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Genomic surveillance links livestock production with the emergence 
and spread of multi-drug resistant non-typhoidal Salmonella in Mexico§

Multi-drug resistant (MDR) non-typhoidal Salmonella (NTS) 
is increasingly common worldwide. While food animals are 
thought to contribute to the growing antimicrobial resistance 
(AMR) problem, limited data is documenting this relation-
ship, especially in low and middle-income countries (LMIC). 
Herein, we aimed to assess the role of non-clinical NTS of bo-
vine origin as reservoirs of AMR genes of human clinical sig-
nificance. We evaluated the phenotypic and genotypic AMR 
profiles in a set of 44 bovine-associated NTS. For comparative 
purposes, we also included genotypic AMR data of additional 
isolates from Mexico (n = 1,067) that are publicly available. 
The most frequent AMR phenotypes in our isolates involved 
tetracycline (40/44), trimethoprim-sulfamethoxazole (26/44), 
chloramphenicol (19/44), ampicillin (18/44), streptomycin 
(16/44), and carbenicillin (13/44), while nearly 70% of the 
strains were MDR. These phenotypes were correlated with 
a widespread distribution of AMR genes (i.e. tetA, aadA, 
dfrA12, dfrA17, sul1, sul2, bla-TEM-1, blaCARB-2) against 
multiple antibiotic classes, with some of them contributed by 
plasmids and/or class-1 integrons. We observed different 
AMR genotypes for betalactams and tetracycline resistance, 
providing evidence of convergent evolution and adaptive AMR. 
The probability of MDR genotype occurrence was higher in 
meat-associated isolates than in those from other sources (odds 
ratio 11.2, 95% confidence interval 4.5–27.9, P < 0.0001). The 
study shows that beef cattle are a significant source of MDR 

NTS in Mexico, highlighting the role of animal production 
on the emergence and spread of MDR Salmonella in LMIC. 
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Introduction

Nontyphoidal Salmonella are among the leading causes of 
foodborne diseases worldwide (WHO, 2015). In the last de-
cade, the emergence of MDR NTS has led to increasing public 
health concerns at a global scale. Since MDR infections are 
difficult to treat and are more expensive, they may boost the 
already high disease burden in humans (Hoffmann et al., 
2012). Intense research in this field has improved our un-
derstanding of the basis of MDR. It is well established that 
acquired AMR in bacteria is favored by the use of antibiotics 
in animals and humans (McEwen and Fedorka-Cray, 2002). 
Moreover, antibiotic use may lead to bacterial chromosomal 
mutations conferring resistance to certain antibiotics (i.e. 
quinolones resistance in enterobacteria) (Qiu et al., 2018), 
which is then transmitted vertically onto the progeny. How-
ever, the horizontal acquisition of foreign mobile DNA is 
the most relevant factor for the acquisition and dissemina-
tion of bacterial AMR. Particularly, plasmids are known to 
confer resistance to multiple antibiotics and they also can be 
transmitted by conjugation between distant bacterial species 
(Chang et al., 2015). Hence, AMR surveillance is vital to con-
tain the proliferation of MDR pathogens and their impact on 
public health.
  Food animals, including beef cattle, are recognized as a pos-
sible source of MDR Salmonella (Antunes et al., 2006; Talbot 
et al., 2006). This has led to controversial discussions on whe-
ther the increasing AMR problem is associated or not with the 
use of antibiotics on farms. For instance, it has been demon-
strated that livestock environments have a strong influence 
on the emergence and dissemination of specific MDR pheno-
types among NTS isolated in the USA (An et al., 2017). How-
ever, most of these isolates are of clinical origin. Although 
numerous studies have reported phenotypic and genotypic 
profiles of Salmonella AMR (Brichta-Harhay et al., 2011; Lin 
et al., 2015; Schmidt et al., 2015; Kalambhe et al., 2016), com-
prehensive studies combining phenotypic data with genome- 
wide searches for AMR determinants are still limited, espe-
cially in low and middle-income countries. This approach 
could help identifying novel resistance mechanisms, as well 
as the factors involved in AMR dissemination. Consequently, 
increased surveillance may facilitate depicting potential miti-
gation strategies to combat AMR.
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Fig. 1. Salmonella isolates included in the study.
Isolation source is color-coded, and geographical
location is mapped onto the graph with black 
circles, squares or triangles. For Salmonella Give,
n = 4 in Mexico City, and n = 2 in Guadalajara. 
Serovars were predicted with SeqSero software 
(Zhang et al., 2015).

  Recent studies conducted by our research group showed 
bovine-associated NTS of different serovars are genotypi-
cally close to their counterparts from vegetables, produce, and 
the environment (Delgado-Suárez et al., 2018). Hence, the 
current research presents a thorough characterization of the 
AMR phenotypes and genotypes of a subset of 44 non-clinical 
NTS isolates from Delgado-Suárez et al. (2018). Moreover, 
we compared the AMR genotypes of these isolates with those 
isolated from multiple sources within Mexico (n = 1,067). The 
study reveals the proportion of MDR isolates in the studied 
sample is very high (≈ 70%), in contrast with that observed 
in isolates from other sources (< 20%). We also observed evi-
dence of convergent evolution of isolates towards AMR to 
tetracycline and betalactams, suggesting heavy use of these 
antibiotics on farms. This highlights the role of livestock pro-
duction in the emergence and spread of MDR Salmonella in 
Mexico. Although these are not disease-causing strains, the 
fact that they carry multiple AMR genes against several anti-
biotics included in the World Health Organization (WHO) 
list of critically and highly important antimicrobials raises 
concerns. Indeed, as we confirmed plasmids and class-1 in-
tegrons are significant contributors of acquired AMR genes 
among Salmonella populations, the risk of AMR dissemina-
tion among NTS and other species is a possibility. Finally, 
we observed AMR could also be associated with the presence 
of multidrug efflux pumps and/or triggered by stress res-
ponse mechanisms, an area that requires further research.

Materials and Methods

Bacterial strains
We used a subset of 44 NTS isolates from a previous study 
(Delgado-Suárez et al., 2018), for which antibiotic suscepti-
bility data were available. The strain panel was composed of 
seven different serovars, collected along the beef production 
continuum and from distant geographical locations within 
Mexico, providing the basis for a thorough characterization 
of the resistome of bovine-associated NTS from non-clinical 
sources (Fig. 1). Every isolate was obtained from a different 
fecal, carcass, cut, or ground beef sample and some of them 
on different dates. Refer to Supplementary data Table S1 for 

strains accession numbers and metadata.
  For the purpose of comparative analysis, we used additional 
NTS isolates from Mexico that are publicly available at NCBI 
and have AMR genotypic data. This comprised a subset of 65 
isolates from the same serovars represented in our panel of 
strains, as well as the whole set of Salmonella isolates from 
Mexico in the database (n = 1,067) as of July 24, 2018. Supple-
mentary data Table S2 contains the accessions and meta-
data of the additional isolates used in the study.

Antibiotic susceptibility testing
Antibiotic susceptibility testing (AST) was carried out with 
a panel of 17 antimicrobials included in the WHO list of cri-
tically important and highly important antimicrobials (WHO, 
2017). We used the Kirby-Bauer disk diffusion method (Bauer 
et al., 1966) with the following Bio-Rad antimicrobial suscep-
tibility test disks and the respective concentrations: ampicillin 
(Amp, 10 μg), amoxicillin (Amx, 10 μg), amoxicillin-clavu-
lanic acid (Amc, 30 μg), carbeniciline (Car, 100 μg), cef-
triaxone (Cro, 30 μg), cephalothin (Cef, 30 μg), cephotaxime 
(Ctx, 30 μg), ciprofloxacin (Cip, 10 μg), pefloxacin (Pef, 5 μg), 
amikacin (Amk, 30 μg), kanamycin (Kan, 30 μg), gentamicin 
(Gen, 10 μg), streptomycin (Str 10 μg), netilmicine (Net, 30 
μg), trimethoprim-sulfamethoxazole (Stx, 250 μg), chloram-
phenicol (Chl, 30 μg), and tetracycline (Tet, 30 μg). Results 
were interpreted according to the Clinical Laboratory Stan-
dards Institute (CLSI) guidelines (CLSI, 2012), using Esche-
richia coli ATCC 8739, Enterococcus fecalis ATCC 29212, 
Staphylococcus aureus ATCC 25923, and Pseudomonas aeru-
ginosa ATCC 9027 as quality control organisms. Isolates show-
ing resistance to ≥ 2 classes of antimicrobials were classified 
as MDR. Odds ratio calculations were used to test if AMR 
phenotypes were associated with serovar, isolation source 
and/or geographical location. Moreover, we estimated the 
association of resistance to different antibiotic classes by cal-
culating Pearson correlation coefficients.

Whole genome sequencing, genome assembly, and annotation
Genome sequencing, assembly, and annotation were per-
formed as previously described (Delgado-Suárez et al., 2018). 
Raw sequences are deposited at the NCBI Sequence Read 
Archive (SRA) website. The SRA accessions are listed in Sup-
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Fig. 2. Antibiotic susceptibility testing (AST), antimicrobial resistance (AMR) genes, and plasmid profile results for Salmonella isolates of different serovars 
collected along the beef production chain in Mexico. Antimicrobials used for AST included ampicillin (Amp), amoxicillin (Amx), amoxicillin clavulanic 
acid (Amc), carbenicillin (Car), ceftriaxone (Cro), cephalotin (Cef), cephotaxime (Ctx), ciprofloxacin (Cip), pefloxacin (Pef), amikacin (Amk), kanamicin 
(Kan), gentamicin (Gen), streptomycin (Str), netilmicin (Net), trimethoprim-sulfamethoxazole (Sxt), chloramphenicol (Chl), tetracycline (Tet). Results 
are color-coded as follows: grey cells = susceptible / AMR gene absent / plasmid replicon absent; black cells = resistant / AMR gene present / plasmid replicon
present.

plementary data Table S1, while assembly and annotation 
statistics are provided in Supplementary data Table S3.

Identification and comparative genomics of AMR genes
The genotypic AMR profile of our isolates was constructed 
based on the antibiotic resistance genes identified through 
genome annotation using the Comprehensive Antibiotic Re-
sistance Database (CARD) as a reference (Jia et al., 2017). We 
also screened the genomes for chromosomal point mutations 
conferring resistance to quinolones, colistin, and spectino-
mycin. For that purpose, we used ResFinder version 3 (Zan-
kari et al., 2012, 2017). Odds ratio was used to assess if the 
presence of AMR genes against a particular antibiotic class 
was associated with the presence of resistance genes against 
other antibiotic classes.
  Since polymyxins resistance genes were detected in 100% of 
the isolates, we used the concatenated amino acid sequences 
of arnC and arnT genes for phylogenetic reconstruction. Both 
genes are part of the lipid A modification operon, which is 
one of the main mechanisms leading to polymyxin resistance. 
These sets of sequences were aligned in Seaview (Gouy et 
al., 2010) through ClustalO (Sievers et al., 2011) and curated 
with Gblocks (Castresana, 2000). The resulting Nexus file was 
used to construct a phylogenetic tree using MrBayes 3.2.6 
(Ronquist et al., 2012) with the following parameters: aa-
modelpr = mixed, samplefreq = 100, burninfrac = 0.25 in four 
chains and for 1 million generations. The analysis included 
sequences from Salmonella bongori (accession CP006608.1) 
as an outgroup.
  Several multidrug efflux pump families were also present 
in 100% of the studied isolates. To assess their degree of con-
servation, we conducted a BLAST analysis using as reference 
the amino acid sequences of genes from the Salmonella Ty-

phimurium LT2 genome (accession NC_003197.2): 1) ydhE, 
Multidrug and Toxic Compound Extrusion (MATE family), 
2) STM0382, Major Facilitator Superfamily (MFS), 3) yadG, 
ATP Binding Cassette (ABC superfamily), 4) acrA, Resis-
tance, Nodulation, Division (RND family), and 5) mdtC, 
mdtABCD multi-drug resistance cluster.
  Finally, we compared the AMR genotypes of our isolates 
with a subset (n = 65) of additional Salmonella isolates from 
Mexico that are publicly available at NCBI (see Supplemen-
tary data Table S2). These included 18 isolates associated with 
livestock (bovine and porcine), as well as 47 isolates from 
fresh produce, vegetables, seafood, cheese, herbal tea, water, 
and sediment. The criteria of inclusion were: 1) isolates of 
the same serovars represented in our panel of strains, and 
2) isolates with AMR data. In this way, we managed to get 
the genotypic AMR profile of additional isolates of all sero-
vars but Roodepoort. We also analyzed the complete set of 
Salmonella isolates from Mexico that were available at NCBI 
(n = 1,067, as of July 24th 2018, see Supplementary data Table 
S2), to assess the overall diversity of AMR genes and the rate 
of strains with MDR genomic profiles across different sour-
ces and/or hosts. AMR genotypes were collected from the 
NCBI’s isolate browser (https://www.ncbi.nlm.nih.gov/pa-
thogens), which are generated through the AMRFinder tool 
(https://www.ncbi.nlm.nih.gov/pathogens/antimicrobial- 
resistance/AMRFinder). Odds ratio and risk ratio calcula-
tions were performed to assess the influence of ecological ni-
che and Salmonella serovar in the probability of isolates hav-
ing MDR genotypes.

In silico plasmid profiling
The presence of plasmids replicons was predicted with the 
aid of PlasmidFinder 1.3 (Carattoli et al., 2014). The analysis 
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Fig. 3. Concatenated phylogenetic analysis 
of polymyxin resistance ArnC and ArnT pro-
teins from NTS strains of different serovars.
Isolation source is coded according to the 
font of serovar and sample names: italic,
ground beef; bold, carcasses/cuts; regular, 
feces. The cities where isolates were collected
are mapped onto the tree. Posterior proba-
bilities are indicated close to each branch. 
Analysis conducted with MrBayes 3.2.6. For
accession numbers of strains see Supple-
mentary data Table S1.

was carried out with the raw reads at the Center for Genomic 
Epidemiology web server using a threshold identity of 95%. 
If plasmid replicons were detected, we used the accession 
numbers of the prediction output to collect the plasmid’s re-
ference sequence from NCBI. The newly sequenced genomes 
were mapped against reference plasmids based on the iden-
tification of consecutive genes that were homologous between 
contigs and plasmids, as previously described (Dhanani et al., 
2015). If a majority of reference plasmid sequences (> 70%) 
were represented in the corresponding isolate’s contigs, these 
sets of contigs were proposed to be plasmids in the newly se-
quenced genomes.

Results

High frequency of MDR Salmonella
Salmonella isolates showed resistance to all the studied anti-
biotic classes except quinolones (Fig. 2). The most common 

resistance phenotypes included tetracycline (40/44), trime-
thoprim-sulfamethoxazole (26/44), chloramphenicol (19/44), 
ampicillin (18/44), streptomycin (16/44), and carbenicillin 
(13/44). Conversely, resistance to third generation cepha-
losporins was infrequent. All isolates were susceptible to ce-
photaxime, while only one resisted ceftriaxone. Despite six 
isolates (≈ 14%) that resisted cephalotine, there was no evi-
dence of cross-resistance with any of the 3GC. Likewise, re-
sistance to aminoglycosides other than streptomycin was rare, 
while all isolates were susceptible to amikacin. Interestingly, 
aminoglycoside resistance was observed more likely in iso-
lates from Mexicali City as compared to those from Mexico 
City and Guadalajara (odds ratio, 4.2; 95% confidence inter-
val [CI] 1.1–15.3).
  Nearly 70% of the isolates were classified as MDR Salmonella, 
regardless of isolation source, serovar or geographical loca-
tion. Strikingly, among these, 70% resisted ≥ 4 antibiotic 
classes. The tetra-resistance pattern Chl/Str/Sxt/Tet was the 
most prevalent (n = 15) and was strongly associated with Sal-
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Fig. 4. Comparison of AMR genotypes of Salmonella 
isolates associated with meat production (44 from 
this study and 18 additional Mexican isolates publicly 
available at NCBI, highlighted with bold letters); and 
those isolated from fresh produce, vegetables, seafood, 
cheese, herbal tea, water, and sediment in Mexico (n = 
47, publicly available at NCBI). Results are color-coded 
as follows: grey cells = AMR gene absent; black cells = 
AMR gene present.
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Table 1. Evaluation of risk factors for the occurrence of MDR genotypes in Salmonella isolates from Mexico during the period 2013–2018 (n = 1,067), 
based on ecological niche and serovar

Factor na %MDR Risk ratio 95% C. I.b P-value
Ecological niche

Animal production 200 32.0 2.9 2.2–3.9 < 0.0001
Vegetables & produce 652 11.2 0.5 0.4–0.7 < 0.0001
Environment 167 9.6 0.6 0.4–1.0 0.0316
Salmonella serovar

Montevideo 45 46.7 3.5 2.4–5.0 < 0.0001
Agona 41 85.4 7.5 5.9–9.5 < 0.0001
Typhimurium 19 31.6 2.1 1.1–4.2 < 0.0001
Derby 10 90.0 6.3 4.8–8.2 < 0.0001
Othersc 645 7.1 0.7 0.5–1.1 0.1319

a The sum by niche or serovar is < 1,067 for there were isolates with no isolation source or serovar indicated. Moreover, niches or serovars with < 10 isolates were excluded. Refer 
to Supplementary data Table S2 for accessions and metadata of additional isolates.
b 95% confidence interval for the risk ratio.
c Group of isolates from multiple serovars with an MDR genotype frequency below 10%.

monella enterica ser. Montevideo isolates from Mexicali City 
(odds ratio 27.2, 95% CI 3.1–237.3, P = 0.0001). Overall, re-
sistance to aminoglycosides had a strong positive correlation 
with resistance to chloramphenicol (r = 0.7286, P < 0.0001) 
and folate pathway inhibitors (r = 0.7025, P < 0.0001), whereas 
it was moderately correlated with resistance to tetracycline 
(r = 0.3022, P = 0.0462). Conversely, none of the isolates from 
Mexicali City showed resistance to betalactams while 100% 
of those from Mexico City and Guadalajara resisted at least 
one of the tested drugs from this class. In line with these fin-
dings, resistance to betalactams was negatively correlated with 
resistance to aminoglycosides (r = -0.3323, P = 0.0275).

Genetic determinants of antimicrobial resistance
Genotypic AMR was broadly in agreement with AST results, 
with about 70% of the studied population carrying a wide 
repertoire of AMR genes against multiple antibiotic classes 
(Fig. 2). However, nine isolates lacking obvious betalactamase 
genes still showed resistance to several of the tested betalac-
tams. Likewise, another 11 isolates that resisted tetracycline 
do not carry any of the known tetracycline resistance genes. 
The opposite occurred with aminoglycosides, whereby 24 
isolates carrying resistance genes against these drugs showed 
susceptible phenotypes. This is in line with the lack of point 
mutations related to aminoglycoside resistance in the ge-
nomes of the studied isolates. However, the most commonly 
found aadA gene was highly conserved across isolates, with 
an amino acid similarity above 99%, as shown by a BLAST 
analysis using the amino acid sequence of Salmonella Typhi-
murium LT2 (accession NP_460230.1) AadA protein as a 
reference.
  Consistent with the observed susceptibility to quinolones, 
we did not detect any of the known point mutations asso-
ciated with quinolone resistance. Interestingly, however, about 
one third of the isolates carried plasmid-mediated quino-
lone resistance (PMQR) genes, such as qnrB, qnrB19, and 
oqxAB. Moreover, genome annotation demonstrated the pre-
sence of resistance genes against other antimicrobials that 
were not included in the AST. Among these, the most rele-
vant are the polymyxin resistance gene clusters (pmr and arn 
operons) which were present in the chromosome of 100% 

of the isolates. Although no point mutations were detected 
for these operons, phylogenetic analysis showed these lipo-
polysaccharide (LPS)-modifying genes are highly conserved 
across serovars, isolation sources, and geographical regions 
(Fig. 3), suggesting that they are subjected to strong selective 
pressure. Moreover, it indicates fitness advantages associated 
with these genes exceed fitness cost.
  Another important finding is the presence of genes con-
ferring resistance to quaternary ammonium compounds 
(qacEDelta1 gene) in ground beef isolates from distant geo-
graphical regions. Strikingly, the likelihood of isolates being 
MDR was greater when the qacEDelta1 gene was present 
(odds ratio, 19.3; 95% CI 1.05–354.0, P = 0.0464), suggesting 
possible co-selection of biocide and antibiotic resistance. 
Possibly related to this, genome annotations showed the en-
tire set of isolates carry a vast repertoire of multi-drug efflux 
pumps. This included the mdtABCD multi-drug resistance 
cluster, the acrAB–tolC efflux system, the ATP Binding Cas-
sette (ABC) superfamily, the Major Facilitator Superfamily 
(MFS), the Resistance, Nodulation, Division (RND) family, 
and the Multidrug and Toxic Compound Extrusion (MATE) 
family. These genomic features were highly conserved across 
isolates with 99–100% amino acid similarity.

Comparative analysis of AMR genotypes with other isolates 
from Mexico
We observed a higher abundance and diversity of AMR genes 
in isolates associated with meat production as compared to 
those from other sources in Mexico (Fig. 4). Aminoglycoside 
resistance genes were by far the most commonly present, 
with over 97% of isolates from all sources and serovars car-
rying at least one of these genes. However, meat-associated 
isolates exhibited a higher AMR gene diversity. For instance, 
63% of these isolates carry ≥ 3 different aminoglycoside re-
sistance genes. Conversely, in those isolates from other sour-
ces only about 4% met this criterion.
  The same trend was observed for AMR genes against dif-
ferent antibiotic classes. Nearly 73% of isolates from meat- 
related sources carry resistance genes against ≥ 2 antibiotic 
classes, while the same was true only for 19% of isolates from 
other sources. In fact, the probability of Salmonella having 
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Fig. 5. Schematic representation 
of the genomic context of class-1 
integrons (intIPac) detected in Sal-
monella isolates of serovar Give 
and Muenster.

an MDR genotype was higher in isolates associated with meat 
production as compared to those from fresh produce, ve-
getables, seafood, cheese, and the environment (odds ratio 
11.2, 95% CI 4.5–27.9, P < 0.0001).
  We observed similar results when analyzing the whole da-
taset of isolates from Mexico at NCBI. Again, aminoglyco-
side resistance genes were the most commonly found in the 
genomes of NTS of all isolation sources and serovars (95.4%, 
n = 1,067). Likewise, the risk of MDR-genotype occurrence 
was nearly 3 times higher in isolates linked to animal pro-
duction (P < 0.0001) as compared to those from vegetables, 
produce, and the environment (Table 1). It should be noted 
that isolates of human origin were not included in the analy-
sis because there were only 10 isolates from this ecological ni-
che, with 50% of them having MDR genotypes. Regarding 
Salmonella serovars, the frequency of MDR genotypes was 
generally low, except for Derby, Agona, Montevideo, and 
Typhimurium, where the risk of finding MDR genotypes 
was significantly higher (P < 0.0001).

Plasmid profiling
We detected replicons from six different resistance plasmids 
in over 86% of isolates, except those of S. enterica ser. Derby 
and Roodepoort (Fig. 2). Moreover, several S. enterica ser. 
Montevideo isolates (n = 10) carry replicons of a virulence 
plasmid of the IncFII incompatibility group. Read mapping 
of reference plasmids against the newly sequenced genomes 
suggested these genetic elements are a significant mecha-
nism of acquired AMR. For instance, the entire sequence of 
the IncQ1 plasmid, predicted in the S. enterica ser. London 
strain, was fully represented in this isolate’s genome (see 
Supplementary data Fig. S1). This plasmid carry aminogly-
coside (strB, aph(3”)-lb) and sulphonamide (sul2) resis-
tance genes. Likewise, over 90% of the IncHI1A plasmid 
sequence, which carries a tetracycline resistance gene cluster 
(tetRACD), was present in the genome of one S. enterica ser. 
Give strain (Supplementary data Fig. S2). Moreover, most of 
IncHI2A plasmid sequence (73.6%) was represented in the 
genome of S. enterica ser. Give strains (Supplementary data 
Fig. S3). This plasmid carries chloramphenicol (cat), tetracy-
cline (tetRAC), and aminoglycoside (aphA) resistance genes. 
There was also a group of 16 isolates of S. enterica ser. Mon-
tevideo that showed 70% sequence identity to the IncX1 
plasmid, which carries PMQR (oqxAB) and betalactamases 

(blaTEM) genes (Supplementary data Fig. S4).
  We observed a lower representation of plasmid IncA/C2 se-
quences in the genomes of S. enterica ser. Give isolates (55%), 
as well as of plasmid IncR sequences in the contigs of S. en-
terica ser. Muenster (58%) and Senftenberg (33.3–46.6%), 
respectively (Supplementary data Figs. S5–S6). However, iso-
lates carrying replicons of either plasmid encode class-1 in-
tegrons and multiple AMR genes in their chromosomes (Fig. 
2), which may have contributed to their MDR phenotypes. 
Nevertheless, most AMR genes in these isolates were out-
side the integron structure, which harbors only one or two 
resistance gene cassettes against aminoglycosides and/or 
sulphonamides (Fig. 5).

Discussion

Our results show that there is a high rate of MDR Salmo-
nella among isolates collected from various non-clinical sour-
ces of bovine origin in Mexico. The MDR prevalence observed 
here is much higher than that reported 5–7 years ago in iso-
lates from cattle and other food-producing animals in Africa 
(Sibhat et al., 2011), Asia (Van et al., 2012), or Latin America 
(Perez-Montaño et al., 2012; Junod et al., 2013). Although 
AMR of isolates usually vary across time and regions, these 
results show the emergence and spread of MDR pathogens 
is far from being controlled.
  The most common resistance patterns (i.e. tetracycline, fo-
late pathway inhibitors, amphenicols, betalactams, amino-
glycosides) are similar to those reported previously in Sal-
monella isolated from beef sources (Varela-Guerrero et al., 
2013; Schmidt et al., 2015; Quesada et al., 2016). These fin-
dings are consistent with the current approval of these anti-
biotic classes for use in livestock in Mexico (SAGARPA, 2018). 
Conversely, we observed that resistance to third generation 
cephalosporins was low in isolates from the studied regions 
as compared to that observed in recent studies (Schmidt et 
al., 2015; Mir et al., 2016; Quesada et al., 2016). Although 
these are not disease-causing strains, they carry multiple 
resistance determinants against several drugs of the WHO 
list of critically important and highly important antimicro-
bials (WHO, 2017). Hence, they may act as reservoirs of AMR 
genes of human clinical significance, posing a serious public 
health risk. Moreover, the significant correlation of resis-
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tance to unrelated antibiotic classes led us to speculate a pos-
sible role of epistatic interactions leading to MDR pheno-
types, an area that requires further research.
  The extensive distribution of MDR isolates indicates ani-
mal production likely favors the emergence of MDR Salmo-
nella genotypes in farm environments, mainly in the form of 
adaptive and acquired AMR. In that sense, our results showed 
the presence of different genetic determinants associated with 
the same resistance phenotype (i.e. tetracycline and beta-
lactam resistance), which provides evidence of the conver-
gent evolution of isolates as a result of environmental pre-
ssure. Overall, these findings implicate that several antibiotics 
are still heavily used in some livestock production settings in 
Mexico. Such practices put huge selective pressure on AMR 
genes. Consequently, optimizing the use of antimicrobials 
at the farm level is vital to reduce the risk of AMR gene dis-
semination, as well as human exposure to MDR Salmonella.
  Comparative genomics showed there is a higher abundance 
and diversity of AMR genes in meat-associated and animal- 
associated isolates as compared to those collected from plant 
sources. While we did not find data on the consumption of 
antibiotics in either animal or plant production in Mexico, the 
use of antibiotics is known to be heavier in animals (OECD, 
2016). Hence, these results suggest there is a link between 
the more intensive use of antibiotics in livestock and a stron-
ger AMR genotypic profile of Salmonella collected from 
animal sources. Although the number of isolates included 
in the analysis is large (n = 1,067), we only included publicly 
available genomes. Therefore, it would be interesting to test 
whether this trend remains as more isolates from both sour-
ces are sequenced.
  The fact that plasmids and class-1 integrons contributed 
resistance genes confirms they play a major role in the disse-
mination of acquired AMR. Class-1 integrons are frequently 
present in Salmonella isolates. This feature allows the patho-
gen to acquire resistance genes and disseminate them across 
its own and other bacterial species. In line with previous stu-
dies, we observed aminoglycoside and sulphonamide resis-
tance genes are among the most common gene cassette ar-
rays associated with class-1 integrons (Meng et al., 2011; Van 
et al., 2012). Thus, the considerable proportion of resistant 
isolates to both antimicrobials in the studied samples is not 
surprising. This could also be one of the factors contributing 
to the widespread distribution of aminoglycoside resistance 
genes observed in the whole set of Salmonella isolates from 
food sources in Mexico that are publicly available at NCBI.
  In this research, all strains carrying resistance plasmid re-
plicons were MDR. This is further supported by the fact that 
all of these isolates carry toxin-antitoxin systems (i.e. ccdAB, 
stbED), which ensures that all of the progeny inherits the plas-
mid, stabilizing its fitness. Although the very nature of plas-
mids makes them attractive antimicrobial targets, it has been 
difficult to design feasible strategies to combat AMR through 
plasmid elimination. Interventions aimed at disrupting plas-
mid propagation, as well as toxin-antitoxin systems were 
deemed as promising strategies about a decade ago (Lujan 
et al., 2007; Williams and Hergenrother, 2008). However, 
the little progress that has been achieved in this area suggests 
that this is a strategic field of research that needs to be pro-
moted.

  The widespread distribution of highly-conserved multidrug 
efflux pumps among the studied isolates suggests they are 
strong contributors to the observed AMR phenotypes. For 
instance, the mdfA gene, which belongs to the MFS efflux 
system, is known to confer resistance to a broad spectrum 
of drugs, including rifamycins and tetracycline (Edgar and 
Bibi, 1997). Likewise, upregulation of the acrAB-tolC efflux 
system by the marRAB operon confers resistance to cipro-
floxacin, tetracycline and chloramphenicol (Swick et al., 
2011). Given these facts, it is reasonable to consider multi-
drug efflux pump genes as potential targets for the develop-
ment of novel antimicrobials.
  Notably, our genotype data suggests that the pathogens may 
have an even stronger resistance phenotype than that sug-
gested by AST. For instance, nearly one third of the isolates 
carry PMQR genes, which usually provide low-level quino-
lone resistance, below the CLSI breakpoint (Strahilevitz et 
al., 2009). Hence, these isolates are usually susceptible to qui-
nolones when subjected to AST. However, PMQR genes 
could lead to higher resistance phenotypes if the isolates 
are exposed to quinolones at therapeutic levels. Despite the 
lack of point mutations associated with quinolone resist-
ance in the studied genomes, the presence of multiple PMQR 
genes (i.e. oqxAB, qnrA, qnrB) is worrisome since it has been 
linked to the emergence of ciprofloxacin resistant Salmo-
nella (Karczmarczyk et al., 2010; Lin et al., 2015). Further-
more, their presence in mobile genetic elements is an addi-
tional factor contributing to dissemination of fluoroquinolone 
resistance genes among bacterial pathogens of different 
species.
  Along the same lines, considering the complex regulation 
of AMR responses in bacteria, isolates carrying aminogly-
coside resistance genes that were susceptible in the AST may 
also show resistance in a human clinical setting. This is fur-
ther supported by the BLAST analysis showing a high de-
gree of conservation of the aadA gene, which was the most 
common aminoglycoside resistance gene among isolates. 
Similarly, the presence of macrolide, phosphomycin, and 
polymyxin resistance genes further implicates the significant 
source of therapeutic complications pose by these strains. 
Although the studied isolates did not carry mutations in these 
genes, it has been demonstrated that colistin resistance in 
Salmonella does not correlate with point mutations (Quesada 
et al., 2015). Fortunately, the risk of horizontal transfer of 
these particular AMR genes appears to be low, considering 
none of them seemed to be plasmid-borne. At least for poly-
myxins, there is an increasing prevalence of plasmid-car-
ried resistance determinants (i.e. mcr-1 gene) in Gram-neg-
ative bacteria across the globe, while reports in Salmonella 
enterica are still limited to some European countries (Baron 
et al., 2016). Additional research involving gene expression 
under varied growing conditions may help complement our 
understanding of the actual risks associated with the AMR 
of environmental isolates.
  Apart from antimicrobials, bacterial pathogens also deal 
with numerous stresses both inside the hosts and in the en-
vironment. These stresses can trigger various adaptive re-
sponses in the cell leading to changes in their antimicrobial 
susceptibility. For instance, resistance to betalactams and 
polymyxin B activates when the cell is exposed to cell wall- 
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active agents (Poole, 2012). In this study, the likelihood of 
isolates being MDR was greater when the qacEDelta1 gene 
was present. Probably, the membrane damage stress exerted 
by quaternary ammonium compounds promotes the recruit-
ment of resistance determinants, leading to MDR phenotypes. 
Thus, further research on the influence of different stresses 
on the pathogen antimicrobial susceptibility, as well as the 
potential use of stress-response genes as therapeutic targets 
may lead to significant advances in AMR mitigation strategies.
  In summary, this research showed that beef cattle repre-
sent an important reservoir of AMR genes of significant con-
notation for human health. It also provides comprehensive 
AMR data from a middle-income country, highlighting the 
role of animal production in these nations as a significant 
contributor to the emergence and spread of MDR Salmonella. 
Moreover, it emphasizes the need for continued AMR sur-
veillance of Salmonella strains circulating in apparently heal-
thy animals to improve public health protection. Of parti-
cular interest is the widespread distribution of highly con-
served multidrug efflux systems in Salmonella populations, 
which likely contributes to MDR phenotypes. We believe 
this is a promising research topic that may help to fight bac-
terial resistance more efficiently. Our results also empha-
size the relevance of class-1 integrons and plasmids in pro-
moting acquired AMR. In that sense, it is important to de-
velop feasible plasmid propagation control strategies to re-
duce the spread of AMR genes among bacterial populations. 
Finally, further research on stress-induced AMR may shed 
additional light on the dissemination of AMR in food-asso-
ciated isolates.

Acknowledgements

This work was partially funded by the National Autono-
mous University of Mexico, grant number PAPIIT IN212817. 
Whole genome sequencing of isolates was funded by the US 
Food and Drug Administration (FDA) through the Genome-
Trakr Program. The authors are grateful for the technical 
assistance with experiments provided by professionals from 
the Center for Food Safety and Applied Nutrition, College 
Park, Maryland, U.S.A., and from the Infectious Diseases 
Molecular Epidemiology Laboratory, College of Veterinary 
Medicine, Ohio State University.

Conflict of Interest

The authors declare no conflict of interest.

References

An, R., Alshalchi, S., Breimhurst, P., Munoz-Aguayo, J., Flores- 
Figueroa, C., and Vidovic, S. 2017. Strong influence of livestock 
environments on the emergence and dissemination of distinct 
multidrug-resistant phenotypes among the population of 
non-typhoidal Salmonella. PLoS One 12, e0179005.

Antunes, P., Machado, J., and Peixe, L. 2006. Characterization of 
antimicrobial resistance and class 1 and 2 integrons in Salmo-
nella enterica isolates from different sources in Portugal. J. 

Antimicrob. Chemother. 58, 297–304.
Baron, S., Hadjadj, L., Rolain, J.M., and Olaitan, A.O. 2016. Mole-

cular mechanisms of polymyxin resistance: Knowns and un-
knowns. Int. J. Antimicrob. Agents 48, 583–591.

Bauer, A.W., Kirby, W.M., Sherris, J.C., and Turck, M. 1966. Anti-
biotic susceptibility testing by a standardized single disk method. 
Am. J. Clin. Pathol. 45, 493–496.

Brichta-Harhay, D.M., Arthur, T.M., Bosilevac, J.M., Kalchayanand, 
N., Shackelford, S.D., Wheeler, T.L., and Koohmaraie, M. 2011. 
Diversity of multidrug-resistant Salmonella enterica strains as-
sociated with cattle at harvest in the United States. Appl. Environ. 
Microbiol. 77, 1783–1796.

Carattoli, A., Zankari, E., García-Fernández, A., Larsen, M.V., Lund, 
O., Villa, L., Aarestrup, F.M., and Hasman, H. 2014. In silico de-
tection and typing of plasmids using PlasmidFinder and plas-
mid multilocus sequence typing. Antimicrob. Agents Chemother. 
58, 3895–3903.

Castresana, J. 2000. Selection of conserved blocks from multiple 
alignments for their use in phylogenetic analysis. Mol. Biol. 
Evol. 17, 540–552.

Chang, H.H., Cohen, T., Grad, Y.H., Hanage, W.P., O’Brien, T.F., 
and Lipsitch, M. 2015. Origin and proliferation of multiple-drug 
resistance in bacterial pathogens. Microbiol. Mol. Biol. Rev. 79, 
101–116.

CLSI. 2012. Clinical and laboratory standards institute. Performance 
standards for antimicrobial disk susceptibility tests; Approved 
standard-Eleventh edition. CLSI document M02-A11. CLSI, 
Wayne, PA, USA.

Delgado-Suárez, E.J., Selem-Mojica, N., Ortiz-Lopez, R., Gebreyes, 
W.A., Allard, M.W., Barona-Gomez, F., and Rubio-Lozano, M.S. 
2018. Whole genome sequencing reveals widespread distribu-
tion of typhoidal toxin genes and VirB/D4 plasmids in bovine- 
associated nontyphoidal Salmonella. Sci. Rep. 8, 9864.

Dhanani, A.S., Block, G., Dewar, K., Forgetta, V., Topp, E., Beiko, 
R.G., and Diarra, M.S. 2015. Genomic comparison of non-ty-
phoidal Salmonella enterica serovars Typhimurium, Enteritidis, 
Heidelberg, Hadar and Kentucky isolates from broiler chickens. 
PLoS One 10, e0128773.

Edgar, R. and Bibi, E. 1997. MdfA, an Escherichia coli multidrug 
resistance protein with an extraordinarily broad spectrum of 
drug recognition. J. Bacteriol. 179, 2274–2280.

Gouy, M., Guindon, S., and Gascuel, O. 2010. SeaView version 4: 
A multiplatform graphical user interface for sequence alignment 
and phylogenetic tree building. Mol. Biol. Evol. 27, 221–224.

Hoffmann, S., Batz, M.B., and Morris, J.G.Jr. 2012. Annual cost of 
illness and quality-adjusted life year losses in the United States 
due to 14 foodborne pathogens. J. Food Prot. 75, 1292–1302.

Jia, B., Raphenya, A.R., Alcock, B., Waglechner, N., Guo, P., Tsang, 
K.K., Lago, B.A., Dave, B.M., Pereira, S., Sharma, A.N., et al. 2017. 
CARD 2017: Expansion and model-centric curation of the com-
prehensive antibiotic resistance database. Nucleic Acids Res. 45, 
D566–D573.

Junod, T., López-Martín, J., and Gädicke, P. 2013. Antimicrobial sus-
ceptibility of animal and food isolates of Salmonella enterica. 
Rev. Med. Chile 141, 298–304.

Kalambhe, D.G., Zade, N.N., Chaudhari, S.P., Shinde, S.V., Khan, 
W., and Patil, A.R. 2016. Isolation, antibiogram and pathoge-
nicity of Salmonella spp. recovered from slaughtered food ani-
mals in Nagpur region of Central India. Vet. World 9, 176–181.

Karczmarczyk, M., Martins, M., McCusker, M., Mattar, S., Amaral, 
L., Leonard, N., Aarestrup, F.M., and Fanning, S. 2010. Charac-
terization of antimicrobial resistance in Salmonella enterica food 
and animal isolates from Colombia: identification of a qnrB19- 
mediated quinolone resistance marker in two novel serovars. 
FEMS Microbiol. Lett. 313, 10–19.

Lin, D., Chen, K., Wai-Chi Chan, E., and Chen, S. 2015. Increas-
ing prevalence of ciprofloxacin-resistant food-borne Salmonella 



280 Delgado-Suárez et al.

strains harboring multiple PMQR elements but not target gene 
mutations. Sci. Rep. 5, 14754.

Lujan, S.A., Guogas, L.M., Ragonese, H., Matson, S.W., and Redinbo, 
M.R. 2007. Disrupting antibiotic resistance propagation by in-
hibiting the conjugative DNA relaxase. Proc. Natl. Acad. Sci. USA 
104, 12282–12287.

McEwen, S.A. and Fedorka-Cray, P.J. 2002. Antimicrobial use and 
resistance in animals. Clin. Infect. Dis. 34 (Suppl 3), S93–S106.

Meng, H., Zhang, Z., Chen, M., Su, Y., Li, L., Miyoshi, S., Yan, H., 
and Shi, L. 2011. Characterization and horizontal transfer of class 
1 integrons in Salmonella strains isolated from food products 
of animal origin. Int. J. Food Microbiol. 149, 274–277.

Mir, R.A., Weppelmann, T.A., Johnson, J.A., Archer, D., Morris, 
J.G.Jr., and Jeong, K.C. 2016. Identification and characterization 
of cefotaxime resistant bacteria in beef cattle. PLoS One 11, 
e0163279.

OECD. 2016. Antimicrobial resistance. Policy insights. Available 
online: https://www.oecd.org/health/health-systems/AMR-Policy- 
Insights-November2016.pdf (accessed on 5 October 2018).

Perez-Montaño, J.A., González-Aguilar, D., Barba, J., Pacheco-Gal-
lardo, C., Campos-Bravo, C.A., García, S., Heredia, N.L., and 
Cabrera-Díaz, E. 2012. Frequency and antimicrobial resistance 
of Salmonella serotypes on beef carcasses at small abattoirs in 
Jalisco State, Mexico. J. Food Prot. 75, 867–873.

Poole, K. 2012. Bacterial stress responses as determinants of anti-
microbial resistance. J. Antimicrob. Chemother. 67, 2069–2089.

Qiu, H., Gong, J., Butaye, P., Lu, G., Huang, K., Zhu, G., Zhang, J., 
Hathcock, T., Cheng, D., and Wang, C. 2018. CRISPR/Cas9/ 
sgRNA-mediated targeted gene modification confirms the cause- 
effect relationship between gyrA mutation and quinolone re-
sistance in Escherichia coli. FEMS Microbiol. Lett. 365, fny127.

Quesada, A., Porrero, M.C., Tellez, S., Palomo, G., Garcia, M., and 
Dominguez, L. 2015. Polymorphism of genes encoding PmrAB 
in colistin-resistant strains of Escherichia coli and Salmonella en-
terica isolated from poultry and swine. J. Antimicrob. Chemother. 
70, 71–74.

Quesada, A., Reginatto, G.A., Ruiz Español, A., Colantonio, L.D., 
and Burrone, M.S. 2016. Antimicrobial resistance of Salmonella 
spp. isolated animal food for human consumption. Rev. Perú. 
Med. Exp. Salud Pública 33, 32.

Ronquist, F., Teslenko, M., van der Mark, P., Ayres, D.L., Darling, A., 
Hohna, S., Larget, B., Liu, L., Suchard, M.A., and Huelsenbeck, 
J.P. 2012. MrBayes 3.2: Efficient Bayesian phylogenetic inference 
and model choice across a large model space. Syst. Biol. 61, 539– 
542.

SAGARPA. 2018. Productos químico-farmacéuticos vigentes 2017. 
Available online: https://www.gob.mx/senasica/acciones-y-pro-
gramas/regulacion-de-productos-veterinarios (accessed on 5 Octo-
ber 2018).

Schmidt, J.W., Agga, G.E., Bosilevac, J.M., Brichta-Harhay, D.M., 
Shackelford, S.D., Wang, R., Wheeler, T.L., and Arthur, T.M. 2015. 
Occurrence of antimicrobial-resistant Escherichia coli and Sal-
monella enterica in the beef cattle production and processing 
continuum. Appl. Environ. Microbiol. 81, 713–725.

Sibhat, B., Molla Zewde, B., Zerihun, A., Muckle, A., Cole, L., Boer-
lin, P., Wilkie, E., Perets, A., Mistry, K., and Gebreyes, W.A. 2011. 
Salmonella serovars and antimicrobial resistance profiles in beef 
cattle, slaughterhouse personnel and slaughterhouse environ-
ment in Ethiopia. Zoonoses Public Health 58, 102–109.

Sievers, F., Wilm, A., Dineen, D., Gibson, T.J., Karplus, K., Li, W., 
Lopez, R., McWilliam, H., Remmert, M., Soding, J., et al. 2011. 
Fast, scalable generation of high-quality protein multiple sequ-
ence alignments using clustal omega. Mol. Syst. Biol. 7, 539.

Strahilevitz, J., Jacoby, G.A., Hooper, D.C., and Robicsek, A. 2009. 
Plasmid-mediated quinolone resistance: A multifaceted threat. 
Clin. Microbiol. Rev. 22, 664–689.

Swick, M.C., Morgan-Linnell, S.K., Carlson, K.M., and Zechiedrich, 
L. 2011. Expression of multidrug efflux pump genes acrAB-tolC, 
mdfA, and norE in Escherichia coli clinical isolates as a function 
of fluoroquinolone and multidrug resistance. Antimicrob. Agents 
Chemother. 55, 921–924.

Talbot, E.A., Gagnon, E.R., and Greenblatt, J. 2006. Common ground 
for the control of multidrug-resistant Salmonella in ground beef. 
Clin. Infect. Dis. 42, 1455–1462.

Van, T.T., Nguyen, H.N., Smooker, P.M., and Coloe, P.J. 2012. The 
antibiotic resistance characteristics of non-typhoidal Salmonella 
enterica isolated from food-producing animals, retail meat and 
humans in South East Asia. Int. J. Food Microbiol. 154, 98–106.

Varela-Guerrero, J.A., Talavera-Rojas, M., Gutierrez-Castillo Adel, 
C., Reyes-Rodriguez, N.E., and Vazquez-Guadarrama, J. 2013. 
Phenotypic-genotypic resistance in Salmonella spp. isolated from 
cattle carcasses from the north central zone of the State of Mexico. 
Trop. Anim. Health Prod. 45, 995–1000.

WHO. 2015. WHO estimates of the global burden of foodborne 
diseases. Foodborne disease burden epidemiology reference group 
2007–2015. Available online: http://www.who.int/foodsafety/areas_ 
work/foodborne-diseases/ferg/en/ (accessed on 5 October 2018).

WHO. 2017. WHO list of critically important antimicrobials for 
human medicine 5th revision. Available online: http://who.int/ 
foodsafety/publications/antimicrobials-fifth/en/ (accessed on 5 
October 2018).

Williams, J.J. and Hergenrother, P.J. 2008. Exposing plasmids as 
the Achilles’ heel of drug-resistant bacteria. Curr. Opin. Chem. 
Biol. 12, 389–399.

Zankari, E., Allesoe, R., Joensen, K.G., Cavaco, L.M., Lund, O., and 
Aarestrup, F.M. 2017. PointFinder: a novel web tool for WGS- 
based detection of antimicrobial resistance associated with chro-
mosomal point mutations in bacterial pathogens. J. Antimicrob. 
Chemother. 72, 2764–2768.

Zankari, E., Hasman, H., Cosentino, S., Vestergaard, M., Rasmussen, 
S., Lund, O., Aarestrup, F.M., and Larsen, M.V. 2012. Identifica-
tion of acquired antimicrobial resistance genes. J. Antimicrob. 
Chemother. 67, 2640–2644.

Zhang, S., Yin, Y., Jones, M.B., Zhang, Z., Deatherage Kaiser, B.L., 
Dinsmore, B.A., Fitzgerald, C., Fields, P.I., and Deng, X. 2015. 
Salmonella serotype determination utilizing high-throughput 
genome sequencing data. J. Clin. Microbiol. 53, 1685–1692.


