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Abstract: Globally, cephalosporin therapy failure is a serious problem for infection control. One
causative agent of cephalosporin-resistant infections is multidrug-resistant (MDR) E. coli producing
extended-spectrum β-lactamases (ESBLs) and/or plasmid-encoded AmpC (pAmpC) β-lactamases.
We evaluated the occurrence of ESBL/pAmpC genetic determinants in phenotypically MDR E. coli
isolated from clinical samples of blood, faeces, ear effusion, urine and sputum from a UK hospital.
Phenotypic resistance profiling for 18 antibiotics (from seven classes) showed that 32/35 isolates
were MDR, with resistance to 4–16 of the tested antibiotics. Of the isolates, 97.1% showed resistance
to ampicillin, 71.4% showed resistance to co-amoxiclav, cefotaxime, ceftazidime and ceftiofur, and
68.5% showed resistance to cefquinome. blaCTX-M, blaTEM and blaOXA-1 genes were detected in 23,
13 and 12 strains, respectively, and Intl1 was detected in 17 isolates. The most common subtypes
among the definite sequence types were CTX-M-15 (40%) and TEM-1 (75%). No E. coli isolates
carried pAmpC genes. Significant correlations were seen between CTX-M carriage and cefotaxime,
ceftiofur, aztreonam, ceftazidime and cefquinome resistance; between blaCTX-M, blaTEM and blaOXA-1

carriage and ciprofloxacin resistance; and between Intl1 carriage and trimethoprim/sulfamethoxazole
resistance. Thus, MDR phenotypes may be conferred by a relatively small number of genes. The
level and pattern of antibiotic resistance highlight the need for better antibiotic therapy guidelines,
including reduced use and improved surveillance.

Keywords: Escherichia coli; multidrug-resistant; cephalosporin-resistant; ESBL

1. Introduction

It has been estimated that, in total, about 700,000 people die every year from drug-
resistant strains of HIV, malaria, multidrug-resistant and extremely drug-resistant tuber-
culosis (TB) and common bacterial infections. It has been predicted that this might reach
10 million cases by 2050 unless action is taken [1,2]. In 2019, approximately 929 000 deaths
worldwide were found to be attributable to six leading pathogens that are associated
with antimicrobial resistance (Escherichia coli, Staphylococcus aureus, Klebsiella pneumoniae,
Streptococcus pneumoniae, Acinetobacter baumannii and Pseudomonas aeruginosa) [3]. In the
UK, it has been reported that the estimated number of deaths attributable to antibiotic-
resistant bacteria increased year by year from 2016 and 2019, with a small decline in 2020
(estimated 2596 deaths in 2019 versus 2228 in 2020) [4]. Extended-spectrum β-lactamase
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(ESBL)-producing Escherichia coli and other Enterobacteriaceae are a major cause of resis-
tance to expanded-spectrum β-lactam antibiotics. Since the discovery of ESBL in the early
1980s [5,6], ESBL genes have spread worldwide and are now endemic in Enterobacteriaceae,
which are isolated from both hospital-associated and community-acquired infections [7],
livestock and environmental samples [8–11]. It has been estimated that ESBL-producing E.
coli caused more than 5000 cases of bacteraemia annually in the UK [12]. In an epidemio-
logical surveillance and typing study performed in the UK, it was found that the original
source of 60% of ESBL-producing E. coli that caused bacteraemia was the genitourinary
tract [12]. In the UK, AMR was common in more than 1 million UTIs caused by bacteria
identified in NHS laboratories in 2016 (PHE, 2017). Currently, E. coli is considered the most
common bloodstream pathogen in England, with an increase in the case count from 32,309
in the financial year 2012–2013 to 43,368 in 2019–2020. In Nottingham and Nottinghamshire,
the cases increased from 772 cases in 2012–2013 to 925 in 2019–2020 [13].

In general, E. coli is considered a commensal of the gastrointestinal tract. However,
random point mutations or the acquisition of virulence factors, both chromosomal and
extrachromosomal, can make this commensal bacterium become an extremely adapted
pathogen [14,15]. There are two main groups of disease-causing E. coli: the first causes
diarrhoeal diseases and is often described as intestinal pathogenic E. coli (IPEC), while the
second group causes infections outside of the gut and is called extraintestinal pathogenic E.
coli (ExPEC) [16,17]. The latter can cause a variety of serious infections, such as urinary tract
infections, septicaemia and meningitis [18], which require antibiotic treatment. It is in these
species that the emergence of multidrug resistance is a major cause for concern [14,19].

Beta-lactam antibiotics, including third-generation cephalosporins, are the most fre-
quently used antibiotics worldwide. Consequently, bacterial resistance has continued to rise
since their introduction due to a constant selective influence for resistance to them [6,20].
β-Lactamases, which are naturally occurring in some species of bacteria, have become
mobilised by transposable elements and have become widespread in response to the use
and overuse of β-lactam antibiotics [7]. In the early 1970s, resistance to ampicillin and peni-
cillins in combination with β-lactamase inhibitors, for example, amoxicillin and clavulanic
acid, emerged due to plasmid-encoded β-lactamases [21]. This resulted in the increased
use of alternatives, especially cephalosporins [22].

The carriage of β-lactamase and ESBL genes on some transposable elements has been
reported previously [23–25]. Plasmids and transposons that carry AMR genes can also
carry genes facilitating resistance to toxic metals; for example, Tn21 encodes resistance
to mercuric ions, streptomycin and sulphonamides [26–28]. This can contribute to the
generation of multiresistant phenotypes.

Extended-spectrum cephalosporinases belong to group 2 β-lactamases according to the
Bush and Jacoby classification [29]; this group includes penicillinases, early cephalospori-
nases and extended-spectrum cephalosporinases and serine carbapenems, of which most
are inactivated by β-lactamase inhibitors, such as clavulanic acid. Extended-spectrum
cephalosporinases work on different substrates, such as substrates in the broad-spectrum
group (for example, penicillin and cefazolin), as well as oxyimino-cephalosporins (cefo-
taxime, cefpodoxime, ceftazidime and ceftriaxone), monobactam (aztreonam) and, for some
enzymes, cefepime as well [6,29].

ESBLs are serine β-lactamases, belonging to class A of the Ambler molecular and struc-
tural classification and to Group 2be according to the Bush and Jacoby classification [6,29–31].
ESBLs are biochemically characterised by their ability to hydrolyse expanded-spectrum
β-lactam antibiotics and their inhibition by β-lactamase inhibitors, specifically clavu-
lanate; they can confer resistance to fourth-generation cephalosporins but cannot hydrolyse
cephamycins. AmpC belongs to class C of the Ambler classification and Group 1 according
to the Bush, Jacoby and Mederios classification; biochemically, they are poorly inhibited by
clavulanic acid and cannot hydrolyse fourth-generation cephalosporins but can hydrolyse
cephamycins [6,29,32–34].
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The surveillance of AMR pathogens is critical to understanding the local situation and
the distribution of important pathogens that have the ability to cause various infections,
including bacteraemia, urinary tract infections and intestinal infections. Detecting the level
of AMR for the causative agent of the infection is very important and has a significant role
in treatment choices. The aim of this study was to investigate the mechanisms of β-lactam
resistance present in cephalosporin-resistant E. coli from different clinical isolates; to detect
the different ESBL genes and their variant types; to detect the phenotypic resistance pattern
of those isolates against 18 different antibiotics; and to determine whether specific resistance
patterns were associated with ESBL resistance, particularly the presence of Intl1, merA and
merC genes.

2. Results
2.1. Strains

All isolates were putatively identified as E. coli in the clinical samples, but further
confirmation was performed to check their identity. Of the 35 isolates, 21 were isolated
from blood (B), 8 were isolated from urine (U), 2 were isolated from sputum (R), 3 were
isolated from faeces (F) and 1 was isolated from an ear infection (E). All isolates except two
showed a blue/green colour on TBX agar and were indole-positive and oxidase-negative,
which further confirmed their identification as E. coli. The other two isolates (H10B and
H20U) grew as white colonies on TBX agar and gave negative indole and negative oxidase
test results. 16S rDNA sequencing was used to check the identity of one of them (H10B),
and the sequence types confirmed these isolates as Klebsiella pneumoniae.

2.2. Antibiotic Resistance

Of the isolates, 91.4% (32 isolates) were found to be MDR, as they showed resistance to
at least three different classes of antibiotics [35]. Only one isolate (H29F) showed intermedi-
ate resistance to a single antibiotic, while another two (H33F and H6B) showed resistance
or intermediate resistance to 4–5 antibiotics, but all belong to one class of antibiotic, which
does not comply with the definition of MDR (Table 1). One isolate (H12B) showed resis-
tance or intermediate resistance to 16 antibiotics, while another five showed resistance
or intermediate resistance to 15 antibiotics (Figure 1). Figure 2 shows the percentages
of strains resistant to each antibiotic. The highest percentage of phenotypic resistance
amongst the E. coli strains was to ampicillin (97.1%), followed by 74.2% for sulphonamide
and 71.4% for amoxicillin–clavulanic acid, cefotaxime and ceftiofur, while 25.7% showed
resistance to cefoxitin. Cefquinome, a member of fourth-generation cephalosporins, and
aztreonam, one of the monobactams, showed no effectiveness against 68.5% and 65.7% of
the isolates, respectively. Quinolone’s antibiotic effectiveness was poor, as 62.8% of the iso-
lates were resistant to nalidixic acid, and 60% of the isolates were resistant to ciprofloxacin
and enrofloxacin. The aminoglycoside streptomycin showed no effect against 51.4% of
the isolates, and 62.8% of the isolates showed resistance to trimethoprim (a dihydrofolate
reductase inhibitor) in combination with sulfamethoxazole, while 31% and 57% of the
isolates were resistant to chloramphenicol and oxytetracycline. No E. coli isolates showed
resistance to imipenem. A total of 17.1% of isolates exhibited intermediate resistance to
amoxicillin–clavulanic acid, while 14.2% exhibited intermediate resistance to nitrofurantoin,
streptomycin and ceftazidime.
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Figure 1. The percentages of MDR E. coli resistant to different numbers of antibiotics.
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Figure 2. Percentage sensitivity to 18 antibiotics for 35 E. coli and non-E. coli isolates. Blue indicates
sensitive, grey indicates intermediate sensitivity and red indicates resistance percentages, using CLSI
(2013) definitions. The Y-axis represents the percentage of isolates. Antibiotic classes: (1) nitrofuran
derivative, (2) quinolones, (3) β-lactams, (4) aminoglycoside, (5) sulphonamide/complex, (6) phenicol
and (7) tetracycline.
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Table 1. Isolates with β-lactamase genes, Intl1, merA and merC, the phenotypic results of ESBL/AmpC screening and their phenotypic resistance patterns for
different antibiotics.

Isolate
ID β-Lactamases Gene Sequence Type Intl1/merA and merC

ESBL
Screening

Test

AmpC
Screening

Test
Antimicrobial Resistance Profile

H1B CTX-M/OXA CTX-M-55/OXA-1 Intl1 + * * STX, AMC, OT, CAZ, NA, EFT, S300, CFQ, ATM, AMP, ENR,
CTX, CIP

H2B CTX-M/OXA CTX-M-285/OXA-1 Intl1 + STX, AMC, CAZ, NA, EFT, S300, CFQ, ATM, AMP, ENR, CTX,
CIP

H3B CTX-M/OXA CTX-M-15/OXA-1 + AMC, OT, CAZ, NA, EFT, CFQ, ATM, AMP, (C), ENR, CTX,
CIP

H4B CTX-M/TEM ND/TEM-1 + - AMC, OT, S10, CAZ, NA, EFT, S300, CFQ, ATM, AMP, C,
ENR, CTX, CIP, FOX

H5B CTX-M/TEM/ CTX-M-15/ TEM-1 + AMC, OT, S10, CAZ, NA, EFT, S300, CFQ, ATM, AMP, C,
ENR, CTX, CIP

H6B TEM − - AMC, (ATM), AMP, (CTX), FOX
H7B CTX-M/OXA ND/OXA-1 Intl1 + STX, OT, (S10), (CAZ), NA, EFT, S300, CFQ, ATM, AMP, ENR,

CTX, CIP
H8B CTX-M/OXA CTX-M-254/OXA-1 Intl1 + STX, (AMC), OT, CAZ, NA, EFT, S300, CFQ, ATM, AMP, ENR,

CTX, CIP
H9B CTX-M/OXA ND/OXA-1 Intl1 + STX, AMC, OT, (S10), (CAZ), NA, EFT, S300, CFQ, ATM, AMP,

ENR, CTX, CIP

H10B
CTX-

M/SHV/TEM/OXA/plasmid
AmpC

ND/ND/ND/OXA-
1/CIT/FOX Intl1 ND ND STX, AMC, OT, S10, EFT, S300, CFQ, ATM, AMP, CTX, (CIP)

H11B CTX-M/TEM ND/ND + - AMC, OT, S10, CAZ, NA, EFT, S300, CFQ, ATM, AMP, C,
ENR, CTX, CIP, FOX

H12B CTX-M ND + - AMC, (F), OT, S10, CAZ, NA, EFT, S300, CFQ, ATM, AMP, C,
ENR, CTX, CIP, FOX

H13B CTX-M ND + STX, S10, OT, CAZ, NA, EFT, S300, CFQ, ATM, AMP, C, ENR,
CTX, CIP

H14B CTX-M ND Intl1 + STX, (S10), CAZ, NA, EFT, S300, CFQ, ATM, AMP, C, ENR,
CTX, CIP

H15B CTX-M/OXA CTX-M-15/OXA-1 Intl1 + STX, AMC, (S10), CAZ, NA, EFT, S300, CFQ, ATM, AMP, C,
CTX, CIP

H16B CTX-M ND Intl1 + STX, AMC, CAZ, NA, EFT, S300, CFQ, ATM, AMP, ENR, CTX,
CIP

H17B + - AMC, OT, S10, CAZ, NA, EFT, S300, CFQ, ATM, AMP, C,
ENR, CTX, CIP, FOX

H18B + - AMC, OT, S10, CAZ, NA, EFT, S300, CFQ, ATM, AMP, C,
ENR, CTX, CIP, FOX

H19U Intl1 − - STX, AMC, (F), OT, S10, (CAZ), NA, S300, AMP, ENR, (CTX),
CIP, FOX

H20U SHV/TEM/plasmid
AmpC ND/TEM-1/CIT/FOX Intl1/merA ND ND SXT, AMC, F, OT, (IMP), S10, S300, AMP
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Table 1. Cont.

Isolate
ID β-Lactamases Gene Sequence Type Intl1/merA and merC

ESBL
Screening

Test

AmpC
Screening

Test
Antimicrobial Resistance Profile

H21U CTX-M/TEM ND/ND merA/merC + STX, AMC, S10, (CAZ), EFT, S300, CFQ, (ATM), AMP, ENR,
CTX

H22U CTX-M/TEM CTX-M-14/TEM-1 + STX, (AMC), S10, EFT, S300, CFQ, (ATM), AMP, CTX
H23U TEM Intl1 ND STX, AMC, NA, S300, AMP, (ENR)
H24U TEM TEM-30 ND STX, AMC, S10, AMP
H25R TEM TEM-32 Intl1 ND AMC, F, OT, S10, AMP
H26B CTX-M/TEM CTX-M-15/TEM-1 Intl1/merA/

merC + - STX, AMC, S10, CAZ, EFT, S300, CFQ, ATM, AMP, C, CTX
H27B CTX-M CTX-M-55 + AMC, CAZ, EFT, ATM, AMP, CTX
H28E CTX-M/OXA ND/OXA-1 Intl1 + - STX, AMC, OT, CAZ, NA, EFT, S300, CFQ, ATM, AMP, C,

ENR, CTX, CIP, FOX
H29F − (AMP)
H30R CTX-M/OXA ND/OXA-1 + AMC, OT, CAZ, NA, EFT, CFQ, ATM, AMP, ENR, CTX, CIP
H31B CTX-M/OXA ND/OXA-1 Intl1 + STX, AMC, (S10), CAZ, NA, EFT, S300, CFQ, ATM, AMP,

ENR, CTX, CIP
H32F CTX-M/OXA CTX-M-254/OXA-1 Intl1 + STX, AMC, (F), OT, S10, CAZ, NA, EFT, S300, CFQ, ATM,

AMP, ENR, CTX, CIP
H33F TEM TEM-1 − + AMC, AMP, (CTX), FOX
H34U ND ND STX, AMC, (F), OT, S10, S300, AMP
H35U ND ND STX, AMC, (F), OT, S10, S300, AMP

+ Means positive for the test; −means negative for the test; * for the antibiotic abbreviations, see Table 2; the isolates in red typeface belong to cluster 1 in the ERIC dendrogram.
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Table 2. Antimicrobial assay discs, abbreviations, classes and amount of antibiotic contained in
each disc.

Antibiotics/Abbreviation Antimicrobial Class Disc Content

Ampicillin (AMP) B-Lactam/Penicillin 10 µg
Amoxicillin–clavulanic acid (AMC) B-Lactam/Penicillin Combination with Beta-Lactamase Inhibitor 20/10 µg

Aztreonam (ATM) B-Lactam/Monobactam 30 µg
Cefotaxime (CTX) B-Lactam/Third-Generation Cephalosporin 30 µg

Ceftazidime (CAZ) B-Lactam/Third-Generation Cephalosporin 30 µg
Cefquinome (CFQ) β-Lactam/Fourth-Generation Cephalosporin 30 µg

Ceftiofur (EFT) β-Lactam/Third-Generation Cephalosporin 30 µg
Cefoxitin (FOX) β-Lactam/Second-Generation Cephalosporin 30 µg
Imipenem (IMP) β-Lactam/Carbapenem 10 µg

Streptomycin (S10) Aminoglycoside 10µg
Ciprofloxacin (CIP) Quinolone/Fluoroquinolone 5 µg
Enrofloxacin (ENR) Quinolone/Fluoroquinolone 5 µg
Nalidixic acid (NA) Quinolone 30 µg
Nitrofurantoin (F) Nitrofuran derivative 300 µg

Chloramphenicol (C) Phenicol 30 µg
Trimethoprim–sulfamethoxazole (SXT) Sulphonamide/complex 1.25/23.75 µg

Sulphonamide (S300) Sulphonamide 300 µg
Oxytetracycline (OT) Tetracycline 30 µg

2.3. Phenotyping of ESBL/AmpC and PCR Typing of ESBL Genes

ESBL phenotypes were tested for all 27 of the isolates that showed resistance or in-
termediate resistance to one of the cephalosporins (CTX, CAZ or ceftiofur) in the initial
antibiotic sensitivity assays. The test showed that 24/27 (88.8%) isolates were phenotyp-
ically ESBL using confirmatory test kits. The AmpC phenotype test was performed for
all nine isolates that showed resistance to cefoxitin in the initial antibiotic sensitivity tests.
However, cefoxitin resistance can also be due to reduced cell wall permeability [36], so
full confirmation was performed to determine whether the inhibition zone diameter for
CTX + cloxacillin and CAZ + cloxacillin discs was ≥5 mm larger than those for the discs
containing CTX and CAZ antibiotics alone, as AmpC activity against cephalosporins is in-
hibited by cloxacillin. Only one isolate (H33F) gave positive results in the test (Table 1); the
other eight cefoxitin-resistant isolates might therefore be due to temporary chromosomal
AmpC overproduction.

The isolates that showed resistance or intermediate resistance to one of the
cephalosporins (CTX, CAZ or EFT) were also tested by PCR for the presence/absence
of blaCTX-M, blaSHV, blaTEM, blaOXA-1 and blaOXA-2 β-lactamases. blaCTX-M was detected in
23 isolates (65.7%), and blaTEM was detected in 13 isolates (37.1%), of which 5 carried both
genes, for example, H5B and H26B. blaOXA-1 was present in 12 isolates (34.2%); interestingly
all of the isolates that carried blaOXA-1 carried blaCTX-M as well, for example, H1B and
H2B. Some of the positive CTX-M and TEM isolates were sequenced, and the results were
submitted to NCBI databases. CTX-M-15 (4/10 isolates) and TEM-1 (6/8 isolates) were the
most common subtypes among the definite sequences (Table 1. With regard to blaSHV and
pAmpC, only two isolates showed positive results, but they were not E. coli isolates (H10B
and H20U); the pAmpC variants belonged to the CIT and FOX families.

2.4. Intl1, merA and merC Detection

The presence of Intl1, merA and merC genes was used as an indicator of the presence
of a class 1 integron, located within a Tn21- or Tn21-like mercury resistance transposon.
Through PCR analysis, 17 isolates were found to be carrying Intl1, with 8 of these found in
combination with blaCTX-M and blaOXA-1, for example, H7B and H8B. merA was detected
in three isolates and merC was found in two isolates, with only one isolate (H26B) found
to carry the three genes together, along with other genes (blaCTX-M and blaTEM). Another
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isolate (H21U) carried the merA and merC genes in combination with blaCTX-M and blaTEM
(Table 1).

2.5. Cluster Analysis of the Antibiotic Sensitivity Results with Different Genes and Screening Tests

Cluster analysis of the isolates (Figure 3, vertical axis) showed that, with some excep-
tions, the majority of the isolates clustered together based on where they were isolated
from. There are three main clusters: the first group G1 involves only four isolates, two from
urine and two from blood. In G2, there are 20 isolates in three subclusters: the majority
(17 isolates) were from the blood samples, with three exceptions (H28E, H32F and H30R).
G3 contains 11 isolates from different sources, with the majority (6 isolates) from urine.
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carriage profiles, while the top of the heatmap (C1, C2, C3 and C4) represents the clustering of the
antibiotics, β-lactamase and ESBL genes, ESBL phenotypic test and the Intl1.

Phenotypic and genotypic markers, i.e., the 18 antibiotic resistance phenotypes, the
4 β-lactamase genes tested, the Intl1 gene and the results for the phenotypic screening
of ESBL, were also clustered (labelled on the horizontal axis). Four main clusters were
identified, the most interesting of which are C3 and C4. In C3, nine different antibiograms
clustered together with CTX-M carriage and the ESBL-screening composite measure: the
quinolone members, including ciprofloxacin, enrofloxacin and nalidixic acid, clustered
with ceftazidime and sulphonamide, and there was obvious clustering of cefotaxime with
blaCTX-M, the ESBL-screening test, cefquinome, ceftiofur and aztreonam. In C4, Intl1 and
blaOXA-1 clustered with sulfamethoxazole–trimethoprim.

2.6. Phenotypic–Genotypic Association Using Chi-Squared Tests

The outcomes of chi-squared tests of associations between gene carriage and phe-
notypes were also clustered to aid in visualisation (Figure 4). There were significant
associations between blaCTX-M carriage and resistance to CTX, CAZ, EFT and CFQ, as
well as to ATM and CIP. There was a significant association of the carriage of blaOXA
and blaTEM only with ciprofloxacin and not with any of the beta-lactam antibiotics. The
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only significant association between IntI1 carriage and the resistance phenotype is with
trimethoprim–sulfamethoxazole resistance.
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the top of the figure represents the different genes that were tested.

2.7. Genotyping of E. coli Strains Using ERIC-PCR

The similarity of the ERIC-PCR profiles of the isolates from different samples was
analysed, and cluster analysis divided strains into five main groups at a 58% similarity
threshold, which cluster significance analysis demonstrated were mostly nonoverlapping
and hence genomically independent groups. The cluster analysis divided isolates into five
main groups (Figure 5), group 1 (n = 17), group 2 (n = 3), group 3 (n = 3), group 4 (n = 5)
and group 5 (n = 2), with 3 outlier isolates, H27B, H22U and H25R, which did not cluster
with any other groups at a 58% similarity threshold. This threshold for group delineation
was based on the cluster significance analysis (ΦPT = 0.48; p < 0.001), as AMOVA statistical
analysis using a higher % similarity threshold showed no significant difference amongst
any of the branches. At 58% similarity, group 1 was significantly different from all other
groups. This group was composed of 17 isolates (about 50% of the total number of isolates),
which had been isolated from different samples but mainly from blood (11 isolates). All
members of this group (except H29F and H23U) showed resistance to at least 10 of the
tested antibiotics, with some of them resistant to 12, 13 and even 15 antibiotics. Remarkably,
11 isolates were carrying the Intl1 gene, of which 8 were found in combination with blaCTX-M
and blaOXA-1 (the members of this group are printed in red typeface in Table 1). In the C1
group, some strains showed identical ERIC profiles, such as H7B, H8B and H9B; these
also showed similarity in their gene carriage, as all carried blaCTX-M, blaOXA-1 and Intl1;
however, there are slight differences in their antibiotic resistance profiles (Table 1). Similarly,
H15B and H19U shared the same ERIC profile, but H15B was carrying blaCTX-M, blaOXA-1
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and Intl1, while H19U was only carrying Intl1, and there was a slight difference in their
antibiotic resistance profiles (Table 1).
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Figure 5. ERIC-PCR genotyping of 33 E. coli isolates from different clinical samples (clusters shown at
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similarity coefficient. H for human; B, U, F, R and E are specific designations to show the source of
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formed at a 58% similarity level, as designated using AMOVA analysis. The horizontal black line
divides each main group (C1-C5) that clustered at the 58% similarity threshold, which is indicated by
the vertical black line.

Group 4 (C4) included five isolates, which were all isolated from blood infections. This
group also included some isolates with similar ERIC profiles, which are H12B, H16B and
H17B. H12B showed resistance to 15 antibiotics and was carrying blaCTX-M, while H16B
showed resistance to 12 antibiotics and was carrying blaCTX-M and Intl1, and H17B was
resistant to 14 antibiotics but was not found to carry any of the tested genes (Table 1). Group
5, which was composed of two isolates, overlapped with the other groups (2, 3 and 4) and
did not show a significant difference from them (Figure 5).
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3. Discussion

Antimicrobial resistance surveillance is important for monitoring community infec-
tions in order to know about the resistance impacts of treatment strategies. E. coli is one of
the groups of eight bacterial species that the WHO has highlighted as being of key AMR
concern and serves as a sentinel organism for antimicrobial resistance development in blood
and urine [37]. Resistance against β-lactam, cephalosporin and carbapenem antibiotics is
increasingly documented, and many studies have reported increases in E. coli resistance to
more than one class of antibiotics [38–40].

The E. coli isolates collected in this study were mainly from bloodstream infections
(21/35), followed by isolates from urine samples (8). In England, E. coli represents the
most common cause of bloodstream infections. In 2016, the incidence was 73.0 per
100,000 population, increasing to 77.7 per 100,000 population in 2019 [4]. In Nottingham,
there was an apparent increase in bacteraemia infections caused by E. coli between 2012
(772 cases) and 2021 (831 cases) [13].

The isolates in this study were from clinical samples and were preliminarily identified
as E. coli, but for confirmation, all the isolates were subcultured onto TBX agar, and then
oxidase and indole tests were performed. Out of 35, 33 isolates were reconfirmed as E. coli
due to their colony characteristics (green–blue colonies on TBX) and negative oxidase and
positive indole tests [41,42]. Two of the isolates did not show the typical characteristics of
E. coli on TBX, as they appeared as white colonies and were negative in oxidase and indole
tests. When the 16S rDNA sequence was used to identify H10B, the blast results showed
that it is 100% similar to Klebsiella pneumoniae.

The antibiotic resistance patterns of all of the isolates in this study were determined
against 18 different antibiotics, with a focus on ESBL-mediated resistance. The antibiotics
that were selected in this study belong to different classes of antibiotics that are used for
different infection treatments in both humans and animals. Ceftiofur (third-generation
cephalosporin), cefquinome (fourth-generation cephalosporin) and enrofloxacin (fluoro-
quinolone) are used exclusively for animal treatment [43–46]. Including antibiotics that
are used for animal treatment allows the determination of the resistance pattern and their
relation to other antibiotics belonging to the same antibiotic classes but are used only
for human treatment. For example, ceftiofur and cefotaxime are both third-generation
cephalosporins, but the first is used only for animal treatment, while the other is used for
human treatment. Resistance to either ceftiofur or cefotaxime can arise from the presence of
blaCTX-M, and understanding such examples of cross-resistance is important for antibiotic
stewardship in the One Health approach.

In this study, the selection of isolates based on their resistance to one of the cephalosporins
(for most of the isolates) revealed that most of those isolates were MDR E. coli, which were
present in all clinical samples that we analysed. With regard to the level of resistance
against the β-lactam antibiotic group, the isolates show high percentages of resistance
against different antibiotics. Nine of the tested antibiotics belonged to the β-lactam group
(Table 2). The highest percentage of resistance against penicillin was found in 97.1% of the
strains. This was expected, as penicillin is the oldest generation of β-lactam antibiotics, and
reported cases of resistance to penicillin are increasing worldwide. This is in agreement with
another study in which 17 and 58 ESBL-producing E. coli isolates from UTI and blood were
found to be resistant to ampicillin [47]. There was a variation in the level of resistance to the
other members of the β-lactam group; cefotaxime and ceftazidime both belong to the third-
generation cephalosporins, but the resistance to cefotaxime (71.4%) was higher than that to
ceftazidime (54.2%). This might be due to the fact that the CTX-M enzyme usually has more
hydrolytic activity against cefotaxime than against ceftazidime [48]. It is worth mentioning
that the resistance level to ceftiofur (71.4%), which is a third-generation cephalosporin but
used exclusively for veterinary purposes, was similar to resistance against cefotaxime, as
all isolates that showed resistance to cefotaxime also showed resistance to ceftiofur. This
supports previous findings that the development of resistance to one antibiotic could give
cross-resistance to another in a chemically analogous antibiotic group, even if the antibiotic
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has had little or no use in the same host [49–52]. Although cefquinome is one of the
fourth-generation cephalosporins and used for veterinary purposes, it did not show good
effectiveness against any of the strains, as only 31.4% of the strains were sensitive. Cefoxitin
(a second-generation cephalosporin that has a 7-α-methoxy group) in comparison showed
more effectiveness compared to the other cephalosporins, as only 25.7% were found to be
phenotypically resistant to this antibiotic. Resistance to cefoxitin is usually an indication
of AmpC activity and not ESBL production, but when full phenotypic confirmation was
performed for the nine isolates that showed resistance to cefoxitin, only one isolate was
found to be phenotypically AmpC-positive, but without pAmpC detection, which might
indicate that this phenotype is due to the overexpression of chromosomal AmpC. With
regard to the resistance level for aztreonam, the isolates showed high levels of resistance
(65.7%). No isolates showed resistance to imipenem, except for two isolates that showed
intermediate resistance. This low level of resistance is similar to that from another study in
China [40], where, of 100 E. coli strains isolated from different clinical samples, there were
no isolates resistant to imipenem. In another study in Northeast India, the resistance levels
to carbapenem were higher than in our findings, where, out of 62 E. coli isolates, 4 (6.4%)
isolates were found to be carbapenem-resistant [53]. This variation in the level of resistance
might be due to different treatment regimes followed in different hospitals and countries.

With regard to resistance to fluoroquinolone (ciprofloxacin and norfloxacin) and
quinolone (nalidixic acid) antibiotics, there was a high level of resistance shown by the
isolates. The similar resistance value (60%) for ciprofloxacin, which is a fluoroquinolone
used for human treatment, and enrofloxacin, which is a fluoroquinolone used for veterinary
purposes, indicates cross-resistance that occurs even if the antibiotic is not being used for
human treatment. This is not surprising, as in one of our previous studies on E. coli isolates
from a dairy farm, we found that all of the isolates that were resistant to enrofloxacin
were also resistant to ciprofloxacin, even though ciprofloxacin had not been used on the
farm [42].

Of the isolates, 57.1% were resistant to oxytetracycline; this antibiotic belongs to
the tetracycline group of antibiotics and is a broad-spectrum antibiotic, active against
a wide variety of bacteria [43]. The prevalence of resistance to this antibiotic class has
steadily increased in clinical isolates from humans, increasing by 0.45% per year from
1950 to 2001 [38]. In the same study, it was found that resistance to sulphonamide had
increased by 0.49% per year amongst human-isolated E. coli. Sulphonamide-resistant
isolates were high amongst the isolates in the current study, as 74.2% of the isolates were
resistant. This is higher than the results shown by another study [40], as only 47% of the
isolates showed resistance to sulphonamide, and this might be due to differences between
treatment regimes.

Chloramphenicol and nitrofurantoin showed higher effectiveness against the isolates,
as 65.7% and 80% of the isolates showed sensitivity to chloramphenicol and nitrofurantoin,
respectively. This shows some agreement with a previous study [54], as 85% of their E.
coli isolates that had been isolated from neonatal UTI samples showed susceptibility to
nitrofurantoin and chloramphenicol.

The CTX-M, TEM and SHV families represent the most frequently encountered ESBL
genes in Enterobacteriaceae [31,55]. Of the 35 isolates in the current study, 24 were pheno-
typically confirmed as ESBL producers, and this was confirmed genotypically by detecting
different β-lactamase genes. This study showed the presence of blaCTX-M in 23/35 (65.7%)
isolates, and it is worth mentioning that 24 isolates were detected as phenotypic ESBL
producers, which indicates the effectiveness of the phenotype test that was performed.
blaTEM was detected in 37.1% of the isolates, and the most common subtypes among the
definite sequence types were TEM-1 (75 %) and CTX-M-15 (40%). While blaOXA-1 was
present in 34.2% of the isolates, it is notable that all isolates that carried blaOXA-1 carried
blaCTX-M as well, which might indicate the carriage of those genes on the same genetic
elements. In a recent study using whole-genome sequencing, it was found that blaOXA-1-
blaCTX-M-55-tet(B)-aac(6′)-Ib-cr-dfrA17-sul1-fosA3 were all located on a blaNDM-5-harbouring
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self-transmissible IncX3 plasmid and a multireplicon IncFII/FIA/FIB plasmid [56]. Thus,
the presence of specific resistance may be influenced not only by selection through antibi-
otic treatments but also by its genetic mechanism of carriage, as the selection of genes on a
multiresistance replicon could occur through the use of only one of the antibiotics to which
it provides resistance.

In a study on ESBL-producing E. coli and K. pneumoniae isolates from patients in a
Northern Portuguese hospital, all of the E. coli isolates (38) that initially showed resistance
to CTX/CAZ were ESBL producers. blaCTX-M was detected in 37 isolates, and most of them
(32 isolates) were blaCTX-M-15 [57], which is in agreement with the results of our study.

The blaTEM variants detected in this study were mostly blaTEM-1 (7/13), with 2 of the
isolates in this study (H5B and H26B) harbouring blaCTX-M-15 and blaTEM-1 together, while
another isolate (H22U) was carrying blaCTX-M-14 and blaTEM-1. The co-carriage of blaCTX-M-14
and blaTEM-1 and blaCTX-M-15 and blaTEM-1 has been recorded before [23,58,59]. TEM-1 is a
broad-spectrum beta-lactamase but is not an ESBL; it confers resistance to penicillin and
early cephalosporins by hydrolysing their β-lactam rings. However, due to mutations in
blaTEM-1, the active site plasticity increases due to the loss of hydrogen bonds, making the
TEM more reactive to β-lactams [60]. It can be overexpressed, and it leads to cephamycin
and carbapenem resistance [61].

blaSHV was only detected in two isolates (H10B and H20U), which were confirmed as
not E. coli. H10B was identified as K. pneumoniae and was also carrying blaCTX-M, blaTEM,
blaOXA-1, Intl1 and pAmpC, which belong to the CIT and FOX families, while H20U carried
blaSHV, blaTEM, Intl1, merA and pAmpC, which also belong to the CIT and FOX families. K.
pneumoniae carrying blaSHV, blaCTX-M and blaTEM has been seen before [59,62]. There is a
strong possibility that H20U is also Klebsiella pneumoniae, as phenotypically, it showed the
same characteristics as H10B, and it clustered together with H10B based on their antibiotic
resistance profiles on the heatmap (Figure 3), and genotypically (using ERIC fingerprinting),
it clustered with H10B in a separate cluster (C5) with a 91% similarity level (Figure 5).

In this study, merA, merC and Intl1 genes were used to look for Tn21-like transposable
elements, a mobile genetic element associated with mercury resistance and carrying a
class 1 integron. This transposon (Tn21) and related transposons (Tn1696) frequently carry
a mercury resistance (mer) operon, and usually, Tn21-like transposable elements carry
a class 1 integron. Most resistance integrons belong to the class 1 integron family [63].
This integron category carries an integrase (Intl1), which is an essential component of an
integron, and many class 1 integrons carrying antibiotic resistance cassettes are found on
Tn21-like transposons (usually encoding resistance to streptomycin and sulphonamide),
so this transposon is important in the movement of antibiotic resistance genes [26,28,64].
In this study, 17 isolates were found to be carrying Intl1. merA was detected in three
isolates, and merC was identified in two isolates. However, only one isolate (H26B) was
found to carry the three genes together (Table 1), which might indicate that a Tn21-like
transposon is likely to be present in this isolate. It is worth mentioning that H26B is
phenotypically resistant to streptomycin and sulphonamide, which gives more supporting
evidence for this.

The resistance profiles of the majority of the isolates clustered together based on the
source of isolation with some exceptions (Figure 3). The heatmap started from the top
(G1) with MDR isolates down to the middle (G2) with an increasing amount of resistance
(H12B–H11B). The bottom of the heatmap (G3) included the most sensitive isolates, such as
H29F. The analysis revealed that, with some exceptions, the isolates that had been isolated
from blood infections were more antibiotic-resistant compared to the other isolates, as is
clear from the clustering of the isolates on the left-hand side (G2). The clustering of the
phenotypes and gene carriage showed that there was a strong correlation between Intl1
and blaOXA-1 clustered with SXT, which might indicate the presence of blaOXA-1 on a class 1
integron with another gene cassette that confers resistance to SXT (one of the dfr genes),
as blaOXA-1-dfr has been reported before [65,66]. A chi-squared test showed there was a
significant correlation between Intl1 and the SXT resistance phenotype. Clinically, the most
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important mechanism for trimethoprim resistance is plasmid-mediated DHFRs [67]. As
mentioned above, a class 1 integron may carry different antibiotic resistance gene cassettes,
and as 11 isolates that carried blaOXA-1 were also carrying Intl1, this gene cassette might
be carried by a class 1 integron. Looking at the genotypic cluster of cluster C1 in the
ERIC dendrogram (Figure 5), we can see that C1 includes 11 isolates carrying Intl1, of
which 8 are found in combination with blaOXA-1 and blaCTX-M. blaCTX-M and the phenotypic
ESBL-screening test were clearly clustered with cefotaxime, cefquinome, ceftiofur and
aztreonam resistance, which indicates that the ESBL phenotypic testing carried out was a
good indicator of the carriage of blaCTX-M. This was tested statistically using the chi-squared
test, and it shows a significant correlation between blaCTX-M carriage and resistance to CTX,
CAZ, EFT and CFQ, as well as to ATM.

In summary, the phenotypic resistance pattern present in E. coli from different clinical
samples was investigated, especially resistance to the β-lactam class of antibiotics. Different
ESBL/pAmpC genes and their variant types were detected, and correlations between the
phenotype and genotype were tested, together with the investigation of the presence of
ESBL genes, Tn21-like transposons and class 1 integrons. Very high levels of resistance
among ESBL-producing E. coli were observed, particularly among bloodstream isolates;
those MDR ESBL-producing isolates cause serious human infections, thus making their
treatment much more problematic. The continuous surveillance of AMR pathogens is a
crucial aim to observe and manage the local situation and apply alternative therapeutic
guidelines that can decrease the level of antibiotic resistance as much as possible.

4. Materials and Methods
4.1. Strains

Thirty-five putative E. coli clinical isolates were collected from Queen’s Medical Centre,
Nottingham University Hospitals NHS Trust, Nottingham, UK. With the exception of urine
isolates, the selection of the isolates was based on the demonstration of resistance to
one of the cephalosporin groups of antibiotics. The isolates from urine were originally
identified using MAST URI®SYSTEM (MAST URI®SYSTEM (mast-group.com, accessed
on 1 September 2022)), while all other isolates were originally identified using Masterscan
ELITE (MAST, Bootle, UK). All collected isolates were immediately stored as Microbank
(Pro-Lab Diagnostics, Birkenhead, UK) bead stocks at –80 ◦C and were grown from frozen
stocks for each subsequent characterisation. Further species confirmation was performed
by culturing the isolates on tryptone bile X-glucuronide agar (TBX agar; Merck Cat. no.
1.16122) with overnight incubation at 37 ◦C; this culture medium is used as a selective
medium to isolate and detect E. coli. TBX contains X-glucuronide, which is a substrate for
glucuronidase carried by E. coli but no other coliforms. E. coli cells can take up colourless
intact X-glucuronide. Intracellular glucuronidase cleaves the glucuronide–chromophore
bond, releasing the coloured chromophore, which accumulates in cells, turning an E. coli
colony blue/green [68]. All isolates that appeared blue–green on TBX were subjected to
oxidase and indole tests as further confirmation [41]. The oxidase test was performed by
using an oxidase strip (Oxidase Detection sticks, Oxoid Cat. no. MB0266). Several colonies
were transferred to the diagnostic strip using a sterile plastic loop, and the results were
read within 5–10 s. If no colour change was observed, it indicated a negative result, while
the formation of a dark-blue colour was viewed as a positive result. For the indole test,
tryptone water (Oxoid, UK catalogue number CM0087) was inoculated with one single
colony of the tested bacteria, and the tubes were then incubated for about 24 h at 37 ◦C. In
the second step, 0.2 mL of Kovacs’ reagent (Pro-lab Diagnostic, UK; Cat no. PL.375) was
added to each tube and gently shaken. The development of a deep-red ring on the top of the
broth indicated a positive result, while the negative reaction appeared as a light-yellow ring
on the top of the broth [69]. Oxidase-negative and indole-positive strains were considered
E. coli. E. coli ATCC 25922 (COSMOS BIOMEDICAL LTD, Swadlincote, UK) was used as a
quality control strain for these tests.

mast-group.com
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The E. coli strains were isolated from different clinical samples and were designated to
show the source and site of infection. For example, for isolate H1B, H is for human, 1 is the
number of the isolate and B refers to blood. U designates isolates collected from urine, F
indicates isolates collected from faeces, R represents isolates collected from sputum from
the respiratory system, and E designates isolates collected from ear infections.

4.2. Antibiotic Sensitivity Tests

Antimicrobial sensitivity tests were carried out using the disc diffusion method ac-
cording to Clinical & Laboratory Standards Institute (CLSI) and the National Committee
for Clinical Laboratory Standards (NCCLS) guidelines with some modifications [69]. The
test was carried out using 18 antimicrobials from seven different antimicrobial classes
(Table 2). The inoculum for the test was prepared using a direct colony suspension method;
approximately 2–4 colonies were taken from an 18 h incubated Luria–Bertani Lennox (LB)
Agar (Fisher Scientific, Loughborough, UK) plate and were suspended in 5 mL of Mueller–
Hinton broth (Oxoid, Basingstoke, UK). The bacterial suspension was then incubated for
2–6 h at 37 ◦C. The suspension volume was adjusted to achieve a turbidity equivalent to
a 0.5 McFarland standard (Oxoid, UK), which results in a suspension containing approxi-
mately 1 to 2 × 108 CFU ml−1. After dilution, a sterile swab was used to spread 100 µL of
the culture over the surface of a 90 mm Petri dish that contained 25 mL of Mueller–Hinton
agar (Oxoid, UK). The plates were left to dry at room temperature (for no more than 15 min),
and sterile forceps or a disc dispenser (Oxoid, UK) was used to place the antimicrobial
discs (Oxoid, UK) onto the plate surface. For each isolate, 4 plates of Mueller–Hinton
agar were used. The plates were then incubated for 18–20 h at 37 ◦C, and the results were
recorded by measuring the inhibition zone diameter across the disc; the zone of clearing
was interpreted according to standard measurements [32,70]. To check the antimicrobial
activity of the discs, the control strain E. coli ATCC 29522 was used as a negative control,
which is sensitive to all antimicrobials used in the test.

4.3. Phenotypic Confirmation of ESBL/AmpC-Producing E. coli

The Total ESBL Confirm Kit (Rosco Diagnostica, France. Cat. no. 98014) was used to
test ESBL production by the bacterial strains according to the guidelines of the manufacturer.
Any bacterial isolates that produced an inhibition zone indicating resistance or intermediate
resistance to cefotaxime and/or ceftazidime using standard antibiotic discs were further
tested using a combination of discs containing cefotaxime (CTX), ceftazidime (CAZ) and
cefepime (FEP) alone and in combination with clavulanate. Cefepime is not inactivated
by chromosomally encoded AmpC to the same extent as other cephalosporins. The ESBL
confirmation test was performed as described above for the antibiotic sensitivity test
method. The positive presence of ESBL was recorded if there was an increase in the
diameter of the zone of clearing around the disc by ≥5 mm for either antimicrobial agent
tested in combination with clavulanate vs. the diameter of the zone of clearing around a
disc containing the agent when tested alone [70]. The bacterial reference strains used were
E. coli NCTC 13353 (ESBL positive control CTX-M-15, Public Health England, UK) and E.
coli ATCC 25922 (ESBL negative control).

For the detection of de-repressed/plasmid-mediated AmpC β-lactamases, the AmpC
Confirm Kit (Rosco Diagnostica, France. Cat. no. 98007) was used. The disc assay was
performed as described above for the antibiotic disc assays. The test was performed for any
isolates that showed resistance or intermediate resistance to cefoxitin (FOX), as it might
indicate the overexpression of chromosomal AmpC. The results of the test were recorded
as positive for any isolates that showed a ≥5 mm increase in the inhibition zone diameter
of cefotaxime or ceftazidime in combination with cloxacillin, compared with the inhibition
zone for the antibiotics alone, and indicated the presence of de-repressed/plasmid-encoded
AmpC. Enterobacter cloacae NCTC 13406 (AmpC β-lactamase de-repressed, Public Health
England, UK) was used as a positive control strain, while E. coli ATCC 29522 was used as a
negative control strain.
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4.4. Genotyping of Isolates
4.4.1. DNA Extraction

Bacterial DNA for PCR was extracted using a simple boiling method [42]. (A single
colony of E. coli was picked from an overnight culture on LB agar and placed in 100 µL of
1 × TE buffer (10 mM Tris-Cl, 1 mM EDTA buffer, pH 7.9.)) To disrupt bacterial cells, the
suspension was heated to 99 ◦C for 30 min (Eppendorf Thermomixer comfort, Germany),
and the sample was then centrifuged (Sigma1-16 bench-top centrifuge, UK) at 13,000× g
for 15 min. The crude DNA in the supernatants was transferred into sterile microcentrifuge
tubes and stored at −20 ◦C until required. The NanoDrop® ND-1000 Spectrophotometer
(Thermofisher, Loughborough, UK) was used to check the DNA concentration and purity
of each sample. The ratio of absorbance at 260/280 nm was used to assess the purity of
DNA, and a ratio of ~1.8–2 was generally accepted.

4.4.2. ERIC-PCR

For genotype investigation, ERIC-PCR was used [71]. The PCR mixture (25 µL) con-
tained 12.5 µL of DreamTaq Green PCR master mix (ThermoFisher Scientific, UK), 9.5 µL
of nuclease-free water, 1 µL of DNA (50–100 ng) and 1 µL (10 pmol µL−1) of each primer
(ERIC1 (forward) and ERIC2 (reverse)) (Eurofins MWG Operon, Germany) using the follow-
ing conditions: 1 cycle of 3 min at 94 ◦C; 35 cycles of 30 s at 94 ◦C, 1 min at 52 ◦C, and 4 min
at 65 ◦C. The final cycle was for 8 min at 65 ◦C. The PCR product (7 µL) was loaded onto
a 2% (w/v) TAE (GelPilot® LE Agarose, Qiagen, Hilden, Germany) agarose gel and elec-
trophoresed at 120 V for 2 h. For cross-gel comparison, a 1 kb plus DNA ladder (Invitrogen,
Waltham, MA, USA) was used. A Gel-Doc XR system (Bio-Rad, UK) was used to image all
of the gels. Images were analysed using FPQuest gel analysis software (Bio-Rad, Hercules,
CA, USA). A dendrogram was obtained from the comparison of ERIC-PCR profiles using
the Dice coefficient and clustered by the unweighted pair group method with arithmetic
averages (UPGMA) with 1.5% optimisation and 1.5% tolerance to display the dendrogram.
To analyse the confidence of the selected similarity threshold and the significance of clusters,
molecular variance framework (AMOVA) [72] was used. The AMOVA calculation was
carried out using GenAlEx v6.5b5 software [73]. The significance was examined with the
calculation of ΦPT, a measure of population differentiation that suppresses intraindividual
variation. In the case of AMOVA, the null hypothesis (H0; ΦPT = 0) means that there is no
genetic difference among the populations, and the alternative hypothesis (H1; ΦPT > 0)
means there are genetic differences amongst the populations.

4.5. PCR Detection of B-lactamase Genes

B-Lactamase genes blaOXA-1 and blaOXA-2 and ESBL genes blaSHV, blaTEM and blaCTX-M
were detected using PCR as described by Dierikx and co-workers [74]. All isolates that
produced an inhibition zone indicating resistance or intermediate resistance to cefotaxime
and/or ceftazidime using standard antibiotic discs were further tested for the presence of
ESBL genes, regardless of the results of the phenotypic confirmation kit. The PCR reaction
mixture (25 µL) included 12.5 µL of DreamTaq Green PCR master mix (2X) (ThermoFisher
Scientific, UK), 8.5 µL of nuclease-free water, 1 µL (10 pmol µL−1) of each primer and total
DNA (2 µL). The primers and expected product sizes are shown in Table 3. The reaction
was carried out under the following conditions: one cycle of denaturation: 5 min at 94 ◦C,
followed by 30 cycles of 30 s at 94 ◦C, 30 s at 55 ◦C and 60 s at 72 ◦C, with a final extension
of 7 min at 72 ◦C. The PCR product (7 µL) was loaded onto a 1% (w/v) agarose gel (Melford
Laboratories, UK) and electrophoresed at 80 V for 1 h. On each gel, a 100 bp plus DNA
size ladder (Invitrogen, UK) was used. The PCR products for most of the positive isolates
were sent for sequencing. E. coli NCTC 13353, E. coli NCTC 13352 and Klebsiella pneumoniae
NCTC 13368 were used as positive quality control strains for the PCR reactions to detect
blaCTX_M, blaTEM and blaSHV, respectively. E. coli ATCC 25922 was used as a negative control
for all PCR reactions.
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4.6. PCR Detection of Plasmid ampC

The same isolates tested for ESBL genes were also tested for the presence of plasmid
ampC, regardless of the results for the phenotypic confirmation kit. Primarily, tests were
carried out using a set of primers to detect the CMY type of plasmid AmpC [75]; the PCR
mixture (20 µL) contained 10 µL of HotStarTaq plus Mastermix (2X) (Qiagen, UK), 1 µL of
each forward and reverse primer, 2 µL of CoralLoad dye (Qiagen, UK), 5 µL of DNase-free
water and 1 µL of DNA. The PCR cycle consisted of an initial denaturing step at 95 ◦C for
5 min and then 30 cycles of 94 ◦C (30 s), 58 ◦C (30 s) and 72 ◦C (60 s). The PCR reaction
ended with a final extension step at 72 ◦C for 10 min.

Table 3. PCR primers used for detection of beta-lactamase genes and ERIC-PCR primers.

Oligonucleotide Name Sequence Product Size (bp) Reference

CTX-M-F ATGTGCAGYACCAGTAARGTKATGGC
529 a

[73]

CTX-M-R TGGGTRAARTARGTSACCAGAAYSAGCGG
TEM-F GCGGAACCCCTATTTG

964TEM-R ACCAATGCTTAATCAGTGAG
SHV-F- TTATCTCCCTGTTAGCCACC

796SHV-R- GATTTGCTGATTTCGCTCGG
OXA-1-F- ATGAAAAACACAATACATATCAACTTCGC

820OXA-1-R- GTGTGTTTAGAATGGTGATCGCATT
OXA-2-F- ACGATAGTTGTGGCAGACGAAC

601OXA-2-R- ATYCTGTTTGGCGTATCRATATTC
CMY-2-F- ATGATGAAAAAATCGTTATGCTGC

1138CMY-2-R GCTTTTCAAGAATGCGCCAGG
MultiACC-F- CACCTCCAGCGACTTGTTAC

346

[76]

MultiACC-R- GTTAGCCAGCATCACGATCC
MultiMOX-F- GCAACAACGACAATCCATCCT

895MultiMOX-R- GGGATAGGCGTAACTCTCCCAA
MultiDHA-F- TGATGGCACAGCAGGATATTC

997MultiDHA-R- GCTTTGACTCTTTCGGTATTCG
MultiCIT-F- CGAAGAGGCAATGACCAGAC

538MultiCIT-R- ACGGACAGGGTTAGGATAGY
MultiEBC-F- CGGTAAAGCCGATGTTGCG

683MultiEBC-R- AGCCTAACCCCTGATACA
MultiFOX-F- CTACAGTGCGGGTGGTTT

162MultiFOX-R- CTATTTGCGGCCAGGTGA
ERIC-F- ATGTAAGCTCCTGGGGATTCAC

variable [70]ERIC-R- AAGTAAGTGACTGGGGTGAGCG
a (R is a purine; Y is a pyrimidine; S is G or C).

The PCR primers used in this study for the detection of β-lactamase and ESBL genes
(CTX-M, TEM, SHV and OXA) and plasmid-mediated ampC (ACC, MOX, DHA, CIT, EBC,
FOX and CMY-2) are shown. The correct PCR product sizes are shown for each primer pair.
The ERIC-PCR primer sequences are also shown; PCR products from amplifications using
ERIC are variable in size. All primers were supplied by Eurofins (MWG Operon, Germany).

Multiplex PCR was carried out as described in [75] to detect plasmid AmpC; the
reaction targeted six families of ampC genes, namely, ACC, FOX, MOX, DHA, EBC and CIT.
The PCR reactions were carried out in 50 µL of PCR mixture including 25 µL of DreamTaq
Green PCR master mix (2X) (ThermoFisher Scientific, UK) and 1 µL of each reverse and
forward primer for all except FOX and DHA, where 2.5 µL was used for each of the forward
and reverse primers, with 5 µL of nuclease-free water and 2 µL of DNA. The PCR cycle
started with an initial denaturing step at 94 ◦C for 10 min and then 30 cycles of 94 ◦C (40 s),
60 ◦C (40 s) and 72 ◦C (60 s). The PCR reaction ended with a final extension step at 72 ◦C
for 7 min. All the primers are listed in Table 3.
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4.7. 16S rDNA V3 Region PCR

Amplification of the V3 variable region of 16S rDNA was performed using a published
protocol, which included the gene primer set: V3F (5′-CCTACGGGAGGCAGCAG-3′) and
V3R (5′-ATTACCGCGGCTGCTGG-3′) [77]. The PCR mixture (25 µL) contained 12.5 µL of
DreamTaq Green PCR master mix (2X) (ThermoFisher Scientific, UK), 9.5 µL of nuclease-
free water, 1 µL of DNA and 1 µL (10 pmol µL−1) of each primer. The PCR cycle started
with a denaturation step at 94 ◦C for 5 min. A touchdown PCR was then performed with
an initial annealing temperature of 66 ◦C, which was decreased by 1 ◦C every cycle for
10 cycles; finally, the remaining 20 cycles were performed with an annealing temperature
of 56 ◦C. The extension for each cycle was carried out at 72 ◦C for 3 min, while the final
extension was at 72 ◦C for 10 min, then the PCR products (7 µL) were checked on 1.5%
(w/v) TAE agarose gels and the PCR product was sent for sequencing.

4.8. Sequencing of PCR Products

The PCR products were sequenced by Eurofins (MWG Operon, Ebersberg, Germany)
using Sanger cycle sequencing technology (dideoxy chain termination/cycle sequencing) on
Applied Biosystems™ (ABI) 3730XL sequencing machines using ABI BigDye® Terminator
3.1 chemistry. Sequences have been submitted to the NCBI databases, and the accession
numbers are listed in Table 4.

Table 4. Accession numbers for the sequenced genes.

Isolates ID Gene Variant Type Accession Number

H1B blaCTX-M blaCTX-M-55 OP589230
H2B blaCTX-M blaCTX-M-258 OP679875
H3B blaCTX-M blaCTX-M-15 OP689692
H4B blaTEM blaTEM-1 OP703167
H5B blaCTX-M/blaTEM blaCTX-M-15/blaTEM-1 OP620950/OP703168
H8B blaCTX-M blaCTX-M-254 OP649440

H10B 16S rDNA - OP627530
H15B blaCTX-M blaCTX-M-15 OP620949
H20U blaTEM blaTEM-1 OP723109
H22U blaCTX-M/blaTEM blaCTX-M-14/blaTEM-1 OP679876/OP723108
H24U blaTEM blaTEM-30 OP703169
H25R blaTEM blaTEM-32 OP620947
H26B blaCTX-M/blaTEM blaCTX-M-15/blaTEM-1 OP689690/OP703166
H27B blaCTX-M blaCTX-M-55 OP689691
H32F blaCTX-M blaCTX-M-245 OP620948
H33F blaTEM blaTEM-1 OP649441

4.9. Statistical Methods

Statistical analysis was carried out in R (version 4.2.0). Clustering of strains was
carried out using the pheatmap library (version 1.0.12) with default clustering settings.
Statistical associations between genes and phenotypes were carried out using chi-squared
tests with q-values computed using Benjamini–Hochberg FDR [78], adjusted to account for
multiple testing. Visualisation of the chi-squared test outcomes was also performed using
pheatmap, with rows clustered with single-linkage clustering for aesthetic reasons.

Author Contributions: Conceptualisation, C.E.R.D. and J.L.H.; methodology, D.R.I., C.E.R.D., R.T.M.,
D.J.S., M.D., M.L. and J.L.H.; software, D.R.I. and D.J.S.; formal analysis, D.J.S.; data curation, D.R.I.
and D.J.S.; writing—original draft preparation, D.R.I.; writing—review and editing, D.R.I., C.E.R.D.,
D.J.S. and J.L.H.; visualisation, D.R.I. and D.J.S. All authors have read and agreed to the published
version of the manuscript.

Funding: This research has been funded by the Kurdistan Regional Government through a KRG-
HCDP scholarship to D.R.I. and supported by research funding from Applied Microbiology Interna-
tional to D.R.I.



Antibiotics 2023, 12, 169 19 of 22

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are all openly accessible in the article.
The sequence types are openly available in GenBank, which is described in Section 4.

Acknowledgments: All of the authors are grateful to the Clinical Microbiology Department at Not-
tingham University Hospitals for assisting with strain collection. D.R.I. gratefully acknowledges
KRG-HCDP (Kurdistan Region Government—Human Capacity Development Program) for a scholar-
ship; Applied Microbiology International (formerly the Society for Applied Microbiology, SfAM) for
financial support; and Nacheervan Ghaffar for helping in sequence submission to the NCBI database.

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. O’Neill, J. Tackling Drug-Resistant Infections Globally: Final Report and Recommendations. Rev. Antimicrob. Resist. 2016.

Available online: https://amr-review.org/sites/default/files/160518_Final%20paper_with%20cover.pdf (accessed on 1
September 2022).

2. O’Neill, J. Infection Prevention, Control and Surveillance: Limiting the Development and Spread of Drug Resistance. Rev.
Antimicrob. Resist. 2016. Available online: https://amr-review.org/sites/default/files/Health%20infrastructure%20and%20
surveillance%20final%20version_LR_NO%20CROPS.pdf (accessed on 1 September 2022).

3. Murray, C.J.; Ikuta, K.S.; Sharara, F.; Swetschinski, L.; Robles Aguilar, G.; Gray, A.; Han, C.; Bisignano, C.; Rao, P.; Wool, E.;
et al. Global Burden of Bacterial Antimicrobial Resistance in 2019: A Systematic Analysis. Lancet 2022, 399, 629–655. [CrossRef]
[PubMed]

4. PHE. English Surveillance Programme for Antimicrobial Utilisation and Resistance (ESPAUR): Report 2020 to 2021; GOV.UK: 2021.
Available online: https://www.gov.uk/government/publications/english-surveillance-programme-antimicrobial-utilisation-
and-resistance-espaur-report (accessed on 1 September 2022).

5. Bradford, P.A. Extended-Spectrum β-Lactamases in the 21st Century: Characterization, Epidemiology, and Detection of This
Important Resistance Threat. Clin. Microbiol. Rev. 2001, 14, 933–951. [CrossRef]

6. Bush, K.; Macielag, M.J. New β-Lactam Antibiotics and β-Lactamase Inhibitors. Expert Opin. Ther. Pat. 2010, 20, 1277–1293.
[CrossRef] [PubMed]

7. Castanheira, M.; Simner, P.J.; Bradford, P.A. Extended-Spectrum β -Lactamases: An Update on Their Characteristics, Epidemiology
and Detection. JAC-Antimicrob. Resist. 2021, 3, dlab092. [CrossRef] [PubMed]

8. Nossair, M.A.; Alkhedaide, A.; Soliman, M.M.; Ramadan, H. Prevalence and Molecular Characterization of Cattle, and Poultry.
Pathogens 2022, 2022.11, 852. [CrossRef] [PubMed]

9. Miltgen, G.; Martak, D.; Valot, B.; Kamus, L.; Garrigos, T.; Verchere, G.; Gbaguidi-Haore, H.; Ben Cimon, C.; Ramiandrisoa, M.;
Picot, S.; et al. One Health Compartmental Analysis of ESBL-Producing Escherichia coli on Reunion Island Reveals Partitioning
between Humans and Livestock. J. Antimicrob. Chemother. 2022, 77, 1254–1262. [CrossRef] [PubMed]

10. Subramanya, S.H.; Bairy, I.; Metok, Y.; Baral, B.P.; Gautam, D.; Nayak, N. Detection and Characterization of ESBL-Producing
Enterobacteriaceae from the Gut of Subsistence Farmers, Their Livestock, and the Surrounding Environment in Rural Nepal. Sci.
Rep. 2021, 11, 2091. [CrossRef]

11. Benavides, J.A.; Salgado-Caxito, M.; Opazo-Capurro, A.; González Muñoz, P.; Piñeiro, A.; Otto Medina, M.; Rivas, L.; Munita, J.;
Millán, J. ESBL-Producing Escherichia coli Carrying CTX-M Genes Circulating among Livestock, Dogs, and Wild Mammals in
Small-Scale Farms of Central Chile. Antibiotics 2021, 10, 510. [CrossRef]

12. Day, M.J.; Hopkins, K.L.; Wareham, D.W.; Toleman, M.A.; Elviss, N.; Randall, L.; Teale, C.; Cleary, P.; Wiuff, C.; Doumith, M.; et al.
Extended-Spectrum β-Lactamase-Producing Escherichia coli in Human-Derived and Foodchain-Derived Samples from England,
Wales, and Scotland: An Epidemiological Surveillance and Typing Study. Lancet Infect. Dis. 2019, 19, 1325–1335. [CrossRef]

13. UKHSA. Escherichia coli (E. coli) Bacteraemia: Financial Year Counts and Rates by Acute Trust and CCG, up to Financial Year 2021
to 2022 (Open Source). 2021. Available online: https://www.gov.uk/government/statistics/escherichia-coli-e-coli-bacteraemia-
annual-data (accessed on 10 August 2021).

14. Torres, A.G.; Arenas-Hernández, M.M.; Martínez-Laguna, Y. Overview of E. coli. In Pathogenic Escherichia coli in Latin America;
Bentham Science Publishers: Sharjah, United Arab Emirates, 2010; pp. 1–7.

15. Kaper, J.B.; Nataro, J.P.; Mobley, H.L.T. Pathogenic Escherichia coli. Nat. Rev. Microbiol. 2004, 2, 123–140. [CrossRef] [PubMed]
16. Croxen, M.A.; Finlay, B.B. Molecular Mechanisms of Escherichia coli Pathogenicity. Nat. Rev. Microbiol. 2010, 8, 26–38. [CrossRef]
17. Riley, L.W. Distinguishing Pathovars from Nonpathovars: Escherichia coli. Microbiol. Spectr. 2020, 8. [CrossRef] [PubMed]
18. Kayser, F.H.; Bienz, K.A.; Eckert, J.; Zinkernagel, R.M. Medical Microbiology; Thieme: New York, NY, USA, 2005.
19. Reinthaler, F.F.; Posch, J.; Feierl, G.; Wüst, G.; Haas, D.; Ruckenbauer, G.; Mascher, F.; Marth, E. Antibiotic Resistance of E. coli in

Sewage and Sludge. Water Res. 2003, 37, 1685–1690. [CrossRef]

https://amr-review.org/sites/default/files/160518_Final%20paper_with%20cover.pdf
https://amr-review.org/sites/default/files/Health%20infrastructure%20and%20surveillance%20final%20version_LR_NO%20CROPS.pdf
https://amr-review.org/sites/default/files/Health%20infrastructure%20and%20surveillance%20final%20version_LR_NO%20CROPS.pdf
http://doi.org/10.1016/S0140-6736(21)02724-0
http://www.ncbi.nlm.nih.gov/pubmed/35065702
https://www.gov.uk/government/publications/english-surveillance-programme-antimicrobial-utilisation-and-resistance-espaur-report
https://www.gov.uk/government/publications/english-surveillance-programme-antimicrobial-utilisation-and-resistance-espaur-report
http://doi.org/10.1128/CMR.14.4.933-951.2001
http://doi.org/10.1517/13543776.2010.515588
http://www.ncbi.nlm.nih.gov/pubmed/20839927
http://doi.org/10.1093/jacamr/dlab092
http://www.ncbi.nlm.nih.gov/pubmed/34286272
http://doi.org/10.3390/pathogens11080852
http://www.ncbi.nlm.nih.gov/pubmed/36014973
http://doi.org/10.1093/jac/dkac054
http://www.ncbi.nlm.nih.gov/pubmed/35194647
http://doi.org/10.1038/s41598-021-81315-3
http://doi.org/10.3390/antibiotics10050510
http://doi.org/10.1016/S1473-3099(19)30273-7
https://www.gov.uk/government/statistics/escherichia-coli-e-coli-bacteraemia-annual-data
https://www.gov.uk/government/statistics/escherichia-coli-e-coli-bacteraemia-annual-data
http://doi.org/10.1038/nrmicro818
http://www.ncbi.nlm.nih.gov/pubmed/15040260
http://doi.org/10.1038/nrmicro2265
http://doi.org/10.1128/microbiolspec.AME-0014-2020
http://www.ncbi.nlm.nih.gov/pubmed/33385193
http://doi.org/10.1016/S0043-1354(02)00569-9


Antibiotics 2023, 12, 169 20 of 22

20. Pitout, J.D.D.; Sanders, C.C.; Sanders, W.E., Jr. Antimicrobial Resistance with Focus on β-Lactam Resistance in Gram-Negative
Bacilli. Am. J. Med. 1997, 103, 51–59. [CrossRef] [PubMed]

21. Pfaller, M.A.; Segreti, J. Overview of the Epidemiological Profile and Laboratory Detection of Extended-Spectrum β-Lactamases.
Clin. Infect. Dis. 2006, 42 (Suppl. S4), 153–163. [CrossRef] [PubMed]

22. Wellington, E.M.H.; Boxall, A.B.A.; Cross, P.; Feil, E.J.; Gaze, W.H.; Hawkey, P.M.; Johnson-Rollings, A.S.; Jones, D.L.; Lee, N.M.;
Otten, W.; et al. The Role of the Natural Environment in the Emergence of Antibiotic Resistance in Gram-Negative Bacteria.
Lancet Infect. Dis. 2013, 13, 155–165. [CrossRef]

23. Ibrahim, D.R. Phenotypic and Genotypic Study of Multidrug Resistant, Extended Spectrum β-Lactamase (ESBL)-Producing
Escherichia coli Isolated from a Dairy Farm. Ph.D. Dissertation, University of Nottingham, Nottingham, UK, 2017. Available
online: https://eprints.nottingham.ac.uk/id/eprint/46613 (accessed on 1 November 2022).

24. Sultan, I.; Siddiqui, M.T.; Gogry, F.A.; Haq, Q.M.R. Molecular Characterization of Resistance Determinants and Mobile Genetic
Elements of ESBL Producing Multidrug-Resistant Bacteria from Freshwater Lakes in Kashmir, India. Sci. Total Environ. 2022,
827, 154221. [CrossRef]

25. Qiao, J.; Zhang, Q.; Alali, W.Q.; Wang, J.; Meng, L.; Xiao, Y.; Yang, H.; Chen, S.; Cui, S.; Yang, B. Characterization of Extended-
Spectrum β-Lactamases (ESBLs)-Producing Salmonella in Retail Raw Chicken Carcasses. Int. J. Food Microbiol. 2017, 248, 72–81.
[CrossRef]

26. Liebert, C.A.; Hall, R.M.; Summers, A.O. Transposon Tn 21, Flagship of the Floating Genome. Microbiol. Mol. Biol. Rev. 1999,
63, 507–522. [CrossRef] [PubMed]

27. Liebert, C.A.; Wireman, J.; Smith, T.; Summers, A.O. Phylogeny of mercury Resistance (Mer) Operons of Gram-Negative Bacteria
Isolated from the Fecal Flora of Primates. Appl. Environ. Microbiol. 1997, 63, 1066–1076. [CrossRef] [PubMed]

28. Partridge, S.R. Analysis of Antibiotic Resistance Regions in Gram-Negative Bacteria. FEMS Microbiol. Rev. 2011, 35, 820–855.
[CrossRef]

29. Bush, K.; Jacoby, G.A. Updated Functional Classification of β-Lactamases. Antimicrob. Agents Chemother. 2010, 54, 969–976.
[CrossRef] [PubMed]

30. Hall, B.G.; Barlow, M. Revised Ambler Classification of β-Lactamases. J. Antimicrob. Chemother. 2005, 55, 1050–1051. [CrossRef]
[PubMed]

31. Paterson, D.L.; Bonomo, R.A. Extended-Spectrum β-Lactamases: A Clinical Update. Clin. Microbiol. Rev. 2005, 18, 657–686.
[CrossRef] [PubMed]

32. CLSI. (M31-A4) Performance Standards for Antimicrobial Disk and Dilution Susceptibility Tests for Bacteria Isolated from Animals; Clinical
and Laboratory Standards Institute: Malvern, PA, USA, 2013.

33. Philippon, A.; Arlet, G.; Jacoby, G.A. Plasmid-Determined AmpC-Type-β-Lactamases. Antimicrob. Agents Chemother. 2002,
46, 1–11. [CrossRef] [PubMed]

34. Livermore, D.M. Defining an Extended-Spectrum b -Lactamase. Clin. Microbiol. Infect. 2008, 14, 3–10. [CrossRef]
35. Magiorakos, A.P.; Srinivasan, A.; Carey, R.B.; Carmeli, Y.; Falagas, M.E.; Giske, C.G.; Harbarth, S.; Hindler, J.F.; Kahlmeter, G.;

Olsson-Liljequist, B.; et al. Multidrug-Resistant, Extensively Drug-Resistant and Pandrug-Resistant Bacteria: An International
Expert Proposal for Interim Standard Definitions for Acquired Resistance. Clin. Microbiol. Infect. 2012, 18, 268–281. [CrossRef]

36. Brenwald, N.P.; Jevons, G.; Andrews, J.; Ang, L.; Fraise, A.P. Disc Methods for Detecting AmpC β-Lactamase-Producing Clinical
Isolates of Escherichia coli and Klebsiella pneumoniae. J. Antimicrob. Chemother. 2005, 56, 600–601. [CrossRef]

37. WHO. Global Antimicrobial Resistance Surveillance System (GLASS) Report: Early Implementation 2020; WHO: Geneva,
Switzerland, 2020.

38. Tadesse, D.A.; Zhao, S.; Tong, E.; Ayers, S.; Singh, A.; Bartholomew, M.J.; McDermott, P.F. Antimicrobial Drug Resistance in
Escherichia coli from Humans and Food Animals, United States, 1950–2002. Emerg. Infect. Dis. 2012, 18, 741. [CrossRef] [PubMed]

39. Pandit, R.; Awal, B.; Shrestha, S.S.; Joshi, G.; Rijal, B.P.; Parajuli, N.P. Extended-Spectrum β-Lactamase (ESBL) Genotypes among
Multidrug-Resistant Uropathogenic Escherichia coli Clinical Isolates from a Teaching Hospital of Nepal. Interdiscip. Perspect. Infect.
Dis. 2020, 2020, 6525826. [CrossRef]

40. Wu, D.; Ding, Y.; Yao, K.; Gao, W.; Wang, Y. Antimicrobial Resistance Analysis of Clinical Escherichia coli Isolates in Neonatal
Ward. Front. Pediatr. 2021, 9, 670470. [CrossRef] [PubMed]

41. Wei, S.-H. Escherichia coli Contamination of Pork Carcasses in UK Slaughterhouses. Ph.D. Thesis, University of Nottingham,
Nottingham, UK, 2013. Available online: https://eprints.nottingham.ac.uk/id/eprint/13477 (accessed on 23 September 2021).

42. Ibrahim, D.R.; Dodd, C.E.R.; Stekel, D.J.; Ramsden, S.J.; Hobman, J.L. Multidrug Resistant, Extended Spectrum β-Lactamase
(ESBL)-Producing Escherichia coli Isolated from a Dairy Farm. FEMS Microbiol. Ecol. 2016, 92, fiw013. [CrossRef] [PubMed]

43. Papich, M.G. Saunders Handbook of Veterinary Drugs; Elsevier: Amsterdam, The Netherlands, 2016.
44. Sprayberry, K.A.; Robinson, N.E. Robinson’s Current Therapy in Equine Medicine; Elsevier Health Sciences: Amsterdam, The

Netherlands, 2014.
45. Hornish, R.E.; Kotarski, S.F. Cephalosporins in Veterinary Medicine-Ceftiofur Use in Food Animals. Curr. Top. Med. Chem. 2002,

2, 717–731. [CrossRef]
46. Grabowski, Ł.; Gaffke, L.; Pierzynowska, K.; Cyske, Z.; Choszcz, M.; Węgrzyn, G.; Węgrzyn, A. Enrofloxacin-The Ruthless Killer
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