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Abstract: Rising antimicrobial resistance (AMR) in Salmonella serotypes host-adapted to cattle is of increasing
concern to the beef and dairy industry. The bulk of the existing literature focuses on AMR post-slaughter. In
comparison, the understanding of AMR in Salmonella among pre-harvest cattle is still limited, particularly in
Texas, which ranks top five in beef and dairy exports in the United States; inherently, the health of Texas cattle
has nationwide implications for the health of the United States beef and dairy industry. In this study, long-read
whole genome sequencing and bioinformatic methods were utilized to analyze antimicrobial resistance genes
(ARGs) in 98 isolates from beef and dairy cattle in the Texas Panhandle. Fisher exact tests and elastic net models
accounting for population structure were used to infer associations between ARGs and antimicrobial
phenotypic profiles and metadata. Gene mapping was also performed to assess the role of mobile genetic
elements in harboring ARGs. ARG were found to be statistically different between the type of cattle operation
and Salmonella serotypes. Beef operations were statistically significantly associated with more resistance genes
compared to dairy operations. Salmonella Heidelberg, followed by Salmonella Dublin isolates, were associated
with the most ARGs. Additionally, specific classes of ARGs were only present within mobile genetic elements.

Keywords: Salmonella; Cattle; Texas; ARGs; bioinformatics; bacterial pathogenomics

1. Introduction

Salmonellosis is one of the leading causes of bacterial gastroenteritis in the United States, caused
by non-typhoidal Salmonella enterica subspecies enterica. The Centers for Disease Control and
Prevention (CDC) estimate that Salmonella accounts for 1.35 million cases and 26,500 hospitalizations
in people annually [1]. Non-invasive infections are typically associated with mild cases of fever,
diarrhea, vomiting, nausea, or abdominal cramps [2]. However, the symptoms can escalate if an
infection becomes systemic, and complications such as meningitis, pancreatitis, or enteric fever that
require antimicrobial intervention may ensue [3,4].

Salmonella enterica comprises over 2,600 serotypes, but only a fraction of them are relevant in
food production systems. Serovar-specific vaccination has been shown to reduce prevalence of
dominant Salmonella serotypes in cattle, poultry, and swine, including Typhimurium, Enteritidis,
Choleraesuis, Dublin, among others [5]. However, vaccination may have promoted a disruption of
serotype incidence, allowing other serotypes to replace the ecological niches [5].

The increased incidence of antimicrobial-resistant (AMR) bacteria is partially a product of
antimicrobial mismanagement on a global scale. The issue is further exacerbated by the lack of new
antibiotics to replace compounds with reduced efficacy. For example, one study estimated that
resistance to clinically important antimicrobials increased 40% in Salmonella between 2004-2008 and
2015-2016 for human clinical infections in the United States [6].
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Poultry and swine products are the primary sources of Salmonella in humans [7,8]. In the beef
industry, economic resources and scientific efforts have traditionally been directed toward evaluating
interventions in processing and packaging plants to reduce the risk of human salmonellosis from beef
products [5,9]. However, the cattle industry is currently very interested in deepening our
understanding of Salmonella ecology in pre-harvest cattle. In recent years, several regional studies
have evaluated Salmonella in pre-harvest cattle or their immediate environment [5,10-16].
Additionally, recent reports have noted higher levels of resistance in Salmonella serotypes that are
host-adapted to cattle such as Salmonella Dublin [17,18].

Some studies have evaluated AMR Salmonella and reported strong concordance between
antimicrobial resistance genes and phenotypic resistance [10,19,20], prompting subsequent studies to
assess AMR solely through genomic data [5,9,11-15,19,21]. Antimicrobial resistance gene prediction
has been used to monitor antimicrobial resistance dynamics in Salmonella at the state level [5,11,19].
For instance, Carroll et al. (2020, 2021), carried out two experiments that relied solely on AMR genes
to characterize Salmonella resistance for cattle in the state of New York [12,14]. These studies focused
on groups of Salmonella serotypes to monitor herd population health, as antimicrobial resistance
determinants are often serotype-associated [14]. Source tracking is also regularly applied in outbreak
investigations to trace an outbreak back to a source so the corresponding regulations can be enforced
to prevent future outbreaks [13,21]. More recently, the use of whole genome sequencing has been
expanded to explore the role of mobile genetic elements on the dissemination of antimicrobial
resistance genes to draw conclusions on resistance movement [5,15].

Knowledge gaps around antimicrobial resistance in Salmonella from cattle in Texas continue to
exist despite the available literature [16,22-25]. No study has compared antimicrobial resistance in
Salmonella from cattle between beef and dairy operations in Texas. Texas ranks the third largest in
beef exports at $1.57 billion and fourth in dairy exports at $704 million [26]. The health of Texas cattle
has nationwide implications for the resilience of the United States beef and dairy food supply chains.
To reduce the burden of salmonellosis in humans from food sources, a thorough understanding of
the ecology of Salmonella in Texas cattle is necessary. Therefore, this study aimed to evaluate the
distribution of antimicrobial resistance genes related to phenotypic resistance in Salmonella from beef
and dairy cattle operations and potential associations with cattle age, sex, breed, specimen type,
collection year, location, and Salmonella serotypes.

2. Results

2.1. Description of Salmonella Isolates

De novo genome assembly succeeded in 98 out of the 100 Salmonella isolates, which were used
for downstream bioinformatics and statistical analyses. The isolates originated from cattle operations
in Texas (n=51), New Mexico (n = 15), or Arizona (n = 1) over a three-year period: 2021 (n=35), 2022
(n=38), and 2023 (n=25). Salmonella was isolated from feces (n=77), the intestines (n=19), or the stomach
(n=2). Isolates originated from beef operations (n=71) and dairy operations (n=16). Additionally,
Salmonella was isolated from dairy (n=56) and beef breeds (n=8). Isolates from cattle of both sexes
were included, males (n=10) and females (n=47), across different age groups, neonatal (n=56) and not
neonatal (n=22). Instances of missing data were present, as is usual with diagnostic laboratories.

2.2. Nanopore Sequencing Bioinformatic Pipeline Performance

The long reads maintained an average quality score above Q20 for up to 20,000 bases. The GC
content ranged between 51.88% to 52.36% of the genome. Twenty-six isolates assembled into one
contig, 47 assembled in two or less, and 85 assembled in five or fewer. The mean NG50 and LG50 was
4,392,366.11 nucleotides and 1.05 contigs.

Medaka polishing improved the quality of the assemblies as measured by the BUSCO scores.
Prior to polishing the average complete, duplicated, fragmented, and missing BUSCO genes were
433.7, 1.46, 1.09, and 3.72 respectively. After polishing with Medaka the total number of complete
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BUSCO genes increased by 13 genes and missing or fragmented BUSCO genes decreased by three
and 10 genes, respectively.

2.3. Overall Distribution of Phenotypic Antimicrobial Resistance among Salmonella Isolates

Guidelines from the Clinical & Laboratory Standards Institute (CLSI) supplement VET01S [27]
for Salmonella restricted MIC interpretive standards to the following four antimicrobials (out of the
18 antimicrobials evaluated): ampicillin, gentamicin, tetracycline, and trimethoprim-
sulfamethoxazole. Out of the 98 isolates, the highest levels of phenotypic resistance for the
antimicrobials with CLSI breakpoints were observed in ampicillin and tetracycline, followed by
trimethoprim-sulfamethoxazole and gentamicin (Table 1). Tetracycline resistance was observed
amonyg all isolates of Salmonella Bredeney, Cerro, Dublin, Heidelberg, and Meleagridis with the same
being the case for ampicillin excluding Salmonella Meleagridis (Table 2). The results for core genome
multilocus sequencing typing (cgMLST) are illustrated in Figure 1.

Table 1. Antimicrobial susceptibility in Salmonella isolates from cattle in the Texas Panhandle for
antimicrobials with CLSI clinical cutoffs (n=98).

Antimicrobial Susceptible Intermediate Resistant
Ampicillin 39 (40) 1(1) 58 (59)
Gentamicin 94 (96) 1(1) 33)
Tetracycline 38 (39) 3(3) 57 (58)
Trimethoprim-sulfamethoxazole 82 (84) 0 (0) 16 (16)
Values within parentheses are percentages. Cutoffs from Clinical & Laboratory Standards Institute supplement
VETO01S [27].
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Figure 1. Minimum spanning tree of Enterobase sequence typing [28]. Each dot represents one of the
98 Salmonella isolates from cattle in the Texas Panhandle. The colors indicate the serotype classification
from SISTR [29] and the distance between circles summarize the number of allele sequence type
differences between isolates in the Salmonella cgMLST scheme.

Table 2. Antimicrobial resistance among Salmonella serotypes from cattle in the Texas Panhandle
(n=98 isolates)*.

. R . . Trimethoprim-
Serotype N Tetracycline  Ampicillin Gentamicin sulfamethoxazole
Montevideo 15 7 (47) 7 (47) 1(7) 2(13)
Typhimurium 12 8 (67) 9 (75) 0 10 (83)

Heidelberg 11 11 (100) 11 (100) 0 9 (82)
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Dublin 7 7 (100) 7 (100) 0 1(14)
Newport 7 2 (29) 2 (29) 0 0

Muenchen 6 4 (67) 4 (67) 0 1(17)

Muenster 6 3 (50) 2 (33) 0 1(17)
Cerro 4 4 (100) 4 (100) 0 0
Anatum 4 1(25) 1(25) 0 0
Litchfield 3 1(33) 1(33) 0 0
Cannstatt 3 1(33) 1(33) 1(33) 0
Infantis 3 0 0 0 0

Mbandaka 3 1(33) 1(33) 0 1(33)
Bredeney 2 2 (100) 2 (100) 0 0
Brandenburg 2 0 0 0 0
Kentucky 2 1 (50) 1 (50) 0 0
Meleagridis 2 2 (100) 1 (50) 1 (50) 0
Uganda 1 1 (100) 1 (100) 0 0
Cubana 1 1 (100) 1 (100) 0 0
Apapa 1 0 1 (100) 0 0
Altona 1 0 1 (100) 0 0
Algona 1 0 0 0 0
Bareilly 1 0 0 0 0

* For antimicrobials with clinical cutoffs from the Clinical & Laboratory Standards Institute (CLSI) supplement
VETO1S [27]; values within parentheses are percentages.

2.4. Antimicrobial Resistance Genes Detected in Salmonella Isolates

The Salmonella isolates harbored 14 classes of antimicrobial resistance genes (Figure 2).
Resistance genes followed serotype patterns. Salmonella Heidelberg carried the largest set of
antimicrobial classes. Trimethoprim resistance genes were only found in Salmonella Heidelberg, apart
from one Salmonella Typhimurium isolate. Fluoroquinolone, fosfomycin, and tetracycline resistance
genes were also most prevalent among Salmonella Heidelberg isolates.

Salmonella Dublin and Salmonella Heidelberg genomes shared many antimicrobial resistance
genes. Sulfonamide and phenicol resistance genes were identified in all genomes of those serotypes.
Both serotypes along with Typhimurium also carried an array of aminoglycoside resistance genes.
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Figure 2. Maximum likelihood phylogeny of 98 Salmonella isolated from cattle in the Texas Panhandle.
The colors in the phylogeny represent the six most common serotypes from SISTR [29]. The table
summarized the presence (black) or absence (white) of resistance for each isolate (row). Antimicrobial
resistance genes were grouped by resistance class which are represented by unique colors.

2.5. Mapping Antimicrobial Resistance Genes to Plasmids

Thirty genomes carried plasmids typically associated with antimicrobial resistance genes.
Several antimicrobial resistance genes were mapped to the same contigs as the plasmids (Table 3).
Among the 11 Salmonella Heidelberg genomes, all featured an IncA/C2 plasmid, six carried resistance
pattern two, two carried resistance pattern four, and the remaining three had similar sets of genes
with a few modifications (patterns one, three, and five) (Table 3). Additionally, a col440lI plasmid
with a gqnrB gene was found in addition to the IncA/C2 plasmid in four Salmonella Heidelberg
genomes, including two genomes with resistance pattern two, one with resistance pattern three, and
one with resistance pattern four. One of three Salmonella Cannstatt genomes was also found to contain
a col440I plasmid with the gnrB gene.

Two incompatibility groups characterized Salmonella Typhimurium isolates. Three genomes
contained an IncA/C2 plasmid with resistance pattern seven, while the remaining two isolates carried
resistance genes on an IncFIB plasmid, one with resistance pattern six and the other with resistance
pattern eight. The former also contained a colRNAI plasmid with the resistance genes aph(3”), aph(3’),
and blacrx-wm.
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Table 3. Antimicrobial resistance genes constituting resistance patterns for mobile genetic elements
in 98 Salmonella isolates from cattle in the Texas Panhandle.

Resistance pattern Serotype Plasmid replicon Antimicrobial resistance genes
ant(3”), aph(3”), aph(3’), aph(6), blasw,
blacee, blacwmy, blavar, dfrA, qacE,
gacEdeltal, sull, sul2, tet(A), tet(B),
tet(D), tet(O)

ant(3”), aph(3”), aph(3’), aph(6), blasw,
blace, blacmy, blavar, dfrA, floR, gacE,
gacEdeltal, sull, sul2, tet(A), tet(B),
tet(D), tet(O)

aac(6’), ant(2”), ant(3”), aph(3”), aph(3’),
aph(6), blasw, blacars, blacre, blacvn,

1 Heidelberg IncA/C2

2 Heidelberg IncA/C2

blacmy, blacrx-m, blawe, blavat, blavox,
blaoxa, blaves, blaviv, dfrA, floR, ges, gacE,
qacEdeltal, sull, sul2, tet32, tet(A), tet(B),
tet(D), tet(O), tet(W)
ant(3”), aph(3”), aph(6), blasw, blacre,
blacwmy, blavar, dfrA, floR, gacE,
qacEdeltal, sull, sul2, tet(A), tet(B),
tet(D), tet(O)
ant(3”), aph(3”), aph(6), blacre, blacmy,
5 Heidelberg IncA/C2 blavat, dfrA, floR, qacE, qacEdeltal, sull,
sul2, tet(A), tet(B), tet(D), tet(O)
ant(3”), aph(3”), aph(3’), blatem, cmlA,
6 Typhimurium IncFIB cmlB, dfrA, floR, qacF, gacL, sull, sul2,
sul2, tet(M)

3 Heidelberg IncA/C2

4 Heidelberg IncA/C2

Typhimurium aph(3”), avh(6), blasw, blacrk, blacmy,
7 prublin IneA/C2 bleEM, ﬂolz, sull, sul2, tet(A)
8 Typhimurium IncFIB ant(3”), InuF, qnr§, tet(M), tet(O), tet(S)
. aph(3”), aph(6), blasw, blacre, blacmy,
? Dublin IncA/C2 blavar, blatew, floR, sull, sul2, tet(A)
aph(3”), aph(3’), aph(6), blasw, blacre,
10 Dublin IncA/C2 blacwmy, blavat, blatem, floR, sull, sul2,
tet(A)
L aac(3), ant(3”), aph(3”), aph(3’), gacE,
1 Meleagridis IncHI2 gacEdeltal, rmtl—fsull, surl)2, tet(jl)
1 Bredeney IncA/C2 aph(3”), aph(3’), aph(6), blasw, blacre,
Anatum IncR blacwmy, blavar, floR, sull, sul2, tet(A)
ant(3”), aph(3”), aph(3’), blacrx-m, blarem,
13 Uganda IncHI2 InuF, mphA, qacE, qacEdeltal, qacG, sull,

sul2, sul2l, tet(A), tet(M), tet(S)

The IncA/C2 plasmid was responsible for all three resistance patterns detected in Salmonella
Dublin isolates. Three isolates had resistance pattern 10, two had resistance pattern nine and two had
resistance pattern seven. One of two Salmonella Bredeney genomes also carried an IncA/C2 plasmid
with resistance pattern 12.

Both Salmonella Meleagridis genomes carried resistance plasmids. One carried a colRNAI
plasmid with the resistance genes aph(3”), aph(3’), and blacrxm, while the other had an IncHI2 plasmid
with resistance pattern 11. A Salmonella Uganda isolate was also found to contain an IncHI2 plasmid
with resistance pattern 13. Two Salmonella Anatum isolates carried resistance plasmids. One genome
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included an IncR plasmid with resistance pattern 12, and the other carried a colRNAI plasmid with
aph(3”), aph(3’).

2.6. Antimicrobial Resistance Genes Significantly Associated with Serotypes

This study identified a total of 23 serotypes in silico, however, only four were statistically
significantly associated with antimicrobial resistance genes. Table 4 highlights the genes statistically
significantly associated with serotypes. Salmonella Heidelberg carried the largest set of antimicrobial
resistance genes, with 12 out of 14 genes exhibiting complete separability (the gene predicted the
phenotype perfectly). Among the statistically significant genes, 70% belonged to genes encoding for
resistance against aminoglycosides, sulfonamides, or tetracyclines. Salmonella Dublin was the second
most significant reservoir for antimicrobial resistance genes. In addition to sharing six genes with
Salmonella Heidelberg, the odds of carrying aph(3’) was 33.4 times higher among Salmonella Dublin
isolates compared to all other serotypes (P =0.01).

2.7. Antimicrobial Resistance Genes Associated with Salmonella Isolates from Beef and Dairy Operations

The findings for the Scoary analysis for genes significantly associated with beef or dairy
operations are shown in Figure 3. Among the 12 statistically significant genes, 11 exhibited stronger
associations with Salmonella isolates from beef operations. The gnrB gene had the strongest
association (P = 0.014). The odds of carrying the gene were 23.3 times higher in Salmonella isolates
from beef operations than dairy.

Genes encoding for resistance against aminoglycosides emerged as the most prevalent class of
antimicrobial resistance genes found in Salmonella isolates from beef operations. The odds for
carrying aminoglycoside resistance genes were 9.1 times higher for ant(3”), 4.6 times higher for
aph(3”), and 4.1 times higher with aph(6) in Salmonella isolates from beef operations compared to dairy
(P=10.009, 0.028, and 0.042, respectively).

Two sulfonamide resistance genes exhibited statistical associations with beef operations. The
odds ratio of carrying sull (OR=8.4, P =0.009) was twice the odds ratio of carrying sul2 (4.1, P = 0.042)
in beef operations compared with dairy operations. Given trimethoprim is typically administered in
conjunction with sulfonamides to treat salmonellosis, the odds of harboring dfrA were 10.3 times
higher in Salmonella isolates from cattle on beef operations (P = 0.009) compared to dairy operations.

Multiple tetracycline resistance genes were statistically significantly associated with beef
operations. The odds of carrying tet(B) were 9.1 times higher in Salmonella isolates from cattle on beef
operations (P = 0.009) and the odds of carrying tet(D) or tet(O) were 7.9 times higher (P = 0.014). The
gene ramA was the only gene with a statistically significant association with dairy operations. The
odds of carrying ramA were 92.7% higher in Salmonella isolates from cattle on dairy operation than
beef operations (P = 0.009).

Given the nature of penalized logistic regression, Pyseer analysis yielded a truncated set of genes
associated with cattle operations (Figure 4). Among these, two genes were statistically significant.
Notably, the odds of originating in a beef operation were 3.2 times higher in Salmonella isolates
carrying qnrB compared to isolates without the gene (P = 0.045). By contrast, the odds of originating
in a dairy operation were 6% higher in Salmonella isolates carrying tet(A) (P = 0.0007).

Table 4. Antimicrobial resistance genes associated with Salmonella serotypes in Texas Panhandle

cattle.
Salmonella serotype ARGs Odds ratio*
aph(3”) Inf
aph(6) Inf
. aph(3’) 33.4
Dublin blacmy Inf
floR Inf

sul2 Inf
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tet(A) Inf
ant(3”) Inf
aph(3”) Inf
aph(6) Inf
blacwmy Inf
dfrA Inf
floR 56.9
. fosA Inf
Heidelberg qnrB 491
sull Inf
sul? Inf
tet(A) Inf
tet(B) Inf
tet(D) Inf
tet(O) Inf
Meleagridis aac(2’) Inf
Montevideo ramA Inf

ARGs: antimicrobial resistance genes; Inf indicates completely separable serotype-genotype associations; *Odds
ratios are main effects ORs and were adjusted for population structure and multiple comparisons (Benjamini-
Hochberg).

2.8. Association between Antimicrobial Resistance Genes and Antimicrobial Susceptibility Testing

Pyseer detected associations between antimicrobial resistance genes and antimicrobial
susceptibility results (Figure 5). The phenotypic resistance to 10 out of 18 antimicrobials had
significant associations with resistance genes. For five antimicrobials a significant association
between the phenotypic resistance and the corresponding antimicrobial resistance gene was
observed.

Phenotypic resistance to neomycin had the most biologically relevant significant associations
with antimicrobial resistance genes. Two aminoglycoside resistance mechanisms were identified.
One aminoglycoside O-nucleotidyltransferase was statistically significant (P = 0.0469). The MIC of
neomycin was 1.6 units higher in Salmonella isolates carrying ant(3”) than isolates not carrying the
gene. Two aminoglycoside O-phosphotransferase genes also had associations with neomycin. The
MICs of neomycin was 2.1 or 6.8 units higher for Salmonella isolates carrying aph(3”) or aph(3’) than
isolates not carrying either gene (P = 0.0036 and 0.0066, respectively).

Ceftiofur was the only antimicrobial with a statistically significant positive and negative
association. The MIC for ceftiofur was 0.6 units higher in isolates carrying blacmy, but 0.4 units lower
in isolates carrying yogi compared to isolates not carrying either gene (P = 0.0357 and 0.0388,
respectively).

Single antimicrobial resistance genes drove resistance against three antimicrobials. The MIC for
florfenicol was 0.6 units higher in Salmonella isolates carrying floR than isolates not carrying the gene
(P =0.00327). The MIC for spectinomycin was 3.8 units higher in Salmonella isolates carrying ant(3”)
than isolates not carrying the gene (P = 0.0365). The odds of being resistant to tetracycline were 95%
higher among Salmonella isolates carrying tet(A) compared to isolates not carrying tet(A) (P =
0.002910).

Scoary detected biologically relevant associations with phenotypic resistance in three of the four
antimicrobials with an MIC interpretation (Table 5). Tetracycline had the largest number of genes.
The tet(A), tet(B), tet(D), and tet(O) genes all showed complete separability for isolates classified as
resistant. The blacmy gene was also found to have complete separability with the ampicillin resistance
phenotype.

Three genes were statistically significantly associated with resistance to trimethoprim-
sulfamethoxazole. One gene confers resistance to trimethoprim. The odds of carrying dfrA was 33.9
times higher among Salmonella isolates resistant to trimethoprim-sulfamethoxazole (P < 0.0001). Two
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genes that confer resistance to sulfamethoxazole were also statistically significant. The odds of
carrying sull or sul2 were 25.1 and 9.8 times higher among Salmonella isolates resistant to
trimethoprim-sulfamethoxazole (P < 0.0001 and 0.0004, respectively).
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Figure 3. Antimicrobial resistance genes present in 98 Salmonella isolates from Texas Panhandle cattle
associated with beef or dairy operations (Scoary analysis). Log Odds Ratios are main effects log ORs
and were adjusted for population structure and multiple comparison (Benjamini-Hochberg).
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Figure 5. Antimicrobial resistance genes in 98 Salmonella isolates from Texas Panhandle cattle
associated with phenotypic antimicrobial resistance. The effect sizes represent the coefficients (log
Odds Ratios) adjusted for overfitting, lineage effects, and other antimicrobial resistance genes in the
model.

2.9. Miscellaneous Associations

Pyseer also found associations between antimicrobial resistance genes and the remaining
phenotypes. The gene tet(B) was the only one with geographical associations. The odds of originating
from New Mexico (versus Texas or Arizona) were 1.9 times higher in Salmonella isolates carrying
tet(B) compared to those without the gene (P = 0.0499); additionally, the odds of originating in Texas
(versus New Mexico or Arizona) were 4.5 times lower in Salmonella isolates carrying tet(B) compared
to the isolates without the gene (P = 0.0466). Cattle sex was also linked to antimicrobial resistance
genes. The odds of a cattle being male were 28.2 times higher in Salmonella isolates carrying fosA
compared to isolates without the gene (P = 0.0482), while the odds of cattle being female were 5.3
times higher in Salmonella isolates carrying ampH compared to isolates not carrying the gene (P =
0.00912). Three genes had negative associations with Salmonella isolates collected in 2022. The odds
of isolates being collected in 2022 (versus in 2021 or 2023) were 74%, 12%, and 75% lower in Salmonella
isolates carrying aph(6), floR, and sul2, respectively, than in isolates without those genes (P = 0.0081,
0.0307, and 0.0081, respectively).

3. Discussion

This study aimed to identify antimicrobial resistance genes in Salmonella from cattle residing in
the Texas Panhandle region. The results of this study highlighted the differences in the prevalence of
antimicrobial resistance genes in Salmonella between beef and dairy operations and serotypes.
Salmonella isolated from cattle in beef operations had more antimicrobial resistance genes. Salmonella
Heidelberg, followed by Salmonella Dublin, harbored the most antimicrobial resistant genes.
Additionally, specific classes of antimicrobial resistance genes were only present within mobile
genetic elements.

Several studies have reported strong concordance between antimicrobial resistance genes and
resistance phenotypes in the past [10,19,20,30]. For example, Carroll et al. (2017), reported a prediction
sensitivity of 97.2% and a specificity of 85.2% [10]. However, the statistical methods employed by
these studies fail to adjust for common confounders in bacterial genome-wide association studies
such as population structure [31,32]. Our study correctly predicted five antimicrobials resistance
determinants (against ceftiofur, florfenicol, neomycin, spectinomycin, and tetracycline). We attribute
these differences to our more robust statistical approach and the performance of the bioinformatics
pipeline. The presence or absence of a resistance gene is not the sole indicator of resistance. Enzyme
activation, target modification, gene expression regulation, or cell wall configuration changes also
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influence phenotypic resistance [20,33]. Antimicrobial resistance is a multifactorial problem
involving management practices, mineral deficiency, in addition to transmission of antimicrobial
resistant bacteria [34-38].

Salmonella isolates carrying IncA/C2 plasmids often originate from cattle sources [9,39]. The rise
of multidrug-resistant Salmonella in 2010 coincided with the emergence of IncA/C2 plasmids [40,41].
In this study, IncA/C2 plasmids were responsible for conferring resistance in most (22 of 30) isolates
for all antimicrobial resistance genes that predicted the correct corresponding antimicrobial
resistance phenotype. This is not surprising as antimicrobial resistance stemming from IncA/C2 has
been often reported in Salmonella [19,42—44].

A quinolone gene was only present on col440I plasmids. Plasmid-mediated quinolone resistance
(PMQR) is well characterized in Salmonella. Col plasmids often carry PMQR genes that mediate
reduced susceptibility to quinolones in Enterobacteriaceae, but they do not typically manifest into
resistance [45-48]. While identifying point mutations were beyond the scope of this study, resistance
is not achieved without point mutations in the quinolone resistance determining region of parC or
gyrA [9,10,16,19,49-51]. Additional point mutations lead to higher levels of phenotypic resistance
[41,52,53].

Salmonella serotypes often follow particular antimicrobial resistance patterns, and many factors
can be associated with their prevalence and distribution. A study by Levent et al. (2019), found that
pen was the most important factor contributing to the prevalence of specific serotypes in cattle herds
[22]. Given our study acquired isolates through convenience sampling, they did not originate from
the same operation and therefore we cannot evaluate the pen effect. However, we similarly observed
that antimicrobial resistance patterns were associated with specific serotypes. Salmonella Dublin and
Salmonella Heidelberg harbored the most antimicrobial resistance genes. Both serotypes are of high
concern because they are responsible for the third (0.31) and fourth (0.27) highest hospitalization to
illness ratios among non-typhoidal Salmonella infections [54]. The rise of multidrug-resistant
Salmonella Dublin, the most prominent serotype found in clinical cases from cattle, has been
documented to have arisen from the emergence of IncA/C2 plasmids [17,33,41,55,56]. Our study only
detected Salmonella Dublin from dairy operations and Salmonella Dublin has been reported to have
increasing prevalence in dairy facilities [17]. Interestingly, we did not find genotypic multidrug
resistance in either Salmonella Cerro or Salmonells Montevideo, which represent over 27% of
Salmonella isolates in bovine cases [41]. Pan-susceptibility from Salmonella Cerro and Salmonella
Montevideo is consistent with existing literature on cattle [57-59].

In recent decades, Salmonella Heidelberg has broadened its resistance profile, leading to
increased hospitalizations in people [13]. The relationship between elevated virulence and co-
selection with antimicrobial resistance may be responsible for the virulence factors and antimicrobial
resistance genes consistently expressed by this serotype [13,41,60,61]. In our study, Salmonella
Heidelberg was identified in cattle on both beef and dairy cattle operations. The multidrug resistant
phenotype in this serotype is commonly associated with dairy beef calves [62].

Salmonella Infantis is well known for exhibiting multidrug resistance in poultry [63]. In our
study, low levels of antimicrobial resistance were found in the three Salmonella Infantis isolates, also
consistent with existing literature [64,65].

Host age is a major contributing factor to the prevalence of antimicrobial resistance in Salmonella.
Bacteria recovered from dairy calves often exhibit higher levels of antimicrobial resistance than
bacteria from adults in part due to early exposure to antimicrobials as prevention measures against
diseases [34-36,66-69]. Administration of antimicrobials is limited during lactation to prevent
antimicrobial residues from contaminating milk, leading to lower level of antimicrobial resistance
genes in Salmonella from adult dairy cows [70,71]. However, cows in dry off are often administered
antimicrobials to manage mastitis and protect the performance of future lactation cycles [72,73].

Hille et al. (2017), found less rigorous practices led to lower prevalence of antimicrobial resistant
bacteria in beef operations, which Tello et al. (2020), claims is due to lower stress and infection
pressure [70,74]. Similar to dairy practices, antimicrobials are also used sparingly in beef cattle
approaching slaughter because if antimicrobials are administered close to slaughter, additional
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resources are required to support an extended withdrawal period to prevent antimicrobial residues
in the meat [75]. We did not find any significant associations between antimicrobial resistance genes
and the age of cattle. We attribute this lack of association to sparsity of the metadata. Cattle could
only be dichotomized based on neonatal status (age < Imonth) and even then 20% of samples were
excluded due to missing data.

Recent studies have reported differentially abundant antimicrobial resistance genes in the
resistomes of beef compared to dairy cattle. Rovira et al. (2019), reported beef cattle feces had more
relatively abundant antimicrobial resistance genes than dairy cattle feces, but relative abundance
differed by resistance class. Beef cattle resistomes featured a higher relative abundance of genes
conferring resistance to tetracycline and macrolides, but dairy cattle resistomes had higher relative
abundance of beta-lactamases [76]. Wang et al. (2021), also found beef cattle gut samples carried more
antimicrobial resistance genes than dairy. Beef cattle resistomes had a higher relative abundance of
macrolides, beta-lactamases, and multidrug resistance genes and dairy cattle resistomes had more
quinolone and aminoglycoside resistance genes [77]. While the resistome of cattle feces was not the
focus of this study, we also observed that Salmonella isolates from beef operations showed
disproportionally more associations with antimicrobial resistance genes than those from dairy
operations with both statistical approaches. However, associations with Salmonella from beef and
dairy operations could have been confounded by age, considering most isolates from beef operations
did not have a reported age (9/16), and three out of the seven isolates with age information were from
calves under one month old.

This study contributes to federal food safety initiatives to reduce Salmonella in the beef industry
continuum, particularly in the pre-harvest stage, which is underrepresented relative to poultry or
swine in research. However, this study does have limitations. The isolates from this study originated
from sample submissions positive for Salmonella. Consequently, there may be selection bias because
no isolates from healthy hosts were included. Since it was a convenience sampling, it is difficult to
generalize findings to the cattle populations of the Texas Panhandle cattle. Additionally, the sample
size was small, and the diversity of the isolates was constrained to what clients submitted to the Texas
A&M Veterinary Medical Diagnostic Laboratory, leading to a disproportional number of isolates
from dairy operations. Many samples also were not submitted with complete descriptions of the
sample’s origin because the level of detail for the metadata was at the will of the client, creating
instances of missing data. We could not determine whether the submissions were related to clinical
salmonellosis cases. The search for antimicrobial resistance genes was conducted with a minimum
percent identity and coverage of 80%, which may have influenced the detection of some antimicrobial
resistance genes not commonly reported in Salmonella. However, 42% of genes had a coverage of
100% and an identity of 90%. Future studies should adopt probabilistic sampling approaches that
include a representative sampling of all stages of pre-harvested beef and dairy production to gain a
deeper understanding of the ecology of Salmonella from cattle in Texas.

4. Materials and Methods

4.1. Isolate Selection and Antimicrobial Susceptibility Testing

A total of 100 Salmonella isolates that were recovered from different bovine enteric samples
(intestinal tissues, feces or fecal swabs) were used in this study. All specimens were obtained from
clinically ill cattle and submitted to the Texas A&M Veterinary Medical Diagnostic Laboratory at
Canyon, TX (TVMDL-Canyon) for culture. Submissions ranged between the years 2021 (n=36), 2022
(n=38), and 2023 (n=26). Isolation procedures, biochemical characterization, and detection of different
Salmonella isolates were performed utilizing well-established morphological and biochemical
identification methods for Salmonella at the TVMDL-Canyon [78-80]. Antimicrobial susceptibility
testing for all 100 isolates was performed using broth microdilution MIC plate method (Sensititre™
Vet Bovine BOPOYF Plate; ThermoFisher, Waltham, United States), following the manufacturer’s
instructions [81,82] at the TVMDL-Canyon. Antimicrobial resistance patterns (phenotypes) for
Salmonella isolates were determined by the BIOMIC V3 (Giles Scientific, Santa Barbara, United States)
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instrument employing the most recently published CLSI breakpoints for accurate analysis [27,83,84].
Frozen Salmonella isolates were transferred to the Texas A&M Veterinary Education, Research, &
Outreach (VERO) Research Laboratory (Canyon, Texas) for bacterial DNA extraction and whole
genome sequencing.

4.2. Bacteriological Culture

Salmonella isolates underwent a series of microbiological culture steps to confirm the identity of
Salmonella and assess the purity of the isolates. Isolates were inoculated in Brain Heart Infusion (BHI)
broth (Becton Dickinson, Franklin Lakes, United States) and incubated for 24 hours at 37°C under
aerobic conditions. If bacterial growth was evidenced via turbidity, an aliquot was subcultured onto
Xylose-Lysine-Tergitol 4 (XLT4) (Hardy Diagnostics, Santa Maria, United States) and MacConkey
(Hardy Diagnostics) agar plates, and incubated for 24 hours at 37°C under aerobic conditions to
confirm the presence of Salmonella. Isolates with Salmonella-like colonies (black colonies on XLT4 and
pale colonies on MacConkey agar plates) were subcultured to assess their purity, picking one colony
from the XLT4 plate and streaking it onto a Columbia blood agar plate (Hardy Diagnostics) with 24-
hour incubation at 37 °C under aerobic conditions. One colony per isolate was inoculated from
Columbia blood agar plate into BHI broth and incubated for 24 hours at 37°C under aerobiosis before
DNA extraction.

4.3. DNA Extraction

Each pure Salmonella isolate in BHI broth was centrifuged in 1.5 mL vials at 10,000 g for 1 minute
at 4°C in two consecutive rounds (using 1mL and 0.5 mL of BHI broth, respectively) to pellet the
bacterial cells before extracting the DNA. DNA was extracted using the DNeasy Ultraclean Microbial
Kit on a QIAcube Connect RNA/DNA extraction instrument (Qiagen, Hilden, Germany) using the
manufacturer’s instructions. The heat treatment (65°C for 10 minutes) was chosen instead of the bead
beating step as recommended by the manufacturer to reduce DNA shearing.

4.4. Whole Genome Sequencing

The extracted DNA (800-1000 ng per isolate) was sheared using g-TUBES (Covaris, Woborn,
United States) to obtain an expected fragment length of 8kbp, following manufacturer’s instructions.
The sheared DNA (in 150 pL of low EDTA TE buffer) was cleaned using AMPure XP beads (Beckman
Coulter, Brea, United States) at a ratio of 0.4X and eluted in 14 uL of molecular grade water (Corning,
Corning, United States). The sheared DNA was assessed via visualization of the electropherogram in
a genomic ScreenTape (Agilent, Santa Clara, United States) and its concentration and quality were
evaluated using a NanoDrop Eight (ThermoFisher, Waltham, United States). DNA libraries were
prepared using ONT Native Barcoding Kit V14 (SQK-NBD114-24; ONT, Oxford, United Kingdom),
multiplexing 24 Salmonella isolates per DNA library. Three extraction blanks were also processed for
sequencing to assess the presence of background DNA. Sequencing was performed on a MinION
MKk1C (ONT) device with a flow cell version 10.4.1 at a speed of 260 bases per second for 72 hours,
using the Fast model (MinKNOW version 22.10.7, Guppy version 6.3.9) due to the constraints in the
computational resources of the device. After the sequencing run, the corresponding FASTS5 files were
base called again with the Super Accurate Model (standalone Guppy version 6.5.7) on a dedicated
workstation for downstream analysis.

4.5. Bioinformatics and Statistical Analysis

The read quality was accessed with LongQC (version 1.2.0) [85], and long reads were assembled
using Flye (version 2.9.1) [86]. In those cases where Flye failed to assemble the Salmonella genome,
Canu (version 2.2) [87] was used. Genomes were first polished with Medaka (version 1.7.2) [88],
followed by a second round of polishing with Homopolish (version 0.4.1) [89]. Afterward, QUAST
(version 5.0.2) [90] and BUSCO (version 5.1.2) [91] were employed to evaluate the structure and
biological relevancy of the assemblies using serotype-specific references from NCBI, matching the
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serotype classification of the isolates obtained in silico with the Salmonella In Silico Typing Resource
(SISTR, version 1.1.2) [29]. Salmonella isolates having assemblies with coverages below 60X were re-
extracted and re-sequenced to obtain higher coverage.

The phylogenetic relationship between isolates was assessed with two methods. Samples were
sequenced typed using the Enterobase Salmonella cgMLST scheme (version 1.2.0) [28] according to
allele variant matching with 100% identity to the housekeeping sequences. Additionally, a SNP-based
maximum likelihood phylogeny was generated using Snippy (version 4.6.0) [92] and Molecular
Evolutionary Genetics Analysis (MEGA) 11 with the Tamura-Nei substitution model and the
Nearest-Neighbor-Interchange maximum likelihood heuristic method [93]. ABRicate (release FOFN
MOTD 80 80) [94] was employed to search for antimicrobial resistance genes with the MEGARes
database (version 2.00) [95]. The genes detected by ABRicate were evaluated against the available
metadata (sample type, cattle operation, cattle breed, age, sample origin, and collection year) and
antimicrobial susceptibility profiles (ampicillin, ceftiofur, clindamycin, danofloxacin, enrofloxacin,
florfenicol, gamithromycin, gentamicin, neomycin, penicillin G, spectinomycin, sulfadimethoxime,
tetracycline, tildipirosin, tilmicosin, trimethoprim-sulfamethoxazole, tulathromycin, and tylosin).

The associations between the antimicrobial resistance genes and the metadata were evaluated
with two statistical approaches. Scoary (version 1.6.16) [96] was utilized to detect associations
between individual genes with each variable in the metadata using a Fisher’s exact test, while
controlling the false discovery rate with the Benjamini-Hochberg method according to a p-value
cutoff of 0.05 and adjusting for the population structure from the maximum likelihood phylogeny
described above. An elastic net logistic regression in Pyseer (version 1.3.11) [97] was also applied to
assess the independent associations between the genetic determinants and each outcome, adjusting
for the population structure. Isolates with intermediate resistance were reassigned as susceptible for
the analysis. The MICs of the antimicrobials without CLSI breakpoints were assessed with elastic net
linear regression, also in Pyseer.

Bandage was used to annotate and map antimicrobial resistance genes and plasmid sequences
(from ABRicate with the MEGARes and PlasmidFinder databases, respectively) to Flye and Canu
assemblies [98]. In Bandage, BLAST hits were restricted to hits with a query identity and coverage
above 80%. In cases where more than one plasmid mapped to a contig, the plasmid sequence with
the highest identity and coverage was selected as the consensus [99].

5. Conclusion

This study summarizes antimicrobial resistance genes found in 98 Salmonella isolates from cattle
residing in the Texas Panhandle. Antimicrobial resistance genes did not explain all antimicrobial
resistance phenotypes. Some antimicrobial resistance genes were present in mobile genetic elements.
A few serotypes displayed multidrug resistance and antimicrobial resistance gene profiles differed
in beef operations compared to dairy operations. Based on this study mitigation strategies for
multidrug resistant Salmonella should continue to be developed for the beef industry to help curb the
rising antimicrobial resistance trends.
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