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We determined the prevalence of Salmonella enterica (SE) in retail ground
beef sold across eight state capital cities from Central Mexico (n = 115) as
well as the antimicrobial resistance (AMR) phenotype and genotype of the
isolates obtained. SE was detected in 48/115 samples, with variable prev-
alence (10-80 %) across geographical regions (x2 = 24.2, P = 0.0021).
We collected 116 isolates and observed circulation of serovars implicated in
human salmonellosis in Mexico (Agona, Anatum, Infantis, Newport, Derby,
Give y Typhimurium). Resistance was more frequently observed for tetracy-
cline (39.7 %), chloramphenicol (37.9 %), streptomycin (37.1 %), trimeto-
prim-sulfamethoxazole (31.0 %), and ampicillin (28.4 %). Resistance against
azithromycin was moderate (14.7 %), few isolates resisted cephalosporins
(2.6-3.4 %), all were susceptible to carbapenems, and 38.8 % of the iso-
lates were multidrug resistant (MDR). The sequenced genomes carried AMR
alleles against aminoglycosides (aadA, aac, aph), beta-lactams (bla-CARB,
bla-PSE, bla-TEM, bla-CTX-M, bla-CMY), phenicols (floR), folate pathway in-
hibitors (sul, dfrA), fluoroquinolones (gnrAB, ogxAB), tetracyclines (tetABM),
and macrolides: mph(A) y Inu(F). In conclusion, the beef under study works
as a reservoir of SE with worrisome MDR phenotypes. The pathogen has
acquired AMR genes against antibiotics used in human and veterinary medi-
cine. The emergence of resistance to azithromycin is particularly alarming and
has not been reported to date. Further studies are needed to better charac-
terize AMR in SE populations associated with cattle.
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Study contribution

This research documents the role of ground beef as a relevant reservoir of Salmo-
nella enterica, one of the major foodborne pathogens worldwide. We demonstrat-
ed that this bacterium has acquired a wide repertoire of genes that allow it to resist
multiple antibiotics of critical importance in human medicine, and that are also
used in veterinary medicine. These findings confirm the need to strengthen food-
borne pathogen surveillance by considering their resistance profiles as an additional
risk factor for food safety and public health.

Introduction

In its 2015 report on foodborne diseases, the World Health Organization (WHO) re-
ported that non-typhoidal salmonellosis occurs at an annual rate of 150 million cases
and causes 60 thousand deaths.(!) In Mexico, the incidence of the disease in the last
decade (> 60 cases/100 thousand inhabitants)(z) is at least three times higher than
that of developed countries, highlighting its epidemiological importance in our country.

It has been established that meat from different species, including beef, is a
relevant reservoir of SE, the etiological agent of salmonellosis. Studies conducted
in Mexico report moderate to high (15 a > 50 %) prevalence of this pathogen in
retail beef across different states.(*)

The latter findings are more relevant in the context of the uprising AMR ob-
served in SE strains, with increasing proportions of MDR phenotypes (26—70 %),
both in Mexico and other countries.(*"”) This evidence suggests that at least part of
the salmonellosis outbreaks linked to ground beef could involve MDR strains. Such
reasoning is plausible considering that it occurs in developed countries with far low-
er SE ground beef contamination rates compared to those observed in Mexico.(®)

Despite the importance of salmonellosis, and particularly that caused by MDR
strains, few studies deal with AMR in SE associated with beef. Most of them are lo-
cal surveys,(911) while very few use an integral approach involving both AMR phe-
notypes and genotypes,(* '2) which may contribute to identify the factors involved
in the emergence and dissemination of AMR, as well as to outline containment
measures.

In this research, we conducted a regional survey to determine SE prevalence
in retail ground beef sold in the capital cities of eight states in Central Mexico.
Moreover, we characterized the AMR profile of the obtained isolates by determin-
ing both AMR phenotypes and genotypes. This approach allowed identifying the
antimicrobial classes that are losing effectiveness against this pathogen as well as
the genetic factors sustaining these phenotypes and their potential dissemination
within SE populations circulating in ground beef.

Materials and methods

Ethical statement

This research did not involve animals. Hence, it did not require the approval of the
Institutional Subcommittee for the Care and Use of Experimental Animals (SICUAE)
of the Faculty of Veterinary Medicine, National Autonomous University of Mexico.
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However, it was reviewed and approved by the Research Ethics Committee of the Na-
tional Institute of Public Health, Registration No. 17CEI00420160708, FWA:00015605.

Study design and sampling

In this project, we analyzed a subsample of retail stores (n = 115) considered in a
wider survey. This wider survey consists of a cross-sectional epidemiological study,
with multi-level analysis. The unit of grouping was the capital citiy of each state and
the sample units were the ground beef retail stores (meat stores, street vendors,
wet markets, supermarkets, n = 400) from the capital cities of all Mexican states
during the 2021-2023 period.

The global sample size cited above (400) was determined with the formula to
estimate a proportion in a population with a specified absolute precision.('*) Based
on previous studies, SE prevalence was estimated at 30 %(®) and precision was set
to 5 %. In this way, the estimated global sample size was 384, which was rounded
to 400 to compensate for possible sample losses. The number of samples per city
was proportional to the number of retail stores in each city: the higher the number
of retail stores in a city, the larger the sample size.

Initially, we planned to conduct a random sampling within each city based on
the retail stores registered in the National Statistical Inventory of Economic Units
(DNUE)(" with an active location in Google Maps (https://www.google.com/
maps). However, many retail stores closed down during the COVID-19 pandemic.
Therefore, it was necessary to conduct a convenience sampling instead.

The sole inclusion criterium required that the store be open to the public when
we conducted the sampling. Otherwise, we took the sample from the nearest open
store. To increase the probability of collecting isolates, we decided to take at least
10 samples in cities where the estimated sample size was below 10.

Considering the elements described above, we analyzed 115 samples in this
research (TableT), corresponding to eight capital cities from Central Mexico (Mexico
City, Cuernavaca, Tlaxcala, Querétaro, Pachuca, Toluca, Chilpancingo, and Puebla).

In each retail store, we bought a 250-g ground beef package, which was placed in
a previously identified and sterile plastic bag. The samples were transported to the labo-
ratory in insulated containers and kept in refrigeration (approximately 4 °C) with the aid
of cooling gel pads. Sample analysis was conducted not later than 24 h post collection.

Salmonella spp. detection, isolation, and confirmation

Samples were analyzed following the methods described in Mexican regulation
NOM-210-55A-2014.(15) The analysis include non-selective pre-enrichment in buff-
ered peptone water , selective enrichment in Rappaport-Vassiliadis and tetrationate
broths, as well as selective agar plating on Hektoen enteric, xylose-lysine-desoxy-
cholate, and bismuth sulfite media.

Afterwards, isolates with typical Salmonella spp. morphology were biochemically
confirmed: triple sugar iron agar, lysine iron agar, and urea tests. Salmonella identity
was also confirmed through polymerase chain reaction (end point PCR) by ampli-
fying a fragment of the invA gene (500 bp), which is constitutive of this genus.(1®)
The full description of all these procedures is available from the open access plat-
form protocols.io.(17)
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Table 1. Distribution of the 115 samples across capital cities and states participating in the survey

Ciudad de México Ciudad de México 6 420

Toluca Estado de México 9 548 20
Pachuca Hidalgo 1514 10
Cuernavaca Morelos 1536 10
Puebla Puebla 4153 20
Querétaro Querétaro 997 10
Chilpancingo Guerrero 2016 10
Tlaxcala Tlaxcala 1097 10

Source: National Statistical Inventory of Economic Units.(14)

Antibiotic susceptibility testing (AST)

The AMR phenotype of isolates was determined by the Kirby-Bauer disk diffusion
technique.(18) We used a panel of 12 antibiotics included in the WHO list of critical-
ly important antimicrobials for human medicine.('?) This panel included antibiotics
that are intensively used in human or veterinary medicine as well as drugs that are
used to treat invasive salmonellosis or serious infections caused by enterobacteria
(Table 2).

Results were interpreted following the criteria (clinical cutoff values) of the
Clinical and Laboratory Standards Institute (CLSI).(?9) As quality control organisms,
we used two strains: an Escherichia coli ATCC 8739 (as an alternative to £. coli ATCC
25922, which stopped yielding results within the specified intervals of CLSI's M100
supplement) and a Pseudomonas aeruginosa ATCC 27853 strain. Isolates that re-
sisted three or more antibiotic classes were classified as MDR.(2!) The full descrip-
tion of AST procedures is available from the open access platform protocols.io.(?2)

Whole genome sequencing and serovar prediction

Genomic DNA (gDNA) was extracted with Qiagen’s DNeasy Blood & Tissue Kit as
per the manufacturer's instructions. The gDNA was quantified using a Qubit 3.0
fluorometer. The DNA libraries were prepared from 1 ng of gDNA using the Nex-
tera XT kit v.2 (lllumina) and sequenced in an lllumina MiSeq system (paired-end
mode and 2 x 250 bp). In silico serovar prediction was performed by analyzing as-
sembled genomes with the Salmonella In Silico Typing Resource (SISTR) program,
version 1.1.2.(2%)

Quality control and trimming of raw reads

The initial quality of raw reads was assessed with the FastQC program.(?*) Next, we
used Trimmomatic to remove lllumina adapters and reads with poor quality scores. (2%)
Trimmed sequences were analyzed again with FastQC to ensure that only high-qual-
ity reads (Q>30) were used for bioinformatic analyses.
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Table 2. Antibiotic panel used in the AST tests and criteria used to determine the resistance phenotype of isolates

Phenotype according to the

Antibiotics Concentration (pg) inhibition zone diameter (mm)’

I

_

Ampicillin (AMP) 14-16 <13

Amoxicillin/clavulanic acid (AMC) 20/10 14-17 <13

Ceftriaxone (CRO) 20-22

Cefepime (FEP) 19-24

Meropenem (MEM) 20-22

Amikacin (AMK) 15-16 <14

Streptomycm (STR) 13-14 <12

Ciprofloxacin (CIP) 21-30

Macrolides

Azithromycin (AZM)

Tetracyclines

Tetracyclin (TET) 12-14
Chloramphenicol (CHL) 11-17
Folate pathway inhibitors

Trimetoprim-sulfamethoxazole (SXT) 1.25/23.75 11-15

1 Criteria used to classify isolates as clinically resistant (R) or intermediate (1).(20)

Genome assembly

Genome assembly was performed at the Bacterial and Viral Bioinformatics Resource
Center(?®) using the de novo algorithm in the SPAdes program, version 3.131.(27)
The assemblies were evaluated with QUAST program (Quality Assessment Tool for
Genome Assemblies) version 5.02,(28) to ensure they met the minimal require-
ments to be used in food safety, public health, and epidemiology applications: not
more than 300 contigs, the lowest possible fragmentation index (Ls), depth of
coverage = 30x, and a percentage of guanine + cytosine (GC) and genome size
within the typical range of Salmonella enterica (48 < GC < 56 and 4.5-5.1 Mbp,
respectively).(29) Assembly quality data are provided as supplementary information
(Table S1).

Determination of AMR genotypes

The identification of genomic AMR profiles was determined in silico by running
assembled genomes in the AMRFinderPlus program, version 3.8,(39) configured to
detect both AMR genes and mutations.
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Statistical analysis

We determined Salmonella spp. prevalence in ground beef from each capital city
as well as the proportion of isolates of each serovar exhibiting susceptible, interme-
diate, or resistant phenotypes to each antibiotic analyzed. Moreover, we conducted
chi-square tests and odds ratio calculations to assess if there was an association
between SE prevalence and resistance phenotypes with the city where isolates
originated and the serovar. We also performed a Pearson correlation analysis to de-
termine whether AMR phenotypes and genotypes were correlated. These analyses
were conducted with IBM SPSS Statistics 25.

Results

Ground beef as a reservoir of Salmonella spp.

The overall prevalence was 41.7 % (48/115) and we collected 116 Salmonella
spp. isolates. Ground beef contamination rates were moderate to high (30-80 %)
in most cities (Figure 1), except Tlaxcala and Querétaro (10 %).

We detected a significant association (%2 = 24.2, P = 0.0021) between the
proportion of contaminated meat and the city, being higher in Cuernavaca and Tolu-
ca: odds ratio (OR) 25.5, 95 % confidence interval (95Cl) 2.2-299.3, P = 0.0016.
Although there was considerable serovar diversity in the sample under study (18
in total), Anatum (n = 28), Adelaide (n = 13), Newport (n = 12), and Infantis
(n = 11) collectively represented 55 % of the isolates and were also the most
widely distributed (Figure 2).

Strong AMR profiles in Salmonella spp. associated

with ground beef

We observed phenotypic resistance to ten of the 12 antibiotics analyzed. The most
frequent resistance phenotypes involved tetracycline (39.7 %), chloramphenicol
(379 %), streptomycin (37.1 %), trimetoprim-sulfamethoxazole (31.0 %), and
ampicillin (28.4 %) (Figure 3). Moreover, nearly 15 % of the isolates resisted azyth-
romycin, one of the few alternatives to treat invasive salmonellosis.(*")

Fortunately, there was a low proportion of isolates (< 4 %) that resisted anti-
biotics included in the WHO list as critically important and highest priority,(9) such
as third- and fourth-generation cephalosporins (ceftriaxone and cefepime) and cip-
rofloxacin. Likewise, all isolates were susceptible to meropenem and amikacin. The
distribution of the observed phenotypes was nearly binary since 54.3 % of isolates
were pan-susceptible and 38.8 % were MDR (Figure 4). Furthermore, we found a
strong association between serovar and resistance profile (x2 = 38.9, P < 0.0001),
with a higher proportion of MDR phenotypes in isolates of serovars Newport,
Senftenberg, Agona, 1,4,[5],12:-, and Typhimurium compared with the others:
OR = 69.7, 95CI 8.9-547.5, P < 0.0001.

Genetic determinants associated with AMR phenotypes
Resistance to streptomycin was strongly associated (%2 = 87.8, P < 0.0001) with
the presence of allelic variants encoding aminoglycoside-modifying enzymes, such
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M Positive samples I Negative samples

Tlaxcala (n=10)

Querétaro (n=10)

Puebla (n = 20)

Cuernavaca (n =10)

Pachuca (n=10)

Chilpancingo (n =10)

Toluca (n=20)

Mexico City (n = 25)

5 10 15 20 25 30

Absolute frequency

Figure 1. Salmonella spp. prevalence in retail ground beef sold in eight state capital cities of Central Mexico (May-December
2021).

M Mexico City = Cuernavaca M Puebla M Toluca

Tlaxcala M Querétaro 1 Chilpancingo M Pachuca

Typhimurium
Mississippi
Jovismorbificans
Muenchen

Give
14,[5112:i:-
Agona

Rissen

Panama

Havana
Goldcoast
Senftenberg
London

Derby

Infantis
Newport

Adelaide

Anatum

I ] ] 1 T T T 1
10 15 20 25 3

Absolute frequency (number of isolates per serovar)

Figure 2. Diversity and geographical distribution of Salmonella spp. serovars identified among the collected isolates
(n=116).
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Trimetoprim-sulfamethoxazole 3]
Streptomycin 371
Amikacin | o
Chloramphenicol 379
Tetracycline 397
Azithromycin 14.7

Ciprofloxacin 09

Meropenem | 0

Cefepime 26

Cextriaxone 34

Amoxicillin + clavulanic acid 129

Ampicillin 284
| | | | |

0 5 10 15 20 25 30 35 40 45
Relative frequency (%)

Figure 3. Relative frequency of Salmonella spp. isolates showing resistance to each antibiotic (n = 116).

as adenilil-transferases (aadAl, aadA2, aadA5), acetil-transferases [aac(3)-Iva,
aac(3)-1ld] and phospho-transferases [aph(3)-la, aph(3”)-Ib, aph(6)-Id y aph(4)-
la] (Figure 5).

In betalactams, resistance occurred almost exclusively in isolates carrying genes
that encode class-A (bla-CARB, bla-TEM, bla-CTX-M, bla-PSE) or class-C (bla-CMY)
betalactamases (%2 = 97.0, P < 0.0001). As a remarkable exception, two isolates
of serovar Senftenberg resisted all tested betalactams except carbapenems and did
not carry betalactamase-encoding genes in their genomes. The same occurred in
one isolate of serovar Anatum that resisted penicillins (Figure 5).

Phenicol resistance was mainly mediated by the active efflux mechanism en-
coded by the floR gene, which was present in 100 % of chloramphenicol-resis-
tant isolates (Figure 5). Only one isolate of serovar Typhimurium carried a different
phenicol resistance gene (cml/AT), but it also encodes an active efflux mechanism.
Regarding folate pathway inhibitors, the resistance phenotypes were associated
(x2 = 64.7, P < 0.0001) with the presence of allelic variants encoding enzymes
that are resistant to these antibiotics: dihydropteroate synthase (sull, sul2) and
dihydrofolate reductase (dfrAl, dffA12 y dfrA17).

Interestingly, although fluoroquinolone resistance was rare (it was only ob-
served in one isolate of serovar Typhimurium), over 40 % of the isolates (49/116)
exhibited intermediate resistance to ciprofloxacin (supplementary information, Ta-
ble S2). This phenotype was significantly associated (x2 = 53.7, P < 0.0001) with
the presence of plasmid-mediated quinolone resistance (PMQR) genes. Nearly
90 % of the isolates that showed intermediate resistance to ciprofloxacin carried
allelic variants encoding DNA mimicry proteins (gnrA1, gnrB19) that inhibit the
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o
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Figure 4. Number of isolates of each serovar that were pan-susceptible (0), mono- o bi-resistant (1-2), or MDR (= 3).(21)
Numbers next to the red bars indicate the absolute frequency of MDR phenotypes.

Allelic variants of AMR genes carried in the genomes
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Pan-susceptible Verious® 4
Various® 19
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1,4,[6),12,i:- 1
AZM Infantis 1
/ Anatum 1
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ISXT Panama 2
Tri-resistance
JAMPY 1,4,[5],12:i:-
CHLISXT/ Anatum 2
Newport 1
Tet
1 JCHL/ Adelaide 3
! JCHL/ISXT Anatum 1
J JCHL/ Adelaide 2
Panama 1
CHUISXTITETIAZM Nowport !
Senftenberg 2
ICHL/SXT/ Anatum 5
Penta-resistance
/ / ICHL/SXT/ Rissen 1
1,4,[5],12:i- 1
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ip in, TET: ycline, AZM: azi
2Anatum (10), Derby, Goldoast y Havana (5 each), Adelaide and Infantis (4 each), London and Rissen (3 each), Give (2), Bovismorbificans, Muenchen y Panama (1
each).
®Infantis (6), Adelaide, Anatum y London (4 each), Mississipi (1).

Figure 5. AMR phenotypic and genotypic profiles of isolates under study. Antibiotic classes and AMR genes are color coded.
Within AMR genotypes, cells filled with the corresponding antibiotic class color indicate that the gene is present, while
blank cells denote its absence.
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effects of fluoroquinolones on their target molecules (DNA gyrase and topoisom-
erase IV) (Figure 5).32)

Tetracycline resistance was associated (x2 = 100.1, P < 0.0001) with the
presence of alleles encoding active efflux factors tet(A) and tet(B), and ribosomal
protection tet(M).(33) These genes were present in 97.8 % (45/46) of the isolates
showing this phenotype. Finally, macrolide resistance was associated (x2 = 83.1,
P <0.0001) with the presence of alleles encoding the enzymatic modification fac-
tors mph(A) and Inu(F) (Figure 5). We identified point mutations in several genes
that are associated with resistance to different antibiotic classes (Table 3). However,
these mutations were not associated with the resistance phenotypes observed in
our study (x2 = 1.1, P = 0.58). All the same, there was a strong correlation be-
tween phenotypic and genotypic resistance (r = 0.98, P < 0.001, Figure 6).

It is also important to highlight the high AMR gene diversity (ARGd) observed
in this study. The ARGd defines the number of genes encoding different resistance
factors (protein families) against the same antibiotic class as well as the total num-
ber of AMR genes present at population scale.(>*) Overall, the isolates carried 15
AMR genes against the seven antibiotic classes under study, and at least two genes
encoding different resistance factors per class, except for aminoglycosides, with
three (aac, aadA y aph) (Figure 5).

Discussion
In this research, we observed a high prevalence of SE (41.7 %) in retail ground
beef sold in the capital cities of eight Central Mexico states. However, this phenom-
enon did not occur uniformly as there were moderately low contamination rates
in Tlaxcala and Querétaro (10 %) and very high in Toluca and Cuernavaca (70
and 80 %, respectively). These findings are in line with those previously reported
in other Mexican cities (5-71 %), 11:40.41) a variability that has been linked to
differences in terms of hygienic practices predominating in the formal market (i. e.
supermarkets) and informal commercialization channels (eg. street vendors and
wet markets).(*2) Regardless of this variability, our results confirm that in contrast
with other nations with a low SE prevalence in ground beef (eg. 0-5 %),(*> 49 this
type of meat works as an important reservoir of this pathogen in Mexico. Moreover,
we documented the circulation of SE serovars that are frequently implicated in
human salmonellosis (eg. Agona, Anatum, Infantis, Newport, Derby, Give, and Ty-
phimurium)(®) and nearly four out of 10 isolates also exhibited strong AMR profiles.

The above-described evidence highlights the risk of human exposure to MDR
SE strains through ground beef in the central region of the country. Although food-
borne disease attribution is barely performed in Mexico, ground beef has been
linked to salmonellosis outbreaks in countries with lower SE prevalence.(®45)
Regarding AMR profiles, the antibiotic classes that were less effective against SE
were those that have been used in animal production for decades (tetracyclines,
phenicols, aminoglycosides and sulfonamides) and are currently registered for use
in bovines in Mexico.(*®)

These results are consistent with those from previous studies on SE isolated
from bovines(46.10.47-49) that reported resistance rates of up to 90 % against the
antibiotic classes referred to before. They also show that the pathogen has massively
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Table 3. Point mutations in genes associated with resistance phenotypes in the study Salmonella spp. isolates

. Associated resistance
0,
m“ REatETeanency o) phenotype

ramR M1V, L115l, M83T 100.0 Multi-drug resistance(>)

acrB M964T 100.0 Macrolides36)

gyrA D795E, T661N 3.7 Quinolones(7)

gyrB T717N, Q624K 12.8 Quinolones7”)

parC T255S, T57S, S469A, H747P, N395S, A620T, E6A, 100.0 Quinolones7)
R365L

parE T599I, P231L 55 Quinolones®7)

pmrA T89S, P102L 22.0 Colistin(38)

pmrB M15T, A111T, GV73S|, 183V 21.1 Colistin(®)

16s_rrsD A1296T, A406G, AAG538TTC, C1074T, C523A, T412C, 100.0 Aminoglycosides(39)

T409G, A508G, A525T, G536A, G540C, T544C, G1453A

Resistance phenotypes [ Resistance genotypes

52

r=098,P<0.0001 El

E 46
45 3 4ty 4ty 4344

36

333

15 15

Absolute frequency

1

0 00

AMP AMC CRO FEP MEM cp AZM TET CHL AMK STR SXT

Figure 6. Correlation between AMR phenotypes and genotypes of the sequenced isolates (n = 116). STR: streptomycin,
AMP: ampicillin, AMC: amoxicillin-clavulanic acid, CRO: ceftriaxone, FEP: cefepime, CHL: chloramphenicol, SXT:
trimetoprim-sulfamethoxazole, CIP: ciprofloxacin, TET: tetracycline, AZM: azithromycin.

acquired AMR genes against these drugs, a phenomenon that has been documented
in developed countries as well. 5% Many of the mentioned AMR genes are usu-
ally carried in mobile genetic elements such as plasmids3) and transposons.(>")
This set up allows horizontal gene transfer by conjugation and favors its dissemina-
tion both within SE populations as well as to other pathogens associated with cattle
such as Brucella spp., for which there are few therapeutic alternatives, including
tetracyclines.>2)

Another relevant factor to consider is the risk of AMR dissemination associated
with the use of the same antibiotic classes in animals and humans. In this regard,
an illustrative example is that of phenicols. Across the world, chloramphenicol has
been exclusively used in human medicine for decades. However, florfenicol is regis-
tered for veterinary use.(*®) Both in previous research and in this study,* 2 chlor-
amphenicol resistance has been linked predominantly to the active efflux factor
floR, which affects both phenicols.(>%)

In line with previous studies, betalactam resistance mainly affected penicil-
lins,(4/6,54,55) highlighting the role of ground beef as a reservoir of penicillin-resis-
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tant SE and as a factor that may contribute to disseminating AMR genes against this
antibiotic class.

Fortunately, resistance to third- and fourth-generation cephalosporins (3GC
and 4GC) and carbapenems was rare or absent. These findings are consistent
with the predominance among study isolates of genes encoding class-A betalact-
amases (bla-CARB, bla-CTX-M, bla-PSE y bla-TEM), which hydrolize penicillins.(56)
Conversely, only two isolates (one of serovar Typhimurium and one of serovar
Newport) carried the bla-CMY gene, which encodes a class-C betalactamase that
hydrolyzes both penicillins and cephalosporins. ()

Carbapenems, 3GC, and 4GC are considered by WHO as critically important
and high priority antibiotics as they are among the few alternatives to treat serious
infections caused by Gram-negative bacteria.('®) Fortunately, results from this re-
search and from previous studies(®* 12) suggest that beef cattle, at least to date, are
not a relevant source of SE resistant to these antibiotic classes. Despite these find-
ings, the progressive loss of effectiveness of antibiotics that have been widely used
in animal production is leading to their substitution with more potent ones, such
as 3GC (eg. ceftriaxone),*®) which is critically important for human medicine.(19)

Considering 3GC resistance in foodborne SE in Mexico is low, it is important to
revise its authorization for veterinary medicine. In Canada and the United States of
America, restricting the use of 3GC reserved for veterinary (ceftiofur) and human
medicine (ceftriaxone) in animals has contributed to reduce resistance against this
vital antibiotic class in SE associated with food-producing animals.(>9)

Regarding fluoroquinoles, we did not observe an association between point
mutations and resistance phenotypes, despite mutations being considered the
most important mechanism of resistance against these antibiotics in enterobacteria.
(57) Apparently, this can be explained by the fact that the mutations carried by our
isolates were outside the quinolone resistance-determining region.(>)

In line with previous studies,(*12) our results confirm that the presence of
PMQR genes (gnrA and gnrB alleles) is an increasingly common feature of SE asso-
ciated with cattle in Mexico. Their wide dissemination is consistent with its plasmid
origin as well as with the decreased susceptibility to ciprofloxacin in the isolates
that carried these genes, which is reflected in high rates of intermediate resistance
(40-50 9%).(19.12) Taken together, the experimental evidence accumulated to date
documents the rising abundance of PMQR genes in SE of bovine origin. Moreover,
it suggests that these genes may be subjected to selective pressure in the produc-
tion context, which is consistent with the authorization of enrofloxacin and ciproflox-
acin to treat infections in this species.(46)

To date, there is no evidence supporting PMQR genes to confer fluoroquino-
lone resistance in clinical settings. However, their increasing dissemination among
foodborne SE populations, as well as the reported association between the emer-
gence of fluoroquinolone resistance phenotypes and the presence of PMQR
genes,(9.69) highlights the need for further research in this field.

As recently observed,(12) 100 % of our isolates carried a mutation in the acrB
gene. Although this phenomenon has been linked to resistance to macrolides in
typhoidal SE strains,(*¢) the mutation observed here (M964T) was not associated
with azithromycin resistance. Moreover, as far as we could investigate, it has not
been reported as a relevant mechanism of resistance to macrolides.
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Strikingly, however, nearly 15 % of our isolates resisted azithromycin and car-
ried genes encoding macrolides’ enzymatic modification mechanisms: mph(A) and
Inu(F). In this particular case, we do not observe association with the use of this
antibiotic in animals as it is not registered for that purpose in Mexico.(“®) Mexican
studies conducted in the last decade (2000-2017) do not report azithromycin
resistance in foodborne SE. Likewise, our research team recently documented a
low prevalence of AMR genes against macrolides in SE associated with avian and
bovine species.(4"2) Hence, further research is needed in this field to determine if
the emergence of macrolide resistance observed here is regional or if it is linked to
the use of other macrolides (eg. tylosine) that are registered for veterinary use.(4®)

Our study isolates also carried AMR genes against antibiotics that were not in-
cluded in the AST panel. For instance, fosfomycin is considered a critically important
antimicrobial, and is frequently used to treat urinary tract infections in humans.(©")
Nevertheless, it is also registered in Mexico for therapeutic purposes in cattle and
pigs,(“®) which might explain the presence of these genes in nearly 15 9% of our
isolates (supplementary information, Table S2).

Along the same lines, although only one isolate carried the mcri. 1 gene, which
confers resistance to colistin,(°2) the finding is not minor since polymyxins are
last-resort antibiotics to treat serious infections caused by Gram negative bacteria.
(19) Moreover, this gene is plasmid-borne(®?) and consequently this property could
facilitate its dissemination among bacterial populations associated with cattle.

Another important finding is the widespread distribution among study isolates
of resistance genes against disinfectants of the quaternary ammonium compounds
group (gacL, gacE, and gacEdelta-1). These genes encode active efflux factors, (63)
and both in this study (supplementary information, Table S2) and previous re-
search,() they have been linked to MDR phenotypes since they are usually re-
cruited in integrons with other AMR genes.(®9) It is yet to be determined, however,
if the intensive use of quaternary ammonium compounds along the food chain
favors the acquisition and conservation of integrons with multiple resistance gene
cassettes.

A moderately high proportion of isolates (~40 %) exhibited worrisome MDR
phenotypes involving antibiotic classes considered by WHO as critically important
and highest priority (macrolides), critically important and high priority (aminoglyco-
sides, penicillins), and very important (tetracyclines, phenicols, sulfonamides).(19)
The association observed here between the frequency of MDR phenotypes and
serovars of public health significance confirms that the acquisition of AMR genes is
a hallmark of epidemiologically relevant SE strains.(6®) Furthermore, it emphasizes
the need to keep AMR surveillance in foodborne SE.

Our results suggest that some AMR genes could be subjected to selective
pressure in SE associated with animal production. In that sense, we observed that
our isolates carried between two and three genes encoding different AMR factors
against the same antibiotic class. Furthermore, although some isolates did not carry
any of the known AMR genes, they still exhibited resistant phenotypes. These find-
ings reveal the existence of convergent evolution of SE strains, as shown by the
accumulation of diverse AMR mechanisms against the same antibiotic, at the popu-
lation scale, in apparent response to the selective pressure they face in this ecolog-
ical niche. However, further studies are needed on AMR evolution dynamics in SE
populations circulating in cattle, an area that goes beyond the scope of this research.
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In summary, this study demonstrates the role of retail ground beef, sold across
the state capitals of Central Mexico, as a reservoir of SE, and particularly of epide-
miologically relevant strains with strong MDR phenotypes.

Our results suggest that SE populations are massively acquiring AMR genes
against antibiotic classes that are used in both human and veterinary medicine. In
addition, the wide repertoire of AMR genes against the antibiotic classes considered
here suggests that the pathogen is exposed to these drugs in the production set-
ting. Of particular importance is the apparent emergence of azithromycin resis-
tance, which is one of the few alternatives to treat invasive salmonellosis. To date,
this phenotype has rarely been found in foodborne SE in Mexico.(®)

The above analysis highlights the need to revise the authorization of some an-
tibiotics for therapeutic use in livestock species. Moreover, it is important to deter-
mine whether there is cross resistance between antibiotics from the same class that
are reserved for use in animals and humans. Finally, although this study involved
an acceptable number of isolates, the sampling scheme conducted here is not
comprehensive. Therefore, wider surveys are required to provide more precise es-
timations and more thorough characterization of AMR in SE populations circulating
in this ecological niche.
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