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Abstract: Extended-spectrum f-lactamase-producing Escherichia coli (ESBL-Ec) poses a significant
public health concern due to its widespread prevalence and resistance to multiple antibiotics. This
study aimed to assess the prevalence, resistance profile, and carriage of ESBL-encoding genes in
ESBL-Ec isolates from broilers in two markets of Dakar, Senegal. Sampling over a one-year period
revealed that 61.7% of broilers carried ESBL-Ec in their cecum. Antibiotic susceptibility testing of
186 ESBL-Ec isolates showed high resistance to -lactam antibiotics, including ampicillin, ticarcillin,
and third-generation cephalosporins. Notably, all isolates were susceptible to imipenem. Multidrug
resistance was frequent, with 91.4% of the isolates displaying this phenotype. Comparison between
the two markets revealed variations in resistance to quinolones. PCR analysis detected blacrx-p
genes in all isolates, with blacrx.p.1 being the most prevalent subgroup. Additionally, blarg,
and blapxa genes were found in 26.3% and 2.7% of isolates, respectively, while no blagyy genes
were detected. Combinations of ESBL genes were common, with blacrx_p15-blatey being the most
frequent. These findings highlight the widespread prevalence of ESBL-Ec in broilers from Dakar
markets, indicating a potential risk of transmission to humans through the food chain. Effective
surveillance and intervention strategies are crucial to mitigate the spread of antimicrobial resistance

in humans and animals.

Keywords: antimicrobial resistance; extended-spectrum p-lactamase (ESBL); E. coli; broilers; blacTx-m
genes; Senegal

1. Introduction

The emergence of antimicrobial resistance (AMR) in bacterial pathogens is a growing
global concern, as it can lead to increased morbidity and mortality rates, higher healthcare
costs, and a reduction in the effectiveness of existing antimicrobial treatments [1]. The global
burden of bacterial AMR was estimated at 5.7 million deaths and 156.1 million disability-
adjusted life years attributable to antibiotic-resistant bacterial infections for 2019 [2]. This
burden is higher in low- and middle-income countries (LMICs), particularly in sub-Saharan
Africa [2]. Several strategies have been designed to address AMR globally [3]. Two of
them that are particularly relevant to LMICs are capacity building for studying AMR and
integrated surveillance of different sectors. Indeed, there is a lack of properly equipped
laboratories and well-trained microbiologists in many LMICs. Consequently, quality data
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are highly needed in the human, animal, food, and environmental sectors in order to
efficiently address the threat of AMR in LMICs. Surveillance is a key component of the
global effort to tackle AMR. It relies on the isolation and detailed characterization of
resistant bacteria. Importantly, AMR surveillance is concomitantly conducted in different
sectors in order to possibly identify risk factors for acquiring and disseminating resistant
bacteria. This integrated one-health approach has demonstrated its value in identifying the
source of outbreaks, dissemination routes of clonal infections, and hotspots of selection of
resistant bacteria [4].

[3-lactam antibiotics are a cornerstone in both human and veterinary medicine, renowned
for their broad-spectrum efficacy against a wide array of bacterial infections [5]. This class of
antibiotics, characterized by the presence of a beta-lactam ring in their molecular structure,
includes penicillins, cephalosporins, carbapenems, and monobactams. Their mode of action
involves inhibiting the synthesis of bacterial cell walls, leading to cell lysis and death, making
them highly effective in treating infections caused by Gram-positive and Gram-negative bac-
teria. Their effectiveness in human health, combined with generally favorable safety profiles,
has made them a first-line treatment choice in many clinical settings [6]. The introduction of
penicillin in the 1940s revolutionized medical practice, significantly reducing the morbidity
and mortality associated with bacterial infections and ushering in the antibiotic era [7]. In
veterinary medicine, beta-lactam antibiotics play a crucial role in maintaining animal health
and ensuring the wellbeing of livestock, pets, and wildlife. They are used to treat infections,
prevent disease outbreaks, and in some cases, promote growth in farm animals [8]. Ensuring
the health of animals through the judicious use of antibiotics helps secure food safety and
public health by preventing the transmission of zoonotic pathogens to humans [9]. However,
the extensive use and, in some instances, misuse of beta-lactam antibiotics have led to the
emergence of antibiotic-resistant bacteria [10]. This growing resistance poses a significant
threat to both human and veterinary medicine, as it compromises the ability to treat common
infections and conduct routine medical and surgical procedures safely. Resistance to 3-lactams
is primarily mediated by (-lactamases (BLs), which constitute a large and diverse family
of enzymes that have in common the ability to inactivate (3-lactams [5]. BLs are classified
according to two schemes: the Ambler classification, that groups BLs into four classes (A-D)
depending on the sequence of their active site [11], and the Bush-J classification, that divides
BLs into three main groups based on their substrate and inhibitor profiles [12]. Among BLs,
extended-spectrum [B-lactamases (ESBLs) are the most important to public health. ESBLs
were initially defined as BLs effective against third- and fourth-generation cephalosporins
and monobactams, and are inhibited by (3-lactamase inhibitors such as clavulanic acid, sul-
bactam, and tazobactam [13]. However, the emergence of ESBL variants resistant to the
ancient inhibitors challenges this definition and, given their growing prevalence [14], stresses
the need for novel inhibitors. The most common ESBL enzymes can be classified into four
families: BlaTgy;, Blagyy, Blapxa, and Blacrxa. The first known ESBL was derived from
amino acid substitutions of Blatpy and Blagpy BLs that confer to these enzymes the ability to
hydrolyze extended-spectrum cephalosporins [15]. Later on, the BlacTx.m enzymes emerged
that were found to be largely disseminated worldwide and constitute by far the most prevalent
ESBL family. The blacrx-p gene family comprises five groups: CTX-M1, CTX-M-2, CTX-M-§,
CTX-M-9, and CTX-M-25; each group includes several variants, the most prevalent being
the CTX-M-15 variant, a member of the CTX-M1 group [16]. Blatgy, Blaghy, and Blactx-m
enzymes belong to class A of the Ambler classification, contrary to Blagxa, the last of the four
major ESBL families that are class D enzymes.

The importance of ESBL-producing bacteria in human and veterinary medicine makes
these microorganisms ideal targets for AMR surveillance. The WHO developed a one-
health surveillance program based on ESBL-producing Escherichia coli (ESBL-Ec). The
program, called Tricycle, aims to provide a global picture by determining the prevalence
of ESBL-Ec in the human, animal, and environmental sectors [17]. It uses standardized
protocols that can be applied in laboratories with relatively limited equipment, allowing
comparisons across countries, including developed nations and LMICs. In this study, we
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report the results of a one-year surveillance of ESBL-Ec in broilers sold in two open wet
markets of Dakar, the capital of Senegal, as part of a pilot investigation using the Tricycle
protocol. We describe the prevalence of ESBL-Ec carriage and, additionally, the molecular
analysis of ESBL-encoding genes harbored by the isolated ESBL clones.

2. Materials and Methods
2.1. Sampling, Bacterial Isolation, and Identification

Broilers were purchased at two open wet markets, which are marketplaces where
fresh food products, including meat, eggs, vegetables, and fruits, are sold in open, non-
refrigerated spaces. The samples were collected according to the World Health Organi-
zation’s Tricycle protocol [18]. The two markets (Sandaga and Tilene), which are located
within 5 km of the city center of Dakar, capital of Senegal, daily host broilers originating
from different farms of the Dakar region. Sampling was conducted monthly over one year
from September 2018 to August 2019. Each month, 10 birds were purchased from each
market, totaling 240 pieces over the course of the study. The broilers were supplied by
vendors who possess fixed canteens in the markets, with only one broiler obtained from a
given vendor at any sampling round. The birds were slaughtered in the markets, and the
intact ceca were collected in individual sterile plastic bags and placed in a cooler before
shipment to the laboratory within two hours for immediate processing. For isolation of
ESBL-Ec, a loopful (~10 mg) of each cecal content was directly streaked onto a MacConkey
agar (Bio-Rad, Marnes-la-Coquette, France) plate supplemented with 4 ng/mL cefotaxime
(Sigma, Burlington, MA, USA) that was incubated overnight at 37 °C. Five presumptive E.
coli colonies (red /purple colonies) were randomly selected, re-isolated on the same selective
plates, identified using standard microbiological tests and an API 20E system (bioMérieux,
Craponne, France), and confirmed using a matrix-assisted laser desorption ionization time-
of-flight (MALDI-TOEF, Bruker, Bremen, Germany) mass spectrometry platform (Bruker
Daltonik, Bremen, Germany).

2.2. Antimicrobial Susceptibility Testing and ESBL Confirmation

Antimicrobial susceptibility testing was performed using the Kirby Bauer disc diffu-
sion method according to the European Committee on Antimicrobial Susceptibility Testing
(EUCAST/CA-SFM) guidelines v1.1 2020 (https:/ /www.sfm-microbiologie.org /wp-content/
uploads/2020/04/CASFM2020_Avril2020_V1.1.pdf, accessed on 12 November 2024). The
antibiotic disks (Bio-Rad, France) used included ampicillin (10 pg), amoxicillin + clavulanic
acid (20 pg-10 ng), ticarcillin (75 ng), cefalotin (30 ng), cefotaxime (5 pug), ceftazidime (10 pg),
cefepime (30 pg), aztreonam (30 ng), cefoxitin (30 pg), tetracycline (30 ng), nalidixic acid
(30 pg), ciprofloxacin (5 pug), imipenem (10 pg), gentamicin (10 pug), and sulfamethoxazole +
trimethoprim (1.25 ug-23.75 ug). The results were interpreted as susceptible, intermediate, or
resistant. The double-disk synergy test was used to confirm the ESBL phenotype of the tested
clones according to the EUCAST guideline on detection of resistance mechanisms version 2.0
(the last version so far). For this purpose, the cefotaxime, ceftazidime, and cefepime discs were
placed at 1.5 cm from the one containing amoxicillin + clavulanic acid (EUCAST/CA-SFM
2020 guidelines). The ESBL phenotype was confirmed when the inhibition zone around a
cephalosporin disc was increased toward the amoxicillin + clavulanic acid disc compared
with the other sides. E. coli ATCC 25922 and Klebsiella pneumoniae ATCC 700603 were used as
ESBL-negative and ESBL-positive reference strains, respectively.

2.3. Detection of ESBL Resistance Genes

Total bacterial DNA was extracted using a genomic DNA purification kit (QIAam-
pDNA Mini Kit, QIAGEN, Courtaboeuf, France) according to the manufacturer’s recom-
mendations. Detection of ESBL blargy, blasyy, blapxa1, and blacrx-pm genes was performed
by PCR using the primers shown in Table 1. Samples positive for blactx.p were further
analyzed to identify the subfamilies, including blacrx.pr-1, blacTx-m-2, blacTx-m-g, blacTx-m-9,
and blacrx-pm-25 groups. Additionally, the presence of blacrx p-15 variants was screened
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in all samples positive for blacrx-a.1. The PCR assays were performed on an Eppendorf
thermal cycler (Mastercycler X50a, Eppendorf, Montesson, France) using a program that
included an initial denaturation at 95 °C for 3 min, followed by 35 cycles consisting of
a denaturation at 94 °C for 1 min, a 1 min annealing at a temperature depending on the
primers, and an elongation at 72 °C for 1 min. A final elongation at 72 °C for 7 min was
included. The amplicons were analyzed by electrophoresis on a 1.5% agarose gel.

Table 1. Characteristics of primers used in this study.

Amplicon Size Annealing

Target Genes Primer Sequences (bp) Temperature References
e e o we
ARG w s
blacrxm F: ATGTGCAGYACCAGTAARGTKATGGC 592 550C [19]

R: TGGGTRAARTARGTSACCAGAAYSAGCGG

ey E SAAAICACTGECTC m mc
T s wc

ez RASHGAIOGCANGSS w we

w  mc

blacTxp25 STOUp R: AACCCACGATGTGGGTAGC 307 50 0C [19]

R: CCTCGCTGTGCTTGTATCC

F, forward primer; R, reverse primer.

2.4. Statistical Analysis

Statistical analyses were carried out using IBM SPSS v28 software. Pearson’s chi-
square was used to compare the antibiotic resistance between the ESBL-Ec isolates from the
two markets, a p value < 0.05 being considered as statistically significant.

3. Results
3.1. Prevalence of Extended-Spectrum B-Lactamase-Producing Escherichia coli in Broilers

To survey for ESBL-Ec carriage in broilers, we conducted a prospective sampling in
two wet markets in Dakar, the capital city of Senegal. The samplings were conducted
monthly during a 1-year period between September 2018 and August 2019. Each market
was visited monthly, with 20 broilers purchased at each visit. Of the 240 broilers (120 from
each market) analyzed, 148 (61.7%, 74 from each market) carried ESBL-Ec in their cecum
(Table 2). There was not a significant difference of the prevalence of ESBL-Ec-positive
broilers according to market or sampling period.
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Table 2. Prevalence of extended-spectrum (3-lactamase-producing Escherichia coli in broilers.
Markets Number of Samples ESBL-Ec Positive Samples (%)
Sandaga 120 74 (61.7)
Tilene 120 74 (61.7)
Total 240 148 (61.7)

ESBL-Ec, extended-spectrum [3-lactamase-producing Escherichia coli.

3.2. Antibiotic Resistance Profile of Extended-Spectrum B-Lactamase-Producing Escherichia coli
from Broilers

A total of 186 ESBL-Ec isolates were recovered, 98 (52.7%) and 88 (47.3%) from the
Sandaga and Tilene markets, respectively (Table 3). All isolates were tested for susceptibility
to 15 antibiotics belonging to 8 classes (Supplementary Table S1). As expected, resistance
to B-lactam antibiotics was frequent, with all the isolates resistant to ampicillin and ticar-
cillin, which belong to the penicillin subfamily, and to the first- and third-generation
cephalosporins cefalotin and cefotaxime, respectively (Table 3). Similarly, 83.9%, 84.4%, and
98.4% of the isolates were fully or intermediately resistant to ceftazidime (third-generation
cephalosporin), cefepime (fourth-generation cephalosporin), and aztreonam (monobac-
tam), respectively. In contrast, only 19.4% of the isolates were resistant or displayed an
intermediate resistance to the second-generation cephalosporin cefoxitin (Table 3). Inter-
estingly, all isolates were sensitive to imipenem (a carbapenem) (Table 3). Apart from
(-lactams, resistance to the other families of antibiotics tested was frequent (above 65%
of resistant or intermediate isolates) with the exception of gentamicin, for which 31.7%
of the isolates were fully or intermediately resistant (Table 3). Not surprisingly, 91.4%
(170/186) of the isolates were MDR, defined as clones fully or intermediately resistant to
at least one molecule of at least three antibiotic classes (Supplementary Table S1). Lastly,
when comparing the frequencies of resistance between the two markets, we found that
isolates from Tilene market were significantly more frequently resistant to quinolones
including nalidixic acid (80/88 [90.1%] and 71/98 [72.4%] of resistant or intermediately
resistant isolates from Tilene and Sandaga, respectively; Pearson x2 = 11.546, p = 0.003)
and ciprofloxacin (66 /88 [75.0%] and 57 /98 [58.2%] of resistant or intermediately resistant
isolates from Tilene and Sandaga, respectively; Pearson x2 = 11.280, p = 0.004). In contrast,
strains from Sandaga were significantly more resistant to ceftazidime (86/98 [87.8%] and
70/88 [79.5%] of resistant or intermediately resistant isolates from Sandaga and Tilene,
respectively; Pearson x2 = 6.333, p = 0.042). For all the other antibiotics tested, there was
not a statistically significant difference between the isolates from the two markets.

Table 3. Resistance of extended-spectrum {3-lactamase-producing Escherichia coli isolates to antibiotics
tested in this study.

Antibiotic Families Antibiotics Resistance * N (%)

Ampicillin 186 (100)
Ticarcillin 186 (100)

Amoxicillin + clavulanic acid 0
Cefalotin 186 (100)
B-lactam: Cefotaxime 186 (100)
actams Ceftazidime 156 (83.9)
Cefepime 157 (84.4)
Aztreonam 183 (98.4)
Cefoxitin 36 (19.4)

Imipenem 0
Quinolone Nalidixic acid 151 (81.2)
Fluoroquinolone Ciprofloxacin 123 (66.1)
Aminoglycoside Gentamicin 59 (31.8)
Tetracycline Tetracycline 166 (82.2)
Sulfonamide Trimethoprim + sulfamethoxazole 139 (74.8)

* This includes isolates with a resistant or intermediate phenotype. N, number of isolates.
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3.3. Carriage of Extended-Spectrum B-Lactamase-Encoding Genes

We used PCR to detect ESBL-encoding genes, including blactx-pm, blatem, blapxa,
and blagyy families in the isolates (Figure 1, Table 4, and Supplementary Table S2). As
expected, and consistently with their wide dissemination, blactx.p genes were found in all
the isolates (Table 4). In contrast, blargp and blapxa genes were detected in 26.3% (1 = 49)
and in 2.7% (n = 5) of the clones, respectively, while no blagyy gene was detected in any of
the isolates (Table 4). Regarding the subgroups of the blactx-p family, blacrx-p-1 genes were
the most frequent, being present in 51.1% (1 = 95) of the isolates (Table 4). Of these isolates,
61.1% (n = 58) harbored genes of the blacrx-p-15 subgroup. As for the other subgroups of
the blactx-p family, blacrx-a-9, blacrx-am-2, and blacrx-p.s were detected in 30.6% (n = 57),
28.5% (n = 53), and 10.2% (n = 19) of the isolates, respectively (Table 4), while no isolate
contained a gene of the blactx_pr-25 subfamily. It should be noted that four isolates in which
the CTX-M PCR was positive failed to generate an amplicon when analyzed for detection
of the five subfamilies, suggesting the possible presence of a novel blacrx.p variant in
these clones (Table 4, Supplementary Table S2). Carriage of combinations of ESBL genes
was frequent, with 41.9% (n = 78) of the isolates harboring two or three of these genes
(Table 5). The most frequent combination was blacrx-pmis5—blaTep, found in 10.2% (n = 19) of
the isolates (Table 5). Additionally, 9.8% (n = 18) of the isolates carried three ESBL genes,
mostly corresponding to combinations of genes of the blactx.pr and blarpys families (Table 5).
Carriage of two ESBL genes essentially consisted of combinations of CTX-M and TEM or of
two genes of the blactx.p family (Table 5).

CTX-M (592 bp) CTX-M1 (873 bp) CTX-M15 (995 bp)
+C

- e e e W aah gl

CTX-M2 (876 bp) CTX-M8 (bbb bp) CTX-M9 (856 bp)

OXA1 (830 bp)

+C
- ey e —

G

Figure 1. Sample results of PCR amplification of ESBL genes. Genomic DNAs of the ESBL isolates
were used as templates for PCR reactions with primers that amplify blacrx-am (A), blagxa (G), blatepm
(H), and blagpy gene families (see Table 1). Samples positive for the blacrx-p family were subsequently
analyzed for detection of genes belonging to the blacrx-ap1 (B), blactx-amz (D), blacrx-ms (E), blactx-mo
(F), and blacTx-pp25 subfamilies. Similarly, samples positive for blacTx.p1; were screened to identify
blacTx-p1s variants (C). SM, DNA ladders; +C, positive control; —C, negative control.

Table 4. Presence of extended-spectrum {3-lactamase-encoding genes in ESBL-producing Escherichia coli.

ESBL Genes Nb Isolates (%)
blacrx.mis variant 58 (31.2%)
blacrx-y1 group Non-blacry.ps variant * 37 (19.9%)
blacrx-pmz group 53 (28.5%)
blacrx.p family blacrx-pms group 19 (10.2%)
blactx-pm9 group 57 (30.6%)
bluCTXfMZ5 group 0

Other blacrx.m ** 4(2.2%)
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Table 4. Cont.

ESBL Genes Nb Isolates (%)
blatgpy family 49 (26.3%)
blapxa family 5(2.7%)
blaggy family 0

Nb isolates, number of PCR-positive isolates for the corresponding genes; *, Isolates with a CTX-M1-positive and
a CTX-M15-negative PCR; **, Isolates with a CTX-M-positive PCR but negative for reactions detecting the five
gene subfamilies of the CTX-M family.

Table 5. Single or combination of extended-spectrum -lactamase-encoding genes carried by ESBL-
producing Escherichia coli.

ESBL Gene Combination Nb Isolates (%)

blactx -m1 + blacrx-ms + blactx-mo 4 (2.2%)
blacrx-mis + blacrx-ms + blaTem 4 (2.2%)
blactx-mis + blapoxa + blatem 3 (1.6%)
blacrx-mis + blacrx-ms + blarepm 2 (1.1%)
blactx-ais + blactx-mz + blactx-mo 1(0.5%)
blacrx-mis + blactx-mz + blatem 1 (0.5%)
blactx-mis + blacrx-me + blatem 1(0.5%)
blactx-m1 + blacrx-mo + blatem 1 (0.5%)
blacrx-mz + blactx-mo + blatem 1 (0.5%)
blactx-mis + blatem 19 (10.2%)
blactx-m1 + blatem 9 (4.8%)
blacrx-mz + blatem 6 (3.2%)
blacrx-ap + blacrx-mo 6 (3.2%)
blacrxmis + blacrx-mz 5 (2.7%)
blactx-mis + blacrx-ms 5 (2.7%)
blacrx-yp + blacrx-ms 2 (1.1%)
blactx.mz + blacrx-mo 2 (1.1%)
blactx-mz + blapxa 2 (1.1%)
blactx-m1s + blactx-mo 1 (0.5%)
blactx.ms + blacrx-mo 1 (0.5%)
blactx-ms + blatem 1 (0.5%)
blacrx-mo + blaTem 1 (0.5%)

4. Discussion

In this study, we analyzed the prevalence, antibiotic resistance profile, and presence
of ESBL-encoding genes among ESBL-Ec clones isolated from broilers sold in two open
wet markets of Dakar, the capital city of Senegal. We found a high prevalence of ESBL-
Ec-positive chickens, with 61.7% of the birds analyzed carrying this bacterium in their
cecum. Additionally, and as expected, 83.9-100% of the isolates were resistant to the
-lactam antibiotics tested, including penicillins; monobactam; and first-, third-, and
fourth-generation cephalosporins, the only exception being cefoxitin, a second-generation
cephalosporin, for which only 19.4% of the tested clones displayed a reduced or an absence
of susceptibility. Importantly, 91.4% of the isolates were MDR, displaying resistance to
several antibiotic families. Regarding ESBL-encoding genes, the CTX-M group was the most
frequent, including CTX-M-1, CTX-M-2, CTX-M-8, and CTX-M-9. In addition, 41.9% of the
isolates carried at least two different ESBL genes as detected by PCR screening. It should
be noted that, consistently with the Tricycle protocol [17], we directly inoculated cecal
samples onto MacConkey agar plates containing 4 mg/L of cefotaxime. This concentration
corresponds to the clinical breakpoint for this antibiotic. In a recent investigation, the
European Union Reference Laboratory for AMR evaluated several protocols and found that
the most sensitive and specific methodologies for detecting ESBL-Ec and AmpC-producing
E. coli in cecal samples consisted of an initial pre-enrichment in buffered peptone water
followed by inoculation onto MacConkey agar supplemented with 1 mg/L cefotaxime [21].
If used in our samples, this procedure would likely reveal a higher prevalence of ESBL-Ec.
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The high prevalence of ESBL-Ec we found in the broilers was not surprising since
these bacteria are widespread globally, not only in animals, but also in human, food, and
environmental reservoirs. E. coli is a ubiquitous bacterial species, primarily serving as a
commensal organism in the intestinal tracts of humans and animals. Due to its widespread
presence, it serves as a reliable indicator of fecal contamination in the environment. E.
coli contributes positively to host health by aiding in digestion, producing vitamins, and
preventing colonization by pathogenic bacteria [22-24]. However, certain pathogenic
strains of E. coli can cause a range of infections, including urinary tract, gastrointestinal,
pulmonary, and bloodstream infections. These characteristics make E. coli a significant
vector for the dissemination of AMR. Recognizing this, the WHO established an AMR
surveillance program known as “Tricycle”. This program monitors the prevalence of
ESBL-Ec across four domains: (i) bloodstream infections in humans, (ii) fecal carriage in
pregnant women, (iii) cecal carriage in broiler chickens, and (iv) wastewater and surface
waters impacted by human and/or animal activity [17]. A key feature of the Tricycle
program is its use of standardized, straightforward protocols that can be conducted in
microbiology laboratories with limited equipment, enabling cross-comparisons across
high-income regions and LMICs worldwide. As of 2023, the Tricycle program was being
implemented in over 19 countries. Preliminary reports indicate a high prevalence of ESBL-
Ec across all sectors studied. In broilers, the reported prevalence of ESBL-Ec was 67.1% in
Indonesia [25], 57% in Madagascar [26], and 38.6% in Nepal [27], figures comparable to
those found in our study in Senegal. In humans, the prevalence of ESBL-Ec fecal carriage
varied significantly: 40% in Indonesia [25], 30% in Madagascar [26], 22.3% in Benin [28],
and 15% in Nepal [27]. These samples, collected from healthy pregnant women as per
the Tricycle protocol, are intended to reflect community prevalence. For comparison, a
recent study in the Central African Republic found a high fecal carriage rate of ESBL-
Enterobacterales (85.3%) in children aged 0-5 years admitted to the Pediatric University
Hospital Complex in Bangui, with the majority carrying ESBL-Ec and, to a lesser extent,
ESBL-producing K. pneumoniae [29]. While the protocol in this study differed slightly from
Tricycle in terms of ESBL-Ec selection, these results illustrate the variability of ESBL-Ec
carriage prevalence in human populations. This variability is further supported by a
retrospective meta-analysis of 66 studies up to July 2015, covering 28,909 individuals [30].
The analysis reported an overall 14% prevalence of ESBL-Enterobacterales carriage in healthy
individuals across the six WHO regions, with an annual increase of 5.38%. The highest
prevalence rates were found in the Western Pacific (46%), Southeast Asia (22%), and
Africa (22%).

Unsurprisingly, wastewater samples exhibit the highest prevalence of ESBL-Ec. Re-
ports from Benin [28], Ghana [31], Indonesia [25], Madagascar [26], and Nepal [27] indicate
that 91-100% of wastewater samples from markets, slaughterhouses, or hospitals were
contaminated with ESBL-Ec. In contrast, surface waters not directly impacted by human or
animal activity show significantly lower prevalence and concentration of ESBL-Ec. These
findings are consistent with a study we conducted on environmental samples from Oua-
gadougou, Burkina Faso, where 84.1% of wastewater samples from a municipal treatment
plant and 62.1% of manure samples from livestock markets tested positive for ESBL-Ec,
compared with only 39.7% of runoff water samples [32] (REF). Overall, these findings
highlight human activity as a major driver of ESBL-Ec dissemination in the environment.

Several factors contribute to the spread of ESBL-producing bacteria, especially in
LMICs, including poor hygiene, inadequate infection control practices in hospitals and
clinics, limited surveillance and laboratory capacity, antibiotic misuse and overuse in both
human and veterinary medicine, and, most importantly, the frequent use of antibiotics
in livestock production that contributes to disseminating resistant bacteria via the food
chain [33]. In this regard, chickens represent an important dissemination vehicle since they
are the most common and most consumed meat worldwide. In Senegal, poultry farming is
a significant activity, with production facilities corresponding to small-scale family units,
semi-intensive farming systems, and a few large-scale commercial farms [34]. Family units
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are common and mainly for family consumption and limited-scale commercialization in
the neighborhood. They typically use makeshift cages installed in courtyards or on terraces,
which favors close contact between poultry and humans [34]. Contrary to family produc-
tion, semi-intensive units and large commercial farms are destined to supply supermarkets
or open markets in medium-sized to big cities. The use of antimicrobials as therapeutic or
prophylactic agents as well as growth promoters is common in all the chicken production
systems, although accurate data on its magnitude and the types of molecules used are lack-
ing [35]. An important issue related to the use of antimicrobials in farming is the absence of
regulation and of controls in the operation units. This favors the introduction of fraudulent
molecules and is associated with the use of antimicrobials without veterinary prescription.
All these factors contribute to the selection of resistant bacteria that can be disseminated
through the food chain. A recent survey in 222 semi-intensive peri-urban chicken farms
in Senegal reported that the main drivers of antimicrobial use are the unawareness about
AMR and poor biosecurity practices [35].

5. Conclusions

Our study revealed a high prevalence of ESBL-Ec in broiler chickens sold at two open
wet markets in Dakar, the capital of Senegal. This prevalence may be linked to the use
of antimicrobials as growth promoters in poultry farming. Most of the isolated strains
carried multiple ESBL genes, with variants of the CTX-M family being the most common.
Additionally, these strains frequently exhibited resistance to other classes of antibiotics.
Given the critical role of -lactam antibiotics in both human and veterinary medicine,
a robust surveillance system is essential to mitigate the potential risk of transmission
of pathogenic ESBL-Ec through the consumption of broilers and chicken-derived food
products. More broadly, in the global context of the AMR crisis, coordinated efforts are
required to establish, implement, and enforce regulations governing antimicrobial use. This
includes sustained, multisectoral surveillance, enhanced training for microbiologists, and
increased public awareness in LMICs.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /microorganisms12112357/s1, Supplementary Table S1: Antibiotic
resistance profiles of extended-spectrum (-lactamase-producing Escherichia coli isolates from chicken
ceca. Supplementary Table S2: Presence of extended-spectrum -lactamase genes in isolates from
chicken ceca.

Author Contributions: Conceptualization, A.C., B.S.B. and M.C.; methodology, A.C., B.5.B. and M.C,;
formal analysis, A.C. and Y.D.; investigation, A.C., O.S., A.A.W. and L.N.; writing—original draft
preparation, Y.D.; writing—review and editing, A.C., C.F. and M.C,; supervision, B.S.B. and M.C. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the World Health Organization through the Tricycle program,
grant number APW 2018/821086.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Material. Further inquiries can be directed to the corresponding author.

Acknowledgments: We thank all the staff of the Pole de Microbiologie, Institut Pasteur de Dakar and
of the Laboratoire de Bactériologie-Virologie, Hopital Aristide le Dantec for their contribution to this
work. We are grateful to Jorge Raul Matheu Alvarez, WHO AMR division, Geneva and Mady BA,
WHO Country Office, Senegal for their support.

Conflicts of Interest: The authors declare no conflicts of interest.

1. Geser, N.; Stephan, R.; Hachler, H. Occurrence and characteristics of extended-spectrum (-lactamase (ESBL) producing Enter-
obacteriaceae in food producing animals, minced meat and raw milk. BMC Vet. Res. 2012, 8, 21. [CrossRef] [PubMed]

2. 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]


https://www.mdpi.com/article/10.3390/microorganisms12112357/s1
https://www.mdpi.com/article/10.3390/microorganisms12112357/s1
https://doi.org/10.1186/1746-6148-8-21
https://www.ncbi.nlm.nih.gov/pubmed/22397509
https://doi.org/10.1016/S0140-6736(21)02724-0
https://www.ncbi.nlm.nih.gov/pubmed/35065702

Microorganisms 2024, 12, 2357 10 of 11

10.
11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

World Health Organization. Report of the 6th Meeting of the WHO Advisory Group on Integrated Surveillance of Antimicrobial
Resistance with AGISAR 5-Year Strategic Framework to Support Implementation of the Global Action Plan on Antimicrobial
Resistance (2015-2019), 10-12 June 2015, Seoul, Republic of Korea [Internet]. World Health Organization; 2015. Available online:
https:/ /iris.who.int/handle/10665/190954 (accessed on 17 October 2024).

Robinson, T.P; Bu, D.P,; Carrique-Mas, J.; Fevre, EM.; Gilbert, M.; Grace, D.; Hay, S.L; Jiwakanon, J.; Kakkar, M.; Kariuki, S.; et al.
Antibiotic resistance is the quintessential One Health issue. Trans. R. Soc. Trop. Med. Hyg. 2016, 110, 377-380. [CrossRef]

Bush, K.; Bradford, P.A. 3-Lactams and 3-Lactamase Inhibitors: An Overview. Cold Spring Harb. Perspect. Med. 2016, 6, a025247.
[CrossRef]

Wilke, M.S.; Lovering, A.L.; Strynadka, N.C.J. Beta-lactam antibiotic resistance: A current structural perspective. Curr. Opin.
Microbiol. 2005, 8, 525-533. [CrossRef] [PubMed]

Gaynes, R. The Discovery of Penicillin—New Insights After More Than 75 Years of Clinical Use. Emerg. Infect. Dis. 2017, 23, 849.
[CrossRef]

Chantziaras, I.; Boyen, F.; Callens, B.; Dewulf, J. Correlation between veterinary antimicrobial use and antimicrobial resistance in
food-producing animals: A report on seven countries. J. Antimicrob. Chemother. 2014, 69, 827-834. [CrossRef]

Landers, T.F; Cohen, B.; Wittum, T.E.; Larson, E.L. A review of antibiotic use in food animals: Perspective, policy, and potential.
Public Health Rep. 2012, 127, 4-22. [CrossRef]

Livermore, D.M. beta-Lactamases-the Threat Renews. Curr. Protein Pept. Sci. 2009, 10, 397-400. [CrossRef]

Philippon, A.; Slama, P; Dény, P.; Labia, R. A Structure-Based Classification of Class A 3-Lactamases, a Broadly Diverse Family of
Enzymes. Clin. Microbiol. Rev. 2016, 29, 29-57. [CrossRef]

Bush, K.; Jacoby, G.A. Updated functional classification of beta-lactamases. Antimicrob. Agents Chemother. 2010, 54, 969-976.
[CrossRef] [PubMed]

Ur Rahman, S.; Ali, T.; Ali, I; Khan, N.A; Han, B.; Gao, J. The Growing Genetic and Functional Diversity of Extended Spectrum
Beta-Lactamases. BioMed Res. Int. 2018, 2018, 9519718. [CrossRef]

Husna, A.; Rahman, M.M.; Badruzzaman, A.T.M.; Sikder, M.H.; Islam, M.R.; Rahman, M.T.; Alam, J.; Ashour, H.M. Extended-
Spectrum p-Lactamases (ESBL): Challenges and Opportunities. Biomedicines 2023, 11, 2937. [CrossRef] [PubMed]

Bush, K,; Bradford, P.A. Epidemiology of 3-Lactamase-Producing Pathogens. Clin. Microbiol. Rev. 2020, 33, €00047-19. [CrossRef]
Ramadan, A.A.; Abdelaziz, N.A.; Amin, M.A.; Aziz, R K. Novel blaCTX-M variants and genotype-phenotype correlations among
clinical isolates of extended spectrum beta lactamase-producing Escherichia coli. Sci. Rep. 2019, 9, 4224. [CrossRef] [PubMed]
Ruppé, E. Network for Enhancing Tricycle ESBL Surveillance Efficiency (NETESE) group Lessons from a global antimicrobial
resistance surveillance network. Bull. World Health Organ. 2023, 101, 672-678. [CrossRef]

WHO Integrated Global Surveillance on ESBL-Producing E. coli Using a “One Health” Approach: Implementation and
Opportunities [Internet].  Available online: https://www.who.int/publications/i/item/9789240021402 (accessed on
17 October 2024).

Gundran, R.S.; Cardenio, P.A.; Villanueva, M.A; Sison, EB.; Benigno, C.C.; Kreausukon, K.; Pichpol, D.; Punyapornwithaya, V.
Prevalence and distribution of blaCTX-M, blaSHV, blaTEM genes in extended- spectrum (3- lactamase- producing E. coli isolates
from broiler farms in the Philippines. BMC Vet. Res. 2019, 15, 227. [CrossRef] [PubMed]

Weill, F.-X.; Guesnier, F.; Guibert, V.; Timinouni, M.; Demartin, M.; Polomack, L.; Grimont, P.A.D. Multidrug Resistance in
Salmonella enterica Serotype Typhimurium from Humans in France (1993 to 2003). J. Clin. Microbiol. 2006, 44, 700. [CrossRef]
[PubMed]

Hendriksen, R.S.; Cavaco, L.M.; Guerra, B.; Bortolaia, V.; Agersg, Y.; Svendsen, C.A.; Nielsen, H.N.; Kjeldgaard, ].S.; Pedersen, S.K.;
Fertner, M.; et al. Evaluation and validation of laboratory procedures for the surveillance of ESBL-, AmpC-, and carbapenemase-
producing Escherichia coli from fresh meat and caecal samples. Front. Microbiol. 2023, 14, 1229542. [CrossRef]

Gatsios, A.; Kim, C.S.; Crawford, ].M. Escherichia coli small molecule metabolism at the host-microorganism interface. Nat. Chem.
Biol. 2021, 17, 1016-1026. [CrossRef]

Khan, E; Tabassum, N.; Pham, D.T.N.; Oloketuyi, S.F.; Kim, Y.-M. Molecules involved in motility regulation in Escherichia coli
cells: A review. Biofouling 2020, 36, 889-908. [CrossRef] [PubMed]

Secher, T.; Brehin, C.; Oswald, E. Early settlers: Which E. coli strains do you not want at birth? Am. J. Physiol. Gastrointest. Liver
Physiol. 2016, 311, G123-G129. [CrossRef] [PubMed]

Puspandari, N.; Sunarno, S.; Febrianti, T.; Febriyana, D.; Saraswati, R.D.; Rooslamiati, I.; Amalia, N.; Nursofiah, S.; Hartoyo,
Y.; Herna, H.; et al. Extended spectrum beta-lactamase-producing Escherichia coli surveillance in the human, food chain, and
environment sectors: Tricycle project (pilot) in Indonesia. One Health 2021, 13, 100331. [CrossRef] [PubMed]

Milenkov, M.; Proux, C.; Rasolofoarison, T.L.; Rakotomalala, F.A.; Rasoanandrasana, S.; Rahajamanana, V.L.; Rafalimanana,
C.; Ravaoarisaina, Z.; Ramahatafandry, L.T.; Westeel, E.; et al. Implementation of the WHO Tricycle protocol for surveillance
of extended-spectrum (-lactamase producing Escherichia coli in humans, chickens, and the environment in Madagascar: A
prospective genomic epidemiology study. Lancet Microbe 2024, 5, 100850. [CrossRef] [PubMed]

Acharya, J.; Jha, R.; Gompo, T.R.; Chapagain, S.; Shrestha, L.; Rijal, N.; Shrestha, A.; Koirala, P.; Subedi, S.; Tamang, B.; et al.
Prevalence of Extended-Spectrum Beta-Lactamase (ESBL)-Producing Escherichia coli in Humans, Food, and Environment in
Kathmandu, Nepal: Findings From ESBL E. coli Tricycle Project. Int. ]. Microbiol. 2024, 2024, 1094816. [CrossRef]


https://iris.who.int/handle/10665/190954
https://doi.org/10.1093/trstmh/trw048
https://doi.org/10.1101/cshperspect.a025247
https://doi.org/10.1016/j.mib.2005.08.016
https://www.ncbi.nlm.nih.gov/pubmed/16129657
https://doi.org/10.3201/eid2305.161556
https://doi.org/10.1093/jac/dkt443
https://doi.org/10.1177/003335491212700103
https://doi.org/10.2174/138920309789351994
https://doi.org/10.1128/CMR.00019-15
https://doi.org/10.1128/AAC.01009-09
https://www.ncbi.nlm.nih.gov/pubmed/19995920
https://doi.org/10.1155/2018/9519718
https://doi.org/10.3390/biomedicines11112937
https://www.ncbi.nlm.nih.gov/pubmed/38001938
https://doi.org/10.1128/CMR.00047-19
https://doi.org/10.1038/s41598-019-39730-0
https://www.ncbi.nlm.nih.gov/pubmed/30862858
https://doi.org/10.2471/BLT.22.289520
https://www.who.int/publications/i/item/9789240021402
https://doi.org/10.1186/s12917-019-1975-9
https://www.ncbi.nlm.nih.gov/pubmed/31277658
https://doi.org/10.1128/JCM.44.3.700-708.2006
https://www.ncbi.nlm.nih.gov/pubmed/16517842
https://doi.org/10.3389/fmicb.2023.1229542
https://doi.org/10.1038/s41589-021-00807-5
https://doi.org/10.1080/08927014.2020.1826939
https://www.ncbi.nlm.nih.gov/pubmed/33028083
https://doi.org/10.1152/ajpgi.00091.2016
https://www.ncbi.nlm.nih.gov/pubmed/27288422
https://doi.org/10.1016/j.onehlt.2021.100331
https://www.ncbi.nlm.nih.gov/pubmed/34632041
https://doi.org/10.1016/S2666-5247(24)00065-X
https://www.ncbi.nlm.nih.gov/pubmed/38908389
https://doi.org/10.1155/2024/1094816

Microorganisms 2024, 12, 2357 11 of 11

28.

29.

30.

31.

32.

33.

34.

35.

Sintondji, K.; Fabiyi, K.; Hougbenou, J.; Koudokpon, H.; Legba, B.; Amoussou, H.; Haukka, K.; Dougnon, V. Prevalence and
characterization of ESBL-producing Escherichia coli in healthy pregnant women and hospital environments in Benin: An approach
based on Tricycle. Front. Public Health 2023, 11, 1227000. [CrossRef]

Sanke-Waigana, H.; Fall, C.; Gody, J.-C.; Komba, E.K.; Ngaya, G.; Mbecko, ].-R.; Yambiyo, B.M.; Manirakiza, A.; Vernet, G.; Dieye,
A.; et al. High Fecal Carriage of Extended-Spectrum p-Lactamase Producing Enterobacteriaceae by Children Admitted to the
Pediatric University Hospital Complex in Bangui, Central African Republic. Bacteria 2023, 2, 60-69. [CrossRef]

Karanika, S.; Karantanos, T.; Arvanitis, M.; Grigoras, C.; Mylonakis, E. Fecal Colonization With Extended-spectrum Beta-
lactamase-Producing Enterobacteriaceae and Risk Factors Among Healthy Individuals: A Systematic Review and Metaanalysis.
Clin. Infect. Dis. 2016, 63, 310-318. [CrossRef]

Banu, R.A.; Alvarez, ] M.; Reid, A.].; Enbiale, W.; Labi, A.-K.; Ansa, E.D.O.; Annan, E.A.; Akrong, M.O.; Borbor, S.; Adomako,
L.A.B,; et al. Extended Spectrum Beta-Lactamase Escherichia coli in River Waters Collected from Two Cities in Ghana, 2018-2020.
Trop. Med. Infect. Dis. 2021, 6, 105. [CrossRef]

Kagambega, A.B.; Dembélé, R.; Traoré, O.; Wane, A.A.; Mohamed, A.H.; Coulibaly, H.; Fall, C.; Bientz, L.; M'Zali, F.; Mayonnove,
L.; et al. Isolation and Characterization of Environmental Extended Spectrum -Lactamase-Producing Escherichia coli and
Klebsiella pneumoniae from Ouagadougou, Burkina Faso. Pharmaceuticals 2024, 17, 305. [CrossRef]

Ewers, C. Extended-Spectrum -Lactamase and AmpC (3-Lactamase-Producing Bacteria in Livestock Animals. In Zoonoses:
Infections Affecting Humans and Animals; Sing, A., Ed.; Springer International Publishing: Cham, Switzerland, 2023; pp. 547-578.
[CrossRef]

Vounba, P; Arsenault, ].; Bada-Alambédji, R.; Fairbrother, .M. Prevalence of antimicrobial resistance and potential pathogenicity,
and possible spread of third generation cephalosporin resistance, in Escherichia coli isolated from healthy chicken farms in the
region of Dakar, Senegal. PLoS ONE 2019, 14, e0214304. [CrossRef] [PubMed]

Emes, E.; Faye, A.; Naylor, N.; Belay, D.; Ngom, B.; Fall, A.G.; Knight, G.; Dione, M. Drivers of Antibiotic Use in Semi-Intensive
Poultry Farms: Evidence from a Survey in Senegal. Antibiotics 2023, 12, 460. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3389/fpubh.2023.1227000
https://doi.org/10.3390/bacteria2010005
https://doi.org/10.1093/cid/ciw283
https://doi.org/10.3390/tropicalmed6020105
https://doi.org/10.3390/ph17030305
https://doi.org/10.1007/978-3-031-27164-9_15
https://doi.org/10.1371/journal.pone.0214304
https://www.ncbi.nlm.nih.gov/pubmed/30913237
https://doi.org/10.3390/antibiotics12030460
https://www.ncbi.nlm.nih.gov/pubmed/36978328

	Introduction 
	Materials and Methods 
	Sampling, Bacterial Isolation, and Identification 
	Antimicrobial Susceptibility Testing and ESBL Confirmation 
	Detection of ESBL Resistance Genes 
	Statistical Analysis 

	Results 
	Prevalence of Extended-Spectrum -Lactamase-Producing Escherichia coli in Broilers 
	Antibiotic Resistance Profile of Extended-Spectrum -Lactamase-Producing Escherichia coli from Broilers 
	Carriage of Extended-Spectrum -Lactamase-Encoding Genes 

	Discussion 
	Conclusions 
	References

