Testing (EUCAST) [28] guidelines
since 1 April 2014. Extended-spectrum β-lactamase production was tested according to
CLSI and EUCAST [29] recommendations in the aforementioned time frame. A total of
577 consecutive, unduplicated E. coli that were phenotypically and genotypically positive
for ESBL and assigned to the ST131 group were molecularly analyzed.

2.2. Bacterial DNA Extraction and PCR Screening of QAC Resistance Genes

The boiling technique was used for bacterial DNA extraction [30]. Briefly, bacteria
were harvested from 1.5 mL cultures by centrifugation and then resuspended in a total
volume of 200 µL distilled sterile water and heated at 100 ◦C for 10 min. After a 10 min
centrifugation, the supernatant-containing bacterial DNA was collected and used for all
PCR reactions. All PCR amplifications were performed in a total volume of 25 µL containing
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2 µL of the bacterial lysate, 12.5 µL of PCR Master mix (Thermo Fisher Scientific, Waltham,
MA, USA), and each of the primers at a final concentration of 10µM.

All 577 isolates were tested for the presence of QAC resistance genes and three classes of
integrons using the specific primers and cycling conditions described in Table 1 [21,31–34].

Table 1. Primers and conditions for PCR amplification of QAC resistance genes.

Target Primer (Sequence 5′→3′) Amplification
Conditions

PCR
Product

Size (bp)
Reference

QAC resistance genes

qacE∆1

qacE∆1 F 95 ◦C—5 min

175

[21]

(AATCCATCCCTGTCGGTGTT) 94 ◦C—30 s
56 ◦C—30 s

30×
qacE∆1 R 72 ◦C—30 s

(CGCAGCGACTTCCACGATGGGGAT) 72 ◦C—7 min

qacE

qacE F 95 ◦C—5 min

258

(AAGTAATCGCAACATCCG) 94 ◦C—30 s
50 ◦C—30 s

30×
qacE R 72 ◦C—30 s

(CTACTACACCACTAACTATGAG) 72 ◦C—7 min

qacF/H/I

qacF/H/I F 95 ◦C—5 min

229

(GTCGTCGCAACTTCCGCACTG) 94 ◦C—30 s
60 ◦C—30 s

30×
qacF/H/I R 72 ◦C—30 s

(TGCCAACGAACGCCCACA) 72 ◦C—7 min

qacG

qacG F ZOU 95 ◦C—5 min

122

(TCGCCTACGCAGTTTGGT) 94 ◦C—30 s
56 ◦C—30 s

30×
qacG R 72 ◦C—30 s

(AACGCCGCTGATAATGAA) 72 ◦C—7 min

emrE

emrE F 95 ◦C—5 min

195

(TATTTATCTTGGTGGTGCAATAC) 94 ◦C—30 s
55 ◦C—30 s

30×
emrE R 72 ◦C—30 s

(ACAATACCGACTCCTGACCAG) 72 ◦C—7 min

mdfA

mdfA F 95 ◦C—5 min

284

(GCATTGATTGGGTTCCTAC) 94 ◦C—30 s
55 ◦C—30 s

30×
mdfA R 72 ◦C—30 s

(CGCGGTGATCTTGATACA) 72 ◦C—7 min
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Table 1. Cont.

Target Primer (Sequence 5′→3′) Amplification
Conditions

PCR
Product

Size (bp)
Reference

QAC resistance genes

sugE (c)

sugE(c) F 95 ◦C—5 min

226

[21]

(CTGCTGGAAGTGGTATGGG) 94 ◦C—30 s
56 ◦C—30 s

30×
sugE(c) R 72 ◦C—30 s

(GCATCGGGTTAGCGGACT) 72 ◦C—7 min

sugE (p)

sugE(p) F 95 ◦C—5 min

190

(GTCTTACGCCAAGCATTATCACTA) 94 ◦C—30 s
57 ◦C—30 s

30×
sugE(p) R 72 ◦C—30 s

(CAAGGCTCAGCAAACGTGC) 72 ◦C—7 min

ydgE

ydgE F 95 ◦C—5 min

149

(GGCAATCGTGCTGGAAAT) 94 ◦C—30 s
55 ◦C—30 s

30×
ydgE R 72 ◦C—30 s

(CGACAGACAAGTCGATCCCT) 72 ◦C—7 min

ydgF

ydgF F 95 ◦C—5 min

330

(TAGGTCTGGCTATTGCTACGG) 94 ◦C—30 s
55 ◦C—30 s

30×
ydgF R 72 ◦C—30 s

(GGTTCACCTCCAGTTCAGGT) 72 ◦C—7 min

oqxA

oqxA F

671 [31]
(GATCAGTCAGTGGGATAGTTT) 95 ◦C—5 min

oqxA r 95 ◦C—30 s

(TACTCGGCGTTAACTGATTA) 55 ◦C—30 s
30×

oqxB

oqxBx F 72 ◦C—1.5 min

544 [32]
(CCACCCTTAACTGATCCCTAA) 72 ◦C—10 min

oqxBx r
(CGCCAGCTCATCCTTCAC)

Integrons

int1

IntI1-F 95 ◦C—5 min

483 [33]

(GGTCAAGGATCTGGATTTCG) 94 ◦C—30 s
62 ◦C—30 s

30×
IntI1-R 72 ◦C—1 min

(ACATGCGTGTAAATCATCGTC) 72 ◦C—7 min
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Table 1. Cont.

Target Primer (Sequence 5′→3′) Amplification
Conditions

PCR
Product

Size (bp)
Reference

Integrons

int2

IntI2-F 95 ◦C—5 min

789 [33]

(CACGGATATGCGACAAAAAGGT) 94 ◦C—30 s
62 ◦C—30 s

30×
IntI2-R 72 ◦C—1 min

(GTAGCAAACGAGTGACGAAATG) 72 ◦C—7 min

int3

IntI3-F 95 ◦C—5 min

600 [34]

(AGTGGGTGGCGAATGAGTG) 94 ◦C—30 s
60 ◦C—30 s

30×
IntI3-R 72 ◦C—1 min

(TGTTCTTGTATCGGCAGGTG) 72 ◦C—7 min

2.3. Statistical Analysis

The Pearson Chi-square test was used to compare differences for categorical data by
using IBM SPSS Statistics (version 25, IBM Analytics, Armonk, NY, USA). All tests were
two-sided, and p-values < 0.05 were considered statistically significant. Spearman’s rho
correlation was used to estimate the strength of the association between QAC resistance
genes, integrons, sequence type groups, and β-lactamase genes. The correlation strength
was categorized as very weak (0.00–0.19), weak (0.20–0.39), moderate (0.40–0.59), strong
(0.60–0.79), and very strong (0.80–1.0).

3. Results
3.1. Prevalence of QAC Resistance Genes, Integrons, and ST131 Group in ESBL-EC Isolated from
LRT Samples between 2002 and 2022

Among genes usually encoded on MGEs, we detected qacE∆1, sugE (p), and qacF/H/I in
316/577 (54.6%), 5/577 (0.9%), and 2/577 (0.3%) isolates, respectively (Table 2 and Table S1
in Supplementary Materials for detailed information). Chromosome-encoded genes mdfA,
ydgE, and ydgF were detected in all isolates; sugE (c) in 99% of isolates; and emrE in 76.9%
of isolates. Genes oqxA, oqxB, qacE, and qacG were not detected. The comparison of QAC
resistance genes between ST131 (n = 388; 67.2%) and non-ST131 (n = 189; 32.8%) groups
revealed that qacE∆1 and emrE were statistically significant associated with clonal group
ST131, while plasmid-encoded sugE and qacF/H/I were detected only in the non-ST131
group. In addition, 36.3% (210/577) of isolates were positive for class 1 integrons. The
carriage of the int1 was significantly correlated with clonal group ST131 assignment.

Of 445 blaCTX-M-1 positive isolates, one was positive for qacF/H/I, three for sugE (p),
and 229 for qacE∆1, while 212 isolates were negative for all MGE-encoded QAC resistance
genes tested. Both of the two blaCTX-M-2 positive isolates carried qacE∆1. Of 97 blaCTX-M-9
positive isolates, 65 were positive for qacE∆1, and one isolate had a combination of qacE∆1
and qacF/H/I, while 31 isolates carried none of the MGE-encoded QAC resistance genes.

The distribution of isolates from LRT samples over a 21-year period revealed a lower
number of ESBL-EC isolates after 2020, including isolates from the ST131 group (Figure 1
and Table S2). Accordingly, we also found a lower prevalence of qacE∆1 and emrE in 2021
and 2022.
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Table 2. Prevalence of QAC resistance genes and class 1, 2, and 3 integrons in relation to ST131
affiliation among 577 ESBL-EC isolates from LRT samples with corresponding Pearson Chi-square
and p-values.

QAC
Resistance

Genes

Total ESBL ST131 Non-ST131
Pearson

Chi-Square
Value

p-Value 1
N = 577
(100%)

N = 388
(100%)

N = 189
(100%) (df 1)

n (%) n (%) n (%)

MGE-encoded genes

oqxA 0 (0%) 0 (0%) 0 (0%)
oqxB 0 (0%) 0 (0%) 0 (0%)

qacE∆1 316 (54.6%) 230 (59.1%) 86 (45.3%) 9.8 0.002
qacE 0 (0%) 0 (0%) 0 (0%)

qacF/H/I 2 (0.3%) 0 (0%) 2 (1.1%) 4.1 0.042
qacG 0 (0%) 0 (0%) 0 (0%)

sugE (p) 5 (0.9%) 0 (0%) 5 (2.6%) 10.4 0.001
Chromosome-encoded genes

emrE 443 (76.9%) 340 (87.7%) 103 (54.7%) 78.2 <0.001
mdfA 577 (100%) 388 (100%) 189 (100%)

sugE (c) 571 (99%) 385 (99.2%) 186 (98.4%) 0.8 0.366
ydgE 577 (100%) 388 (100%) 189 (100%)
ydgF 577 (100%) 388 (100%) 189 (100%)

Integrons
int1 210 (36.3%) 157 (40.4%) 53 (27.9%) 8.7 0.004
int2 2 (0.3%) 0 (0%) 2 (1.1%) 4.1 0.042
int3 0 (0%) 0 (0%) 0 (0%)

1 p-values (ST131 vs. non-ST131) calculated by Chi-square test are shown. p-values < 0.05 were considered
statistically significant.
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information) showed a statistically significant negative correlation between chromosome-
encoded emrE and MGE-encoded qacF/H/I and a statistically significant positive correla-
tion between emrE and MGE-encoded qacEΔ1. We also found a significant positive corre-
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Figure 1. Distribution of QAC resistance genes, class 1 and 2 integrons, and ST131 clonal group
among 577 ESBL-EC isolates over a 21-year period. Dashed lines represent the prevalence of MGE-
encoded genes and dotted lines represent the prevalence of chromosome-encoded genes. QAC genes
and integrons detected in all (mdfA, sugE (c), ydgE, ydgF) or none (oqxA, oqxB, qacE, qacG, int3) of the
isolates are not shown. Data for Figure 1 are also presented in Table S2 in Supplementary Materials.
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3.2. Correlation between QAC Resistance Genes, Integrons, Sequence Type Group ST131, and
β-Lactamase Genes Detected in ESBL-EC Isolates from LRT

The correlation matrix (Figure 2 and Table S3 in Supplementary Materials for detailed
information) showed a statistically significant negative correlation between chromosome-
encoded emrE and MGE-encoded qacF/H/I and a statistically significant positive correlation
between emrE and MGE-encoded qacE∆1. We also found a significant positive correlation
between qacE∆1 and class 1 integrons (p < 0.001). Positive correlations were found between
int1 and ST131 and between int2 and non-ST131. emrE and qacE∆1 were also weakly
associated with the clonal group ST131, while qacF/H/I and sugE (p) were weakly associated
with the non-ST131 group.
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from LRT samples. The color values of the pairwise Spearman correlation coefficients (rho) in each
cell are proportional to the strength of the correlations and range from orange (positive correlations)
to turquoise (negative correlations). * represents statistically significant correlations at the 0.05 level
and ** at the 0.01 level. QAC genes and integrons detected in all (mdfA, ydgE, ydgF) or none (oqxA,
oqxB, qacE, qacG, int3) of the isolates are not shown.
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Analysis of QAC and β-lactamase resistance genes showed a positive correlation of
qacE∆1 with blaCTX-M-9 and emrE with blaCTX-M-1. In addition, positive correlations were
detected between int1 and blaCTX-M-1 and between int2 and blaSHV.

4. Discussion

Our study provides important insights into the QAC resistance profile of ESBL-
producing E. coli isolated from LRT samples and its correlation with ST131, integrons,
and β-lactamase resistance determinants.

Multidrug resistance, particularly to β-lactam and fluoroquinolone antimicrobials, is
one of the most worrisome global health problems. Because of the different mechanisms of
resistance, effective treatment options for bacterial infections are very limited. Murray and
colleagues (2022) estimated that more than 1.5 million deaths in 2019 were associated with
hospital- or community-acquired lower respiratory tract infections caused by antimicrobial-
resistant bacteria [35]. Biocidal products, including antiseptics and disinfectants, are used
to control and prevent the spread of pathogens and have been increasingly used since
the SARS-CoV-2 outbreak. They are also widely used in hospitals to disinfect surfaces
and instruments to prevent nosocomial infections. One of the most commonly used
biocidal compounds are QACs. Several studies have reported efflux pumps as the main
mechanism of resistance to biocidal agents. Additionally, they can also actively export
other substances, such as antimicrobials and environmentally toxic compounds (e.g., heavy
metals) [15,17,23,26,36].

In this study, we demonstrated that a variety of QAC resistance genes, especially
chromosome-encoded, were present in ESBL-EC from LRT samples (Table 2). The most fre-
quently detected QAC resistance gene profiles were qacE∆1–emrE–mdfA–sugE (c)–ydgE–ydgF
in 251 (43.5%) isolates, emrE–mdfA–sugE (c)–ydgE–ydgF in 187 (32.4%) isolates, mdfA–sugE
(c)–ydgE–ydgF in 71 (12.3%) isolates, and qacE∆1–mdfA–sugE (c)–ydgE–ydgF in 62 (10.7%)
isolates. Similar QAC resistance profiles were detected in E. coli isolates from retail meat,
with the most common genotypes being emrE–mdfA– sugE (c)–ydgE–ydgF (23–62%) and
mdfA–sugE (c)–ydgE–ydgF(5–96%) [21,37,38].

In our study, the prevalence of chromosome-encoded genes mdfA, sugE, ydgE, and
ydgF was nearly 100%, with the exception of emrE, which was detected in 76.9% of all
isolates. The efflux pumps EmrE, SugE (c), YdgE, YdgF, and MdfA can export a variety
of compounds, including QACs, to confer resistance [39]. However, unlike other genes,
ydgE and ydgF must be co-expressed to confer resistance [21]. Accordingly, both genes
were detected in all isolates (100%) in our study. In addition, we confirmed a statistically
significant higher prevalence of emrE in isolates from the ST131 group than in the non-ST131
group (p < 0.001). Comparable results for the presence of chromosome-encoded genes
have been obtained in other studies, while the prevalence of MGE-encoded genes varies
between studies [21,25,40]. In a German study of 93 E. coli isolated from broiler farms, sugE
(c), ydgE, ydgF, and mdfA were detected in all isolates tested, and emrE in 85% of isolates,
while qacE∆1 and sugE (p) were detected in only nine and seven isolates, respectively [25].

qacE∆1, the most prevalent QAC resistance gene in gram-negative bacteria, is a dele-
tion mutation of qacE. Both genes confer resistance to QACs as well as to biguanide
compounds and diamidines [41]. In this study, we showed that the frequency of QAC
genes on MGEs was low, with the exception of qacE∆1 (54.6%). Moreover, the presence
of qacF/H/I was confirmed in only two isolates, and sugE (p) in five isolates, while oqxA,
oqxB, qacE and qacG were not detected. According to Zou et al. (2014), the most prevalent
QAC resistance gene on MGEs was qacE∆1 (22.3%), followed by sugE (p) (6.8%) [21], while
Zhang et al. (2016) detected qacE∆1 in 19.6% of isolates, with qacF (18%) being the second
most prevalent gene [37]. A study by Sahin et al. (2022) on ESBL-EC isolates from chicken
meat samples revealed a similar proportion of chromosome-encoded genes as in our study,
but they found a higher prevalence of qacF/H/I (21.7%) and sugE (p) (6.7%), and a lower
prevalence of qacE∆1 (20.0%) [40].
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The majority of biocide-resistance studies are related to the food-processing envi-
ronment, and only a few have been performed on clinical isolates of E. coli. A study of
clinical isolates from hospitals in Iran revealed a similar proportion of qacE∆1 as our study
(60.8% vs. 54.6%) but also detected qacE in 4.9% and a combination of both in 9.8% of
102 isolates [42]. In another study of clinical isolates, qacE∆1 was detected in all isolates
tested (n = 150), and qacE, qacF, qacG in none [43]. In addition, differences were observed
between ST131 (n = 388) and non-ST131 sequence type groups (n = 189). While we detected
a statistically significant higher prevalence of qacE∆1, emrE, and int1 in the ST131 group,
the qacF/H/I, sugE (p) and int2 genes were statistically associated with the non-ST131 group.

Since qacE∆1 is often located on integrons, we screened all 577 isolates for the presence
of the int gene specific for class 1, 2, and 3 integrons. Class 1 integrons can be localized
on plasmids or transposons and are most commonly associated with antibiotic-resistant
clinical isolates from the Enterobacteriaceae family, even ESBL-producing E. coli. Therefore,
integron transfer may be critical for the spread of resistance genes through horizontal gene
transfer [44–46]. Accordingly, the results of our study show a positive correlation between
qacE∆1, class 1 integrons, and blaCTX-M-9, confirming observations from previous studies,
in which class 1 integrons and qacE∆1 were correlated with ESBL-EC isolates [44–46].
Surprisingly, our results also revealed that the prevalence of qacE∆1 was relatively low
despite the enormous selection pressure due to the overuse of biocidal products in the
SARS-CoV-2 pandemic.

Deus et al. (2017) located qacE∆1, qacF, qacH, and sugE (p) on large plasmids > 20
kb in ESBL-EC collected from humans and healthy broiler chickens, which can also carry
blaCTX-M [47] and can be transferred to other strains by conjugation [37,48]. The QAC
tolerance determinants qacE∆1 and sugE (p) were also found in close proximity to the
antibiotic resistance genes sul1 (sulfonamide resistance determinant) and blaCMY-2 [25]. Not
only qacE∆1 and sul1, but also qacF can be located in class 1 integrons, which can lead to
the selection of strains with biocide- and antibiotic-resistant determinants [37].

This study demonstrates the widespread distribution of QAC resistance genes among
ESBL-producing E. coli isolated from LRT samples and highlights the importance of ap-
propriate use of biocidal products, especially in hospitals and food processing, to limit or
prevent the spread of disinfectant and antibiotic resistance genes.

5. Conclusions

Biocides are used to prevent the spread of pathogens, not only in hospitals but also
in food processing and domestic settings. However, their excessive and inappropriate
use can lead to the selection of bacteria that are also cross-resistant to antimicrobials. Our
study provides evidence for the presence of QAC resistance genes and integrons in clinical
isolates of ESBL-producing E. coli, highlighting the potential transmission of antimicrobial
resistance determinants via horizontal gene transfer. Furthermore, strains carrying both
ESBL and QAC resistance genes have an advantage under the selection pressure in the
patient receiving antimicrobials and also on medical instruments and/or surfaces in the
clinical environment, allowing strains to persist and circulate in healthcare settings.
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