Brazilian Journal of Microbiology (2023) 54:2205-2218
https://doi.org/10.1007/s42770-023-01082-3

FOOD MICROBIOLOGY - RESEARCH PAPER q

Check for
updates

Prevalence of AmpC, ESBL, and colistin resistance genes
in Enterobacterales isolated from ready-to-eat food in Algeria

Nawel Zaatout'® - Ahmad I. Al-Mustapha®3* . Amira Bouaziz'® - Rima Ouchene® - Annamari Heikinheimo?’

Received: 24 February 2023 / Accepted: 23 July 2023 / Published online: 1 August 2023
© The Author(s) under exclusive licence to Sociedade Brasileira de Microbiologia 2023

Abstract

Antimicrobial resistance among bacteria present in ready-to-eat foods is an emerging concern. Hence, this study investigated
the presence of extended-spectrum and AmpC -lactamases (ESBL/AmpC)-producing Enterobacterales (ESBL-E) and the
dissemination of mcr-1 in ESBL-E from ready-to-eat food samples (RTE) in Algeria. RTE food samples (n = 204) were
aseptically collected and selectively cultured using MacConkey agar. The isolates were screened for ESBL production using
the DDST test, confirmed ESBL-E isolates were identified using different conventional methods and MALDI-TOF MS, anti-
biotic susceptibility was determined using the disc diffusion and broth microdilution assay, ESBL-E isolates were analyzed
for colistin and ESBL/AmpC encoding genes by PCR, and food samples were analyzed by univariate and multiple logistic
regression. Overall, 48 (17.4%) of the 276 Enterobacterales were confirmed as ESBL producers, with a high prevalence in
soups (40%), salads (25%), and cream-filled pastries (23.8%). Antibiotic susceptibility testing revealed that all the ESBL-E
isolates were found multi-drug resistant. PCR revealed that bla gy, blacrx.a, blacyy.o, blagxa.i» and blagyy, were the most
frequently detected. blacrx. .o and blacrx ., Were the predominant CTX-M types. Furthermore, four isolates were positive
for mcr-1; three of them harbored the colistin resistance gene and ESBL/AmpC genes (2 E. cloacae and 1 S. enterica). To
the best of our knowledge, this is the first report that detects the presence of the mcr-1 gene in ESBL-E strains isolated from
RTE foods in Algeria. These findings suggest an urgent need for strict policies that prevent the spread and transmission of
ESBL-E in food.
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Foodborne diseases are one of the most common health
problems in the world, and they are a major cause of low
economic productivity and morbidity [1, 2]. Ready-to-eat
foods (RTE) are responsible for causing many foodborne
diseases because they are eaten without further cooking,
washing, or additional preparation before consumption.
And they could be contaminated with different pathogens
during the preparation process, commercial distribution, or
marketing [3-5]. According to the World Health Organiza-
tion (WHO), foodborne infections kill 420,000 people each
year [6].

The severity of foodborne infections can be partly caused
by the presence of multi-drug-resistant bacteria, and one
of the reasons for the rise of antimicrobial resistance is the
excessive use of antibiotics in humans, in veterinary medi-
cine, and, more importantly, in food production chains [7-9].
Hence, resistant bacteria use food as an ideal medium for

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s42770-023-01082-3&domain=pdf
http://orcid.org/0000-0001-6526-374X

2206

Brazilian Journal of Microbiology (2023) 54:2205-2218

growth and thus causing foodborne illnesses following the
consumption of contaminated food [10].

Enterobacterales are the most prevalent bacteria incrimi-
nated in foodborne infections [11, 12]. They are responsible
for causing community- and nosocomial-acquired infections
in humans [13]. Their resistance to beta-lactams, which are
the primary therapeutic choices used to treat infections, has
become a public health concern [14—16]. This is due to their
ability to produce a variety of B-lactamases, such as cepha-
losporinases (AmpC) and extended-spectrum f-lactamases
(ESBLs) [17, 18]. ESBLs can dismantle first-, second-, and
third-generation cephalosporins and penicillins. And some
of them can also break down fourth-generation cephalospor-
ins [19-21]. Therefore, the dissemination of extended-spec-
trum f-lactamases-producing Enterobacterales (ESBL-E) in
the community outside the hospital could affect the future
use of expanded-spectrum beta-lactam antibiotics to treat
some severe infections, such as bacteraemia and urinary tract
infections. Hence, healthcare professionals could be obli-
gated to use last-resort antibiotics such as colistin. However,
the effectiveness of colistin has been guestioned due to the
emergence of the colistin resistance gene, mcr-1 [22]. This
gene has been found recently in food samples of different
origins [12, 23, 24].

Information is scarce regarding the presence and charac-
teristics of ESBL-E in RTE foods in Algeria. Earlier, Yaici
et al. [8] reported the presence of ESBL/AmpC genes in
Escherichia coli and Klebsiella pneumoniae in sandwiches.
Hence, to the best of our knowledge, this study is the first to
screen AmpC/ESBL and colistin resistance on a large variety
of RTE foods. Thus, we evaluated the presence of ESBL/
AmpC genes and the dissemination of mcr-1 in extended-
spectrum p-lactamases-producing Enterobacterales isolated
from ready-to-eat foods in Algeria.

Material and methods
Study area and the sampling

The study was carried out from November 2021 to March
2022, in which a total of 204 samples of RTE foods were
collected from four provinces in Algeria: Batna (n =160),
Algiers (n = 20), Setif (n = 14), and Biskra province (n =
10). Food samples were randomly collected from restaurants
(n = 30), bakeries (n =13), and supermarkets (n = 5), and
each vendor was visited only once. Ten categories of the
high-circulating RTE food categories were chosen: cream-
filled pastries (n = 42), rice dishes (n = 31), chicken dishes
(n = 29), salads (n = 25), cooked potato (n = 22), meat
dishes (n = 14), cheese (n =11), fish dishes (n = 8), soups (n
=), and 15 mixed dishes (they usually contain a gratin with
pasta, potatoes, and chicken/meat). The samples were stored
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in sterile bags and immediately transported to the laboratory
in a cooler box for analysis within 4 h after the collection.

Isolation and phenotypic identification
of ESBL-producing Enterobacterales isolates (ESBL-E)

Food samples (25 g) were homogenized with a mixer in
225 mL of trypticase soy broth (TSB, Sigma, Germany),
followed by incubation at 37 °C for 24 h. The samples were
then streaked on MacConkey agar plates and incubated for
24 h at 37 °C. MacConkey agar is a selective and differential
medium used to isolate non-fastidious Gram-negative rods,
presumptive Enterobacterales colonies per morphology/
color were picked from each sample, and they were identi-
fied using Gram staining, biochemical characterization (TSI
test), the API 20E Galeries, and MALDI-TOF MS.

Enterobacterales isolates were then used for the initial
screening of ESBL production; they were streaked on Mac-
Conkey agar (Sigma, Germany) supplemented with 2 mg/L
cefotaxime as previously described by Costa et al. [25].
Isolates showing growth on MacConkey agar were then
screened for susceptibility to aztreonam (AZT; 30 pg), cefo-
taxime (CTX; 30 pg), and ceftazidime (CAZ; 30 pg) by the
disc diffusion method. E. coli ATCC 25922 was used as a
control strain. The isolates showing reduced susceptibility to
one or all antibiotics used were confirmed using the double
disc synergy test [26].

The double disc synergy test (DDST)

The double-disc synergy test was used to confirm the ESBL-
resistance phenotype. Discs containing cefotaxime, cefoxi-
tin, aztreonam, and ceftazidime were used with and without
amoxicillin—clavulanic acid (AMC, 20/10 pg) on the same
plate containing Muller-Hinton agar (Oxoid, UK). A positive
test result was determined when a 5 mm increase in the zone
diameter was observed compared to that of a disc without
clavulanic acid [26].

Phenotypic antimicrobial resistance
characterization of ESBL-E isolates

Disc diffusion method

The antimicrobial susceptibility of ESBL-E isolates was
tested using the Kirby-Bauer disc diffusion method accord-
ing to the European Committee on Antimicrobial Suscepti-
bility Testing guidelines [27]. Thirteen antibiotics (Oxoid,
UK) were used in this study, and they included cefotaxime
(CTX; 30 pg), aztreonam (AZT; 30 pg), ceftazidime (CAZ;
30 pg), amoxicillin-clavulanic acid (AMC; 20/10 pg), tet-
racycline (TET; 30 pg), gentamicin (GN; 10 pg), cefazo-
lin (CZ; 30 pg), amikacin (AK; 30 pg), kanamycin (KAN;
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30pg), chloramphenicol (C; 30 pg), trimethoprim-sulfameth-
oxazole (SXT; 1.25/23.75 pg), imipenem (IMI; 10 pg), and
ciprofloxacin (CIP; 5 pg). Plates were incubated for 18 h
at 35 + 1 °C. The inhibition zone was measured, and the
breakpoints were interpreted according to EUCAST (2022).
The E. coli strain ATCC 25922 was used as a control strain.

Broth microdilution assay (BMD)

ESBL-E isolates (n = 48) were also screened for their other
antibiotics using the broth microdilution assay (BMD). The
EURGNCOL sensititre (Thermo Fisher, Vantaa, Finland)
plates were used for the BMD assay, and it consisted of a
panel of five antibiotics [colistin (0.25-8 pL; COL); pipera-
cillin/tazobactam (1/4-32/4 pL; P/T4); ceftolozane/tazobac-
tam (0.25/4-8/4 pL; C/T; ceftazidime/avibactam (1/4—-16/4
pL; CZA); Meropenem (0.12—16 pL; MER)]. The sensititre
plates were automatically read using the Sensititre Vizion
Digital MIC Viewing System (Thermo Scientific, Vantaa,
Finland). All interpretations were based on the epidemio-
logical cut-off (ECOFF) values established by the EUCAST
(2022).

DNA extraction

All the phenotypically confirmed ESBL-E isolates were gen-
otyped using multiplex polymerase chain reaction (mPCR)
to identify the ESBL/AmpC genes that confer resistance
to beta-lactam antibiotics and mcr-1 gene that confers

resistance to colistin. Genomic DNA was extracted using the
QIACUBE connect system (Qiagen GmBH, Qiagen Strasse
1, Hilden, Germany) using the Qiagen blood and tissue kit,
following the manufacturer’s instructions. The extracted
genomic DNA was quantified with a Qubit fluorometer 4.0
(Invitrogen, Singapore).

Detection of ESBL/AmpC genes and the colistin
resistance gene mcr-1

Each mPCR was conducted using a 25 pL reaction mix.
The reaction mix was made up of 17 pL of the Hyclone
PCR grade water (Fischer Scientific, USA), 5 pL of the 10x
Dream Taq buffer (including 20mM of MgCl2), 1 pL of the
dNTP mix (10mM), 0.5 pL of the Taq DNA polymerase
(VWR Life Science, Helsinki, Finland), 1 pL of primers
(Metabion, Miinchen, Germany), and 0.5 pL of the DNA
template [28]. The mPCR was performed in a Maxygene II
thermocycler (Corning, USA) using the primer sequences,
and the amplification parameters are shown in Table 1.
The genetic targets were: multiplex I (blatgy, blagyy, and
blagx 1), multiplex II (blacry v groups 1, 2, and 9), and
blacrx. groups 8/25 as well as simplex PCR to screen for
the mobile colistin resistance gene (mcr-1). The PCR ampli-
cons were loaded onto 2% Tris-acetate-EDTA (TAE) gel,
and electrophoresis was performed at 100 V for 1 h. The
separated bands were viewed on a gel imager (Alpha Inno-
tech, California, USA).

Table 1 The primer sequences used in the detection of ESBL, AmpC, and colistin genes

Gene targeted Sequence Amplification parameters Expected Reference
band size
(pb)

TEM-1 and 2 and its variants CATTTCCGTGTCGCCCTTATTC 98 °C, 2 min; 32 cycles of 800 [29]
CGTTCATCCATAGTTGCCTGAC 98 °C, 10, 56 °C, 30,72 °C, 755, 72 °C,

SHV-1 and its variants AGCCGCTTGAGCAAATTAAAC 6 min 713
ATCCCGCAGATAAATCACCAC

OXA-1, OXA-4, and OXA-30 GGCACCAGATTCAACTTTCAAG 564
GACCCCAAGTTTCCTGTAAGTG

CTX-M-1 including 3 and 15 TTAGGAARTGTGCCGCTGYA? 94 °C, 10 min; 32 cycles of 688
CGATATCGTTGGTGGTRCCAT? 94 °C, 405,60 °C, 405,72 °C, 75,72 °C,

CTX-M-2 and its variants ~ CGTTAACGGCACGATGAC 6 min 404
CGATATCGTTGGTGGTRCCAT?

CTX-M-9 and its variants TCAAGCCTGCCGATCTGGT 561
TGATTCTCGCCGCTGAAG

CTX-M-8, 25, 26, and 39 AACRCRCAGACGCTCTAC? 326
TCGAGCCGGAASGTGTYAT*

CMY-2 to CMY-7 CGAAGAGGCAATGACCAGAC 538
ACGGACAGGGTTAGGATAGY?

MCR-1 AGTCCGTTTGTTCTTGTGGC 94 °C, 15 min; 25 cycles of 94 °C, 30 s, 58 320 [30]
AGATCCTTGGTCTCGGCTTG °C, 905,72 °C, 60 s, 72 °C, 10 min

Y=TorC,R=AorG,S=GorC,D=AorGorT
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Statistical analysis
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differences. Spearman’s rank correlation test was used to U |l]o—~ocoocoococooooo —~
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otherwise specified. § é: 223332223
S NOoO oo oo oo oo
fles..28._-._-_-4
Results fls8g888833s¢¢
O N~ o o N -~ O oo o v
Prevalence and identification of ESBL-E
~=
Of the two hundred and four (204) samples screened, a total E’ 88z5s52%9s g =@
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found in cream-filled pastries (n = 20/48, 23.8%) (Table 2).
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ESBL-Enterobacterales carriage (Table 3). All statisti- < RHA|IQ ¥ o o ¥
cally significant variables from the univariate analysis were & g
included in the multiple regression analysis to exclude pos- § § ks
sible cofounders. The multiple logistic regression model _;;, 2 S § T2 Y D o S §
showed that the only independent predictor of colonization 8
with ESBL-Enterobacterales was the variable “soups” (OR: 8 2
0.58; 95%CI1 0.05-0.73, p = 0.02) (Table S2). :J Tém -
Among the ESBL-E isolates, Enterobacter cloacae were (ZS % g ALY &
the most isolated species (n = 29/48, 60.4%), followed by 5
Enterobacter sakazakii (n = 6/48, 12.5%), Citrobacter fre- .§ §
undii (n = 6/48, 12.5%), Enterobacter cancerogenus (n = E é £ .
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Table 3 Univariate logistic regression analyses of determinants for
ESBL/pAmpC-producing Enterobacterales carriage isolated from
ready-to-eat food samples

Variables ESBL-Enterobacte- Univariate analysis

rales carriage
Vendor Nega- Positive OR? (95%CI?) p value

tive(n= =

226) 48)
Restaurents 140 25 - -
Bakeries 66 21 0.56 (0.32-0.97) 0.040*
Supermarkets 20 2 3.18 (0.68-14.7) 0.139
City
Batna 195 36 - -
Algiers 15 0 3.32(1.23-5.43) 0453
Biskra 5 6 1.23 (0.56-8.09)  0.830
Setif 11 6 0.33 (0.21-0.50)  0.008*
Source of food
Cream-filled 67 20 0.59 (0.31-1.12)  0.107

pastries

Cooked chicken 36 7 1.10 (0.46-2.66) 0.816
Meat dishes 15 3 1.06 (0.29-3.83)  0.922
Fish dishes 5 1 1.06 (0.12-9.31)  0.956
Rice dishes 38 4 2.22 (0.75-6.55) 0.148
Cheese 10 1 2.17 (0.27-17.4) 0.464
Mixed dishes 6 1 1.28 (0.15-10.8)  0.820
Salads 16 3 1.14 (0.32-4.08)  0.837
Soups 4 1 0.04 (0.005-0.44) 0.008*
Cooked potato 32 4 1.81(0.61-5.39) 0.284

20dds ratio (OR)
®Confidence interval of odds ratio

Fig. 1 Resistance phenotypes of
ESBL-E isolated from ready-to-
eat food in Algeria. CTX: cefo-
taxime, AZT: aztreonam, CAZ:
ceftazidime, AMC: amoxicil-
lin—clavulanic acid, TET: tet-
racycline, CZ: cefazolin, SXT:
trimethoprim sulfamethoxazole,
CIP: ciprofloxacin, P/T4:
piperacillin/tazobactam, COL:
colistin, CZA: ceftazidime/
avibactam, C/T: ceftolozane/
tazobactam

100,00 |

80,00 |

60,00 |

40,00 |

Percentage of multi-drug resistant ESBL-E isolates

20,00

.00

AMC AZT CZA

Antibiotic susceptibility patterns

The frequency of antimicrobial resistance of ESBL-E iso-
lates in general and based on the food samples is presented
in Fig. 1 and Table 4, respectively. All the ESBL isolates (n
= 48) were found resistant to ceftazidime (100%), cefazolin
(100%), cefotaxime (100%), and amoxicillin-clavulanic acid
(100%), followed by tetracycline (46/48, 95.8%) and aztre-
onam (37/48, 77.1%), while resistance to ciprofloxacin and
trimethoprim-sulfamethoxazole was 2.1% each (1/48). How-
ever, no resistance was observed against the other antibiotics
used in the disc diffusion method (amikacin, kanamycin,
chloramphenicol, and imipenem).

Furthermore, results from the BMD assay showed that
50% of the isolates were resistant to the fifth-generation
Cephalosporin, the ceftolozane-tazobactam combination (n
= 24/48), followed by the piperacillin-tazobactam combina-
tion (n = 17/48, 35.4%), and ceftazidime-avibactam (n =
8/48, 16.6%), and interestingly, 12.5% of the isolates were
resistant to colistin (n = 6/48). This polymyxin E antibiotic
is considered a last resort (reserve) antibiotic. Moreover, all
the ESBL-E isolates were found multi-drug resistant (MDR)
[31], and 7 (14.5%) isolates were resistant to > 5 classes
of antimicrobials, indicating extensive multi-drug resistant
phenotype (Table S3).

Molecular characterization of colistin resistance
and beta-lactamase genes

The details of the phenotypic and genotypic antimicrobial
resistance of ESBL-E isolates are described in Table 5.
Among the 48 ESBL-producing Enterobacterales, the mobile
colistin resistance gene (mcr-1) was detected in 8.3% of the
isolates (4/48), two isolates were recovered from cream-filled
pastries (2 E. cloacae isolates), one from chicken dishes (1 S.

CAZ cre COL CTIX CZ SXT TET PT4 CT
Antibiotics
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enterica isolate), and one from cooked potato (1 E. cloacae
isolate). Moreover, a statistically significant positive correla-
tion was found between the colistin resistance phenotype and
the mcr-1 gene (r = 0.798, p < 0.01).

Regarding the ESBL/AmpC genes, the blacrx.\ gene was
the most abundant, as it was detected in 58.3% (28/48) of the
isolates, followed by blacyry., (43.8%, 21/48), blargy (37.5%,
18/48), blagx ., (6.3%, 3/48), and blagyy, (2.1%, 1/48). More-
over, 19 isolates (39.6%) produced both an ESBL and a plas-
mid-mediated AmpC beta-lactamase, and 7 isolates (14.6%)
did not harbor any ESBL/AmpC genes (Fig. 2).

In the 28 blacrx.y isolates, 13 were clustered as
blactx-m-9 group (27-0%); 9 were clustered as blacrx v
(18.8%), which is comprised of blacry p1» blacrxms, and
blacrx.a 15 4 were clustered as blacy .o (8.3%); and 2 were
clustered as blacrx . (4.2%). Moreover, the co-carriage
of at least two beta-lactamase genes was detected in 22.9%
(11/48) of the isolates, and three E. cloacae isolates pre-
sented the same combination (blacrx ymi/blarem/blacyy.o)-

The correlation between antibiotic resistance pheno-
types and ESBL/AmpC genes showed a positive correla-
tion between the presence of blacrx  and resistance to
ciprofloxacin (r = 0.304, p = 0.036). However, a negative
correlation was observed between the presence of blacry
and resistance to cefoxitin (r = — 0.304, p = 0.036).

Of the E. cloacae isolates, 58.6% (n = 17), 31.0% (n =
9), and 27.6% (n = 8) were positive for blacrx.a, blarpys
and blacyyy.o, respectively. Among the E. sakazakii isolates,
83.3% (n=5), 50% (n = 3), and 33.3% (n = 2) harbored
blacyry.o, blacrx, and blargy,, respectively. While among
C. freundii isolates, 50% (n = 3), 33.3% (n = 2), and 16.7%
(n = 1) harbored blagy;, blacyy.o, and blacry . respec-
tively (Table S4). Moreover, based on the food samples,

@ Springer

blaCTXM] blaCTXM2 blaCTXMS blaCTXM9
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ESBL/AmpC genes

55.0% (n=11),45.0% (n=9), and 25.0% (n = 5) of cream-
filled pastries samples harbored blacrx s blacyy.p, and
blarg); genes, respectively; 85.7% (n = 6), 71.4% (n = 5),
and 28.6% (n = 2) of cooked chicken samples harbored
blacrxm» blacyy.o, and blargy, respectively.

Furthermore, it was found that there is a significant posi-
tive association between the presence of S. enterica and
blacrx g (0 £0.001), H. alvei and blagyy, (p <0.001), and
a significant negative association between the presence of E.
cloacae and blacyy, (p < 0.001). And interestingly, it was
found that there is a significant positive association between
rice and the presence of blacyy., and blargy in ESBL-E
isolates (p = 0.006).

Discussion

Beta-lactamase-producing Enterobacterales are no longer
solely associated with the healthcare system. Thus, it is
essential to investigate their presence in other possible res-
ervoirs, such as food. A total of 204 ready-to-eat foods were
analyzed, and 48 isolates were found to be ESBL-producing
Enterobacterales with a prevalence of 17.4%. These results
are similar to the 19.7% prevalence reported in India [32],
lower than the 42.4% that was reported in Saudi Arabia [33],
but higher than the 5% and 1.9% reported in Switzerland
[34] and China [12], respectively. The different prevalence
rates observed in these studies may be due to differences in
the methodology, sample size, food origin, and ESBL isola-
tion techniques.

Cream-filled pastries were the most analyzed samples in
this study, and they harbored a high number of ESBL-E
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(n = 20); these products are rich in milk, eggs, and raw
constituents, making them rich nutrient media for microbial
growth [35]. We could not find any study that reported the
presence of ESBL-E in cream-filled pastries. Hence, this
is the first study to the best of our knowledge that analyzes
the presence of ESBL-E isolates in cream-filled pastries.
Moreover, based on the multiple logistic regression analysis,
the variable “soups” was the only independent predictor of
colonization with ESBL-Enterobacterales; soups are usu-
ally cooked in large quantities, and kept unrefrigerated for
some time, and then processed again; this way of cooking
and dealing with soups can facilitate their contamination by
ESBL-E isolates.

While several studies had reported the occurrence of
ESBL in E. coli as the most prevalent ESBL-E in food [8,
36-38], we detected the highest prevalence of ESBL in E.
cloacae. These bacteria are capable of causing a wide vari-
ety of infections, such as septicemia and pneumonia [39],
and they have been found in some studies on RTE food
[32, 38, 40]. The large diversity of ESBL-E in food may be
related to the enormous diversity of RTE food and the ease
by which food items can be contaminated during processing,
packaging, or storing [41].

The present study shows that all the isolates were resist-
ant to ceftazidime, cefazolin, cefotaxime, and amoxicillin-
clavulanic acid, as well as high resistance to ceftolozane (a
fifth-generation cephalosporin). Moreover, all the ESBL-E
isolates were found multi-drug resistant [31], and 14.6%
were found to be extensively multi-drug resistant [31]. Many
factors could explain the rise of antibiotic resistance in the
food industry, such as the use of antibiotics in animal feeds
as growth promoters o improve the performance of food ani-
mals [42], the irrigation of plants and crops through sewage
water contaminated with fecal material from the effluent of
surrounding farms [43, 44], and the use of preservatives and
disinfectants for food protection, that can create pressure on
the microbial populations, which can trigger them to adapt
by developing transient resistances [45, 46].

Interestingly, 95.8% of the isolates were found resistant to
tetracycline; this antibiotic is widely used against Gram-neg-
ative bacteria, especially in livestock production, because of
its few side effects and low cost [47]. However, its extended
use in the food and agriculture industry appears to be the
reason behind the observed high resistance in our study.

Furthermore, 12.5% of the isolates were resistant to colis-
tin (a reserve antibiotic). This is close to the 19.5% colistin
resistance rate reported in RTE foods in Brazil [48], but
higher than those found in China (3.2%, [12]) and Spain
(2.0%, [49]), respectively. The prevalence of mcr-1 was
8.3%, which is higher than those found in Germany (3.8%,
[50]) but lower than those found in Brazil (19.5%) [48].
The presence of ESBL-E harboring the mcr-1 gene in RTE
food is a cause for public health concern since this could

contribute to the acceleration of the spread of the mcr-1
gene in the environment. In this study, we report for the first
time, to our knowledge, the identification of colistin-resistant
ESBL-producing Enterobacterales strains carrying the mcr-
1 gene in ready-to-eat foods in Algeria.

Screening for the presence of ESBL/AmpC genes
revealed the presence of blacyyy.o, blacrx.ms blasyy, blartgys
and blagyx,.; genes. The presence of the plasmid-mediated
AmpC cephalosporinase gene blacyy., has been previously
reported across the globe [8, 51-53]; its high prevalence in
this study is because it is considered the most common type
of plasmid AmpC f-lactamase in the world [54]. The pre-
dominance of blacry.y in RTE foods (52.0%) is in accord-
ance with a previous study analyzing sandwiches in Algeria
[8] and studies from other countries [32, 55-58]. Moreover,
14.6% of the ESBL isolates that were positive in the double
disc synergy test did not harbor any ESBL/AmpC genes.
These isolates could carry other ESBL/AmpC genes not
investigated in the present study, such as bla,crars Dlapgas
and blay;ox. Hence, these findings highlight a new avenue
that could be explored in future studies.

Based on food samples, cream-filled pastries were pre-
dominately contaminated with ESBL-E isolates harboring
blacrx mos blatgy, and blacrx .- Interestingly, blacrx a1
is regularly found in animal sources [59], and its presence
in pastries proves that the origin of ESBL-E contaminat-
ing RTE food is highly diverse. In cooked chicken sam-
ples, the presence of most of the ESBL genes was detected
(blactx s blacrx s, blacrxme, blarens blagxa 1> blagyy),
with the predominance of bla-yx ., Which is in accord-
ance with previous studies on RTE food of animal origin,
who found that bla-rx \.; Was the most prevalent subtype
[32, 40, 49, 60].

The combination blacrx. . /blargm/blacyy., Was the
most prevalent in this study, which is in line with previ-
ous studies [37, 61, 62], and interestingly, the co-carriage
of ESBL genes and colistin resistance gene, mcr-1, was
observed in three isolates (E221, E256, E305). Zhang et al.
(2021) [12] also reported ESBL and mcr-1 gene co-carriage
in RTE foods in China. Rhouma and Letellier [63] reported
that there is a possible historical link between the presence
of the mcr-1 gene with ESBL genes. However, more studies
are needed to confirm this hypothesis.

Moreover, in this study, analyzing the phenotype—geno-
type correlations showed that a positive correlation between
blacrx and ciprofloxacin was observed. Colodner [64]
suggested that ESBL-producing bacteria often show cross-
resistance with other groups of antibiotics, such as fluo-
roquinolones, which may explain in part these findings.
Furthermore, a negative correlation between bla-px ; and
cefoxitin was observed. This may indicate that the presence
of bla-rx. gene is a bad biomarker for resistance to cefoxi-
tin which is not in accordance with the study of Ramadan

@ Springer
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et al. [65], who found that the presence of a blacrx\ gene
might be leveraged as a good indicator for resistance to beta-
lactam antibiotics. Long et al. [66] found that the bla -y 5,
gene has a substantial correlation with the phenotypic resist-
ance of ceftriaxone and cefepime.

In conclusion, our findings showed that RTE foods such
as filled cream pastries, salads, and soups are important
ESBL/AmpC reservoirs, and we report, for the first time,
the presence of colistin-resistant ESBL-E strains carrying
the mcr-1 gene in ready-to-eat foods in Algeria. Moreover,
we report the co-carriage of an ESBL- and an mcr-1 gene
with zoonotic implications. Hence, strict policies and active
surveillance of RTE foods should be implemented to control
the spread of these resistant genes and to ensure food safety.
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