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Abstract

Salmonella Dublin is a serovar that causes severe infections and cattle. Despite the impor-
tance of this agent, research on achieving its elimination from dairy farms is limited, which
complicates risk mitigation and control efforts. This study thus aimed to assess the preva-
lence of S. Dublin on a farm with a history of outbreaks, to understand the dynamics of the
infection, characterize the antimicrobial resistance of the isolates, and evaluate their genetic
similarity. Multiparous cows in the postpartum phase are nearly five times more likely to
shed Salmonella sp. A total of 39 cases of fatal septicemic salmonellosis caused by S. Dub-
lin were confirmed in calves aged 3—5 months. Antimicrobial susceptibility was evaluated in
45 strains of S. Dublin, with 48.9% of the isolates classified as multidrug resistant, including
resistance to penicillin (48.9%), tetracyclines (42.2%), and fluoroquinolones (33.3%). Seven
multidrug-resistant isolates were selected for genomic sequencing. Among the resistance
determinants identified, a mutation in the gyrA gene, present in all sequenced isolates, was
notable. Analyses of cgMLST and SNPs revealed that the isolates from healthy animals
were closely related to those found in animals with confirmed cases of S. Dublin, confirming
that the agent was circulating among healthy animals across various categories. A high sim-
ilarity was also found between the isolates in this study and strains causing salmonellosis in
humans in Brazil, thus reinforcing the zoonotic nature and possible epidemiological link
between cattle, and the occurrence of this disease in humans.

Introduction

Among the more than 2,500 serovars of Salmonella, Salmonella Dublin stands out for its asso-
ciation with enteric, respiratory, septicemic, and reproductive disorders in cattle, resulting
considerable economic losses [1-3]. Salmanellosis affects herds worldwide, while its control is
complicated by the adaptation of S. Dublin to the bovine host, including the presence of
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chronic carriers that shed the agent into the environment through the feces, milk, and colos-
trum [4-7].

In addition to its importance in cattle, S. Dublin is a leading cause of severe invasive salmo-
nellosis in humans, with a high mortality rate among in patients with underlying chronic dis-
eases [8-11]. Recent studies in Brazil have indicated a strong molecular similarity between S.
Dublin isolates from animals and those from infected humans, reinforcing the hypothesized
epidemiological link between salmonellosis in cattle and humans [12, 13].

The increasing antimicrobial resistance of Salmonella spp. isolates has heightened the chal-
lenge of treating both animals and humans [5, 11, 14]. Studies have indicated an increase in
multidrug-resistant S. Dublin isolates with decreased susceptibility to quinolones and third-
generation cephalosporins, which are important antimicrobial classes for the treatment of
severe Salmonella spp. infections in humans [10].

Despite the importance of S. Dublin in cattle and as a cause of infection in humans, studies
assessing the prevalence and dynamics of this serovar in herds remain scarce [12, 15-17]. Fur-
ther, little is known about the epidemiology of S. Dublin in carrier cattle, particularly among
herds with clinical cases of the disease. Thus, the present study aimed to evaluate the preva-
lence of S. Dublin on a farm with a history of salmonellosis, to understand the infection
dynamics, characterize the antimicrobial resistance of the isolates, and assess their genetic
similarity.

Material and methods
Farm and animals

This study was conducted using samples collected on a dairy farm located in the central-west
region of Brazil that ranked among the top ten milk producers in the country. The herd com-
prised Holstein cattle, with an average daily milk production of 29,000 liters, collected from
approximately 900 lactating animals, each milked three times a day. Calves were housed in
raised cages with slotted floors and fed discarded milk. During the rearing phase, the animals
were moved to paddocks in a non-rotational system. Adult animals remained in a free-stall
confinement system.

The farm in question was chosen for the study because it had reported cases of S. Dublin in
the six months preceding the study. The cases were concentrated in animals aged 91 and 150
days and were characterized by lethargy, respiratory distress, jaundice, fever, and nearly 100%
mortality. Upon necropsy, the affected animals commonly showed hepatomegaly, splenomeg-
aly, and marked pulmonary congestion, as well as signs of sepsis. The diagnosis was repeatedly
confirmed by isolating the bacteria from the extraintestinal organs of the affected animals and
serotyping [18]. This study was approved by the Ethics Committee on Animal Use of the Fed-
eral University of Minas Gerais (protocol 176/2019). All procedures were carried out following
the signing of an Informed Consent Form.

Prevalence of Salmonella spp. in dairy herds (S1)

To compare the shedding of S. Dublin across different farm categories, a cross-sectional study
was conducted using samples from various categories. The sample size was determined based
on the population size of the farm, an estimated prevalence rate of 5%, and a 95% confidence
interval [19]. Samples were collected from the following categories: calves (0-90 days,

n = 173), rearing (91-150 days, n = 71), prepartum (animals <30 days before the expected
calving date; primiparous, n = 28; and multiparous, n = 34), postpartum (animals 1-30 days
postpartum; primiparous, n = 22; and multiparous, n = 33), and lactation (primiparous,
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Fig 1. Graphical representation of the fecal sampling scheme in all of the animal categories evaluated, including the numbers of animals sampled in the
cross-sectional study (S1).

https://doi.org/10.1371/journal.pone.0318007.g001

n = 193; and multiparous, n = 205). Each animal was sampled three times, at 48-hour intervals,
yielding a total of 2,277 samples from 759 animals (Fig 1).

Prevalence of Salmonella spp. in cows in the peripartum period (S2)

After the first phase (S1), a longitudinal study was conducted, focusing on heifers and cows
during the peripartum period. Only females without any evident clinical disease in the third
trimester of gestation (approximately 255 days of gestation), according to the artificial insemi-
nation records on the farm, were included. A total of 39 heifers and 54 multiparous Holstein
cows were monitored over 90 days. During this period, fecal samples were collected at 15 dif-
ferent time points, totaling 1,395 fecal samples (Fig 2). Colostrum and vaginal secretion sam-
ples were collected from all animals at the time of calving.

Animals with symptoms suggestive of salmonellosis

Throughout the two experiments (S1 and S2), all animals that died on the farm with clinical
signs suggestive of salmonellosis (n = 40) were subjected to postmortem examinations to
investigate Salmonella spp. in the intestinal and biliary contents, cavity fluids (when ascites
and hydrothorax were present), lungs, and lymph nodes.

Isolation and characterization of Salmonella spp.

To minimize the impact of sample collection and processing time, all primary isolation steps
were carried out in a laboratory setup on the farm itself. To detect Salmonella spp., fecal
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Fig 2. Graphical representation of the fecal sampling scheme in the longitudinal study (S2), focusing specifically on animals in the peripartum period.

https://doi.org/10.1371/journal.pone.0318007.9002

samples or swabs from extraintestinal organs were inoculated in Rappaport Vassiliadis broth
(Merck, Germany), and incubated at 37°C. After 24 hours, the samples were plated on Hek-
toen Enteric Agar (Acumedia, USA), and incubated at 37°C. Following confirmation of the
isolation, suspected strains were stored at -20°C in BHI broth supplemented with 20% glycerol,
and sent to the Anaerobic Laboratory of the School of Veterinary Medicine at the Federal Uni-
versity of Minas Gerais for identity confirmation. The isolates were subjected to DNA extrac-
tion [20], followed by species-specific PCR to confirm the Salmonella genus [21]. Samples with
confirmed identities were subjected to serotyping, according to the White-Kauffmann-Le
Minor scheme [18].

Antimicrobial susceptibility testing

The antimicrobial susceptibility of the isolates was tested using the agar disk diffusion method,
as previously described by the Clinical and Laboratory Standards Institute [22]. In total, 15
antimicrobials were tested, representing 12 classes: amikacin (30 pg), amoxicillin/clavulanic
acid (30 pg), ampicillin (10 pg), azithromycin (15 pg), cephalothin (30 pg), ciprofloxacin

(5 ug), chloramphenicol (30 pg), colistin (10 ug), ceftriaxone (30 pg), fosfomycin (200 pg), gen-
tamicin (10 pug), meropenem (30 pg), nitrofurantoin (300 pg), sulfamethoxazole/trimethoprim
(25 ug), tetracycline (30 ug). Escherichia coli ATCC®) 25922 was used as a control. Salmonella
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isolates resistant to three or more classes of antibiotics were considered multidrug-resistant.
(MDR) [23].

Whole genome sequencing and comparative genomics

Seven Salmonella Dublin strains (15%) were subjected to whole-genome sequencing. Two
strains isolated from feces, one from colostrum, and four from necropsied animals (three from
lungs and one from biliary contents) were selected at random (Table A in S1 File). The strains
were incubated on Mueller-Hinton agar at 37°C for 24 h. Genomic DNA was extracted using
the Wizard Genomic DNA Purification (Promega, USA). Genome sequencing was performed
using the Illumina HiSeq platform (mid-out 2 x 150 bp cycles), while the raw data were ana-
lyzed using FastQC (Babraham Bioinformatics, Cambridge, England), retaining only paired
reads with Phred quality of 30 or higher and a minimal size of 50 nucleotides.

The assembly was performed using SPAdes 3.5.0 in the careful mode [24]. GAP filling and
polishing were performed using a Pilon [25]. ResFinder 4.1 [26-28] and PlasmidFinder 2.1
[29, 30] were applied to identify the determinants of acquired antimicrobial resistance and
conjugative plasmid replicons, respectively. MLST 2.0 was used to determine sequencing types
from these genome sequences [26, 27, 31].

The contigs were subjected to SNP analysis using CSIPhylogeny [32], with a minimal Z-
score of 1.96 and a minimal depth at the SNP position of 10x. Strain 8814, isolated from bile
content in the present study (accession number SAMN42384890), was used as a reference in
the SNP analysis. Strains of S. Dublin isolated from animals and humans in Brazil between
2003 and 2016 were obtained from the Bacterial and Viral Bioinformatics Resource Center
(BV-BRC) (https://www.bv-brc.org/) and previous studies [12] (Table B in S1 File). All trees
were generated using iTOL online, with a midpoint rooting [33].

Statistical analysis

Data analyses were performed using R software version 3.6.1 [34]. Differences in prevalence
between groups were tested using logistic regression. Differences between groups were evalu-
ated using multiple pairwise comparison tests (pairwise) with Tukey’s correction. The associa-
tion between two categorical variables was assessed using the Fisher’s exact test.

Results
Prevalence of Salmonella spp. in the herd (S1)

To characterize and evaluate the prevalence of Salmonella spp. in the different categories of
dairy herds, three fecal collections were performed from 759 animals with an interval of 48
hours, totaling 2,277 samples (S1). In this cohort, 38 samples from 26 cattle (3.4%) tested posi-
tive for Salmonella spp. (culture followed by PCR). Age-linked prevalence rates varying from
1.1% in animals up to 60 days of age to 21.2% in the postpartum phase of multiparous cows
(Fig 3). Multiparous cows in the postpartum phase had 4.5 (95% CI; 1.2-16.7; p = 0.024) times
higher odds of shedding Salmonella spp. compared to cows in the other life stages assessed.

Six serotypes were identified among the 38 Salmonella spp. isolates, with S. Dublin repre-
senting more than two-thirds of isolates (Fig 3) (27/38, 71.1%). S. Dublin was found in three of
the five categories evaluated.

Elimination of Salmonella spp. in the peripartum period (S2)

Of the 1,395 fecal samples collected from animals during the pre- and postpartum periods
(S2), Salmonella spp. were isolated from 18 samples collected from 15 animals (16.1%) (Fig 4).
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None of the animals tested positive for S. Dublin in prepartum collections. During parturition,
Salmonella spp. were isolated from one (1.1%) colostrum sample and three (3.2%) vaginal
secretion samples. At 60 days postpartum, Salmonella spp. were isolated between days 11 and
45 (Fig 5). Throughout the evaluation period, four serovars were identified, with S. Dublin and
S. Saintpaul being the most frequently detected (38.9% and 33.3%, respectively) (Fig 4). Only
S. Dublin was isolated from vaginal secretions and colostrum samples (Fig 5). There was no
statistically significant difference in isolation between primiparous and multiparous animals.

Clinical cases and post-mortem examination

Throughout both experiments (S1 and S2, totaling four months), 40 animals, all from the same
category (aged between 91 and 150 days old), exhibited signs indicative of septicemic salmo-
nellosis. The clinical presentation of these cows was characterized by jaundice, fever, and apa-
thy. These animals were necropsied, revealing similar lesions in all individuals, including
pulmonary congestion; petechiae on the surface of the intestines, kidneys, and bladder; hepato-
megaly; and splenomegaly (Fig 6). Of the 40 necropsied animals, 39 (97.5%) tested positive for
S. Dublin in the extraintestinal samples.
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Fig 6. Necropsies of calves aged between 91 and 150 days in whom Salmonella sp. were isolated. A) Lung with severe edema, pronounced jaundice, and
diffuse petechiae. B) Intestine with diffuse petechiae along the serosa, with areas of suffusion in the serosa. C) Enlarged liver with irregular coloring and
rounded edges. D) Kidney with an irregular surface and diffuse petechiae throughout the surface.

https://doi.org/10.1371/journal.pone.0318007.9006

Antimicrobial susceptibility

A total of 45 S. Dublin isolates were subjected to antimicrobial susceptibility testing, of which
14 (31.1%) were from apparently healthy animals (isolated from feces (n = 10), colostrum

(n = 1), or vaginal secretions (n = 3)) and 31 (68.9%) were extracted from the extraintestinal
organs of animals with a confirmed case of salmonellosis (Fig 7). Most of the isolates (35/45,
77.8%) were resistant to at least one of the classes of antimicrobials tested, whereas 22 (48.9%)
were classified as multidrug resistant (MDR). Approximately half of the isolates were resistant
to penicillin (48.9%), followed by phenicols (46.7%), tetracyclines (42.2%), and aminoglyco-
sides (40%). One-third (15/45, 33.3%) of the isolates were resistant to fluoroquinolones. Iso-
lates resistant to first-generation cephalosporins or phenicols were associated with MDR
profiles, whereas isolates from necropsy samples were associated with resistance to fluoroquin-
olones (p<0.05).

Genomic characterization and comparative genomics

MLST analysis revealed that all strains sequenced in this study belonged to ST10, founder of
the clonal complex 53 (CC53). All seven isolates showed resistance to aminoglycosides, tetra-
cyclines, and fluoroquinolones, whereas five strains exhibited resistance to phenicols,
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https://doi.org/10.1371/journal.pone.0318007.9g007
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penicillins, and folate antagonists (Fig 8). Four plasmids were identified from the sequenced
samples. Two of them, IncFII(S) and IncX1, were identified in all samples, whereas IncFIB was
present in six of the seven samples. The resistance determinants identified in each plasmid are
listed in the Table C in S1 File.

The samples were compared with S. Dublin isolates from humans and animals obtained in
previous studies. Among the 15 resistance genes identified in the isolates in this study, only
four were identified in strains analyzed in prior studies in Brazil [12, 13]. The gene aac(6’)-Iaa,
which confers resistance to aminoglycosides, the mutation in the gyrA gene, associated with
fluoroquinolone resistance, and the genes tet(A) and tet(C), associated with tetracycline resis-
tance, were found in all isolates in the present study.

In the SNP analysis, high similarity was observed among the isolates in this study (Fig 9),
with three strains from the lungs and two from feces showing between seven and 13 SNPs. Fur-
ther, a comparison of the isolates from this study with strains from previous studies indicated
little variation between S. Dublin isolates from animals and humans. cgMLST analysis further
revealed that the samples in this study had between zero and three allele differences among
themselves, except for the colostrum sample, where the difference ranged between 44 and 46
alleles. In relation to strains from other studies used for comparison, the isolates from this
study showed between one and 77.

Discussion
Fecal shedding of S. Dublin in adult animals

In dairy production systems, salmonellosis leads to economic losses in various forms, ranging
from reduced productivity to abortion, enteric and respiratory disorders, and outbreaks of
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high lethality [5, 6, 35]. In the present study, cases of salmonellosis were markedly concen-
trated in calves aged 90 to 150 days, in contrast to most reports in the literature that primarily
described cases in calves up to 30 days of age, or in adult cows [5, 36-39]. This difference in
the affected category and the large number of affected animals prompted us to conduct a study
aimed at elucidating the main animal categories responsible for pathogen elimination on
farms and antimicrobial resistance of the isolates.

In the present study, cows in the postpartum phase stood out because of the high prevalence
of Salmonella spp. in feces (21.2%) (Fig 4), representing at least four times the likelihood of iso-
lation compared to the other categories studied. The prevalence of Salmonella spp. varied from
0.6% to 5.6% in other categories. Interestingly, 86% of the isolates from multiparous cows
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belonged to the Dublin serovar, which is highly adapted to the bovine host [5, 19]. Some ani-
mals can become chronic carriers, shedding microorganisms into the environment primarily
through feces, milk, and colostrum, facilitating the continuous colonization of susceptible ani-
mals that may develop clinical signs [5-7].

To better understand the dynamics of S. Dublin shedding in cows during the postpartum
period, a longitudinal study (S2) was conducted with animals from 30 d prepartum to 60 d post-
partum (totaling a period of 90 d). S. Dublin was obtained at parturition from colostrum and
vaginal secretion samples, but only on day 11 postpartum in fecal samples (Fig 5). These results
indicate that animals in the postpartum period, especially at the time of parturition and up to 45
days postpartum, exerted the greatest pressure of Salmonella spp. dissemination in the studied
herd. Several hypotheses have been proposed to explain the increased shedding of Salmonella
Dublin during this period. One suggests that the metabolic changes known to occur in peripar-
turient dairy cattle may influence the shedding of various pathogens, including Salmonella sp.,
however the exact mechanisms involver remain unclear [40, 41]. Additionally, some researchers
have suggested that this phase is associated with alterations in the microbiota, which may trigger
the onset of Salmonella shedding; however, this hypothesis has not yet been confirmed [42].
Nevertheless, the present study highlights the role of healthy adult animals, particularly during
the postpartum period, as a potential source of infection for calves [2, 3].

In addition to fecal shedding, S. Dublin was also isolated from one colostrum sample in the
present study, supporting the results of previous studies indicating both colostrum and milk as
potential sources of contamination in susceptible animals [1, 43, 44]. Isolation was further per-
formed on the vaginal secretions of an animal in the immediate postpartum period, suggesting
another possible source of infection for calves during parturition. S. Dublin may be present in
the uterus of asymptomatic carrier animals, enabling the birth of infected calves or abortions
[4, 45, 46].

Except for animals in the postpartum period, the prevalence of Salmonella spp. in lactating
cows was low (between 3.4% and 3.6%), even lower than that reported in other studies, which
reported a prevalence ranging from 9.1% to 92% [47-50]. Various factors may have contrib-
uted to the significant variation observed among these studies, primarily sampling techniques,
culture media, seasonality, farm management, herd size, and animal nutrition [48, 51, 52].
Similar to other categories, the most positive isolates obtained in this category belonged to the
Dublin serovar, contributing to the maintenance of the agent in the herd [52]. The authors of
prior studies noted that the lactation process is a stress factor that could influence the shedding
of pathogens, such as Salmonella sp. [40, 41], posing a risk of infection for lactating animals, as
well as for individuals involved in milk production [47, 51, 53].

Fecal shedding and infection by S. Dublin in calves

In nursing calves (<90 days old), the prevalence (1.2%) was also lower than that reported in
most similar studies, which detected Salmonella in up to 11.3% of this age group [19, 54-56].
Several hypotheses may explain the reduced prevalence. The use of discarded milk with antibi-
otic residues, a common practice on the studied properties, has also been reported to influence
the isolation rate of Salmonella spp. in previous studies [38, 55, 57]. Furthermore, some calves
under 90 days of age are commonly administered antimicrobials to treat diarrhea and bovine
respiratory diseases (fluoroquinolones, penicillins, tetracyclines, and chloramphenicol), which
may have negatively influenced the isolation rate in this category, and could partially explain
the resistance profile of the isolates obtained in the present study.

Approximately half of the Salmonella sp. isolates obtained from nursing calves were from
the Dublin serovar. Interestingly, S. Dublin is highly pathogenic to young calves, with
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numerous reports of cases and outbreaks in animals up to 30 days old [58-60]. However, in
the present study, there was no history of salmonellosis in this age group, while no animals in
this category showed any signs of the disease throughout the four months of the study, in con-
trast to previous works [38, 58].

Calves between 91 and 150 days of age represent a category that merited particular attention
in the present study. The prevalence of Salmonella spp. in the feces of calves in this category
(5.5%) was lower than that reported in a similar study of calves in Denmark [19]. On the other
hand, several cases of lethal septicemic salmonellosis were confirmed in this age group during
the study. This finding contrasts with those of previous studies, indicating a higher incidence
of the disease in animals under 30 days old [37, 38, 58]. One hypothesis to explain the strong
occurrence of salmonellosis in this animal category is the presence of parasitic diseases such as
anaplasmosis and babesiosis (commonly caused by Babesia bigemina and B. bovis). Indeed, the
occurrence of salmonellosis has commonly been reported in association with other conditions
in various species, such as infections with Plasmodium falciparum and Schistosoma mansoni in
humans and canine distemper in wildlife, among others [61-66]. In cattle, bovine parasitic
sadness has been suggested to be an important risk factor for S. Dublin infections by other
authors [67]. Other factors may also be involved in the high occurrence of salmonellosis in this
age group, such as a decline in passive immunity typical of this age group, weaning stress, and
changes in diet and environment, including moving from individual housing to group pas-
tures [68-70].

In addition to S. Dublin, other serotypes of Salmonella spp. were found in the present
study, albeit in much lower proportions, ranging from 2.9% to 7.9%. Nevertheless, it is impor-
tant to point out that these serotypes are not negligible, as they are recognized to be significant
in cattle, and are even associated with cases of salmonellosis in humans, such as Newport [71,
72], Panama [73, 74], Mbandaka [75, 76] and Infantis [77, 78].

Antimicrobial resistance and resistance determinants

One-third of the S. Dublin isolates in the present study were resistant to fluoroquinolones,
which is higher than the proportions reported in other studies [47, 79]. Genomic sequencing
suggested that the S83F mutation in gyrA was the main determinant of resistance. Notably, flu-
oroquinolones are of great significance for treating severe cases of salmonellosis in humans [5,
80, 81], making Salmonella spp. resistant to this class a top priority for the development of new
antimicrobials [82]. One hypothesis to explain the high frequency of resistance to fluoroquino-
lones is the extensive use of enrofloxacin in various farm protocols, such as diarrhea, anaplas-
mosis, and pneumonia in calves. Studies have suggested that the increased detection of
Salmonella sp. strains with gyrA gene mutations responsible for this resistance appears to be
strongly driven by the high use of fluoroquinolones in livestock [83-87].

Almost half of the isolates in this study exhibited resistance to penicillins (46.9%), phenicols
(42.9%), and tetracyclines (42.9%), which is similar to the rates reported in other studies on
Salmonella spp. in cattle [1, 80, 83]. Both the florR and cmlA1 genes, which are responsible for
resistance to phenicols, and the blargy. 1 gene, which is associated with resistance to beta-lac-
tams, were found in a significant portion of the isolates subjected to genomic sequencing, cor-
roborating the phenotypic profile observed. Interestingly, samples resistant to phenicols or
cephalosporins were associated with multidrug resistance, which has already been described in
previous works [89, 90]. This association is likely related to the acquisition of mobile genetic
elements by these isolates, which can simultaneously carry resistance genes against various
classes of antimicrobials [83]. In this context, it is worth noting the detection of plasmids
IncFII(S) and IncX1 in the majority of the isolates, which corroborates the findings of other
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studies [12, 91-93]. Both plasmids are associated with the emergence of multidrug-resistant
strains responsible for causing severe infections, including in humans [94].

Genomic characterization and comparative genomic

MLST analysis revealed that all the strains in this study belonged to ST10, which is commonly
associated with the serovar Dublin [12, 92, 95, 96]. cgMLST and SNP analyses confirmed that
the isolates found in the feces of healthy animals are extremely similar to those found in the
necropsy of calves with salmonellosis, indicating that the same agent circulating among the
carrier animals is responsible for the clinical cases and deaths on the farm [97, 98]. Simulta-
neously, the similarity between the isolates of this study and those from previous outbreaks in
cattle in Brazil corroborates the already known high clonality of the S. Dublin genome, and
reinforces the importance of adopting biosecurity measures on dairy farms to prevent the
spread of the agent among herds in Brazil [91, 93, 99, 100]. This study also revealed a high sim-
ilarity between some isolates from the studied farm and strains causing illnesses in humans in
Brazil, similar to a recent study [12]. It is important to emphasize that S. Dublin infection in
humans is commonly associated with high rates of hospitalization and mortality worldwide,
including in Brazil [12, 96], and that recent studies have indicated an increase in the occur-
rence and severity of the disease in humans. Collectively, these results reinforce the idea of an
epidemiological link between bovine and human salmonellosis, indicating the need for a One
Health approach for better control and prevention of this disease.

Conclusion

The present study suggests that adult animals in the postpartum period are a significant source
of S. Dublin on dairy farms, whereas calves up to 150 days of age were the most affected by the
infection. The detection of multidrug-resistant isolates, including those resistant to fluoro-
quinolones, and the high similarity between strains from infected humans highlights the
importance of this study and the need for biosecurity measures in herds to reduce transmis-
sion, as well as a One Health approach for better control and prevention of this disease in a
broader context.

Supporting information

S1 File. Supplementary tables A to C.
(DOCX)

S2 File. SNP matrix.
(TXT)

S3 File. Rawdata.
(XLSX)

Author Contributions

Conceptualization: Antonio Ultimo de Carvalho, Vasco Azevedo, Elias Jorge Facury Filho,
Rodrigo Otavio Silveira Silva.

Data curation: Victor Santos do Amarante.

Formal analysis: Matheus Ferreira Serafini, Carolina Pantuzza Ramos, Thayanne Gabryelle
Viana de Souza, Rodrigo Otavio Silveira Silva.

Funding acquisition: Flavia Figueira Aburjaile, Vasco Azevedo, Rodrigo Otavio Silveira Silva.

PLOS ONE | https://doi.org/10.1371/journal.pone.0318007  January 23, 2025 14/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0318007.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0318007.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0318007.s003
https://doi.org/10.1371/journal.pone.0318007

PLOS ONE

Dynamics of Salmonella Dublin a dairy herd

Investigation: Victor Santos do Amarante, Joelma Kellen de Castro Pereira, Matheus Ferreira
Serafini, Carolina Pantuzza Ramos, Isabela Padua Zanon, Thayanne Gabryelle Viana de
Souza, Tiago Facury Moreira, Flavia Figueira Aburjaile, Rodrigo Otavio Silveira Silva.

Methodology: Victor Santos do Amarante, Joelma Kellen de Castro Pereira, Matheus Ferreira
Serafini, Carolina Pantuzza Ramos, Isabela Padua Zanon, Thayanne Gabryelle Viana de
Souza, Rodrigo Otavio Silveira Silva.

Project administration: Rodrigo Melo Meneses, Rodrigo Otavio Silveira Silva.
Validation: Victor Santos do Amarante, Rodrigo Otavio Silveira Silva.
Visualization: Rodrigo Otavio Silveira Silva.

Writing - original draft: Victor Santos do Amarante, Isabela Padua Zanon, Thayanne Gab-
ryelle Viana de Souza, Tiago Facury Moreira, Anténio Ultimo de Carvalho, Flavia Figueira
Aburjaile, Rodrigo Otavio Silveira Silva.

Writing - review & editing: Victor Santos do Amarante, Isabela Padua Zanon, Thayanne
Gabryelle Viana de Souza, Vasco Azevedo, Elias Jorge Facury Filho, Rodrigo Otavio Silveira
Silva.

References

1. Fritz HM, Pereira RV, Toohey-Kurth K, Marshall E, Tucker J, Clothier KA. Salmonella enterica Serovar
Dublin from Cattle in California from 1993-2019: Antimicrobial Resistance Trends of Clinical Rele-
vance. Antibiotics. 2022; 11: 1110. https://doi.org/10.3390/antibiotics 11081110 PMID: 36009979

2. lzzo M, Kirkland P, Mohler V, Perkins N, Gunn A, House J. Prevalence of major enteric pathogens in
Australian dairy calves with diarrhoea. Aust Veterinary J. 2011; 89: 167-173. https://doi.org/10.1111/j.
1751-0813.2011.00692.x PMID: 21495987

3. Velasquez-Munoz A, Castro-Vargas R, Cullens-Nobis FM, Mani R, Abuelo A. Review: Salmonella
Dublin in dairy cattle. Front Vet Sci. 2024; 10: 1331767. https://doi.org/10.3389/fvets.2023.1331767
PMID: 38264470

4. Gull T. Bacterial Causes of Intestinal Disease in Dairy Calves. Veterinary Clinics of North America:
Food Animal Practice. 2022; 38: 107—119. https://doi.org/10.1016/j.cvfa.2021.11.008 PMID:
35219479

5. Holschbach CL, Peek SF. Salmonellain Dairy Cattle. Vet Clin North Am Food Anim Pract. 2018; 34:
133-154. https://doi.org/10.1016/j.cvfa.2017.10.005 PMID: 29224803

6. Nielsen LR, Schukken YH, Gréhn YT, Ersbgll AK. Salmonella Dublin infection in dairy cattle: Risk fac-
tors for becoming a carrier. Preventive Veterinary Medicine. 2004; 65: 47—62. https://doi.org/10.1016/
j-prevetmed.2004.06.010 PMID: 15454326

7. Veling J, Van Zijderveld FG, Van Zijderveld-van Bemmel AM, Barkema HW, Schukken YH. Evaluation
of Three Newly Developed Enzyme-Linked Immunosorbent Assays and Two Agglutination Tests for
Detecting Salmonella enterica subsp. enterica Serovar Dublin Infections in Dairy Cattle. J Clin Micro-
biol. 2000; 38: 4402—4407. https://doi.org/10.1128/JCM.38.12.4402—-4407.2000

8. Aarg NS, Torpdahl M, Rasmussen T, Jensen M, Nielsen HL, The Danish Study Group for Enteric
Infection has the following members, et al. Salmonella infections in Denmark from 2013-2022 with
focus on serotype distribution, invasiveness, age, sex, and travel exposition. Eur J Clin Microbiol Infect
Dis. 2024; 43: 947-957. https://doi.org/10.1007/s10096-024-04808-9 PMID: 38512514

9. Castro FAD, Santos VRD, Martins CHG, Fernandes SA, Zaia JE, Martinez R. Prevalence and antimi-
crobial susceptibility of Salmonella serotypes in patients from Ribeirdo Preto, Sdo Paulo, Brazil,
between 1985 and 1999. Braz J Infect Dis. 2002;6. https://doi.org/10.1590/S1413-
86702002000500005 PMID: 12495606

10. FDA. National Antimicrobial Resistance Monitoring System (NARMS), Integrated Report, 2015. 2017.
Available: https://www.fda.gov/animal-veterinary/national-antimicrobial-resistance-monitoring-
system/2015-narms-integrated-report

PLOS ONE | https://doi.org/10.1371/journal.pone.0318007  January 23, 2025 15/20


https://doi.org/10.3390/antibiotics11081110
http://www.ncbi.nlm.nih.gov/pubmed/36009979
https://doi.org/10.1111/j.1751-0813.2011.00692.x
https://doi.org/10.1111/j.1751-0813.2011.00692.x
http://www.ncbi.nlm.nih.gov/pubmed/21495987
https://doi.org/10.3389/fvets.2023.1331767
http://www.ncbi.nlm.nih.gov/pubmed/38264470
https://doi.org/10.1016/j.cvfa.2021.11.008
http://www.ncbi.nlm.nih.gov/pubmed/35219479
https://doi.org/10.1016/j.cvfa.2017.10.005
http://www.ncbi.nlm.nih.gov/pubmed/29224803
https://doi.org/10.1016/j.prevetmed.2004.06.010
https://doi.org/10.1016/j.prevetmed.2004.06.010
http://www.ncbi.nlm.nih.gov/pubmed/15454326
https://doi.org/10.1128/JCM.38.12.4402%26%23x2013%3B4407.2000
https://doi.org/10.1007/s10096-024-04808-9
http://www.ncbi.nlm.nih.gov/pubmed/38512514
https://doi.org/10.1590/S1413-86702002000500005
https://doi.org/10.1590/S1413-86702002000500005
http://www.ncbi.nlm.nih.gov/pubmed/12495606
https://www.fda.gov/animal-veterinary/national-antimicrobial-resistance-monitoring-system/2015-narms-integrated-report
https://www.fda.gov/animal-veterinary/national-antimicrobial-resistance-monitoring-system/2015-narms-integrated-report
https://doi.org/10.1371/journal.pone.0318007

PLOS ONE

Dynamics of Salmonella Dublin a dairy herd

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

Harvey RR, Friedman CR, Crim SM, Judd M, Barrett KA, Tolar B, et al. Epidemiology of Salmonella
enterica Serotype Dublin Infections among Humans, United States, 1968—2013. Emerg Infect Dis.
2017; 23: 1493—-1501. https://doi.org/10.3201/eid2309.170136 PMID: 28820133

Campioni F, Vilela FP, Cao G, Kastanis G, Dos Prazeres Rodrigues D, Costa RG, et al. Whole
genome sequencing analyses revealed that Salmonella enterica serovar Dublin strains from Brazil
belonged to two predominant clades. Sci Rep. 2022; 12: 10555. https://doi.org/10.1038/s41598-022-
14492-4 PMID: 35732677

Vilela FP, Frazdo MR, Rodrigues DP, Costa RG, Casas MRT, Fernandes SA, et al. Genetic diversity,
anti-microbial resistance, plasmid profile and frequency of the Vi antigen in Salmonella Dublin strains
isolated in Brazil. Zoonoses and Public Health. 2018;65. https://doi.org/10.1111/zph.12407 PMID:
28944617

Madoroba E, Kapeta D, Gelaw AK. Salmonella contamination, serovars and antimicrobial resistance
profiles of cattle slaughtered in South Africa. Onderstepoort J Vet Res. 2016; 83: 8 pages. https://doi.
org/10.4102/ojvr.v83i1.1109 PMID: 27247074

Coura FM, Freitas MD, Ribeiro J, de Leme RA, de Souza C, Alfieri AA, et al. Longitudinal study of Sal-
monella spp., diarrheagenic Escherichia coli, Rotavirus, and Coronavirus isolated from healthy and
diarrheic calves in a Brazilian dairy herd. Trop Anim Health Prod. 2015; 47: 3—-11. https://doi.org/10.
1007/s11250-014-0675-5 PMID: 25311440

Muller B, Cunha-Neto A, Castro VS, Carvalho RCT, Carvalho Teixeira LA, Rodrigues DDP, et al. Sal-
monella Schwarzengrund, Akuafo, and O:16 isolated from vacuum-packaged beef produced in the
state of Mato Grosso, Brazil. J Infect Dev Ctries. 2021; 15: 1876—1882. https://doi.org/10.3855/jidc.
13726 PMID: 35044946

Silva FFPD Horvath MB, Silveira JG, Pieta L, Tondo EC. Occurrence of Salmonella spp. and generic
Escherichia colion beef carcasses sampled at a brazilian slaughterhouse. Braz J Microbiol. 2014; 45:
17-24. https://doi.org/10.1590/S1517-83822014005000037 PMID: 24948909

Grimont PAD, Weill FX. Antigenic Formulae of the Salmonella Serovars. 9th ed. Institut Pasteur;
2007.

Nielsen LR. Within-herd prevalence of Salmonella Dublin in endemically infected dairy herds. Epide-
miol Infect. 2013; 141: 2074—2082. https://doi.org/10.1017/S0950268812003007 PMID: 23328264

Kawasaki S, Horikoshi N, Okada Y, Takeshita K, Sameshima T, Kawamoto S. Multiplex PCR for
Simultaneous Detection of Salmonella spp., Listeria monocytogenes and Escherichia coliO157:H7 in
Meat Samples. Journal of Food Protection. 2005; 68: 551-556. https://doi.org/10.4315/0362-028X-68.
3.551 PMID: 15771181

Kwang J, Littledike ET, Keen JE. Use of the polymerase chain reaction for Salmonella detection. Lett
Appl Microbiol. 1996; 22: 46-51. https://doi.org/10.1111/j.1472-765X.1996.tb01106.x PMID: 8588887

CLSI. Performance Standards for Antimicrobial Susceptibility Testing. 31sted. USA: Clinical and
Laboratory Standards Institute; 2021.

Sweeney MT, Lubbers BV, Schwarz S, Watts JL. Applying definitions for multidrug resistance, exten-
sive drug resistance and pandrug resistance to clinically significant livestock and companion animal
bacterial pathogens. Journal of Antimicrobial Chemotherapy. 2018; 73: 1460—1463. https://doi.org/10.
1093/jac/dky043 PMID: 29481657

Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS, et al. SPAdes: a new genome
assembly algorithm and its applications to single-cell sequencing. J Comput Biol. 2012; 19: 455-477.
https://doi.org/10.1089/cmb.2012.0021 PMID: 22506599

Walker BJ, Abeel T, Shea T, Priest M, Abouelliel A, Sakthikumar S, et al. Pilon: An Integrated Tool for
Comprehensive Microbial Variant Detection and Genome Assembly Improvement. PLOS ONE. 2014;
9: e112963. https://doi.org/10.1371/journal.pone.0112963 PMID: 25409509

Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, Bealer K, et al. BLAST+: architecture
and applications. BMC Bioinformatics. 2009; 10: 421. https://doi.org/10.1186/1471-2105-10-421
PMID: 20003500

Clausen PTLC Aarestrup FM, Lund O. Rapid and precise alignment of raw reads against redundant
databases with KMA. BMC Bioinformatics. 2018; 19: 307. https://doi.org/10.1186/s12859-018-2336-6
PMID: 30157759

Bortolaia V, Kaas RS, Ruppe E, Roberts MC, Schwarz S, Cattoir V, et al. ResFinder 4.0 for predictions
of phenotypes from genotypes. Journal of Antimicrobial Chemotherapy. 2020; 75: 3491-3500. https://
doi.org/10.1093/jac/dkaa345 PMID: 32780112

Carattoli A, Zankari E, Garcia-Fernandez A, Voldby Larsen M, Lund O, Villa L, et al. In Silico Detection
and Typing of Plasmids using PlasmidFinder and Plasmid Multilocus Sequence Typing. Antimicrobial
Agents and Chemotherapy. 2014; 58: 3895—-39083. https://doi.org/10.1128/AAC.02412-14 PMID:
24777092

PLOS ONE | https://doi.org/10.1371/journal.pone.0318007  January 23, 2025 16/20


https://doi.org/10.3201/eid2309.170136
http://www.ncbi.nlm.nih.gov/pubmed/28820133
https://doi.org/10.1038/s41598-022-14492-4
https://doi.org/10.1038/s41598-022-14492-4
http://www.ncbi.nlm.nih.gov/pubmed/35732677
https://doi.org/10.1111/zph.12407
http://www.ncbi.nlm.nih.gov/pubmed/28944617
https://doi.org/10.4102/ojvr.v83i1.1109
https://doi.org/10.4102/ojvr.v83i1.1109
http://www.ncbi.nlm.nih.gov/pubmed/27247074
https://doi.org/10.1007/s11250-014-0675-5
https://doi.org/10.1007/s11250-014-0675-5
http://www.ncbi.nlm.nih.gov/pubmed/25311440
https://doi.org/10.3855/jidc.13726
https://doi.org/10.3855/jidc.13726
http://www.ncbi.nlm.nih.gov/pubmed/35044946
https://doi.org/10.1590/S1517-83822014005000037
http://www.ncbi.nlm.nih.gov/pubmed/24948909
https://doi.org/10.1017/S0950268812003007
http://www.ncbi.nlm.nih.gov/pubmed/23328264
https://doi.org/10.4315/0362-028X-68.3.551
https://doi.org/10.4315/0362-028X-68.3.551
http://www.ncbi.nlm.nih.gov/pubmed/15771181
https://doi.org/10.1111/j.1472-765X.1996.tb01106.x
http://www.ncbi.nlm.nih.gov/pubmed/8588887
https://doi.org/10.1093/jac/dky043
https://doi.org/10.1093/jac/dky043
http://www.ncbi.nlm.nih.gov/pubmed/29481657
https://doi.org/10.1089/cmb.2012.0021
http://www.ncbi.nlm.nih.gov/pubmed/22506599
https://doi.org/10.1371/journal.pone.0112963
http://www.ncbi.nlm.nih.gov/pubmed/25409509
https://doi.org/10.1186/1471-2105-10-421
http://www.ncbi.nlm.nih.gov/pubmed/20003500
https://doi.org/10.1186/s12859-018-2336-6
http://www.ncbi.nlm.nih.gov/pubmed/30157759
https://doi.org/10.1093/jac/dkaa345
https://doi.org/10.1093/jac/dkaa345
http://www.ncbi.nlm.nih.gov/pubmed/32780112
https://doi.org/10.1128/AAC.02412-14
http://www.ncbi.nlm.nih.gov/pubmed/24777092
https://doi.org/10.1371/journal.pone.0318007

PLOS ONE

Dynamics of Salmonella Dublin a dairy herd

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

Zankari E, Allesge R, Joensen KG, Cavaco LM, Lund O, Aarestrup FM. PointFinder: a novel web tool
for WGS-based detection of antimicrobial resistance associated with chromosomal point mutations in
bacterial pathogens. Journal of Antimicrobial Chemotherapy. 2017; 72: 2764-2768. https://doi.org/10.
1093/jac/dkx217 PMID: 29091202

Larsen MV, Cosentino S, Rasmussen S, Friis C, Hasman H, Marvig RL, et al. Multilocus Sequence
Typing of Total-Genome-Sequenced Bacteria. Journal of Clinical Microbiology. 2020; 50: 1355—-1361.
https://doi.org/10.1128/jcm.06094-11 PMID: 22238442

Li H. Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM. arXiv; 2013.
https://doi.org/10.48550/arXiv.1303.3997

Letunic |, Bork P. Interactive Tree Of Life (iTOL) v5: an online tool for phylogenetic tree display and
annotation. Nucleic Acids Res. 2021; 49: W293-W296. https://doi.org/10.1093/nar/gkab301 PMID:
33885785

Team RC. A language and environment for statistical computing. Vienna: Foundation fo Statistical
Computing; 2018.

Alexander KA, Warnick LD, Wiedmann M. Antimicrobial resistant Salmonellain dairy cattle in the
United States. Vet Res Commun. 2009; 33: 191-209. https://doi.org/10.1007/s11259-008-9170-7
PMID: 18792798

Aleri JW, Sahibzada S, Harb A, Fisher AD, Waichigo FK, Lee T, et al. Molecular epidemiology and
antimicrobial resistance profiles of Salmonellaisolates from dairy heifer calves and adult lactating
cows in a Mediterranean pasture-based system of Australia. J Dairy Sci. 2022; 105: 1493-1503.
https://doi.org/10.3168/jds.2021-21084 PMID: 34955273

Anderson RJ, House JK, Smith BP, Kinde H, Walker RL, Steeg BJV, et al. Epidemiologic and biologi-
cal characteristics of salmonellosis in three dairy herds. javma. 2001; 219: 310-322. https://doi.org/10.
2460/javma.2001.219.310 PMID: 11497044

Mobhler VL, Izzo MM, House JK. Salmonellain Calves. Veterinary Clinics of North America: Food Ani-
mal Practice. 2009; 25: 37-54. https://doi.org/10.1016/j.cvfa.2008.10.009

Mufoz-Vargas L, Pempek JA, Proudfoot K, Eastridge ML, Rajala-Schultz PJ, Wittum T, et al. The
Impact of Overstocking and Negative Energy Balance on Quantitative Measurement of Non-typhoidal
Salmonellain Periparturient Dairy Cattle. Front Vet Sci. 2022; 9. https://doi.org/10.3389/fvets.2022.
779900 PMID: 35252416

Hume ME, Edrington TS, Looper ML, Callaway TR, Genovese KJ, Nisbet DJ. Salmonella Genotype
Diversity in Nonlactating and Lactating Dairy Cows. Journal of Food Protection. 2004; 67: 2280—-2283.
https://doi.org/10.4315/0362-028X-67.10.2280 PMID: 15508643

Rodriguez-Rivera LD, Cummings KJ, Loneragan GH, Rankin SC, Hanson DL, Leone WM, et al. Sal-
monella Prevalence and Antimicrobial Susceptibility Among Dairy Farm Environmental Samples Col-
lected in Texas. Foodborne Pathogens and Disease. 2016; 13: 205-211. https://doi.org/10.1089/fpd.
2015.2037 PMID: 26954516

Mufioz-Vargas L, Opiyo SO, Digianantonio R, Williams ML, Wijeratne A, Habing G. Fecal microbiome
of periparturient dairy cattle and associations with the onset of Salmonella shedding. Yildirim A, editor.
PLoS ONE. 2018; 13: e0196171. https://doi.org/10.1371/journal.pone.0196171 PMID: 29750790

Asefa |, Legabo E, Wolde T, Fesseha H. Study on Salmonella Isolates from Fresh Milk of Dairy Cows
in Selected Districts of Wolaita Zone, Southern Ethiopia. Callaway TR, editor. International Journal of
Microbiology. 2023; 2023: 1-7. https://doi.org/10.1155/2023/6837797 PMID: 36875709

Liu B-G, Xie M, Gong Y-T, Dong Y, Zheng G-M, Wu H, et al. Prevalence, resistance phenotypes, and
fluoroquinolone resistance genes of Salmonellaisolates from raw milk of healthy dairy cows in Henan
province, China. European Review for Medical and Pharmacological Sciences. 2022; 26: 6837—6844.
https://doi.org/10.26355/eurrev_202209_29786 PMID: 36196732

Edrington TS, Garcia Buitrago JA, Hagevoort GR, Loneragan GH, Bricta-Harhay DM, Callaway TR,
et al. Effect of waste milk pasteurization on fecal shedding of Salmonellain preweaned calves. Journal
of Dairy Science. 2018; 101: 9266—-9274. https://doi.org/10.3168/jds.2018-14668 PMID: 30077443

Hanson DL, Loneragan GH, Brown TR, Nisbet DJ, Hume ME, Edrington TS. Evidence supporting ver-
tical transmission of Salmonellain dairy cattle. Epidemiol Infect. 2016; 144: 962—967. https://doi.org/
10.1017/50950268815002241 PMID: 26419321

Addis Z, Kebede N, Sisay Z, Alemayehu H, Wubetie A, Kassa T. Prevalence and antimicrobial resis-
tance of Salmonella isolated from lactating cows and in contact humans in dairy farms of Addis Ababa:
a cross sectional study. BMC Infect Dis. 2011; 11: 222. https://doi.org/10.1186/1471-2334-11-222
PMID: 21854583

Edrington TS, Hume ME, Looper ML, Schultz CL, Fitzgerald AC, Callaway TR, et al. Variation in the
faecal shedding of Salmonellaand E. coliO157:H7 in lactating dairy cattle and examination of

PLOS ONE | https://doi.org/10.1371/journal.pone.0318007  January 23, 2025 17/20


https://doi.org/10.1093/jac/dkx217
https://doi.org/10.1093/jac/dkx217
http://www.ncbi.nlm.nih.gov/pubmed/29091202
https://doi.org/10.1128/jcm.06094-11
http://www.ncbi.nlm.nih.gov/pubmed/22238442
https://doi.org/10.48550/arXiv.1303.3997
https://doi.org/10.1093/nar/gkab301
http://www.ncbi.nlm.nih.gov/pubmed/33885785
https://doi.org/10.1007/s11259-008-9170-7
http://www.ncbi.nlm.nih.gov/pubmed/18792798
https://doi.org/10.3168/jds.2021-21084
http://www.ncbi.nlm.nih.gov/pubmed/34955273
https://doi.org/10.2460/javma.2001.219.310
https://doi.org/10.2460/javma.2001.219.310
http://www.ncbi.nlm.nih.gov/pubmed/11497044
https://doi.org/10.1016/j.cvfa.2008.10.009
https://doi.org/10.3389/fvets.2022.779900
https://doi.org/10.3389/fvets.2022.779900
http://www.ncbi.nlm.nih.gov/pubmed/35252416
https://doi.org/10.4315/0362-028X-67.10.2280
http://www.ncbi.nlm.nih.gov/pubmed/15508643
https://doi.org/10.1089/fpd.2015.2037
https://doi.org/10.1089/fpd.2015.2037
http://www.ncbi.nlm.nih.gov/pubmed/26954516
https://doi.org/10.1371/journal.pone.0196171
http://www.ncbi.nlm.nih.gov/pubmed/29750790
https://doi.org/10.1155/2023/6837797
http://www.ncbi.nlm.nih.gov/pubmed/36875709
https://doi.org/10.26355/eurrev%5F202209%5F29786
http://www.ncbi.nlm.nih.gov/pubmed/36196732
https://doi.org/10.3168/jds.2018-14668
http://www.ncbi.nlm.nih.gov/pubmed/30077443
https://doi.org/10.1017/S0950268815002241
https://doi.org/10.1017/S0950268815002241
http://www.ncbi.nlm.nih.gov/pubmed/26419321
https://doi.org/10.1186/1471-2334-11-222
http://www.ncbi.nlm.nih.gov/pubmed/21854583
https://doi.org/10.1371/journal.pone.0318007

PLOS ONE

Dynamics of Salmonella Dublin a dairy herd

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Salmonella genotypes using pulsed-field gel electrophoresis. Lett Appl Microbiol. 2004; 38: 366—372.
https://doi.org/10.1111/j.1472-765X.2004.01495.x PMID: 15059205

Edrington TS, Ross TT, Callaway TR, Martinez CH, Hume ME, Genovese KJ, et al. Investigation into
the seasonal salmonellosis in lactating dairy cattle. Epidemiol Infect. 2008; 136: 381-390. https://doi.
org/10.1017/S0950268807008680 PMID: 17506921

Hailu D, Gelaw A, Molla W, Garedew L, Cole L, Johnson R. Prevalence and Antibiotic Resistance Pat-
terns of Salmonella Isolates from Lactating Cows and In-contact Humans in Dairy Farms, Northwest
Ethiopia. J Environ Occup Sci. 2015; 4: 171. https://doi.org/10.5455/je0s.20151102014711

Callaway TR, Keen JE, Edrington TS, Baumgard LH, Spicer L, Fonda ES, et al. Fecal Prevalence and
Diversity of Salmonella Species in Lactating Dairy Cattle in Four States. Journal of Dairy Science.
2005; 88: 3603—3608. hitps://doi.org/10.3168/jds.50022-0302(05)73045-9 PMID: 16162534

Habing GG, Lombard JE, Kopral CA, Dargatz DA, Kaneene JB. Farm-Level Associations with the
Shedding of Salmonella and Antimicrobial-Resistant Salmonellain U.S. Dairy Cattle. Foodborne Path-
ogens and Disease. 2012; 9: 815-821. https://doi.org/10.1089/fpd.2012.1149 PMID: 22870913

Huston CL, Wittum TE, Love BC, Keen JE. Prevalence of fecal shedding of Salmonella spp in dairy
herds. javma. 2002; 220: 645—-649. https://doi.org/10.2460/javma.2002.220.645 PMID: 12418525

Al Mawly J, Grinberg A, Prattley D, Moffat J, French N. Prevalence of endemic enteropathogens of
calves in New Zealand dairy farms. New Zealand Veterinary Journal. 2015; 63: 147—152. https://doi.
org/10.1080/00480169.2014.966168 PMID: 25237728

Berge ACB, Moore DA, Sischo WM. Prevalence and antimicrobial resistance patterns of Salmonella
enterica in preweaned calves from dairies and calf ranches. ajvr. 2006; 67: 1580—1588. https://doi.org/
10.2460/ajvr.67.9.1580 PMID: 16948605

Mufoz-Vargas L, Finney SK, Hutchinson H, Masterson MA, Habing G. Impact of Clinical Salmonello-
sis in Veal Calves on the Recovery of Salmonella in Lymph Nodes at Harvest. Foodborne Pathogens
and Disease. 2017; 14: 678-685. https://doi.org/10.1089/fpd.2017.2303 PMID: 28910140

Losinger WC, Wells SJ, Garber LP, Hurd HS, Thomas LA. Management Factors Related to Salmo-
nella Shedding by Dairy Heifers. Journal of Dairy Science. 1995; 78: 2464—2472. https://doi.org/10.
3168/jds.S0022-0302(95)76874-6 PMID: 8747337

Blanchard PC. Diagnostics of Dairy and Beef Cattle Diarrhea. Veterinary Clinics of North America:
Food Animal Practice. 2012; 28: 443-464. https://doi.org/10.1016/j.cvfa.2012.07.002 PMID:
23101670

Costa RA, Casaux ML, Caffarena RD, Macias-Rioseco M, Schild CO, Fraga M, et al. Urocystitis and
Ureteritis in Holstein Calves with Septicaemia Caused by Salmonella enterica Serotype Dublin. Jour-
nal of Comparative Pathology. 2018; 164: 32—36. https://doi.org/10.1016/j.jcpa.2018.08.005 PMID:
30360910

Robi DT, Mossie T, Temteme S. A Comprehensive Review of the Common Bacterial Infections in
Dairy Calves and Advanced Strategies for Health Management. Vet Med (Auckl). 2024; 15: 1-14.
https://doi.org/10.2147/VMRR.S452925 PMID: 38288284

Brosschot TP, Lawrence KM, Moeller BE, Kennedy MHE, FitzPatrick RD, Gauthier CM, et al. Impaired
host resistance to Salmonella during helminth co-infection is restored by anthelmintic treatment prior
to bacterial challenge. Babu S, editor. PLoS Negl Trop Dis. 2021; 15: e0009052. https://doi.org/10.
1371/journal.pntd.0009052 PMID: 33471793

Chilongola J, Kombe S, Horumpende P, Nazareth R, Sabuni E, Ndaro A, et al. Prevalence of Plasmo-
dium falciparum and Salmonella typhi Infection and Coinfection and Their Association With Fever in
Northern Tanzania. East Afr Health Res J. 2018; 2: 147—155. https://doi.org/10.24248/EAHRJ-D-18-
00006 PMID: 34308186

Church J, Maitland K. Invasive bacterial co-infection in African children with Plasmodium falciparum
malaria: a systematic review. BMC Med. 2014; 12: 31. https://doi.org/10.1186/1741-7015-12-31
PMID: 24548672

Hsiao A, Toy T, Seo HJ, Marks F. Interaction between Salmonella and Schistosomiasis: A Review.
Lok JB, editor. PLoS Pathog. 2016; 12: €1005928. https://doi.org/10.1371/journal.ppat.1005928
PMID: 27907208

Reynolds LA, Redpath SA, Yurist-Doutsch S, Gill N, Brown EM, Van Der Heijden J, et al. Enteric Hel-
minths Promote Salmonella Coinfection by Altering the Intestinal Metabolome. The Journal of Infec-
tious Diseases. 2017; 215: 1245—-1254. https://doi.org/10.1093/infdis/jix141 PMID: 28368463

Souza LR, Carvalho MPN, Lopes CEB, Lopes MC, Campos BH, Teixeira EPT, et al. Outbreak of
canine distemper and coinfections in a maned wolf (Chrysocyon brachyurus) and in three giant anteat-
ers (Myrmecophaga tridactyla). Braz J Microbiol. 2022; 53: 1731-1741. https://doi.org/10.1007/
s42770-022-00783-5 PMID: 35864379

PLOS ONE | https://doi.org/10.1371/journal.pone.0318007  January 23, 2025 18/20


https://doi.org/10.1111/j.1472-765X.2004.01495.x
http://www.ncbi.nlm.nih.gov/pubmed/15059205
https://doi.org/10.1017/S0950268807008680
https://doi.org/10.1017/S0950268807008680
http://www.ncbi.nlm.nih.gov/pubmed/17506921
https://doi.org/10.5455/jeos.20151102014711
https://doi.org/10.3168/jds.S0022-0302%2805%2973045-9
http://www.ncbi.nlm.nih.gov/pubmed/16162534
https://doi.org/10.1089/fpd.2012.1149
http://www.ncbi.nlm.nih.gov/pubmed/22870913
https://doi.org/10.2460/javma.2002.220.645
http://www.ncbi.nlm.nih.gov/pubmed/12418525
https://doi.org/10.1080/00480169.2014.966168
https://doi.org/10.1080/00480169.2014.966168
http://www.ncbi.nlm.nih.gov/pubmed/25237728
https://doi.org/10.2460/ajvr.67.9.1580
https://doi.org/10.2460/ajvr.67.9.1580
http://www.ncbi.nlm.nih.gov/pubmed/16948605
https://doi.org/10.1089/fpd.2017.2303
http://www.ncbi.nlm.nih.gov/pubmed/28910140
https://doi.org/10.3168/jds.S0022-0302%2895%2976874-6
https://doi.org/10.3168/jds.S0022-0302%2895%2976874-6
http://www.ncbi.nlm.nih.gov/pubmed/8747337
https://doi.org/10.1016/j.cvfa.2012.07.002
http://www.ncbi.nlm.nih.gov/pubmed/23101670
https://doi.org/10.1016/j.jcpa.2018.08.005
http://www.ncbi.nlm.nih.gov/pubmed/30360910
https://doi.org/10.2147/VMRR.S452925
http://www.ncbi.nlm.nih.gov/pubmed/38288284
https://doi.org/10.1371/journal.pntd.0009052
https://doi.org/10.1371/journal.pntd.0009052
http://www.ncbi.nlm.nih.gov/pubmed/33471793
https://doi.org/10.24248/EAHRJ-D-18-00006
https://doi.org/10.24248/EAHRJ-D-18-00006
http://www.ncbi.nlm.nih.gov/pubmed/34308186
https://doi.org/10.1186/1741-7015-12-31
http://www.ncbi.nlm.nih.gov/pubmed/24548672
https://doi.org/10.1371/journal.ppat.1005928
http://www.ncbi.nlm.nih.gov/pubmed/27907208
https://doi.org/10.1093/infdis/jix141
http://www.ncbi.nlm.nih.gov/pubmed/28368463
https://doi.org/10.1007/s42770-022-00783-5
https://doi.org/10.1007/s42770-022-00783-5
http://www.ncbi.nlm.nih.gov/pubmed/35864379
https://doi.org/10.1371/journal.pone.0318007

PLOS ONE

Dynamics of Salmonella Dublin a dairy herd

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Molossi FA, Cecco BS de, Henker LC, Vargas TP, Lorenzett MP, Bianchi MV, et al. Epidemiological
and pathological aspects of salmonellosis in cattle in southern Brazil. Cienc Rural. 2021; 51:
€20200459. https://doi.org/10.1590/0103-8478cr20200459

Chase CCL, Hurley DJ, Reber AJ. Neonatal Immune Development in the Calf and Its Impact on Vac-
cine Response. Veterinary Clinics of North America: Food Animal Practice. 2008; 24: 87—104. https://
doi.org/10.1016/j.cvfa.2007.11.001 PMID: 18299033

Enriquez D, Hotzel MJ, Ungerfeld R. Minimising the stress of weaning of beef calves: a review. Acta
Vet Scand. 2011; 53: 28. https://doi.org/10.1186/1751-0147-53-28 PMID: 21569479

Weary DM, Jasper J, H6tzel MJ. Understanding weaning distress. Applied Animal Behaviour Science.
2008; 110: 24—-41. https://doi.org/10.1016/].applanim.2007.03.025

Gutema FD, Agga GE, Abdi RD, De Zutter L, Duchateau L, Gabriél S. Prevalence and Serotype Diver-
sity of Salmonellain Apparently Healthy Cattle: Systematic Review and Meta-Analysis of Published
Studies, 2000-2017. Front Vet Sci. 2019; 6: 102. https://doi.org/10.3389/fvets.2019.00102 PMID:
31037239

Plumb ID, Schwensohn CA, Gieraltowski L, Tecle S, Schneider ZD, Freiman J, et al. Outbreak of Sal-
monella Newport Infections with Decreased Susceptibility to Azithromycin Linked to Beef Obtained in
the United States and Soft Cheese Obtained in Mexico—United States, 2018-2019. MMWR Morb
Mortal Wkly Rep. 2019; 68: 713—717. https://doi.org/10.15585/mmwr.mm6833a1 PMID: 31437141

Feng Y, Chen C-L, Chang Y-J, Li Y-H, Chiou C-S, Su L-H, et al. Microbiological and genomic investi-
gations of invasive Salmonella enterica serovar Panama from a large outbreak in Taiwan. Journal of
the Formosan Medical Association. 2022; 121: 660-669. https://doi.org/10.1016/j.jfma.2021.07.002
PMID: 34294499

Kempf G, Pietzsch O. [Phage-typing and tetracycline resistance in Salmonella panama strains of ani-
mal origin in the Federal Republic of Germany (1969-1975) (author’s transl)]. Zentralbl Bakteriol Orig
A.1977; 238: 370-378.

Jones PW, Collins P, Brown GTH, Aitken M. Transmission of Salmonella Mbandaka to cattle from con-
taminated feed. J Hyg. 1982; 88: 255-263. https://doi.org/10.1017/S002217240007011X PMID:
7061838

Nettleton WD, Reimink B, Arends KD, Potter D, Henderson JJ, Dietrich S, et al. Protracted, Intermit-
tent Outbreak of Salmonella Mbandaka Linked to a Restaurant—Michigan, 2008—-2019. MMWR Morb
Mortal Wkly Rep. 2021; 70: 1109-1113. https://doi.org/10.15585/mmwr.mm7033a1 PMID: 34411074

Montone AMI, Cutarelli A, Peruzy MF, La Tela |, Brunetti R, Pirofalo MG, et al. Antimicrobial Resis-
tance and Genomic Characterization of Salmonella Infantis from Different Sources. [UMS. 2023; 24:
5492. https://doi.org/10.3390/ijms24065492 PMID: 36982566

Osasah V, Whitfield Y, Danish A, Murphy A, Mather R, Adams J, et al. An outbreak of Salmonella
Infantis linked to shredded pork products from an unlicensed source in multiple health districts,
Ontario, Canada, 2021. CCDR. 2024; 50: 158—165. https://doi.org/10.14745/ccdr.v50i05a06 PMID:
38854905

Abraham R, Sahibzada S, Jordan D, O’'Dea M, Hampson DJ, McMillan K, et al. Antimicrobial resis-
tance and genomic relationships of Salmonella enterica from Australian cattle. International Journal of
Food Microbiology. 2022; 371: 109672. https://doi.org/10.1016/j.ijffoodmicro.2022.109672 PMID:
35452938

Davidson KE, Byrne BA, Pires AFA, Magdesian KG, Pereira RV. Antimicrobial resistance trends in
fecal Salmonella isolates from northern California dairy cattle admitted to a veterinary teaching hospi-
tal, 2002—-2016. Guccione J, editor. PLoS ONE. 2018; 13: e0199928. https://doi.org/10.1371/journal.
pone.0199928 PMID: 29953552

Shariati A, Arshadi M, Khosrojerdi MA, Abedinzadeh M, Ganjalishahi M, Maleki A, et al. The resistance
mechanisms of bacteria against ciprofloxacin and new approaches for enhancing the efficacy of this
antibiotic. Front Public Health. 2022; 10: 1025633. https://doi.org/10.3389/fpubh.2022.1025633 PMID:
36620240

WHO. WHO Publishes List of Bacteria for Which New Antibiotics are Urgently Needed. 2017. Avail-
able: http://www.who.int/mediacentre/news/releases/2017/bacteria-antibiotics-needed/en/

Aslam B, Khurshid M, Arshad MI, Muzammil S, Rasool M, Yasmeen N, et al. Antibiotic Resistance:
One Health One World Outlook. Front Cell Infect Microbiol. 2021; 11: 771510. https://doi.org/10.3389/
fcimb.2021.771510 PMID: 34900756

Dos Santos AMP, Panzenhagen P, Ferrari RG, De Jesus ACS, Portes AB, Ochioni AC, et al. Genomic
Characterization of Salmonella 1sangi: A Global Perspective of a Rare Serovar. Antibiotics. 2023; 12:
1309. https://doi.org/10.3390/antibiotics 12081309 PMID: 37627729

PLOS ONE | https://doi.org/10.1371/journal.pone.0318007  January 23, 2025 19/20


https://doi.org/10.1590/0103-8478cr20200459
https://doi.org/10.1016/j.cvfa.2007.11.001
https://doi.org/10.1016/j.cvfa.2007.11.001
http://www.ncbi.nlm.nih.gov/pubmed/18299033
https://doi.org/10.1186/1751-0147-53-28
http://www.ncbi.nlm.nih.gov/pubmed/21569479
https://doi.org/10.1016/j.applanim.2007.03.025
https://doi.org/10.3389/fvets.2019.00102
http://www.ncbi.nlm.nih.gov/pubmed/31037239
https://doi.org/10.15585/mmwr.mm6833a1
http://www.ncbi.nlm.nih.gov/pubmed/31437141
https://doi.org/10.1016/j.jfma.2021.07.002
http://www.ncbi.nlm.nih.gov/pubmed/34294499
https://doi.org/10.1017/S002217240007011X
http://www.ncbi.nlm.nih.gov/pubmed/7061838
https://doi.org/10.15585/mmwr.mm7033a1
http://www.ncbi.nlm.nih.gov/pubmed/34411074
https://doi.org/10.3390/ijms24065492
http://www.ncbi.nlm.nih.gov/pubmed/36982566
https://doi.org/10.14745/ccdr.v50i05a06
http://www.ncbi.nlm.nih.gov/pubmed/38854905
https://doi.org/10.1016/j.ijfoodmicro.2022.109672
http://www.ncbi.nlm.nih.gov/pubmed/35452938
https://doi.org/10.1371/journal.pone.0199928
https://doi.org/10.1371/journal.pone.0199928
http://www.ncbi.nlm.nih.gov/pubmed/29953552
https://doi.org/10.3389/fpubh.2022.1025633
http://www.ncbi.nlm.nih.gov/pubmed/36620240
http://www.who.int/mediacentre/news/releases/2017/bacteria-antibiotics-needed/en/
https://doi.org/10.3389/fcimb.2021.771510
https://doi.org/10.3389/fcimb.2021.771510
http://www.ncbi.nlm.nih.gov/pubmed/34900756
https://doi.org/10.3390/antibiotics12081309
http://www.ncbi.nlm.nih.gov/pubmed/37627729
https://doi.org/10.1371/journal.pone.0318007

PLOS ONE

Dynamics of Salmonella Dublin a dairy herd

85.

86.

87.

88.

89.

90.

91.

92,

93.

94.

95.

96.

97.

98.

99.

100.

Irfan S, Hasan Z, Qamar F, Ghanchi N, Ashraf J, Kaniji A, et al. Ceftriaxone resistant Salmonella enter-
ica serovar Paratyphi A identified in a case of enteric fever: first case report from Pakistan. BMC Infect
Dis. 2023; 23: 267. https://doi.org/10.1186/s12879-023-08152-9 PMID: 37101111

Onken A, Moyo S, Miraji MK, Bohlin J, Marijani M, Manyahi J, et al. Predominance of multidrug-resis-
tant Salmonella Typhi genotype 4.3.1 with low-level ciprofloxacin resistance in Zanzibar. Vinetz JM,
editor. PLoS Negl Trop Dis. 2024; 18: e0012132. hitps://doi.org/10.1371/journal.pntd.0012132 PMID:
38630840

Preethi B, Ramanathan K. Molecular level understanding of resistance to nalidixic acid in Salmonella
enterica serovar typhimurium associates with the S83F sequence type. Eur Biophys J. 2016; 45: 35—
44. https://doi.org/10.1007/s00249-015-1073-2 PMID: 26329667

Davis MA, Hancock DD, Besser TE, Daniels JB, Baker KNK, Call DR. Antimicrobial resistance in Sal-
monella enterica serovar Dublin isolates from beef and dairy sources. Veterinary Microbiology. 2007;
119: 221-230. https://doi.org/10.1016/j.vetmic.2006.08.028 PMID: 17034963

CDC. National Antimicrobial Resistance Monitoring System for Enteric Bacteria (NARMS): Human
Isolates Surveillance Report for 2015 (Final Report). 2018 [cited 3 Aug 2024]. Available: https://www.
cdc.gov/narms/pdf/2015-NARMS-Annual-Report-cleared_508.pdf

NARMS. The National Antimicrobial Resistance Monitoring System: Enteric Bacteria. NARMS Inte-
grated Report: 2012—2013. 2013 [cited 3 Aug 2024]. Available: https://www.fda.gov/media/92769/
download

Klose C, Scuda N, Ziegler T, Eisenberger D, Hanczaruk M, Riehm JM. Whole-Genome Investigation
of Salmonella Dublin Considering Mountain Pastures as Reservoirs in Southern Bavaria, Germany.
Microorganisms. 2022; 10: 885. https://doi.org/10.3390/microorganisms10050885 PMID: 35630330

Paudyal N, Pan H, Elbediwi M, Zhou X, Peng X, Li X, et al. Characterization of Salmonella Dublin iso-
lated from bovine and human hosts. BMC Microbiol. 2019; 19: 226. https://doi.org/10.1186/s12866-
019-1598-0 PMID: 31619165

Srednik ME, Lantz K, Hicks JA, Morningstar-Shaw BR, Mackie TA, Schlater LK. Antimicrobial resis-
tance and genomic characterization of Salmonella Dublin isolates in cattle from the United States.
Chang Y-F, editor. PLoS ONE. 2021; 16: e0249617. https://doi.org/10.1371/journal.pone.0249617
PMID: 34547028

Awosile B, Rahman MdK, Levent G, Botero Y, Ajulo S, Ojasanya R, et al. Comparing individual antimi-
crobial resistant and multi-drug resistant Salmonella enterica across serotypes, sampling sources,
sampling periods, and food animal types in the United States (2014—2018). Preventive Veterinary
Medicine. 2023; 219: 106008. https://doi.org/10.1016/.prevetmed.2023.106008 PMID: 37651892

Leekitcharoenphon P, Vigre H, Kaas RS, Aarestrup FM. Trends in Salmonella Dublin over time in Den-
mark from food and animal related isolates. Infection, Genetics and Evolution. 2023; 113: 105475.
https://doi.org/10.1016/j.meegid.2023.105475 PMID: 37394050

Vilela FP, Dos Prazeres Rodrigues D, Costa RG, Casas MRT, Falcao JP, Campioni F. High similarity
and high frequency of virulence genes among Salmonella Dublin strains isolated over a 33-year period
in Brazil. Braz J Microbiol. 2020; 51: 497-509. https://doi.org/10.1007/s42770-019-00156-5 PMID:
31701384

Garcia-Soto S, Tomaso H, Linde J, Methner U. Epidemiological Analysis of Salmonella enterica
subsp. enterica Serovar Dublin in German Cattle Herds Using Whole-Genome Sequencing. Lincopan
N, editor. Microbiol Spectr. 2021; 9: e00332—-21. https://doi.org/10.1128/Spectrum.00332-21 PMID:
34523945

Kent E, Okafor C, Caldwell M, Walker T, Whitlock B, Lear A. Control of Salmonella Dublin in a bovine
dairy herd. J Vet Intern Med. 2021; 35: 2075-2080. https://doi.org/10.1111/jvim.16191 PMID:
34060683

Garcia-Soto S, Linde J, Methner U. Epidemiological Analysis on the Occurrence of Salmonella enter-
ica Subspecies enterica Serovar Dublin in the German Federal State Schleswig-Holstein Using
Whole-Genome Sequencing. Microorganisms. 2023; 11: 122. https://doi.org/10.3390/
microorganisms11010122 PMID: 36677417

Kudirkiene E, Sgrensen G, Torpdahl M, De Knegt LV, Nielsen LR, Rattenborg E, et al. Epidemiology
of Salmonella enterica Serovar Dublin in Cattle and Humans in Denmark, 1996 to 2016: a Retrospec-
tive Whole-Genome-Based Study. Kivisaar M, editor. Appl Environ Microbiol. 2020; 86: €01894—19.
https://doi.org/10.1128/AEM.01894-19 PMID: 31732576

PLOS ONE | https://doi.org/10.1371/journal.pone.0318007  January 23, 2025 20/20


https://doi.org/10.1186/s12879-023-08152-9
http://www.ncbi.nlm.nih.gov/pubmed/37101111
https://doi.org/10.1371/journal.pntd.0012132
http://www.ncbi.nlm.nih.gov/pubmed/38630840
https://doi.org/10.1007/s00249-015-1073-2
http://www.ncbi.nlm.nih.gov/pubmed/26329667
https://doi.org/10.1016/j.vetmic.2006.08.028
http://www.ncbi.nlm.nih.gov/pubmed/17034963
https://www.cdc.gov/narms/pdf/2015-NARMS-Annual-Report-cleared_508.pdf
https://www.cdc.gov/narms/pdf/2015-NARMS-Annual-Report-cleared_508.pdf
https://www.fda.gov/media/92769/download
https://www.fda.gov/media/92769/download
https://doi.org/10.3390/microorganisms10050885
http://www.ncbi.nlm.nih.gov/pubmed/35630330
https://doi.org/10.1186/s12866-019-1598-0
https://doi.org/10.1186/s12866-019-1598-0
http://www.ncbi.nlm.nih.gov/pubmed/31619165
https://doi.org/10.1371/journal.pone.0249617
http://www.ncbi.nlm.nih.gov/pubmed/34547028
https://doi.org/10.1016/j.prevetmed.2023.106008
http://www.ncbi.nlm.nih.gov/pubmed/37651892
https://doi.org/10.1016/j.meegid.2023.105475
http://www.ncbi.nlm.nih.gov/pubmed/37394050
https://doi.org/10.1007/s42770-019-00156-5
http://www.ncbi.nlm.nih.gov/pubmed/31701384
https://doi.org/10.1128/Spectrum.00332-21
http://www.ncbi.nlm.nih.gov/pubmed/34523945
https://doi.org/10.1111/jvim.16191
http://www.ncbi.nlm.nih.gov/pubmed/34060683
https://doi.org/10.3390/microorganisms11010122
https://doi.org/10.3390/microorganisms11010122
http://www.ncbi.nlm.nih.gov/pubmed/36677417
https://doi.org/10.1128/AEM.01894-19
http://www.ncbi.nlm.nih.gov/pubmed/31732576
https://doi.org/10.1371/journal.pone.0318007

