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ABSTRACT

Salmonella is a food safety issue in beef products. This work investigated Sa/monella
prevalence and serovar populations in four cattle feedlots using deep serotyping by CRISPR-
SeroSeq. The first study investigated Salmonella diversity and serovar persistence in feedlot soil
layers, cattle pens, and the feedlot environment. In the second study, we assessed Salmonella
transmission, between fecal and dried manure across two feedlots, for two placements. We
identified 37 serovars and showed that 80% of samples contained two or more serovars. On
average, samples contained 2.9 serovars (range 1 — 10). In study one, shipping/receiving pens
had the highest prevalence (87.5%;14/16), and most complex samples (avg 3.9 serovars/sample).
In the second study, we observed that manure samples showed higher serovar complexity than
the fecal samples. Our data highlights, the enormous Salmonella complexity in feedlot

environments.
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CHAPTER 1
INTRODUCTION

Salmonellosis is the second most commonly diagnosed bacterial foodborne illness in the
United States, causing approximately 1.3 million human illnesses yearly (Tack et al., 2020).
Salmonella enterica is a diverse bacterial species comprised of more than 2,500 serovars;
serovars are defined by O and H antigens (Grimont & Weill, 2007). According to an interagency
report, 6.0% of Salmonella cases are estimated to result from eating contaminated beef
(IFSAC,2022). Salmonella enterica is associated with many different animals, including many
food animal species (IFSAC, 2022)

Salmonella is commonly isolated from cattle feces and hide; while most Salmonella
infections in cattle are asymptomatic, there are some notable exceptions, such as infections
caused by serovars Dublin and Typhimurium (Clinton et al., 1981; Nielsen et al., 2004).
Salmonella has been isolated from cattle feces, lymph nodes, hide, liver, and colon (Amachawadi
& Nagaraja, 2015; Gragg et al., 2013; Porwollik et al., 2018). Contaminated ground beef is
thought to be caused by the inclusion of infected lymph nodes, during slaughter, adipose tissue is
used to get the desired degree of fat content within the product; lymph nodes contained within
the adipose tissue can contaminate the end product (Gutiérrez et al., 2020; Samuel et al., 1979;
Webb et al., 2017). Numerous outbreaks have been linked to contaminated ground beef, such as
an outbreak of serovar Dublin in 2019, serovar Newport in 2018, and serovar Typhimurium in
2013 (Laufer et al., 2015; Roels" et al., 1997).

Most Salmonella mitigation methods have been aimed toward reducing pathogen load
prior to slaughter, while some studies have looked at reducing Sa/monella from other incoming

vectors (Hamilton et al., 2021; LeJeune et al., 2001; Parker et al., 2022; Smith et al., 2022).



Studies have investigated potential sources of Salmonella in feedlots, for example, wild birds,
flies, contaminated feed, and contaminated water troughs (figure 1)(Elser et al., 2019; LeJeune et
al., 2001; Olafson et al., 2016; Parker et al., 2022; You et al., 2006). Studies have also
investigated the efficacy of the mitigation methods at slaughter and incoming Sa/monella
dynamics due to the co-mingling of cattle of different origins; to better understand the effects
this has on Salmonella in the cattle pens (Levent et al., 2021). Currently, little has been done to
investigate the transmission of Salmonella in the feedlot environment and Sal/monella colonizing
cattle.

Serovars are defined by their lipopolysaccharide (O) and flagellar (H) antigens (Grimont
& Weill, 2007). Serovars have different phenotypes; these phenotypes make Salmonella
ubiquitous in the environment; some serovars have increased antibiotic resistance, are better
biofilm producers, or have increased thermal tolerance (Ng et al., 1969; Obe et al., 2022; Vosik
et al., 2018). These phenotypic differences can yield survival advantages in different
environments, including environments with low water activity or high pH (Santillana Farakos et
al., 2013; Wilmes-Riesenberg et al., 1996).

The main objective of this work was to examine Sa/monella dynamics between the soil and
cattle in feedlot environments and to track these dynamics over time. Four commercial feedlots
were visited during this work, and all Salmonella-positive samples were analyzed with CRISPR-
SeroSeq (CSS). This is a genomic deep serotyping tool that differentiates between Sa/monella
serovars based on their native CRISPR sequences and reports the relative frequency of each
serovar within a sample (Thompson et al., 2018). This work showed, for the first time, that

Salmonella populations in cattle feedlot environments are complex, consisting of an average of



2.9 serovars per sample. Across the two studies presented, four out of five samples contained two

Oor more sc€rovars.
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Figure 1. Vectors for Salmonella within the feedlot.
This figure shows, some of the vectors for Salmonella to enter the feedlot and infect the cattle.
Those vectors being wild birds, animal feed, horn flies, season stress induced shedding, and

Salmonella in the water trough.



CHAPTER 2
LITERATURE REVIEW
Foodborne Pathogens

In the United States, in 2018 there were 49 million estimated cases of foodborne illness
acquired from Campylobacter, Cyclospora, Listeria, Salmonella, shiga-toxin producing
Escherichia coli, Shigella, Vibrio, and Yersinia (Tack et al., 2020). The five most common
foodborne pathogens are Norovirus, Campylobacter, Clostridium Perfringens, non-typhoidal
Salmonella, and Staphylococcus aureus (CDC 2020). Globally, there are an estimated 600
million cases of foodborne illness and 420,000 deaths (World Health Organization. Foodborne
Disease Burden Epidemiology Reference Group, 2015). Among these foodborne pathogens,
Campylobacter and Salmonella are the top bacterial cause of foodborne illness in the U.S. (CDC
2020). Campylobacter causes 1.7 million illnesses annually in the United States, whereas
Salmonella causes 1.3 million (Collins et al., 2022).
Salmonella

Salmonella is a gram-negative rod-shaped bacterium that can be divided into two species,
S. bongori and S. enterica (Christensen et al., 1998; McQuiston et al., 2008). Salmonella enterica
is further divided into six subspecies; enterica, indica, salamae, houtenae, diarizonae, and
arizonae (Desai et al., 2013). Of the six subspecies, subspecies enterica is responsible for ~99%
of illnesses associated with Salmonella (Desai et al., 2013; McQuiston et al., 2008; Porwollik et
al., 2004). Salmonella enterica subspecies enterica contains more than 1,500 serovars (Grimont
& Weill, 2007). The 1.3 million annual cases of Salmonellosis result in an economic loss of
more than $3.5 million (Hoffmann et al., 2015; Majowicz et al., 2010; Scallan et al., 2011;

Scharff, 2012; Tack et al., 2020). Salmonella is ubiquitous; and has been linked to numerous

10



outbreaks in products such as peanut butter, cereal, chocolate, and beef (Centers for Disease
Control and Prevention, 2018; Laufer et al., 2015; Sheth et al., 2011; Werber et al., 2005).
Environmentally, Salmonella has been found in water and soil (Hekman et al., 1994; Liu et al.,
2018); this is relevant to outbreaks due to contamination of produce (Jacobsen & Bech, 2012).
This demonstrates that Salmonella can survive under various conditions, such as low pH, low
water activity, and high temperature (Dev Kumar et al., 2018; Holley et al., 2006; Jechalke et al.,
2019; H. Liu et al., 2018; Ng et al., 1969; Samadpour et al., 2006) and that it is adapted to grow
in different animal hosts.

Salmonellosis in Humans

Salmonellosis is an infection caused by the bacterium Sa/monella, typically caused by
invasive serovars (Cheng et al., 2019). In humans, Salmonellosis is often denoted by symptoms
of diarrhea, vomiting, and nausea; caused by invasion of the gastrointestinal tract (Arthur,
Bosilevac, et al., 2008; Ijabadeniyi et al., 2011; Sanchez-Vargas et al., 2011; Sheth et al., 2011;
Strauss et al., 2001). After the initial infection, Salmonella invades the epithelial cells via a type
three secretion system (T3SS) (Rosselin et al., 2011). Sa/monella infection causes 23,000
hospitalizations and 450 deaths annually (Tack et al., 2020). In many instances, Salmonella can
colonize animals but does not result in symptoms, and this poses a challenge when monitoring
food animals for potential contamination. Salmonella infections are often the result of consuming
food products from animals colonized with Salmonella; some examples are poultry, cattle, and
swine. (Andrés-Barranco et al., 2014; Cason et al., 2011; Gutema et al., 2019; Holschbach &

Peek, 2018; Rostagno et al., 2005; Shah et al., 2017; Webb et al., 2017).
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Salmonella Serovars

Differences in serovar phenotypes

Serovars are genetically distinct, leading to phenotypic differences between serovars
(Worley et al., 2018). Such differences include host restriction, virulence, thermal tolerance, and
antimicrobial resistance. Host restricted serovars (i.e., serovars Gallinarum and Typhi), can only
be found in one host, as opposed to serovar Typhimurium which is a host generalist (Cohen et
al., 2021). Serovar Gallinarum is host restricted to poultry, whereas serovar Typhi is host
restricted to humans, causing fowl typhoid and typhoid fever, respectively (Kidgell et al., 2002;
Shivaprasad, 2000). An example of a host adapted serovar is serovar Choleraesuis, which is
adapted to infect swine (Uzzau et al., 2000). Serovars can differ in their propensity to cause
illness due to differences in virulence factors (Andino & Hanning, 2015). One example is serovar
Javiana, which has a gene encoding for Salmonella-cytolethal distending toxin (S-CDT) (Miller
& Wiedmann, 2016). The genetic variances in serovars can yield different advantages for
survival; one example is serovar Kentucky, which is known for having increased antimicrobial
resistance (Sharma et al., 2020; Vosik et al., 2018). Another example is serovar Senftenberg,
which is known for having increased thermal tolerance (Ng et al., 1969). The ability to form
biofilms can vary between serovars; an example is Schwarzengrund, which despite changes in
temp and attachment surface, forms robust biofilms as opposed to serovar Newport, which was
consistently a weak biofilm former (Obe et al., 2022). Serovars can survive in different
environments with varying pH (Berrang et al., 2015; Cox et al., 2013; Kataria et al., 2020).
Serovar Tennessee can survive in low water activity environments that do not support microbial

growth, making it a concern for contamination in other food products like pasta and peanut butter

12



(CDC, 1993; Morasi et al., 2022; Sheth et al., 2011). While most serovars cause enteric distress,
serovars typhi and paratyphi cause typhoid and paratyphoid fever, respectively (Santos et al.,
2001). In cattle, serovar Dublin causes systemic infection and respiratory distress in calves
(Paudyal et al., 2019; Srednik et al., 2021). The severity of infections varies by serovar; T. F
Jones et al. (2008) found that hospitalization rates vary by serovar, and the rate of invasive
disease also varies by serovar.

Polyphvly in Salmonella

Additionally, ten percent of Salmonella serovars are polyphyletic, meaning while
genetically distinct, the serovars share O and H antigens; this makes it difficult to distinguish
between the two via serotyping (Barsoum & Awad, 1972; Worley et al., 2018). Some examples
of polyphyletic serovars are Montevideo, Kentucky, and Newport (Yin et al., 2020). Yin et al.
(2020) showed the genetic differences and clustering of polyphyletic serovars Bareilly,
Saintpaul, Muenchen, and Montevideo using a maximum likelihood tree based on seven MLST
genes. Showing that one group of Saintpaul clusters closely to Typhimurium while the other
clusters closely to Paratyphi B (Yin et al., 2020). Another example of how polyphyletic serovars
differ from each other are the CRISPR arrays. Examination of the CRISPR arrays of
polyphyletic serovar Kentucky revealed completely different arrays; further examination into the
differences between the two revealed different antimicrobial resistance profiles; serovar
Kentucky I was resistant to amoxicillin, cefoxitin, and ceftriaxone whereas, serovar Kentucky II

was resistant to nalidixic acid, sulfisoxazole, gentamicin, and ciprofloxacin (Vosik et al., 2018).
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Molecular Serotype Identification

Aside from traditional serum agglutination, there are many methods for serovar
identification, such as SeqSero, Salmonella in silico typing resource (SISTR), Intergenic
Sequence Ribotyping (ISR), Salmonella Multiplex Assay for Rapid Typing (SMART) assay,
Clustered Regulatory Interspersed Short Palindromic Repeats (CRISPR) typing, and qPCR
(Bugarel et al., 2018; Fabre et al., 2012; Guard et al., 2012, 2012b; Richards et al., 2020;
Yoshida et al., 2016; Zhang et al., 2019). Seqgsero and SISTR use whole genome sequence
(WGS) information to determine the serovar identity. SeqSero is a platform that predicts serovar
identification based on the genes that encode the somatic and flagellar antigens (Zhang et al.,
2019). In contrast, SISTR uses genoserotyping paired with seven multilocus sequence typing
genes (MLST) and core genome multilocus sequence typing (cgMLST) to determine the serovar
identity based on the WGS (Yoshida et al., 2016). Other molecular methods not utilizing WGS
for identification include ISR, a PCR-based method that amplifies the region between the 23S
and 58 ribosomal genes (Guard et al., 2012). The SMART assay uses 16 gene targets in a high
throughput multiplex PCR (Leader et al., 2009). When paired with traditional serotyping through
pulse-field gel electrophoresis (PFGE), it correctly identifies serovars 89.6% of the time. Fabre et
al. (2012) showed that the two CRISPR arrays in Salmonella contain unique spacer sequences,
which can be used to differentiate serovars. The fact that serovars contain unique spacer
sequences allows for a real-time PCR-based approach. This approach uses probes to attach to
specific spacer sequences (Bugarel et al., 2018; Richards et al., 2020). Another molecular typing

tool, multi-locus sequence typing (MLST), uses seven housekeeping gene loci to characterize
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Salmonella serovars (Achtman et al., 2012). These gene loci can characterize Sa/monella into
sequence types, which can differentiate within a serovar (Achtman et al., 2012).

Salmonella isolation

The Food and Drug Administration Bacterial Analytic Manual (FDA BAM) procedure
for Salmonella isolation is a multi-step process that takes several days (Andrews et al., 2022).
Samples are first pre-enriched in buffered peptone water (BPW) and then subcultured into
selective enrichment media, which prevent the growth of bacteria other than Salmonella.
Rappaport Vassiliadis (RV) and tetrathionate (TT) broths are selective for Salmonella isolation.
Finally, a selective indicator media such as xylose lysine tergitol 4 (XLT-4) or brilliant green
sulfa (BGS) is used to identify presumptive Sa/monella colonies. BPW is used for the pre-
enrichment of Salmonella and is a non-selective media that allows the resuscitation of injured
bacteria. RV broth is a selective enrichment broth for Salmonella composed of two selective
agents, magnesium chloride and malachite green. These ingredients work by suppressing the
growth of gram-positive bacteria and preventing the growth of other coliforms (Rappaport et al.,
1956; Vassiliadis et al., 1981). TT enriches Salmonella by providing an electron acceptor that
can be utilized in place of oxygen as a terminal electron acceptor (Knox, 1943; Palumbo &
Alford, 1970). Serovars that can survive at a low pH may be better able to survive in RV broth
than serovars that are less acid tolerant. The biases introduced by culturing media skew the
Salmonella serovar population recovered. RV and TT are commonly used in parallel for
Salmonella isolation due to their different selection methods; using them in parallel results in a
higher chance of isolating Salmonella.

XLT-4 media differentiates Salmonella based on the production of H»S, resulting in

black colonies, on BGS Salmonella colonies appear as pink-white colonies surrounded by a red
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halo (Miller et al., 1991; Poisson, 1992; Richardson et al., 2019). H>S-negative Salmonella
colonies cannot be detected via standard isolation on XL.T-4, and multiple media are suggested
to be able to capture these. Some other media used for Sa/monella selection and differentiation
include (BGS), Hektoen Enteric agar (HE), and Chromogenic agar for Salmonella Esterase
(CASE). These other selective differential agar media can be used as additional methods for
Salmonella isolation and detection. Due to different methods for indicating Sa/monella, CASE
and HE agar colonies are identified as blue-green colonies (Hektoen et al., 1968; Moats &
Kinner, 1974). Further confirmation can be done with biochemical tests such as Triple Sugar
Iron Agar (TSI), or Lysin Iron Agar (LIA) can be used as a confirmation of Sa/monella via the
color of the slant and butt of the media, pH shifts in the media, and production of H2S (Andrews
et al., 2022).

Limitations to Salmonella culture isolation

Salmonella isolation is not without faults; both TT and RV broth need to be deployed in
parallel to ensure isolation; there is a selection bias during enrichment (Cox et al., 2019; Gorski,
2012; Larsen et al., 2021; Obe et al., 2021; Singer et al., 2009). It has been observed that TT and
RV can preferentially enrich different serovar(s); for example, TT broth enriches serovar
Enteritidis, whereas RV broth was observed to enrich serovar Schwarzengrund preferentially
(Cox et al., 2019; Gorski, 2012; Singer et al., 2009). Plating media can add another layer of bias,
exacerbating existing biases (Larsen et al., 2021). Larsen et al. (2021) found that competing
serovars Montevideo and Typhimurium, in set ratios of 1:1, 10:1, and 100:1 and their inverse in
BPW, RV, and TT, resulted in a consistent pattern; Typhimurium consistently outcompeted
Montevideo when starting as the minority serovar in TT media. Singer et al. (2009) competed

one strain of serovar Newport, two strains of serovar Typhimurium, and one strain of serovar
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Enteritidis against each other in tetrathionate broth. Singer et al. (2009) found that serovar
Newport routinely outcompeted the other serovars, despite the starting concentration. Gorski et
al. (2012) competed serovars from different serogroups and observed serogroups C1, C2, and E
were most often the dominant serogroup within RV culture.

The microbiology laboratory guidebook (MLG) recommends picking at least three
colonies (USDA FSIS, 2023). Serovars that can survive at a low pH may be better able to
survive in RV broth than serovars that are less acid tolerant. The biases introduced by culturing
media skew the Salmonella serovar population recovered.

Salmonella Populations

After identifying Salmonella via selective differential media, 1-3 colonies are picked.
This introduces a significant limitation: where multiple serovars are present in the same sample,
picking a small number of colonies will typically only identify the most abundant serovar in a
sample. Therefore, low-abundance serovars remain undetected. Siceloff et al. (2022) showed
from 28 serovars found in the broiler breeder environment, 16 appeared more often in the
minority of a sample. Serovars hidden due to low abundance in a population can be overlooked
but could be highly associated with human illness or antimicrobial resistance. Failure to identify
serovars commonly associated with human illness because it’s not highly abundant in a sample
can result in a false sense of security. The incredible diversity within serovars’ means that the
inability to characterize whole populations could spell disaster, potentially the majority serovar
could be serovar Kentucky, which is not commonly associated with human illness, while one
background serovar could be Typhimurium (Haley et al., 2016; Rauch et al., 2018; Vosik et al.,

2018).
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One method to fully characterize Sa/monella populations is CSS, a deep serotyping
method that resolves the relative frequency of multiple serovars in a single sample (Thompson et
al., 2018). CRISPR-SeroSeq exploits the serovar-specific spacer sequences within the
Salmonella CRISPR arrays (Bugarel et al., 2018; Fabre et al., 2012; Thompson et al., 2018).
CRISPR-SeroSeq has been used to characterize media biases in Salmonella isolation (Larsen et
al., 2021), freshwater (Deaven et al., 2021), animal feed and feed ingredients (N. W. Shariat et
al., 2022) and in broiler production and processing (Rasamsetti et al., 2021, 2022; Rasamsetti &
Shariat, 2023; Siceloff et al., 2022; Thompson et al., 2018). In the feed study, up to 11 serovars
were detected in a single sample from blood meal (Shariat et al., 2022), as well as from the
broiler breeder environment (Siceloff et al., 2022). In the broiler breeder poultry study, 32% of
Salmonella-positive samples contained two or more serovars (Siceloff et al., 2022), and in water
samples, 80% contained more than one serovar (Deaven et al., 2021). This new research avenue
has highlighted that Sal/monella often occurs in complex populations that consist of multiple
serovars. Characterizing the entire population rather than the serovar in the majority can greatly
help food safety by showing serovars commonly associated with human illness hidden in the
minority of a sample.

CRISPR-SeroSeq

Salmonella has two CRISPR arrays composed of invariable direct repeats and variable
spacers (Bugarel et al., 2018; N. Shariat et al., 2015). The combination of the spacers in the
CRISPR arrays creates a profile that differentiates between serovars; this includes the
differentiation of polyphyletic serovars (Bugarel et al., 2018; N. Shariat et al., 2013; N. Shariat &
Dudley, 2014; Thompson et al., 2018). The overall relative frequencies of serovars can also be

determined based on the amount of sequence reads attributed to each serovar. Reads are
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attributed to serovars by running the sequences through a database and comparing them to
sequences submitted to the NCBI BLAST database. The CRISPR-SeroSeq database comprises
the CRISPR profiles of over 140 serovars. CSS has been used to identify as many as 11 serovars
in one sample and serovars in as little as 0.5% of the population (Shariat et al., 2022; Thompson
et al., 2018).

The entire Sa/monella population will have their CRISPR amplified via PCR. CSS does
this by utilizing broth cultures instead of colonies from a plate (Wallace, H Andrews, and
Thomas, 2009). Using RV and TT broths for CSS prevents the need to pick multiple colonies
from a plate. Using the CRISPR array to create CRISPR profiles or CRISPR types identifies
differences between strains of the same serovar via duplication of deletion within the CRISPR
array (Vosik et al., 2018).

Salmonellosis in Cattle

Symptoms of salmonellosis in cattle are characterized by fever, dehydration, anorexia,
and diarrhea (Costa et al., 2012). The feces of sick animals can be watery and contain mucus and
blood clots (Costa et al., 2012). Clinical cases are commonly associated with infections by
serovars Typhimurium and Dublin (Clinton et al., 1981; Paudyal et al., 2019). Serovar Dublin
has increased morbidity and mortality in calves and has been associated with systemic infections
and respiratory distress in calves; serovar Dublin infections can also cause spontaneous abortions
in heifers. (Nielsen, 2013; Nielsen et al., 2004). Sa/monella infections caused by serovar Dublin
are associated with enterocolitis and septicemia (Nielsen, 2013). During infection, serovar
Dublin is often shed in the feces. Serovar Dublin is also found to exist in a latent carrier stage
and colonize internal organs (Nielsen, 2013). The carrier state is thought to be how serovar

Dublin infections sporadically spread throughout herds (Nielsen et al., 2004). In many instances,
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Salmonella colonization, with serovars other than Dublin, cause asymptomatic infections in
cattle; during the asymptomatic infection, Salmonella is often shed in the feces (Alam et al.,
2009; Cummings et al., 2009; Rodriguez-Rivera et al., 2014; Sorensen et al., 2002).

Cattle are prone to abscesses in the liver, and while not commonly associated with
Salmonella, a quarter of abscesses have recoverable Sa/monella (Amachawadi & Nagaraja,
2015; Asakura et al., 2022; Pinnell et al., 2022). The incidence of liver abscesses within feedlots
ranges from 12-32% (Nagaraja & Chengappa, 1998). Another common site of infection in cattle
is the colon; Salmonella infection can cause enterocolitis resulting in inflammation within the
colon and small intestine (Eckmann, 2006). Chronic Sa/monella infections cause the thickening
of the colonic wall and a buildup of yellow/gray necrotic tissue (Zha et al., 2019). During a
challenge assay, Salmonella isolated from the colon was found to be highly similar to the initial
culture orally ingested by the cattle (Porwollik et al., 2018), suggesting that orally ingested
Salmonella disseminates throughout the cattle.

Salmonella is a food safety concern in beef cattle

Salmonella associated with beef products accounts for an estimated 6.0% of Salmonella
infections (IFSAC, 2022). Beef is the 6 largest single contributor to Salmonella infections
(IFSAC, 2022). Between 1973 to 2011, Salmonella was associated with 28,599 outbreaks, with
96 outbreaks attributed to beef products (Laufer et al., 2015). Salmonella has been found in cattle
offal (entrails and edible internal organs); one study from the republic of Korea showed that it
was found in 7.1% of offal samples (Im et al., 2016). Salmonella colonization of the offal is
important due to the inclusion of these parts in ground beef or processed meats. Sa/monella has

also been found in the lymph nodes; the lymph nodes are often included in ground beef and
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thought to be one route of contamination (Arthur, Brichta-Harhay, et al., 2008; Gutiérrez et al.,
2020)

One of the major outbreaks that changed how the beef industry mitigates foodborne
pathogens was the E. coli O157:H7 outbreak in 1993. This was caused by contaminated ground
beef which made more than 700 people sick and caused four deaths (Department of Health and
Human Services, 1993). This outbreak resulted in E. coli O157:H7 being considered an
adulterant in ground beef. Most mitigations during slaughter are aimed at reducing E. coli but are
effective against Sa/monella as well (Buege & Ingham, 2003; Buncic & Sofos, 2012; Fegan et
al., 2004; Samuel et al., 1979; Young et al., 2016). In 2018 there was an outbreak of serovar
Newport in ground beef. This outbreak affected people in multiple states and caused more than
400 cases of salmonellosis and 117 hospitalizations (CDC, 2019).

Post-harvest Salmonella control

Most intervention strategies for Sa/monella in cattle production are in slaughter or post-
processing. Upon entry to the slaughter facility, cattle are stunned or immobile. Stunning is
typically performed using gas, percussion, or electrical methods. After stunning, the cattle will
be hung and bled (“Animal Slaughter,” 2010; Buncic & Sofos, 2012; Leary & American
Veterinary Medical Association., 2016). The carcass is washed with antimicrobials, most
commonly lactic acid but also peracetic acid (PAA) or ozonated water (Antic et al., 2021; Buege
& Ingham, 2003; Koohmaraie et al., 2005). Hide washing wets the hide to prevent hair from
dispersing and contaminating processes downstream. The hide is then vacuumed to remove
excess water (Koohmaraie et al., 2005). Hide removal is an essential step in controlling bacterial
pathogens during slaughter, as past studies have shown a wide range of Salmonella incidence on

cattle hides, ranging from 0-100% (Arthur et al., 2007; Bosilevac et al., 2005; Gragg et al., 2013;
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Stephens et al., 2007). Post-hide removal, the prevalence of Salmonella decreases by 50%
(Brichta-Harhay et al., 2008). After removal of the hide, the carcass is spot cleaned via knife
trimming, steam vacuuming, or ambient water washes (Koohmaraie et al., 2005; Wheeler et al.,
2014). Subsequent evisceration is another critical step to avoid product contamination by
removing the GI tract.

Pre-harvest sources of Salmonella introduction to beef cattle

The cattle industry is not vertically integrated, and animals in a single pen at a feedlot can
originate from multiple cow-calf operations or backgrounding operations across the country.
Further, dairy beef cattle can also be co-mingled with beef cattle at feedlots. During finishing,
cattle are often re-organized by weight, gender, breed, and moved into different pens
accordingly. Thus, any Salmonella present on a single animal or subset of animals has the
potential to spread to other animals within the same pen and feedlot.

Environmental sources of Salmonella in feedlots include the pen floors; Salmonella was
found in the water troughs on dairy farms and feedlots (Carlson, Engeman, et al., 2011; LeJeune
et al., 2001). From 473 samples taken from various water troughs, only 0.8% were found to be
positive (LeJeune et al., 2001), suggesting this may not be a significant source of Sa/monella.
Contaminated feed is also a source of Salmonella to beef cattle (Hsieh et al., 2014). Studies have
shown that animal feed can be contaminated with Sal/monella, albeit at a low prevalence (Jones
& Richardson, 2004; Shariat et al., 2022). Salmonella has been found in feedlots, feed storage
areas, and feed manufacturing equipment (Sargeant et al., 2021). Porwollik et al. (2018) orally
challenged cattle with Salmonella and showed Salmonella disseminated throughout the cattle's
lymph nodes, GI tract, and other organs. Other animals colonized with Sa/monella can shed it

into the environment can be a source of Salmonella, including rodents, wild birds, and insects
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(Carlson et al., 2020; Carlson, Franklin, et al., 2011; Olafson et al., 2016). Wild birds have long
been a concern for Salmonella transmission in agricultural environments (Elser et al., 2019;
Faddoul et al., 1966). The dissemination of Salmonella via migratory birds can spread
Salmonella across large stretches of land (Callaway et al., 2014). The increased presence of
starlings in a feedlot have been shown to have a positive relation to the level of Salmonella found
in both the feed and water troughs (Carlson, Franklin, et al., 2011). The United States
Department of Agriculture found that only 34% of feedlots with more than 1,000 cattle have
some intervention to reduce the number of wild birds (U.S. Department of Agriculture
National Animal Health Monitoring System, 2013). One biosecurity method within feedlots is,
having separate equipment for removing sick animals or spreading manure than for moving dirt.
This prevents cross-contamination with healthy animals or spreading bacteria in the manure to
other pens. Insects have been shown to harbor Salmonella, and the horse fly, which bites the
cattle and commonly defecates upon landing, can be a vector for introducing Sa/monella into the
blood of the cattle (Hamilton et al., 2021; Machtinger et al., 2021; Olafson et al., 2016).

Bacterial survival and transmission within the soil column have been observed to be
dependent on the pore size of the soil (Hekman et al., 1994; Mosaddeghi et al., 2009). Smaller
pore sizes better retain water, which in turn allows for survival within the soil (Hekman et al.,
1994). It was found that bacterial recovery was decreased based on soil depth, but the transport
was linked to the water activity within the soil (Hekman et al., 1994)

It should be noted that these are not always direct Sa/monella transmission, and
Salmonella that colonizes cattle can come from multiple sources (figure 1). For example, in a
study on the role of wild birds on Salmonella prevalence in feed and water troughs (50/120),

trough samples were positive (Carlson, Engeman, et al., 2011). The presence of Salmonella in
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water and feed troughs can be influenced by the wild bird populations (Carlson, Engeman, et al.,
2011). After introducing controls for wild birds, the Salmonella prevalence decreased from 28%
to 5% after the controls were introduced (Carlson, Engeman, et al., 2011). When comparing
those results to Salmonella contamination in feed troughs, 8% were contaminated, then after
controls were added, 0% were found to be contaminated with Salmonella (Carlson, Engeman, et
al., 2011). Many other factors other than wild birds could be contributing to the Salmonella
prevalence in the water troughs, such as the placement of the trough, season, how often the
trough is cleaned, the type of trough, etc. (Carlson, Engeman, et al., 2011; Carlson, Franklin, et
al., 2011; Kirk et al., 2002; LeJeune et al., 2001). To add to this complexity, Levent et al. (2019)
showed that Salmonella infections within cattle are not universal, one serovar does not infect the
entire animal, and different serovars can be found on the hide, in the lymph nodes, and the feces.

Pre-harvest Salmonella control

Feed additives are one method of reducing foodborne pathogens in different types of food
animal production. In cattle, using probiotic feed additives can help reduce potential pathogens
in the GI tract (Callaway et al., 2012). There have been few studies in cattle investigating the use
of pre-and probiotics; Celmanax has shown promise and acts against the adhesion of
Enterohemorrhagic E. coli and mycotoxin binder (Baines et al., 2011). Another is direct-fed
microbial (DFM), DFM such as lactobacillus, which can reduce the shedding of E. coli up to
50%; further studies have shown that 13% of cattle fed a DFM shed E. coli, whereas normally
46% of cattle will shed E. coli (Callaway et al., 2014). Cattle are vaccinated based on diseases
affecting the respiration or reproduction of the animals (USDA APHIS, 2009). Cattle are not
commonly vaccinated against Sa/monella; 0.3% of feedlot cattle are vaccinated against

Salmonella (USDA APHIS, 2009). Additional approaches have included considering how shade
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can affect cattle; having some form of shade can help reduce heat stress on the animals, which
can, in turn, reduce Sa/monella shedding (Cummings et al., 2009; Edrington et al., 2004).

Salmonella has been isolated from various cattle organs, at slaughter, and from cattle
feces. Salmonella population and serovar complexity in feedlots have not been observed.
Complex serovar populations have been found in water, cattle, and animal feed (Deaven et al.,
2021; N. W. Shariat et al., 2022; Siceloff et al., 2021). Deep serotyping of cattle feedlots can lead
to a better understanding of Salmonella populations. Examining serovar populations in feedlots
can create a baseline for understanding Sa/monella transmission in feedlots and survival within
the soil environment.

Summary

Salmonella is a diverse pathogen that causes 1.3 million illnesses annually in the U.S. and
is commonly acquired from eating or drinking contaminated products (Maciorowski et al., 2006).
One source is beef products, which are estimated to be responsible for 6.0% of Salmonella cases
(IFSAC, 2022). Identification and in-depth characterization of Salmonella serovars found within
the beef industry are needed to help understand the hurdles in getting rid of Sa/monella. The
large diversity between serovars, and the complexity of multiserovar populations, dictate the
need for deep serotyping methods.

Salmonella is a commensal organism in cattle, commonly found on the hide, in the feces,
and in the lymph nodes (Gragg et al., 2013; Gutiérrez et al., 2020; Haneklaus et al., 2012; Webb
et al., 2017). Typically, the recovery of Salmonella is a three-step process before identifying
Salmonella serovars, starting with pre-enrichment, selective enrichment, and culminating in
selective differential plating. Further identification via serotyping, SeqSero, ISR, SMART, CSS,

and qPCR are needed to determine the serovar causing the infection, but each is not without its
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faults. Multiserovar populations have been observed in water, feed, poultry litter, and more; due
to the limitation via traditional culturing, serovars hidden in the minority are overlooked. Serovar
Kentucky is not commonly associated with human illness, but if serovar Infantis is in the
minority, Infantis might not be found via traditional culturing methods.

In cattle, most mitigation methods are aimed at slaughter to reduce Salmonella before it
reaches the consumer; while research has been dedicated to finding ways to reduce Salmonella
being introduced to the cattle via vectors such as wild birds, feed, and water, not much has been
dedicated to looking into the pen environment before cattle arrival. Is Sa/monella from the

previous herd interacting with the new cohorts entering the pen?
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CHAPTER 3
SALMONELLA SEROVAR DYNAMICS IN CATTLE
Introduction

Salmonella is a leading bacterial foodborne pathogen, causing 1.3 million illnesses in the
U.S. annually (Tack et al., 2020). Salmonella is often associated with eating contaminated foods,
such as poultry, beef, and produce (IFSAC, 2022). Beef products are the 6™ largest commodity
associated with Sa/monella infection (IFSAC, 2022).

Cattle are common carriers of Salmonella; these infections are often asymptomatic
(Gopinath et al., 2012). Salmonella enterica comprises over 2,500 serovars, each defined by their
unique combinations of O and H antigens (Grimont & Weill, 2007) The carriage of Salmonella in
cattle depends on the serovar causing the infection and, secondly, the stress on the animal
(Gopinath et al., 2012; Gronstol et al., 1974; Nielsen et al., 2004). Gronstol et al. (1974) showed
that stress is enough to induce shedding in cattle.

The inclusion of lymph nodes has been linked with Salmonella contaminated ground beef
(Gutiérrez et al., 2020; Haneklaus et al., 2012; Webb et al., 2017). Many studies have investigated
Salmonella in cattle, from studies about mitigation at slaughter, to the efficacy of washing the hide
to prevent cross-contamination, to antimicrobial resistance, to investigating the prevalence within
the lymph nodes and other organs (Arthur et al., 2007; Asakura et al., 2022; Gragg et al., 2013;
Gutierrez-Bafiuelos et al., 2011; Im et al., 2016; Samuel et al., 1979)

Salmonella sources include flies, feed and water troughs, which can serve as vectors to
colonize a herd (Carlson et al., 2020; Olafson et al., 2016; Sargeant et al., 2021; Shariat et al.,
2022). Salmonella prevalence varies by season, decreasing in colder months (Barkocy-Gallagher

et al., 2003). Pre-harvest studies have examined the rate of Sa/monella shedding in relation to the
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season and other vectors introducing Sa/monella in feedlots (Chong et al., 2021; Cummings et al.,
2009; Gopinath et al., 2012; Levent et al., 2019; Olafson et al., 2016; Porwollik et al., 2018). Gragg
et al. (2013) showed that Sa/monella prevalence on the hide ranged from 91-100%, and prevalence
in the feces ranged from 85-97%. Salmonella is often shed in cattle feces, with a decrease in the
colder months. Pre-harvest studies have examined rates of shedding, stress, and ways to reduce
Salmonella coming into the feedlot. Still, they do not characterize changes in Salmonella
prevalence soils or serovar diversity in feedlots.

Genetic differences among Salmonella serovars give rise to different phenotypes, such as
thermal tolerance, host restriction, and antimicrobial resistance (Ng et al., 1969; Uzzau et al., 2000;
Vosik et al., 2018). Phenotypic differences could mean better survival or even increased virulence.
Examining Salmonella populations, composed of multiple serovars, is needed to understand the
potential food safety risks. Some serovar are polyphyletic, where the same O and H antigens are
shared by two genetically distinct Salmonellae (Yin et al., 2020). One example is serovar
Kentucky, which can be identified as Kentucky I and II; these serovars have distinct CRISPR
arrays and antimicrobial resistance patterns (Vosik et al., 2018). Polyphyletic serovars are not often
differentiated; but can have different hosts, Kentucky I is commonly associated with poultry and
Kentucky II is associated with cattle (Haley et al., 2016).

Salmonella isolation involves picking 1-3 colonies from selective indicator media
(Andrews et al., 2022). This typically only detects the most abundant serovar(s) present in a
sample. In more complex serovar populations, picking three colonies is not enough to characterize
the full population. Siceloff et al, (2022) found five serovars that were found in the CDC top ten
serovars of concern in 2016, three of which appeared more often in the minority of samples. These

serovars could have been overlooked in traditional culturing methods.

52



Deep serotyping identifies all serovars contained within a sample. CRISPR-SeroSeq (CSS)
is a deep serotyping method that utilizes the unique spacers with the CRISPR array to identify
serovars. The two CRISPR arrays in Sa/monella are composed of unique spacer sequences and
highly conserved direct repeat sequences (Touchon & Rocha, 2010). The array initially evolved
via the stepwise addition of spacers, and while the array is no longer evolving, it remains a
fingerprinting region (Fabre et al., 2012; N. Shariat & Dudley, 2014; Touchon & Rocha, 2010). A
database containing the spacer sequences of ~140 serovars linked to humans, turkey, poultry, and
cattle can tease out the serovars present in a sample. CSS works by PCR amplification of the
CRISPR spacers, using dual index Illumina primers. This PCR amplifies the spacers of Sa/monella
with a sample; this can then be sequenced. The sequence reads can then be used to identify the
relative frequency of each serovar in a sample using the number of sequence reads for each spacer.
Salmonella populations are complex microbial communities; several studies have shown
multiserovar populations existing in numerous environments, such as creek systems, animal feed,
broilers, and cattle (Deaven et al., 2021; Shariat et al., 2022; Siceloff et al., 2021, 2022). As many
as 11 serovars have been found within one sample using CRISPR-SeroSeq (Shariat et al., 2022;
Siceloff et al., 2021).

The complexity of Salmonella populations within feedlots can vary, and individual pens
can have unique serovar profiles; the serovars recovered can differ based on which pen is sampled
(Levent et al., 2019). The goal of the studies presented here was to explore Sa/monella serovar
dynamics in feedlot environments by sampling various pens, soil depths, feed, water, and common
areas in the feedlot. Establishing a baseline for Salmonella dynamics within feedlots and the

seasonal change in Salmonella prevalence will create a starting point for further research. An
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additional goal of this work was to investigate how serovar dynamics change over time and to
temporally compare freshly shed Sal/monella in feces to Salmonella in dried feces.

In these studies, we examined two feedlots with historically high Sa/monella prevalence.
This led us to test the hypothesis that Sa/monella was surviving and persisting in the feedlot soil,
which has not been deeply investigated. Although not directly relevant to feedlot environments,
studies have shown that Sa/monella can survive in manure-amended soils for 40 days (Franz et al.,
2005). Salmonella internalization into soil depends on pore size, water activity, and temperature
(Hekman W.E et al., 1994; Holley et al., 2006; You et al., 2006). Hekman et al. (1995) also found
that bacterial density decreased as soil depth increased. Soil pore size affects the rate of bacterial
flow; soil with larger pores allows bacteria to travel only when there is an influx of water that is
saturating the soil (Hekman W.E et al., 1995.). Soil with smaller pores can retain water and allow
bacteria to move due to water in the micropores (Hekman W.E et al., 1995.; Stevik et al., 2004).

This study sampled four feedlots, sampling various pens and locations in the feedlots to
better understand Sa/monella serovar dynamics within feedlots. Over the course of this study,
Salmonella decreased in prevalence in the colder months. This study also defined the Salmonella

populations present in cattle feces and the dried manure in the environment.
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MATERIALS AND METHODS

Bio-mapping Salmonella Populations Across Four Texas Feedlots

Four feedlots were selected for the one-year sampling period. Two feedlots were selected
based on a historic high Salmonella prevalence and two based on a historic low Sa/monella
prevalence in trim and lymph nodes from their steers at the harvesting plant. Each feedlot was
visited four times a year, once per season, over one year to collect samples. On each visit, eight
random pens were chosen within the feedlots. A total of seven locations were sampled at each
pen. A bootsock sample was taken by walking around the pen in a Z pattern. At the same time,
the manure surface composite sample was collected using sterile gloves and picking at 11
different points along the Z pattern using a sterile 55 oz unfiltered Whirlpack™ (Nasco; Fort
Atkinson, WI) bag. A hole was dug in a designated area within the pen using a disinfected
shovel. Using three separate sterile 55 oz Whirlpack™ bags, three samples were taken from the
hole. One sample from the surface layer (top layer), one sample from the interface layer
(middle), and one sample from the soil layer (bottom layer). A fresh mixed ration sample was
taken from the feed bunk of the pen, and a sample of the trough water was taken using a
specimen cup. In addition to the eight pens, a swab was collected from the receiving and
shipping pens.

Soil, manure, fecal, and mixed ration samples were diluted with 25g of sample added to
225 ml of modified tryptic soy broth (mTSB; Neogen, Lansing, MI) with 8 mg/L of novobiocin.
Samples were homogenized using a stomacher (Model 400 circulator; Seward, West Sussex,
UK) at 230 rpm for 2 min. Homogenized samples were incubated at 42°C for 18-24 h. Trough

water samples were processed by measuring 10 ml of water and diluting with 90 ml of mTSB
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and incubated at 42°C for 24h. For feed truck tire samples, 1 ml from the swab sample was added
onto 9 ml of mTSB and incubated at 42°C for 24h. Bootsocks were processed by adding 100 ml
of mTSB onto the filtered 24 oz Whirlpack™ bag that they were contained in, homogenized in a
stomacher at 230 rpm for 1 min, and incubated at 42°C for 24h.
Salmonella detection and isolation

From the enriched samples, 1 ml was added to 9 ml of Rappaport Vassiliadis (RV10;
Oxoid, Hampshire, UK) broth and 9 ml of tetrathionate broth (TT; Neogen, Lansing, MI) as
secondary enrichments. Both RV and TT broths were incubated at 42°C for 18-24 hours.
Following secondary enrichment, a loopful of the sample was streaked onto xylose lysine tergitol
4 (XLT4; Hardy Diagnostics, Santa Maria, CA) and CHROMagar™ Salmonella (ChromSal;
Springfield, NJ) and incubated at 37°C for 24 h. Presumptive Salmonella positive colonies, black
or yellow with a black center on XLT4 agar and mauve on ChromSal agar, were selected and
confirmed using the BAX® real-time Salmonella assay (Hygiena, Wilmington, DE) following the
manufacturer’s instructions.
Deep serotyping by CRISPR-SeroSeq

For each of the RV and TT broths from Sal/monella-positive samples, the overnight
enrichments were briefly vortexed and 1 ml was transferred to a microcentrifuge tube. The
samples were centrifuged at max speed (~14,000rpm) on a benchtop centrifuge to pellet the
bacteria. After removing the supernatant, the pellet was frozen at -20°C. Total genomic DNA
was isolated from pellets using the Promega Genome Wizard kit (Madison, WI), according to the
manufacturer’s instructions, and was resuspended in 200 pl of molecular grade water and stored
at -20°C. Genomic DNA was diluted 10-fold in molecular grade water and 2 pl was used as a

template in the first PCR step for CRISPR-SeroSeq with primers targeting the conserved direct
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repeat sequences within Sa/monella CRISPR arrays. PCR products were purified using the
Ampure system (Beckman Coulter, Indianapolis, IN), according to the manufacturer’s
instructions. For the second PCR to add dual index sequences, 5 pl of the cleaned amplicon was
used as a template, following the Illumina Nextera protocol (Illumina, San Diego, CA). PCR
products were purified using Ampure and pooled in approximate equimolar ratios. Pooled
libraries were multiplexed and sequenced on the Illumina NextSeq platform with 150 cycles,
single end reads. Each sequencing run contained two negative control samples: a non-template
water control from the first PCR and a non-template water control from the second PCR. A
positive control containing Salmonella serotype Enteritidis genomic DNA with a known
CRISPR profile was also included on each run. CRISPR-SeroSeq analyses were performed using
a R script that scans sequence reads and uses BLAST to match sequence reads to a database of
over 135 serovars, before writing the output directly to Excel. Serovars were called only if they
contained multiple CRISPR spacers that were unique to that serotype. Where we had CRISPR-
SeroSeq data for both RV and TT enrichments from the same sample, the relative serotype
frequencies were normalized and presented as a single data series.
Statistical Analyses

The analysis focused on three primary sample measures: culture-based detection of
Salmonella presence, the identity (and number) of Salmonella serovars via CRISPR-SeroSeq,
and the relative frequencies of these serovars within each sample. All analyses were conducted in
the R programming environment. Linear models were constructed using the mgcv R package
(function gam, method=“REML”). The emmeans R package to compute estimated marginal

means (EMM) and (adjusted) 95% confidence intervals.
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To assess Salmonella prevalence across all 928 samples, a logistic regression model was
used with presence as the response. Feedlot, season, and sample type were used as fixed effects,
and the pen as a random effect. The EMM (+95% confidence intervals) was computed within
each feedlot, season, and sample type.

Serotype identity analysis focused on the 263 samples that had CRISPR-SeroSeq profiles.
To minimize the impact of rare events, serovars found in fewer than 5 samples were excluded.
Summary statistics were computed across all CRISPR-SeroSeq profiles for each serotype,
including percent presence (all CRISPR-SeroSeq profiles) and the mean relative frequency
(MRF), percent dominant, and percent alone (present CRISPR-SeroSeq samples). The rank
presence and rank MRF were also computed. The total number of unique serovars found in each
sample (serotype richness) and in each sampled pen (i.e., among sample types), as well as the
mean number of serovars per sample within pen (mean richness) were computed.

Serovars were classified based on relative abundance within samples, the serovar making
up the largest portion within a sample was classified as the “majority” serovar. The number of
times a serovar appeared, and the number of times the serovar was in the “majority” were then
used to calculate how often serovars appear in the majority and minority or samples.

Evaluation of Salmonella serovar populations in two cattle feedlots, over two placements

Sample collection

Two feedlots were selected for this objective and two pens in each feedlot were sampled
following cattle placement in the winter. This was repeated in the same two feedlots but in
different pens for cattle placed in the summer. Samples were collected along six lines within
each pen: one along each side, and two diagonals. Along each of these lines, a pair of bootsocks
was worn to collect manure pad samples (= “manure” in above analyses) and four fresh fecal

pats (= “feces”) were collected and composited into one sterile 55 oz Whirlpack™ bag. The
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bootsock pairs were each placed into different 24 oz Whirlpack™ bags. Thus, for each pen visit
there were six fecal samples and six manure pad samples. Samples were collected on day 0 from
the manure pad of an empty pen. We returned later that day to collect fresh fecal samples from
cattle after they had been placed in the pen. The subsequent visits were on days 15, 30, 45, 60,
90, and right before slaughter (day 120-124).

Fecal samples were diluted by adding 25g of sample to 225 ml of modified tryptic soy
broth (mTSB; Neogen, Lansing, MI) with 8 mg/L. of novobiocin. Samples were homogenized
using a stomacher (Model 400 circulator; Seward, West Sussex, UK) at 230 rpm for 2 min.
Homogenized samples were incubated at 42°C for 18-24 h. Trough water samples were
processed by measuring 10 ml of water and diluting with 90 ml of mTSB and incubated at 42°C
for 24h. For feed truck tire samples, 1 ml from the swab sample was added onto 9 ml of mTSB
and incubated at 42°C for 24h. Dried manure samples were collected via bootsocks; the
bootsocks samples were processed by adding 100 ml of mTSB onto the filtered 24 oz
Whirlpack™ bag that they were contained in, homogenized in a stomacher at 230 rpm for 1 min,
and incubated at 42°C for 24h.

Salmonella detection and isolation

From the enriched samples, 1 ml was added to 9 ml of Rappaport Vassiliadis (RV10;
Oxoid, Hampshire, UK) broth and 9 ml of tetrathionate broth (TT; Neogen, Lansing, MI) as
secondary enrichments. Both RV and TT broths were incubated at 42°C for 18-24 hours.
Following secondary enrichment, a loopful of the sample was streaked onto xylose lysine tergitol
4 (XLT4; Hardy Diagnostics, Santa Maria, CA) and CHROMagar™ Salmonella (ChromSal;
Springfield, NJ) and incubated at 37°C for 24 h. Presumptive Salmonella positive colonies, black

or yellow with a black center on XLT4 agar and mauve on ChromSal agar, were selected and
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confirmed using the BAX® real-time Salmonella assay (Hygiena, Wilmington, DE) following the
manufacturer’s instructions.
Statistical Analyses

Serotype identity analysis focused on the 263 samples that had CRISPR-SeroSeq profiles.
To minimize the impact of rare events, serovars found in fewer than 5 samples were excluded.
Summary statistics were computed across all CRISPR-SeroSeq profiles for each serotype,
including percent presence (all CRISPR-SeroSeq profiles) and the mean relative frequency
(MRF), percent dominant, and percent alone (present CRISPR-SeroSeq samples). The rank
presence and rank MRF were also computed. The total number of unique serovars found in each
sample (serotype richness) and in each sampled pen (i.e., among sample types), as well as the

mean number of serovars per sample within pen (mean richness) were computed.
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RESULTS

Study 1: Bio-mapping Salmonella Populations Across Four Commercial Feedlots

Salmonella prevalence

Of the four feedlots in this study, feedlot 4 had the highest Sa/monella presence, with a
mean prevalence of 76% across the eight sample types, ranging from 3.1% in mixed rations
(1/32) to 100% in the shipping/receiving pen (4/4). Salmonella prevalence across the eight
sample types in feedlot 4 was shipping/receiving pen (100%;4/4), bootsocks (93.75; 30/32),
manure sample composite (87.5%; 28/32), the surface layer (81.3%; 26/32), interface layer
(53.1%; 17/32), soil layer (37.5%; 12/32), trough water (31.3%; 10/32), and mixed rations
(3.1%; 1/32). In contrast, feedlots 1-3 had a decreased mean Sa/monella prevalence, feedlot 1
(20%), feedlot 2 (30.5%), and feedlot 3 (23.8%). Comparing the Salmonella prevalence from all
feedlots per season, summer had the most positive samples (46.5%; 91/228), followed by fall
(45.7%; 89/228). Salmonella prevalence in the winter (30.5; 50/228) sampling collection had a
15% decrease in prevalence compared to the fall sample collection, followed by a further
decrease in prevalence in the spring sample collection (17.6%; 31/228). Salmonella prevalence
was not equal across all sampling locations, the shipping and receiving pens had the most
positive samples (87.5;14/16), followed by manure samples (52.2%;67/128) and bootsock
samples (50%;64/128) (figure 2). Mixed ration and trough water samples were rarely positive,
with (15/128) and (11/128). Compared to the prevalence of bootsock samples, Salmonella
prevalence was lesser in the surface layer samples (30.5%;39/128), with further decreases in the
interface layer (21.9%; 28/128) and soil layer (19.5%; 25/128). Showing that as depth increases,
the number of positive samples decreases. Sa/monella prevalence was found to vary between

sample type, feedlot, and season.
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Deep serotyping and overall sample complexity

Deep serotyping revealed an average of 2.94 serovars per sample, with a range of 1-10
serovars per sample (figure 3). Samples also showed variance in their serovar complexity; the
shipping and receiving pens had the most serovars with an average of 3.92 serovars per sample,
and bootsock samples had the second most diversity with an average of 3.44 serovars per
sample. Comparing serovar complexity per sample across all feedlots (figure 3), feedlot 4 was
observed to have more serovars per sample. The number of serovars identified over the year
varied per feedlot; feedlots 1 and 2 had 19 serovars, feedlot 3 had 20 serovars, and feedlot 4 had
30 serovars identified. The serovar complexity and populations varied between samples and
feedlots. Figure (4) shows how often multiserovar populations were found per season. The
population complexity also varied based on sample type, and between feedlots. In feedlots 1,2,
and 3 samples were more often found to have single serovar populations than any single
multiserovar population. In contrast, feedlot 4, most samples had three serovars per sample than
any other serovar population. Further examination into multiserovar populations throughout the
seasons, showed that within feedlot 4 serovar complexity decreases during the colder months,
starting with most sample having five serovars in the summer, 3 in both the fall and winter, and
in the spring single serovar populations occurred as frequently as two serovars in a sample
(figure 4).

Investigating serovar presence and abundance revealed that the three most identified
serovars were Anatum, Montevideo I, and Mbandaka, with 181, 128, and 123 appearances
(Table 1). Of the 37 serovars identified, 23 appeared more than five times. Looking at the
relative frequency within samples allowed for a ratio to be created; this ratio details how often a

serovar occurred with the largest relative frequency in a single sample (“majority”) or not
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(“minority”). Only serovar Altona appeared more often in the majority than minority (7/12
occasions) (Table 1). Serovars Yoruba (6/12) and Schwarzengrund (4/8) appeared equally in the
majority and minority (Table 1). The remaining serovars all appeared more often in the minority.
Serovar Infantis never appeared in the majority of samples (0/19). The relative frequency of
individual serovars varied, with some more often being found in the background of samples.
Serovar populations by feedlot

A detailed heat map showing the relative frequency of serovar populations with feedlot 1
(figure 5) shows that serovars Anatum, Montevideo I, and Muenchen occurred the most
frequently. Individual pen profiles can also be observed; pen 5 had three unique serovars
compared to the other seven pens sampled in the summer. Serovar Newport III was only found in
the summer sampling. Feedlots 1 & 2 show the least diversity, with 19 serovars. Feedlot 2
showed the same three most common serovars (Anatum, Montevideo I, and Muenchen). Feedlot
2 (figure 6) had zero positive samples in the spring sampling, 13 Salmonella positive samples in
the winter, 26 positive samples in the fall, and 24 positive samples in the summer. In Feedlot 3
(Figure 7) the serovars found the most often were Anatum, Meleagradis, and Montevideo 1.
Feedlot 3 had a total of 20 serovars found, whereas feedlot 4 had 30 unique serovars. Feedlot 4
(figure 8) had the most positive samples, with Anatum, Mbandaka, and Montevideo I being the
serovars found most often. Serovars Anatum, Montevideo I, Muenchen, and Mbadaka were the
four most commonly found serovar, with each feedlot have separate serovar populations as well.

Figure (5) also shows that in feedlot 1, the sample with the most diversity was the mixed
rations from pen 5 in the summer collection, with six serovars. In contrast, the samples with the
most diversity in feedlots 2 and 3 (figures 6-7) were the shipping/receiving pens with seven and

six serovars, respectively. In feedlot 4, (figure 8), the sample with the most diversity was a
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bootsock sample from pen 2 during the summer collection. Populations complexity was shown to
be the highest in the shipping and receiving pens, with complexity varying between samples with
the same feedlot, and even pen.

The relative frequency of serovars varied based on the feedlot, with Anatum appearing
more often in the majority in two of the four feedlots. In feedlot 1, only serovars Anatum,
Montevideo I, Muenchen, and Newport III, appeared in more than five samples across all four
seasons. Serovar Anatum was the only serovar among those four to appear more often in the
majority. Feedlot 2 had eight serovars that appeared more than five times (table 2). Feedlot 3 had
seven serovars that appeared more often than five times, four appearing more often as the major
serovar within a sample. Table (2) shows that in feedlot 4, only serovar Mbandaka appears more
often as the major serovar. The relative frequency of serovars varied between feedlots, showing
distinctions between serovar prevalence in each feedlot.

Table (3) shows that summer had 17 serovars appear more than five times, with none
appearing more often as the major serovar within a sample. The Fall season had nine appear five
or more times, with three appearing more often as the major serovar. During the winter season,
eight serovars appeared more than five times, with serovars Cerro, Meleagradis, and
Schwarzengrund appearing more often in the majority of samples. The spring sampling only had
serovars Mbandaka, Anatum, and Montevideo I appear in more than five samples, with
Mbandaka appearing more often as the major serovar. Relative frequency varied based on the
season, with fewer serovars appearing during the colder months. The frequency at which
serovars appear in samples varied; serovar Mbandaka only appeared more often in the majority

of the spring samples. Spring had the lowest serovar diversity, with less serovars appearing more
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than five times. In contrast, with the most diversity during the summer, no serovars appear more
frequently in the major.

Study 2: Evaluation of Salmonella serovar populations in two cattle feedlots over two

placements

Eight pens were used in this study, of which six produced enough Sal/monella positive
samples for in-depth analysis. The two pens were excluded from the analysis; these were pens 1
and 2 from feedlot 2 during the winter placement, which produced only 10/168 positive samples
combined. Figure (9) shows that the most positive samples came from feedlot 4 pen 1 in the
winter (84.5%;71/84) and pen 1 in the summer sampling (82.1%;68/84). The manure samples
(76.2%;192/252) were more often positive than fecal samples (61.9;159/252). Manure samples
were collected via bootsocks over a larger area than four composited fecal samples (figure 11).
There was a range of 1-8 serovars found in samples, with an average of 2.9 serovars in the fecal
and manure samples from both placements in feedlot 4 and the summer placement of feedlot 2.
Over 79.3% (283/357) of the samples contained multiserovar populations. Figure (10a) shows
the serovar complexity in fecal and manure samples, with manure having a higher complexity.
Over three quarters of samples had multi-serovar populations, with more complex populations
being found in manure samples, as shown by the red bar indicating the population that occurred
most often. Fecal samples more often appeared as single serovar populations, whereas manure
samples more often had 2 serovars per sample (figure 10a). Figure (10b) shows the overall
population complexity between the winter and summer placement; in the summer placement,
more samples had four serovars than any other population. In contrast, the winter placement had

more samples containing three serovars than the summer population.
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Hide swabs from cattle originating in feedlot 2 pen 1 had the most diversity, with 12
serovars found within a single sample (figure 12). Figures (12-17) show the Salmonella
populations based on the combined results from all six manure and fecal samples taken on that
sampling day from that pen. Serovars Kentucky II was found in manure samples from day 0 — 45
and day 90 but in the feces on days 0, 30, and 60. Serovar Anatum was found in manure samples
on days 15-60 and in the feces on days 0, 30, and 90. Serovar Montevideo I was found on every
sampling day in the manure but only on days 0, 15, and 60 in fecal samples. Manure samples had
two unique serovars (Altona and Newport III) compared to fecal samples. The hide samples had
six serovars previously not observed in the feces or manure samples. The samples collected at
slaughter had the highest serovar complexity; in the pens serovar detections were inconsistent,
with some serovars appearing sporadically throughout the sampling period.

Serovar Mbandaka appears in both the manure and feces on day 45 and is only detected
again once samples were taken at slaughter in the hide and lymph nodes. No Salmonella positive
fecal samples were found on day 124. Kentucky I was found in the manure over the seventh
sampling period but was then found in the fecal swabs at slaughter. Serovars Agona, Cerro I,
Kentucky I, and Lille were found in the manure but not in fecal samples. Serovars Enteritidis,
Infantis, Muenchen, Newport III, Poona, and Typhimurium were unique to the samples collected
at slaughter. During the summer placement, Pen 2 in feedlot 2 was the only sample set to have a
positive lymph node sample (figure 13). Serovar Typhimurium and Poona were solely found in
the samples taken at slaughter, with serovar Poona being found only on the hide and
Typhimurium only found in fecal swabs from both pens during the summer placement of feedlot
2. Serovar populations differed between the fresh fecal samples, the dried desiccated manure

samples, and samples taken at slaughter.
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This shows the within-pen diversity, but new serovars sporadically appear in all the pens.
Across all pens, serovars sporadically appeared; in the summer for feedlot 2 pen 1, serovars
Altona and Newport III only appeared once in the manure, on days 30 and 90, respectively
(figure 12). In pen 2 of feedlot 2, serovars Agona and Cerro I appeared on day 15, Cerro II
appeared on day 60, and Lille appeared on day 30, each appearing only in the manure (figure
13). In the same pen, serovar Meleagradis only appeared in the feces on day 90. In Feedlot 4
during the summer sample collection, penl had serovar Lille appear in the manure only on day
zero. But on day 30, serovars Barranquilla, Cubana, and Kentucky II appeared in the manure,
and serovar Senftenberg II only appeared in the manure on day 124. Pen 2 of feedlot 4 in the
summer placement had serovar Senftenberg I appear in the manure on day 30, but serovar
Uganda appeared in the feces on day 30. During the winter placement of feedlot 4 (figure 16),
pen 1 had serovars Infantis, Liverpool, Orion, and Senftenberg I appear only on day 30 in fecal
samples. In pen 2, from that same placement, serovars Uganda and Kentucky II appeared only
once in the feces on day 30 (figure 17). Samples collected from the same pen during the same
sampling period showed differences in serovar populations.

Samples from the summer placement of feedlot 4 (figure 15) showed Cerro II not present
in the feces on day 0, but in the manure. Then, on day 15, Cerro II was observed in fecal and
manure samples. In the summer placement of feedlot 4 in pen 1, serovar Minnesota only
appeared on day 15 in fecal and manure samples. Muenchen I was found in fecal and manure
samples but not at slaughter. Manure samples have six more serovars than fecal samples:
Barranquilla, Cubana, Kentucky II, Lille, Senftenberg II, and Uganda. Serovar Schwarzengrund
was unique to the samples collected at slaughter. Meleagradis was found on day 15 in the

manure, then on the hide swab, but not detected at any other sampling point. Comparing the fecal
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and manure serovar populations in the summer placement of feedlot 4 in pen 2 (figure 17)
showed only one unique serovar; in the feces, Uganda was found only on day 30. Senftenberg I
was unique to manure samples on day 30. The samples taken at slaughter showed the most
diversity, with serovars Typhimurium and Kentucky II were never found on the feedlot. Manure
samples showed more population complexity than fecal samples, and samples collected at
slaughter show serovars that had not previously been detected.

Sixteen serovars were found in feedlot 4 pen 1 of the winter placement, and 14 serovars
were found in feedlot 4 pen 2 of the winter placement (figures 16-17). Feedlot 4 pen 1 of the
winter placement had six serovars found in the feces that were not detected in the manure
samples. Serovar Montevideo I was never found in the fecal samples despite being found in 5/7
manure samples. In the winter placement of feedlot 4 pen 2, five serovars only once in the feces
but never in the manure. These serovars are not strictly found on day 0 but also days, 30,45,60,
and 90. In contrast, the manure had four unique serovars that also appeared sporadically. Despite
consistent sampling serovars appear sporadically throughout the sampling periods.

Serovars Poona and Typhimurium were only found from samples at slaughter;
Typhimurium was found in the fecal swab and Poona on the hide from both the Feedlot 2 pens in
the summer collection. Serovars Enteritidis, Infantis, and Kentucky I were only found on the
hide from feedlot 2. In feedlot 4, serovar Uganda appears in all four pens but sporadically in the
manure or fecal samples. In contrast, serovar Minnesota was only recovered from the summer
placement of feedlot 4. Serovars Uganda were consistently only found within feedlot 4, but
serovars Typhimurium, Poona, Infantis, Kentucky I, and Enteritidis were only found from the

samples collected at slaughter.
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Figure 2. Estimated mean Salmonella prevalence by experimental unit.
Presence/absence (prevalence) data was fit using a logistic regression model, and the model was
used to compute expected marginal means in each feedlot (left), season (center), or sample
location (right). Each panel shows model predictions that average across those experimental
units not shown. SP/RP, shipping and receiving pens; MR, mixed rations; TR, trough water; BS,
bootsock; MSC, manure surface composite; SU, surface layer; IL, interface layer; SO, soil layer.

Figure generated by Christian Gunning.
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Figure 3. Population complexity per feedlot
The bar graphs above show the number of times serovar populations were found, with the red bar

indicating the serovar population that was found most frequently.
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Figure 4. Frequency of Multiserovar Populations in feedlot 4

The bar graphs above show the number of times serovar populations were found, with the red bar

indicating the serovar population that was found most frequently. This was strictly done with

feedlot 4 due to the other feedlots having few samples in the spring and winter seasons.
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Table 1. Relative frequencies of each serovar.

Serotype Frequency % Majority % Minority

Anatum 181 44 56

Mbandaka 123 45 55

Altona 12 58 49
Yoruba 12 50 50

Schwarzengrund 8 50 50

Footnote: Serovars in the CDC top 10 are shown in bold. Serovars that are more often
outnumbered by other serovars when they are present have a higher minority percentage and are
shown in red. The darker the shading, the more disparate the majority to minority ratio. Serotype

Altona was more often the majority serotype when found and is shown in blue.
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Figure 5: Relative frequency of Serovars found on Feedlot 1
A heatmap indicating the relative frequency of serovars found in positive samples from Feedlot
1. The absence of a serovar is indicated by white, following a gradient of increasingly darker

shades to indicate a higher relative frequency of serovars within in a sample.
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Figure 6: Relative frequency of serovars recovered from Feedlot 2
A heatmap indicating the relative frequency of serovars found in positive samples from Feedlot
2. The absence of a serovar is indicated by white, following a gradient of increasingly darker

shades to indicate a higher relative frequency of serovars within in a sample.
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Figure 7: Relative frequency of serovars recovered from Feedlot 3
A heatmap indicating the relative frequency of serovars found in positive samples from Feedlot
3. The absence of a serovar is indicated by white, following a gradient of increasingly darker

shades to indicate a higher relative frequency of serovars within in a sample.
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Serovar Frequency %Majority %Minority
Anatum 25 80.00 20.00
Montevideo | 19 26.32 73.68
FaaGad Muenchen 15 60.00 40.00
Newport Il 8 25.00 75.00
Anatum 42 50.00 50.00
Montevideo | 33 51.52 48.48
Muenchen 26 38.46 61.54
Mbandaka 17 11.76 88.24
Feediot2 Yoruba 11 45.45 54.55
Muenster 6 50.00 50.00
Kentucky | 5 0.00 100.00
Kentucky Il 5 40.00 60.00
Montevideo | 19 4211 57.89
Anatum 17 64.71 35.29
Meleagradis 12 33.33 66.67
Feedlot 3 Altona 7 100.00 0.00
Muenchen 7 57.14 42.86
Kentucky | 5 0.00 100.00
Schwarzengrund 5 60.00 40.00
Mbandaka 109 51.38 48.62
Anatum 106 30.19 69.81
Montevideo | 59 16.95 83.05
Muenchen 44 20.45 79.55
Agona 18 5.56 94.44
Infantis 16 0.00 100.00
Cerro 14 35.71 64.29
Feedlot 4 Kentucky | 14 0.00 100.00
Meleagradis 11 4545 54.55
Lexington 7 14.29 85.71
Minnesota 7 0.00 100.00
Rissen 7 0.00 100.00
Liverpool 6 16.67 83.33
Altona 5 0.00 100.00
Montevideo Il 5 0.00 100.00

Table 2: Relative frequency of each serovar by Feedlot
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Serovar Frequency %Majority %Minority
Anatum 75 44.00 56.00
Montevideo | 54 16.67 83.33
Muenchen 46 3261 67.39
Mbandaka 41 39.02 60.98
Agona 15 6.67 93.33
Infantis 14 0.00 100.00
Meleagradis 12 16.67 83.33
Cerro 9 1.1 88.89
Summer Muenster 9 44.44 55.56
Newport Il 8 25.00 75.00
Lexington 6 0.00 100.00
Liverpool 6 16.67 83.33
Rissen 6 0.00 100.00
Typhimurium 6 33.33 66.67
Yoruba 6 33.33 66.67
Kentucky Il 5 40.00 60.00
Minnesota 5 0.00 100.00
Anatum 70 52.86 47.14
Montevideo | 51 4314 56.86
Mbandaka 36 25.00 75.00
Muenchen 33 36.36 63.64
Fall Kentucky | 1 0.00 100.00
Meleagradis 9 33.33 66.67
Altona 7 71.43 28.57
Montevideo Il 5 20.00 80.00
Yoruba 5 60.00 40.00
Anatum 29 3793 62.07
Mbandaka 29 44.83 55.17
Montevideo | 18 38.89 61.11
. Kentucky | 10 0.00 100.00
Welpier Muenchen 10 30.00 70.00
Cerro 9 66.67 33.33
Meleagradis 7 57.14 42.86
Schwarzengrund 5 80.00 20.00
Mbandaka 24 83.33 16.67
Spring Anatum 16 12,50 87.50
Montevideo | 7 28.57 71.43

Table 3: Relative frequency of each serovar by Season
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Figure 9. Salmonella prevalence in fresh feces versus manure pad samples. Samples are
separated by pen (x-axis), and positive fecal samples are shown in blue and manure pad samples
in green. F2=Feedlot 2; F4=Feedlot 4; Su=summer; W=winter; 1=pen 1; 2=pen 2. Herd = pen.

Figure generated by Christian Gunning.
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Figure 10. Salmonella population complexity
The bar graphs indicated the frequency serovar populations were found based on samples types
fecal and manure (A) and by season (B). With the red bar indicating the serovar population that

occurred most frequently.
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Figure 11. Sampling schematic for collection of fecal and manure samples

Each line in the box with two diagonals, indicates the path walked in bootsocks to collect manure
samples. The circles represent the four fecal samples collected on the same path to create six
fecal composite sample. For a total of six fecal samples and six manure samples, totaling 12

samples per pen.
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Feedlot Feedlot 2

Season Summer

Pen # Pen 1

Day o| 15[ 30| 45| 60| 90| 124 | of 15| 30| 4s| 0] 90124
88
o|a
8|28

Sample ID Fecal Pad Composite Manure Layer Composite w|T

|

Numberofserovars 4 4 3 3 2 1 2 5 5 5 3 3 3 2 4 11

Figure 12. Serovar profiles in Manure and Fecal samples per day in Feedlot 2 Pen 2 in the
Summer Placement
Six samples were taken per sampling period, all six samples were combined to show the total

pen diversity. Each serovar is color coded, to indicate the serovar presence. White boxes indicate

the absence of presence.
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Feedlot Feedlot 2

Season Summer

Pen # Pen 2

Day o] 15| 30| 45| o] 90] 124][ o 15| 30] 45| 60 90] 124
o | ] §
[ z
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Sample ID Fecal Pad Composite Manure Layer Composite gl |2

Agona

Altona
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Havana ll

Numberofserovars 56 2 4 1 3 3 0 4 7 7 6 3 3 2 8 9 6

Figure 13. Serovar profiles in Manure and Fecal samples per day in Feedlot 2 Pen 2 in the

Summer Placement

Six samples were taken per sampling period, all six samples were combined to show the total
pen diversity. Each serovar is color coded, to indicate the serovar presence. White boxes indicate
the absence of presence.
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Feedlot Feedlot 4

Season Summer

Pen # Pen 1

Day o 15| 30| 45| 60| 90| 124[| o] 15| 30| 45| 60| 90| 124
2|8
&|é
g3

Sample ID Fecal Pad Composite Manure Layer Composite T

Minnesota
C T
Muenchen |
L]
]
Soer

Numberofserovars 5 7 8 5 1 1 3 9 10 10 5 4 3 2 3 4

Figure 14. Serovar profiles in Manure and Fecal samples per day in Feedlot 4 Pen 2

Summer Placement

Six samples were taken per sampling period, all six samples were combined to show the total
pen diversity. Each serovar is color coded, to indicate the serovar presence. White boxes indicate
the absence of presence.
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Feedlot Feedlot 4

Season Summer

Pen # Pen 2

Day o| 15| 30| 45| eo| 90| 124] [ of 15| 30| 45| 60| 90| 124
2|8
5|3
ERE:]

Sample ID Fecal Pad Composite Manure Layer Composite gl =

Altona

Anatum

Cerrolll

Mbandaka

Minnesota

Muenchen |

H

Numberofserovars 7 5 8 4 0 2 6 8 8 7 0 0 3 3 3 8

Figure 15. Serovar profiles in Manure and Fecal samples per day in Feedlot 4 Pen 2

Summer Placement

Six samples were taken per sampling period, all six samples were combined to show the total

pen diversity. Each serovar is color coded, to indicate the serovar presence. White boxes indicate
the absence of presence.
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Feedlot Feedlot 4

Season Winter

Pen # Pen 1

Day 0[15[30[45[60[90]120]] 0 [15[ 30 45]60]90]120
Fecal Pad Composite Manure Layer Composite

Sample ID

Agona

Anatum

Mbandaka

Muenchen |

|
[ 1

Numberofserovars 3 3 7 2 2 3 2 4 5 6 2 5 5 4

Figure 16. Serovar profiles in Manure and Fecal samples per day in Feedlot 4 Pen 1 Winter
placement
Six samples were taken per sampling period, all six samples were combined to show the total

pen diversity. Each serovar is color coded, to indicate the serovar presence. White boxes indicate
the absence of presence.
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Feedlot Feedlot 4
Season Winter
Pen# Pen 2
Day 0[15]30]45]60 90| 0[15[30]45]60]%

Fecal Pad Composite Manure Layer Composite

Sample ID

Anatum

Mbandaka
Minnesota

="

Numberofserovars 3 1 5 4 4 4 2 1 5 4 3 5

Figure 17. Serovar profiles in Manure and Fecal samples per day in Feedlot 4 Pen 2 Winter
placement
Six samples were taken per sampling period, all six samples were combined to show the total

pen diversity. Each serovar is color coded, to indicate the serovar presence. White boxes indicate
the absence of serovar presence within a sample.
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DISCUSSION

The cattle industry has examined Sa/monella survival at slaughter, prevalence on the
hide, in the lymph nodes, and in cattle feces (Bosilevac et al., 2005; Brichta-Harhay et al., 2008;
Buncic & Sofos, 2012; Gragg et al., 2013; Gutiérrez et al., 2020; Haneklaus et al., 2012; Samuel
et al., 1979; Stephens, Loneragan, Thompson, et al., 2007; Webb et al., 2017). Rates of fecal
shedding and potential vectors for Sa/monella have also been examined to reduce Salmonella on
feedlots (Carlson et al., 2020; Gopinath et al., 2012; Olafson et al., 2014; Sargeant et al., 2021).
Detailed examination of Sa/monella serovar populations over time has not been examined in
cattle. Studies have looked at Sa/monella prevalence before transport to slaughter, in the lairage
pen, and at slaughter (Arthur et al., 2008; Buncic & Sofos, 2012; Fegan et al., 2004; Miller et al.,
2008). This study aimed to examine Salmonella serovar populations by sampling various
locations across four feedlots in Texas. In the planning of this study, all feedlots were chosen
based on their historical Salmonella prevalence. Two feedlots had a high historical prevalence,

and two had a low prevalence of Sa/monella. The first study, “Bio-mapping Salmonella

Populations Across Four Commercial Feedlots” examined serovar populations from various

areas within feedlots to better understand population differences. The second study, “Evaluation

of Salmonella serovar populations in two cattle feedlots over two placements* aimed to

investigate the changes in Salmonella serovar populations over the course of cattle placement on
the feedlot.

By sampling in various locations across the feedlot, areas with higher diversity and
prevalence can be found. In this study, 32 pens were sampled per season, each with varying

Salmonella prevalence. Salmonella prevalence varied based on the season (Barkocy-Gallagher et
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al., 2003; Edrington et al., 2008; Frankel et al., 2012; Holley et al., 2006; Wottlin et al., 2022).
The findings in this study about Salmonella prevalence agree with previous studies showing that
Salmonella prevalence decreases in the colder months. Salmonella prevalence was highest in the
summer (91/228), then the fall (89/228), followed by a decrease in prevalence in both winter
(50/228) and spring (31/228). All feedlots showed a seasonal reduction, with feedlot 4 having the
highest Salmonella prevalence each season, with 42 positive samples in the summer, 35 in the
fall, and 26 in the winter and spring. Colder temperatures were expected to correlate to a
decrease in Salmonella prevalence across all feedlots equally. Previous studies have shown that
fecal shedding of Salmonella is reduced in colder months (Edrington et al., 2008; Holley et al.,
2006; Wottlin et al., 2022). Our study shows a high Salmonella prevalence in the summer and
fall, followed by a decrease in prevalence in the winter and spring.

In the Second study, examining Salmonella prevalence in two feedlots during two
seasonal placements showed decreased prevalence in the winter. Feedlot 4 had positive samples
in both the winter and summer placements. This is unexpected due to a typical decrease in
Salmonella prevalence in the colder months (Edrington et al., 2008). In the first part of the study,
feedlot 4 was observed to have a continually high prevalence through all four seasons. Feedlot 2
in the winter placement recovered too few positive samples (10/168); these samples were
excluded for further analysis. The reduction is partially thought to be due to the lack of heat
stress in the colder months (Cummings, Warnick, Alexander, Cripps, Gréhn, McDonough, et al.,
2009; Edrington et al., 2008). Temperature has been shown to affect the ability of Sa/monella to
survive in manure at colder temperatures (Phan-Thien et al., 2020; Tran et al., 2020). The lack of
positive samples in the winter aligns with results from the previous study and current literature

(Edrington et al., 2008; Garcia et al., 2010; Holley et al., 2006).
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Salmonella prevalence varied by sample location; Salmonella has been found frequently
on cattle hides and feces but less frequently in the lymph nodes and other organs (Dodd et al.,
2011; Haneklaus et al., 2012; Im et al., 2016; Mcevoy et al., n.d.; Stephens, Loneragan,
Thompson, et al., 2007). Gragg et al. (2013) showed that Sa/monella prevalence within lymph
node samples varied from 3% to 90% prevalence, with fecal and hide samples having 94% and
100% Salmonella prevalence. Our data agrees with previous studies (Brichta-Harhay et al., 2008;
Gragg et al., 2013; Stephens, Loneragan, Thompson, et al., 2007), demonstrating a higher
recovery rate of Salmonella from hide samples than fecal and lymph node samples.

The shipping/receiving pens showed the most serovars found per sample, averaging 3.9
serovars. This might be due to the fact that all cattle are brought into that pen before leaving or
entering the feedlot. Cattle shed more often when stressed, and Salmonella was found to become
airborne during the loading or unloading of cattle (Miller et al., 2008). Transportation and heat
stress are known factors affecting shedding (Gronstol et al., 1974). The stress from transport
increasing the rate of fecal shedding along with dust generation during unloading cattle into the
shipping pen could be one explanation for the higher serovar diversity in the shipping/receiving
pens across all feedlots and increased recovery of Salmonella from the hide. Therefore, it is not
surprising that we found that the shipping/receiving pen have the highest number of serovars.
Complex serovar populations have been found in cattle, water samples, and animal feed (Deaven
et al., 2021; Shariat et al., 2022; Siceloff et al., 2021). Cattle pens have unique serovar
populations (Levent et al., 2019), and the change in pens obscured observations of the
transmission. Cattle source has also been shown to affect serovar populations (Levent et al.,
2021). Another study by Levent et al. (2019) showed that Salmonella populations observed on

day 0 or 7 differ from the populations found in the feces, hide, and lymph nodes at slaughter;
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however, this change could have been due to treatment with antibiotics. Only one cohort
remained in the same pen for the sampling duration, and no characteristic trends about how
Salmonella dynamics change over time could be observed.

Similarly, the second study showed, that in both feedlots, some serovars were only found
from fecal and hide swabs collected at slaughter. From feedlot 2, serovars Poona and
Typhimurium appeared at slaughter. In feedlot 4 pen 2, serovars Kentucky II and Typhimurium
only appeared on the hide swabs. Poona could have been found on the hide due to the dust
generated from loading the cattle. The previous study showed that the shipping/receiving pens
had the most diversity. While the shipping/receiving pens were not sampled in this study, serovar
Poona could be from the shipping pen, and both cohorts would move through the shipping pen,
allowing serovar Poona to colonize the hide. This study showed that Sa/monella serovar
populations in cattle feces and from the pen environment differ. It also showed that serovar
populations within feedlots, on average, have 2.9 serovars per sample. It also showed that
serovar populations varied based on sample type.

The first study showed multiserovar populations in 76% of samples, ranging from 1-10
serovars per sample. Another deep serotyping study involving cattle showed that 60% of samples
had multiserovar populations (Siceloff et al., 2021). Other deep serotyping studies have shown
that 80% of water samples and 56% of animal feed samples have multiserovar populations
(Deaven et al., 2021; Shariat et al., 2022; Siceloff et al., 2022). Similarly, in this study, we found
that population complexity varied based on the sampling location; not all pens had equal
Salmonella prevalence. While large populations seem to exist rarely, 11 serovars have also been
found via CSS in the broiler breeder environment and blood meal samples (Shariat et al., 2022;

Siceloff et al., 2022). The longitudinal study found as many as eight serovars in an individual
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sample, with an average of 2.9 serovars per sample.. This study for a maximum of 8 serovars
within a single sample; the previous study showed a maximum of 10 serovars.

Gutema et al. (2019) showed 17 serovars that appear most often in North American
cattle. Our study found that serovars Anatum, Montevideo I, and Mbandaka appeared most often,
which were also found in that study. This study found that 23 different serovars appeared
multiple times (in more than five samples), and 37 serovars occurred overall. Serovars were
classified as in the “majority” based on the relative frequency within a sample; the serovar with
the largest relative frequency was said to be in the majority, as opposed to serovars not found in
the majority of a sample “minority”. Nine of the top 23 serovars appeared less than ten times,
which due to the small sample size, might not accurately reflect how these serovars appear in all
Salmonella populations. Serovars scored in the minority might not be found via traditional
culturing methods. This study shows that Salmonella populations in cattle feedlots are complex,
commonly having multiple serovars in a sample; serovars commonly found in the minority could
be overlooked in traditional Salmonella culturing.

Fresh fecal samples were collected to show Salmonella colonizing the cattle, whereas
manure samples represented Sa/monella in the environment, though linked to Sa/monella shed in
fecal samples. Salmonella is commonly shed in cattle feces, and despite the limited persistence in
soil, Salmonella prevalence was higher in the manure samples collected via bootsocks (Bardsley
et al., 2021; Gopinath et al., 2012; Holley et al., 2006). Salmonella shed in cattle feces is one
vector that allows Salmonella to enter the environment (Baloda et al., 2001; Garcia et al., 2010;
Phan-Thien et al., 2020). Salmonella can survive for 40 days in manure-amended soils (Tran et
al., 2020); therefore, Salmonella could be surviving in the soil on the feedlot. The pen

environment is open to numerous vectors that can introduce Salmonella to the feedlot, including
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wild birds, flies, and interactions with other animals such as dogs, horses, and deer (Carlson et
al., 2015, 2020; Hamilton et al., 2021; Machtinger et al., 2021; Olafson et al., 2016; Tizard,
2004; U.S. Department of Agriculture National Animal Health Monitoring System, 2013). A
USDA survey showed that in 90% of feedlots, the cattle had some interaction with other animals,
including dogs, wild p, and horses (USDA, 2020).

One major constraint that affected the goal of this study was that 5/6 cohorts changed
pens midway on various days throughout the study. Due to changes in the pen, Salmonella
transmission between cattle feces and the environment could not be observed.

This study showed that Salmonella serovar populations in cattle feces and from the pen
environment differ. It also showed that serovar populations within feedlots, on average, have 2.9
serovars per sample. It also showed that serovar populations varied based on sample type.

This was the first study to examine Salmonella serovar populations in commercial
feedlots. Further examination of serovar populations and their transmission in the feedlot
environment is needed to understand the dynamics occurring in feedlots. Next, examining
serovar populations and survival in feedlot neighboring pens to see transmission effects between

neighboring cattle pens.
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CONCLUSIONS

This was the first study examining Sa/monella serovar populations in a commercial
feedlot environment. The goals of this study were to survey the complexity of Salmonella
populations and understand changes in Salmonella populations across the feedlot environment.
Salmonella was primarily found in the upper soil layers, with decreasing diversity as soil depth
increased. Salmonella presence was decreased as soil depth increased. The most diverse
populations were found in the shipping/receiving pen, the only pen all cattle enter and leave
through. Cattle are known to shed Salmonella at higher rates due to stress related to
transportation; so, shedding is likely increased in the shipping/receiving pen. Salmonella
prevalence and diversity are pen dependent, showing that Sa/monella is not ubiquitous across the
feedlot, but the populations change per pen. Serovar complexity varied based on the sample, with
the shipping/receiving pens having the most diversity at an average of 3.9 serovars. The
complexity varied along with the season; overall, the serovar complexity was the highest in the
summer, with an average of 3.6 serovars. The frequency that a serovar appears in the minority
varied based on the feedlot. Establishing a baseline for Sa/monella dynamics within feedlots and
the seasonal change in Salmonella prevalence will create a starting point for further research.
Examining serovar populations between neighboring cattle pens to see the influence of cattle on
the neighboring environment.

Evaluation of Sal/monella serovar populations in two cattle feedlots over two placements

The goals of this study were to observe Sa/monella transmission between cattle feces and
the pen environment. Sa/monella shed from cattle can survive in the soil environment;
Salmonella in the environment can infect and colonize the cattle. These interactions were

expected to reach equilibrium, resulting in identical populations. To test this, we sampled two
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pens in two feedlots during two placement periods. Due to the cattle shifting pens during
placement, no trends could be observed in the transmission of Salmonella between the feces and
the environment. However, we observed that dried manure samples had higher serovar
complexity than the fecal samples, likely because the manure samples were taken via bootsock
sampling over a larger area. The higher serovar complexity within the dried manure samples
could indicate that Sa/monella is being introduced to the environment via vectors other than
shedding in cattle feces. The dried manure samples had more samples (86%; 173/201) containing
two or more serovars than the fecal samples (70%;110/156). This study examined the different
Salmonella populations in cattle feces and the dried manure, this showed that the manure
samples contained higher serovar complexity than the fecal samples. Indicating that fecal

samples are not sufficient to understand the Sa/monella populations on beef cattle feedlots.
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CHAPTER 4
SUMMARY

Salmonella is a leading cause of foodborne illness in the United States; beef products are
the sixth largest contributor to salmonellosis cases (IFSAC, 2022). The majority of Salmonella
mitigation methods in beef products are aimed toward slaughter. Surveying and understanding
Salmonella dynamics in cattle feedlots prior to slaughter has yet to be examined.

In this first study, we looked at Sa/monella in four beef cattle feedlots once per season to
evaluate Salmonella prevalence within pens and the feedlot environment; this was done by
sampling eight pens each season. In each feedlot, eight bootsock, manure, surface, interface, soil,
mixed rations, and water trough samples. Further samples were collected from the shipping and
receiving pen, for a total of 232 samples collected per season. CRISPR-SeroSeq was then used to
examine serovar populations and showed individual serovar populations per pen. Salmonella
prevalences were highest in feedlot 4 (76%), with a reduction in prevalence in the colder months.
Salmonella serovar populations can differ based on the cattle pen (Levent et al., 2019). Samples
from the different parts of the soil column showed a reduction in prevalence as soil depth
increased (surface 30.5%:; interface 21.9%; soil 19.5%).

Serovar diversity varied based on both feedlot and season; feedlot 4 showed the most
diversity with 30 serovars, 20 serovars in feedlot 3, and 19 serovars in both feedlots 1 and 2.
Across all feedlots, the most abundant serovars were Anatum, Montevideo I, and Mbandaka,
with the most abundant serovar changing per season.

In the second study, fecal and dried manure samples were collected, from eight pens, two
pers per feedlot, per placement period, for a total of 672 samples collected. In the winter

placement of feedlot 2 only (10/168) samples were Salmonella positive. Feedlot 4 showed the
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highest prevalence in both the summer (82.1%) and winter (84.5%) placement. There was an
overall average of 2.9 serovars per sample. In both fecal and manure samples, serovars
sporadically appeared in each pen. There are many vectors that can introduce Salmonella to
feedlots such as wild birds, animal feed, flies, and water trough contamination (Elser et al., 2019;
LeJeune et al., 2001; Olafson et al., 2016; Sargeant et al., 2021; Shariat et al., 2022). Indicating
that potentially some other vector was introducing Sa/monella into the environment.

Salmonella prevalence in the lymph nodes, hide, and feces have shown varying
prevalence (Gragg et al., 2013). Serovars found from samples collected at slaughter showed the
most diversity within hide samples, with a maximum of 12 serovars. In feedlot 2 serovars
appeared on the hide that had not been previously found in either the feces or manure.

To conclude, Salmonella serovar populations are complex; both studies showed an
average of more the 2 serovars per sample. Serovar populations varied between feedlots, sample
type, and season. Sa/monella serovars in cattle feces and the dried manure of the pen were
different, but no conclusions on the increase or decrease in similarity can be made because 5/6

cattle herds changed pens during the course of this study.
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