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Abstract

Antimicrobial resistance (AMR) in bacteria is a growing public health concern in the US and
around the world threatening the continual use of antimicrobials. Antimicrobial resistant
Campylobacter and Salmonella are listed as serious level threats to the public health by the
Centers for Disease Control and Prevention. Campylobacter and Salmonella are common
foodborne pathogens that reside in the gut of pigs and are shed in feces with the potential to be
transmitted to humans. In pigs, oral route, either in-feed or in-water, is by far the most common
route of administration of antimicrobials. Because the distribution of the antibiotic in the gut and
the dosages are different, the impact of in-feed vs. in-water administration of antibiotics on the
development of AMR is likely to be different. Therefore, a study was conducted to compare in-
feed vs. in-water administrations of chlortetracycline (CTC) and or tiamulin on fecal prevalence
and AMR profiles of Campylobacter and Salmonella in nursery piglets. A total of 1,296 weaned
piglets, allocated into 48 pens (27 piglets per pen), were assigned randomly to six treatment
groups: Control (no antibiotic), in-feed CTC, in-water CTC, in-feed tiamulin, in-water tiamulin,
or in-feed CTC and tiamulin. Fecal samples were collected randomly from 5 piglets from each
pen during pre-treatment (days -7, 0), treatment (days 7, 14) and post-treatment (days 21, 28)
phases. Bacterial isolations and species identifications were done by culture and PCR,
respectively. The microbroth dilution method with Sensititre™ plates were used to determine
antimicrobial susceptibility and resistance of Campylobacter and Salmonella strains. The results
on resistance were interpreted based on the Clinical and Laboratory Standards Institute (CLSI)
guidelines for Salmonella and the European Committee on Antimicrobial Susceptibility Testing

(EUCAST) epidemiological cutoff values for Campylobacter. Whole genome sequencing (WGS)



of Campylobacter and Salmonella isolates was done on an Illumina HiSeq platform. Overall
prevalence of Campylobacter and Salmonella were 18.2% (262/1,440) and 3.0% (43/1,440)
respectively. Speciation of Campylobacter isolates by PCR indicated C. hyointestinalis (17.9%;
258/1,440) and C. coli (0.3%; 4/1,440), while WGS indicated that all the Salmonella strains were
serovar Typhimurium. Campylobacter isolates were resistant to tetracycline (98.5%),
ciprofloxacin (89.3%), and nalidixic acid (60.3%). Salmonella isolates were susceptible to
azithromycin and totally resistant (100%) to ampicillin, streptomycin, sulfisoxazole, tiamulin,
and tetracycline. Also, WGS revealed a high correlation of phenotypic and genotypic AMR in
both Campylobacter and Salmonella. Most of the Campylobacter and Salmonella isolates were
multidrug resistant. Neither antibiotic nor the route of administration had an effect (P > 0.05) on

the occurrence of resistant Salmonella or Campylobacter in the feces of piglets.
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Chapter 1 - LITERATURE REVIEW

Antimicrobial usage in Animal Agriculture

The increase in global population coupled with the increase in demand for livestock products
has coincided with increased consumption of antimicrobials in food animal agriculture (Van
Boeckel et al., 2015; Schar et al., 2018). Efforts to meet the rising demand for animal-source
nutrition have driven a shift in animal production from smallholder, mixed crop, and livestock
operations to increasingly intensive, large-scale, and specialized commercialization. Historically,
intensive animal production included administration of antimicrobials for treatment and
prevention of diseases and growth promotion (Van Boeckel et al., 2015; Kimera et al., 2020). As
a consequence, tons of antimicrobials have been used in animal agriculture (Silbergeld et al.,
2008). In total, 73% of all antimicrobials consumed globally are used in food-producing animals
(Van Boeckel et al., 2017). Approximately 93,309 tons of antimicrobials were consumed in food
animal production globally in 2017 (Tiseo et al., 2020). These figures are expected to rise 1.5%
to 104,079 tons by 2030 (Tiseo et al., 2020).

Data on antimicrobial consumption in animal agriculture is well documented in high
income countries as opposed to low and middle income countries (Schar et al., 2018). In the US,
the U.S. Food and Drug Administration (FDA) estimates a grand total of 11,468,357 kg of both
medically important and not medically important antimicrobials for use in food-producing
animals were actively marketed in 2019 (FDA, 2019). Medically important antimicrobials are
antimicrobials in classes used for human medicine (WHO, 2017). Swine and cattle consume the
majority of these antimicrobials, 42% versus 41% for swine and cattle respectively. This

highlights the potential role the two species may play in the selection for resistant bacteria.



Nevertheless, the 2019 FDA report indicated a significant food producing animal
antimicrobial consumption decrease of 25% from 2010 through 2019 and 36% from 2015
through 2019 in the US (FDA, 2019). The decrease was seen across all food producing animals
in the 2016-2019 period. Chickens displayed the leading 62% decrease, followed by cattle and
swine at 32% and 30% decrease respectively. The FDA guidance requires the use of medically
important antimicrobials in animals to be limited to uses that are considered necessary for
assuring animal health and should only be used under veterinary oversight or consultation (FDA
Guidance for Industry #209; 2017). Evidence suggesting the association of antimicrobials usage
in animal agriculture and development of AMR in commensal and pathogenic bacteria exists in
literature (Funk et al., 2006; Marshall & Levy, 2011; Landers, 2012; Liebana et al., 2013; M. J.

Martin et al., 2015).

Antimicrobial usage in the swine production

Pork is the most widely consumed meat in the world (FAO, 2014). In the US, the size
swine herds and specialization in swine production have been increasing for the past several
years (USDA-ERS, 2007). Based on the USDA hog inventory survey released in March 2021,

the US has 74.8 million heads (hogs and pigs) (https://downloads.usda.library.cornell.edu/usda-

esmis/files/rj430453j/7p88db205/mw22w1890/hgpg0321.pdf) indicating a 13.7% increase from

65.9 million head as of December 2011 (https://downloads.usda.library.cornell.edu/usda-

esmis/files/rj430453j/9p290c11x/4x51hm06m/HogsPigs-12-23-2011.pdf). Larger swine

operations are likely to use antimicrobials to control infections (Macdonald & Mcbride, 2009).
When compared to other food animals swine have the highest antimicrobial consumption in the

US (FDA, 2019). Approximately, 2,582,399 kg 3, 42% of all medically important antimicrobials


https://downloads.usda.library.cornell.edu/usda-esmis/files/rj430453j/7p88db205/mw22w1890/hgpg0321.pdf
https://downloads.usda.library.cornell.edu/usda-esmis/files/rj430453j/7p88db205/mw22w1890/hgpg0321.pdf
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marketed for food-producing animals in 2019 in the US were consumed by swine indicating a
9% increase from 2,374,277 kg2 consumed in 2018 (FDA, 2019). According to Tiseo et al.,
(2020) the swine industry has the highest projected antimicrobial consumption globally, expected
to contribute to 44% of the total increase in antimicrobials consumed in food producing animals
by 2030. A wide array of antimicrobials are used in swine production systems in the US
including tetracyclines, macrolides, pleuromutilins, lincosamides, beta lactams, aminoglycosides,
fluoroquinolones and cephalosporins (Davies & Singer, 2020). But tetracyclines, macrolides and
pleuromutilins are the most commonly used antimicrobials in swine production (Apley et al.,
2012; Holman & Chénier, 2013). The macrolides were declared by the World Health
Organization (WHO) as critically important antimicrobials, while tetracyclines and a
pleuromutilin, tiamulin are declared highly important and important antimicrobials respectively
(WHO, 2017). For antimicrobials to be classified as critically important, they must meet the
WHO criterion 1 (C1), i.e. sole or one of limited therapies, to treat serious bacterial infections in
people and criterion 2 (C2) of antimicrobials used to treat infections in humans caused by
bacteria that could be acquired from non-human sources and could acquire AMR genes from
sources other than humans (WHO, 2017). Highly important antimicrobials must meet either C1
or C2 category and important antimicrobials do not meet either of the categories (WHO, 2017).
According to Davies & Singer, (2020), critically important antimicrobials contributed 4.5% and
5.3% of the total antimicrobial consumption in growing pig production in 2016 and 2017,

respectively, while important antimicrobials constituted 80.7% and 78.4%, respectively.



Tetracyclines

Tetracyclines were discovered in the 1940s and were found to be highly effective against
a wide range of bacteria, thus becoming a class of broad-spectrum antibiotics (Griffin et al.,
2010). Chlortetracycline was the first tetracycline discovered and introduced in human and
animal medicine in 1948 (Griffin et al., 2010). Years later other analogues were discovered
which include the naturally occurring tetracyclines and demethylchlortetracycline and
semisynthetic analogues, doxycycline, and minocycline (Chopra & Roberts, 2001). To date,
tetracyclines are widely used in animal agriculture with chlortetracycline (CTC) and
oxytetracycline (OTC) being the two most consumed antimicrobial members of the tetracycline
class in swine production (Fritz & Zuo, 2007).

Tetracyclines inhibit protein synthesis by interacting with the 30S bacterial ribosome and
preventing the association of aminoacyl-tRNA and ribosomal acceptor (A) site (Chopra &
Roberts, 2001). Tetracycline structural features that confer activity against bacteria have been
established (Mitscher, 1978; Rogalski, 1985; Dax, 1997). Tetracyclines are bacteriostatic at low
doses but become lethal to bacteria at high doses. Tetracyclines are broad spectrum
antimicrobials with inhibitory activity against gram-positive and gram-negative bacteria,
mycoplasmas, chlamydia, rickettsia, and protozoans (Chopra & Roberts, 2001). Since their
discovery, tetracyclines have been used all over the world for therapeutic and non-therapeutic
uses in a multitude of species including food producing animals. In the US, tetracyclines are
approved for use in food animals and frequently used due to their broad-spectrum nature and low
cost (Granados-chinchilla & Rodriguez, 2017). This is evidenced by 2019 FDA estimates where
4,117,031 kg of tetracyclines were sold and distributed for use in food producing animals with a

4% increase from 2018 (FDA, 2019).



Chlortetracycline is used in swine for the treatment of bacterial enteritis caused by
Escherichia coli and Salmonella choleraesuis and pneumonia caused by Pasteurella multocida.
In their study, Apley et al. (2012), reported chlortetracycline having the highest estimated annual
use in swine production in the United States. The study estimated the annual consumption of
533,973 kg, out of which 204,580 kg (38.3) were used in grower/finisher phase pigs and 329,393
kg (61.7%) used in nursery piglets. Nursery piglets are more prone to enteric diseases (Laine et
al., 2008), which justifies the large amount of antimicrobials used in the nursery period as
compared to the grower/finisher stages. Similarly, Davies & Singer, (2020) reported tetracylines
to contribute 60% of all antimicrobial consumption in swine in 2016 and 2017 with
chlortetracycline constituting 49.3% and 40.9% in 2016 and 2017 respectively. It has also been
used in combination with tiamulin. Chlortetracycline is only available as an oral formulation for

use in food animals in the US.

Tiamulin

Tiamulin is a semi-synthetic pleuromutilin, a class of antimicrobial substance, produced by
the fungus, Pleurotus mutilus (EMA, 2013). It is bacteriostatic to gram-positive bacteria,
anaerobic bacteria and Mycoplasma (EMA, 2013, Giguere, 2006).) Tiamulin hydrogen fumarate
is used in swine to control dysentery associated with Brachyspira hyodysenteriae and swine
pneumonia caused by Actinobacillus pleuropneumoniae (NAHMS Swine Study, 2017; Davies &
Singer, 2020). It has also been proven to be effective against porcine proliferative enteropathy
(PPE) associated with Lawsonia intracellularis. According to FDA, the dosage administered
depends on the targeted pathogen. For the treatment of swine dysentery associated with B.

hyodysenteriae, a dosage of 3.5 mg/lb is used and for the treatment of A. pleuropneumoniae



infections, a dosage of 10.5 mg/lb is used. Tiamulin is compatible with many drugs used in
swine including tetracyclines. But it was stipulated that pigs administered with tiamulin should
not be fed feed containing polyether ionophores such as lasalocid, monensin, narasin,
salinomycin, or semduramycin as their reaction causes adverse effects

(https://dailymed.nim.nih.gov/dailymed/fda/fdaDrugXsl.cfm?setid=c968bfc7-3d69-4d3b-8b5d-

4c41h880daf2&type=display,

https://www.accessdata.fda.qov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?fr=520.2455).

Tiamulin has also been used for preventive measures in swine herds (Apley et al., 2012).
According to the European Medicines Agency, preventive treatment with tiamulin should only
be initiated after confirmed infection with B. hyodysenteriae and then as part of a program
including measures aiming to eradicate or control the infection in the herd (EMA, 2010b).
Approximately 1,470 kg of tiamulin is used in the swine nursery production cycle annually in the
US (Apley et al., 2012). The number of days per production cycle Tiamulin is included in
nursery piglets feed, averages 29.5 days for growth promotion and 35days for prevention and

therapy purposes (NAHMS Swine Study, 2006).

Tetracycline resistance

Following the discovery of tetracyclines, most of the commensal and pathogenic bacteria
were susceptible to these compounds (Levy, 1984). This was illustrated in a study conducted
using 433 bacteria of the Enterobacterales family collected between 1917 and 1954, in which
resistance to tetracycline was observed in only 2% of the isolates (Hughes & Datta, 1983). The
first resistant bacteria was Shigella dysenteriae in 1953 (Chopra & Roberts, 2001). Currently,

tetracycline resistance is among the most common AMR detected in bacteria. A wide array of


https://dailymed.nlm.nih.gov/dailymed/fda/fdaDrugXsl.cfm?setid=c968bfc7-3d69-4d3b-8b5d-4c41b880daf2&type=display
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https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?fr=520.2455

tetracycline resistance determinants (Roberts, 1996) have been reported in both gram-negative
(Tuckman et al., 2007) and gram-positive bacteria (Huys et al., 2004). Tetracycline resistance is
one of the most commonly encountered resistance phenotypes in gut bacteria of pigs (Tadesse et
al., 2012) and often is co-selected with other antibiotic resistant determinants (Funk et al., 2006).
Often, tetracycline resistance is used as a model to study the ecology of AMR in bacteria
(Karami et al., 2006).

Resistance to tetracyclines among pathogenic and nonpathogenic species of bacteria is
due to different tetracycline resistance (tet) genes (Roberts, 2005) All 26 English alphabet letters
have been used to name tetracycline resistance determinants and now numerals are employed in
naming the newly discovered determinants (Levy et al., 1999). More than 50 tetracycline
resistance (tet) genes have been described (Wang et al., 2017) The majority of the tetracycline
resistance determinants act by efflux-mediated mechanisms in both gram-positive and gram-
negative bacteria (Chopra & Roberts, 2001). The efflux proteins that act to pump tetracyclines
out from bacteria cells are located on the cytoplasmic surface of the cell membrane (Levy &
McMurry, 1974). A few determinants codes for ribosomal protection proteins and only one gene,
tetP has been noted to act through both efflux pumps as well as ribosomal protection (Chopra &
Roberts, 2001). A unique tetracycline gene is tetX that acts through enzymatic inactivation of
tetracyclines (Roberts, 2005).

Tetracycline resistance determinants are widely distributed across various bacteria
species which is partially explained by their association with conjugative or mobilizable
elements (plasmids, transposons, conjugative transposons, and integrons) (Mendez et al., 1980;
Jones et al., 1992). The gram-positive efflux tetracycline resistance determinants are usually

associated with small mobilizable plasmids (Khan & Novick, 1983; Schwarz et al., 1992) as



opposed to the gram-negative efflux tetracycline resistance determinants that are associated with
transposons inserted in a variety of plasmids (Jones et al., 1992; Mendez et al., 1980).
Tetracycline resistance is inducible and increases the propensity for horizontal gene transfer in
the presence of sub-inhibitory concentrations of tetracycline (Sapunaric & Levy, 2005).
Although it has also been reported that the selection of tetracycline resistance bacteria is not

related to the dosage of the drug administered (Gresbgll et al., 2017).

Campylobacter

Four different tetracycline resistance genes, tetA, tetB, tetO, and tetS have been identified
in different Campylobacter species (Abdi-Hachesoo et al., 2014). Tetracycline resistance in
Campylobacter is mainly mediated by tetO, a gene coding for ribosomal protection protein
(Moore et al., 2006). The tetO gene and a rarely found but yet important tetS determinant are
only transferred as plasmid-encoded genes or in a chromosome where they are not self-mobile
(Roberts, 1996). The tetO is not associated with conjugative plasmids (Roberts, 1996; Roberts et
al., 1991) as opposed to tetS that is usually associated with conjugative plasmids or conjugative
transposons (Levy et al., 1999) and the two determinants can easily be transferred between
Campylobacter (Taylor & Courvalin, 1988). The two genes tetA and tetB are codes for efflux
proteins and act by pumping out tetracyclines from the bacterial cells (Chopra & Roberts, 2001).
Campylobacter spp. are also known for easy natural transformation, they can easily pick DNA
from the environment which makes it easier to acquire resistance determinants (Wang & Taylor,

1990).



Salmonella

The tetA, tetB, tetC, tetD, and tetE genes are more commonly reported among
Salmonella enterica (Chopra & Roberts, 2001; Ng et al., 2001). All five resistance genes code
for efflux proteins in Salmonella (Chopra & Roberts, 2001). The four tet genes, tet (A, B, C, and
D) are transferred between bacteria through mobile and conjugative plasmids and hence have a
wide host range (Chopra & Roberts, 2001). The tetE gene differs from the rest of the group as it
is associated with large, non-mobile and non-conjugative plasmids which explains its relatively
low host range and prevalence (Roberts, 1996). Plasmids facilitate horizontal gene transfer
influencing the spread of resistance in Enterobacterales (order) including Salmonella (Carattoli,
2003; Gillings, 2014; Brown-Jaque et al., 2015). Plasmids are typed based on their compatibility,
that is, the ability of two plasmids to coexist in the same cell line (Novick et al., 1976). Different
compatibility groups have been found in different Salmonella serovars and no compatibility
group is limited to one serovar (McMillan et al., 2020). Conjugative plasmids that are associated
with tetracycline resistance in Salmonella include IncC, IncF, IncHI, and Incl1 and mobilizable

plasmids include IncQ1 and IncR plasmids (McMillan et al., 2020).

Pleuromutilin resistance

Tiamulin inhibits protein synthesis by binding to the 50S subunit of the bacterial
ribosomes and inhibiting peptidyl transferase (Poulsen et al., 2001; EMA, 2013). Tiamulin
resistance is mediated by chromosomally-mediated rplC and rpID genes (Giguere, 2006). In
some cases, tiamulin resistance genes are also carried on a plasmid or a transposon as in like vga
and cfr genes, respectively (Long et al., 2006; Mendes et al., 2011). The actual mechanism of

resistance to pleuromutilins varies among bacterial species (Malbruny et al., 2011; Wang et al.,



2012). Pleuromutilin resistance has in most cases been reported in gram-positive bacteria and
was previously believed that gram-negatives are naturally resistant to this class of antimicrobials.
This view was changed by the identification of the multidrug resistance cfr genes in Proteus
vulgaris (Wang et al., 2011) and E. coli (Wang et al., 2012) isolated from porcine nasal swabs in
China. In the US, the cfr gene, cfr(C) was identified in multiple C. coli isolated from different
cattle farms in different states (Tang et al., 2017). The gene is known to confer resistance to five
different classes of antimicrobials including phenicols, lincosamides, oxazolidinones,
pleuromutilins, and streptogramin A.

Campylobacter species have demonstrated a very high susceptibility to tiamulin
(Giacomelli et al., 2014; Hlashwayo et al., 2020) but it has shown to enhance cross resistance of
C. coli to macrolides (azithromycin and erythromycin) in swine (Quintana-hayashi & Thakur,
2012). In 2017, cfr determinants were reported for the first time in C. coli isolated from cattle
that demonstrated significantly minimal inhibitory concentrations to tiamulin (Y. Tang et al.,
2017). Since then, cfr determinants in Campylobacter have been reported in other studies (Liu et
al., 2019; Moser et al., 2020). Salmonella has demonstrated complete resistance to tiamulin
(Jones et al., 2002) but information on susceptibility/resistance is limited. Also, pleuromutilin

resistance genes have not been reported in Salmonella.

Campylobacter in swine

Campylobacter are gram-negative, microaerophilic, non-spore forming, slender, curved
or spiral bacilli that are motile with single or a pair of polar flagella (Padungton et al., 2003;
Alfredson & Korolik, 2007). The bacterium is indole negative, catalase positive, oxidase

positive, nitrate positive, hippurate positive and glucose utilization negative (Pal, 2017). They
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belong to the family Campylobacteriacae which consists of Campylobacter, Arcobacter, and
Helicobacter genera. The genus Campylobacter comprises 25 verified species (Kaakoush et al.,
2015). Campylobacter species have a wide ecological range and have been isolated from
humans, domesticated and wild animals, poultry, wild birds as well as the environment.
Campylobacter was the second leading causative agent of food transmitted diseases in the
European Union and the United States, preceded by norovirus (European Food Authority Safety,
2017). The CDC estimates 1.5 million Campylobacter infections that cost $270 million in direct

medical costs every year (https://www.cdc.gov/drugresistance/pdf/threats-report/Campylobacter-

508.pdf). About 29% of all infections have shown resistance to fluoroquinolones such as
ciprofloxacin or macrolides such as azithromycin, the antimicrobials used for the treatment of
Campylobacter infection. Consequently, drug resistant Campylobacter is estimated to cause
448,400 infections and 70 deaths every year in the US (CDC, 2019). Considering the threat
posed by the alarming increase of resistance, drug resistant Campylobacter was categorized as a

serious threat by the CDC (https://www.cdc.gov/drugresistance/biggest-threats.html#cam).

Similarly, Campylobacter isolates obtained from different animal species have been
demonstrating high resistance to fluoroquinolones (ciprofloxacin and nalidixic acid) and
tetracyclines (European Food Authority Safety, 2017).

Swine are considered as a major reservoir for Campylobacter, the majority of which are
commensals. Some of the Campylobacter species found in swine including C. coli, C. jejuni, C.
lari, and C. hyointesinalis have public health importance (Facciola et al., 2017). C. Jejuni is very
rare in pigs and is the primary pathogen in humans. This indicates that pigs as a source of human
Campylobacteriosis are low on the source hierarchy. C coli is the most isolated species in pigs

worldwide (Thakur & Gebreyes, 2005a; Harvey et al., 2007; Varela et al., 2007; Dorr et al.,
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2009; Fosse et al., 2009). Higher C. coli prevalence ranging from 66% to 100% have been
obtained in pig feces worldwide while C. jejuni is rarely isolated (Gue vremont et al., 2004). The
difference in prevalence could be because pigs carry a large amount of C. coli as compared to C.
jejuni which makes it more likely to detect C. coli than C. jejuni. Selective enrichment for C.
jejuni might be required for its optimal detection in swine fecal samples (Gharst et al., 2006).
Along with C. coli, C. hyointestinalis is also most commonly isolated from swine (Allos et al.,
2015). It is frequently isolated in pigs with proliferative enteritis and less so in pigs with other
enteric diseases (Gebhart et al., 1983).

Pigs usually acquire Campylobacter infections at a young age in the multiplier farms.
Studies suggest that piglets acquire infections from their mothers in their early days of life. The
prevalence of 25% and 75% were recorded in one week old piglets in two farms with the sows
having a 90% prevalence (Weijtens et al., 1997). The prevalence in piglets continued to rise
reaching 80% and 90% at four and eight weeks of age respectively. Restriction Fragment Length
Polymorphism (RFLP)-typing of Campylobacter showed similarity between sows and their
piglets suggestive of sow to piglet transfer of the bacteria (Magras et al., 2005; Weijtens et al.,
1997). Stress caused by parturition increases the shedding of Campylobacter, increasing the
chances for transmission to piglets (Weijtens et al., 1997). Although eliminating Campylobacter
from pig breeding populations would be a promising control strategy (Weijtens et al., 2000). The
higher prevalence of Campylobacter in sows and early infection in piglets severely limits the
possibility for success of this intervention. Infection can also be acquired from other piglets
sharing the same pen. Contaminated environments can potentially act as a source of
Campylobacter infection in swine (Weijtens et al., 2000). Contact with rodents and birds,

vehicles, clothes and boots also plays a role in transmission. Currently, the transmission of

12



Campylobacter to swine through feed and water has not been reported (Leblanc-maridor et al.,
2008; Fosse et al., 2009). Campylobacter infections are correlated with the level of management
in the farm, where larger farms with intensive management have been reported to have lower
prevalence compared to small farms with less management (Fosse et al., 2009). Separating pigs
in stalls has also been shown to minimize transmission risk.

Some of the Campylobacter spp. found in swine are zoonotic and are implicated to cause
disease in humans. C. jejuni and C. coli are best known and are frequently implicated in causing
gastritis in humans. C. jejuni is associated with most of the gastritis cases in humans as compared
to C. coli (Varela et al., 2007; Facciola et al., 2017). But C. coli has also been pointed out as
major zoonotic pathogen due to the higher prevalence of antibiotic resistant strains when
compared to C. jejuni (Luangtongkum et al., 2009). C. hyointestinalis subsp. hyointestinalis and
C. lari are considered emerging and have occasionally been associated with gastrointestinal
illness in humans (Fitzgerald & Nachamkin, 2011; Man, 2011; Corry, 2014; Facciola et al.,

2017).

Salmonella in swine

Salmonella are gram-negative, aerobic and facultative anaerobic, bacilli shaped bacteria
of the order Enterobacterales. Salmonella was first discovered in 1955 in the intestine of pigs
with classical swine fever (Eng et al., 2015). Based on the WHO nomenclature system, the genus
Salmonella is classified into Salmonella enterica and Salmonella bongori species (Popoff et al.,
2003). S. bongori is mainly found in the environment and cold blooded animals (Brenner et al.,
2000). S. enterica consists of six subspecies namely, S. enterica subsp. enterica, S. enterica

subsp. salamae, S. enterica subsp. arizonae, S. enterica subsp. diarizonae, S. enterica subsp.
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houtenae, and S. enterica subsp. indica (Popoff et al., 2003). Within S. enterica subspecies,
several serovars/serotypes have been assigned based on phylogeny, a White-Kauffmann-Le
Minor scheme which identifies serovars based on three major antigenic determinants: somatic
(O), capsular (K) and flagellar (H) (Brenner et al., 2000). There are more than 2,500 serovars
identified, half of which belong to S. enterica subsp. enterica (Guibourdenche et al., 2010).
Salmonella species are also classified as typhoidal and non-typhoidal (NTS) based on their
ability to cause specific diseases in humans (Pinna et al., 2014). S. enterica is ubiquitous, found
in the environment colonized in warm and cold blooded animals (Holt, 1994). Salmonella has a
predilection for the gastrointestinal tract of food producing animals making it easy to disseminate
to the environment through feces, water and food products (Ashbolt, 2004; Hutchison et al.,
2005).

Salmonella species produce positive catalase, oxidase, lysine decarboxylase, methyl red,
Simmons citrate, and ornithine decarboxylase tests and negative indole, urea and VVoges-
Proskauer tests (Holt, 1994). Except for S. Gallinarum and non-motile mutants, most of the
serovars are motile (Holt, 1994). Some of the serovars produce hydrogen sulfide (Holt, 1994).
Salmonella species are facultative intracellular pathogens.

Salmonella spp. are the leading causes of gastroenteritis in humans in the world and its
burden is substantial (Majowicz et al., 2010). Playing a major role, contaminated food and to a
relatively lower extent, direct contact with clinically ill or carrier animals are responsible for
human infections (Hoelzer et al., 2011). Five out of the top 20 Salmonella serovars isolated in
clinically ill human beings are commonly isolated in animals (Griffith et al., 2019). The WHO-
Foodborne Disease Burden Epidemiology Reference Group estimates that 93.8 million cases of

gastroenteritis due to Salmonella species occur every year, resulting in 155,000 deaths
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(Majowicz et al., 2010). In the US, the CDC reports 1.35 million Salmonella infections in
humans every year, causing 26,500 hospitalizations, and 420 deaths costing an estimated $400

million in direct medical costs (https://www.cdc.gov/Salmonella/index.html). The estimates

may be lower than actual, as not all cases are confirmed in the lab and reported to CDC
(Chalker & Blaser, 1988). The CDC estimates that 16% of all NTS are resistant to one or more
antimicrobials (CDC, 2019). Drug-resistant NTS causes 212,500 estimated infections and 70
estimated deaths every year (CDC, 2019). Salmonella is developing resistance at an alarming
rate to critically important antimicrobials such as ciprofloxacin, azithromycin, and ceftriaxone
which are used to treat Salmonellosis, prompting the CDC to categorize drug resistance

Salmonella as a serious level threat (https://www.cdc.gov/drugresistance/biggest-

threats.html#non). Nalidixic acid which is usually precursor to fluoroquinolone resistance has

been demonstrating higher resistance incidence in many studies (Ochiai et al., 2008; Ryan et al.,
2011).

Swine are infected with Salmonella in their early days of life and fecal shedding increases
at weaning in both sows and piglets (Nolleta et al., 2005). This is explained by stress caused by
the change of feed and decrease in sow colostral antibodies (Kranker et al., 2003). Studies have
also found evidence of feed contamination with Salmonella, indicating that feed could also be a
source of infection (Hurd et al., 2001; Langvad et al., 2006). Other risk factors associated with
acquiring infection in swine include antibiotic treatment, dry feed, crowding, poor sanitation and
lack of biosecurity. In a study conducted in the USA, antibiotic free farms were found to have
low Salmonella prevalence when compared to farms that used antibiotics (Gebreyes et al., 2005).
Increased Salmonella shedding was also observed when swine were fed dry feed as compared to

wet feed (Fablet et al., 2003).
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Salmonella has been isolated from clinically healthy pigs (Wilcock & Schwartz, 1992).
These asymptomatic carrier pigs serve as a major source of infections to other pigs. Rodents
and contaminated feed and premises also play a role in spreading the infection (Harris, 2013).
S. Choleraesuis is among the most commonly isolated Salmonella species in swine (Gray et al.,
1996; Harris, 2013). It is host adapted and known to cause a septicemic disease characterized
by hepatitis, pneumonia, and cerebral vasculitis and sometimes produces necrotizing
enterocolitis (Harris, 2013). S. Choleraesuis causes disease in pigs of all ages but primarily
affects piglets below five months of age (Wilcock & Schwartz, 1992). S. Typhimurium, S.
Derby, S. Agona, and S. Heidelberg are the only non-host adapted serotypes that have only
been associated with clinically ill pigs (Erdman et al., 2001). Usually, non-host adapted
serovars result in enterocolitis and rarely result in severe disease (Reed et al., 1986; Wilcock &

Schwartz, 1992).

Antimicrobial resistance in general with public health significance

The discovery and commercialization of antimicrobials stand as a defining achievement of 20th-
century medicine. But the antimicrobial use in animal agriculture has received a great deal of
public attention concerning the occurrence of AMR (Avgustin, 2012). The use of antimicrobial
agents in food animals constitutes an important contributing factor for the development of AMR
and their subsequent entry into the food chain may be major source of human exposure (Marshall
& Levy, 2011). This use of antimicrobials in animals is a key driver of selection pressure on both
gut commensals and pathogenic bacteria that can spread to humans (Liebana et al., 2013).

AMR has emerged as a global public health threat estimated to cause over 700,000 deaths

globally (Jasovsky et al., 2016). AMR was declared among the top world threats requiring a

16



collaborative approach across countries (https://www.cdc.gov/drugresistance/solutions-

initiative/stories/ar-global-threat.html). AMR directly touches the human, veterinary and

agricultural sectors as well as the biological, ecological, economic, political and social aspects of
human beings which requires a collaborative global approach across sectors. In 2018, the US
government conducted a yearlong AMR challenge that encouraged a one health approach in

combating AMR (https://www.cdc.gov/drugresistance/intl-activities/amr-challenge.html). The

challenge was focused on five commitment areas, which included tracking AMR data, reducing
the spreading of germs, improving antimicrobial use, decreasing AMR in the environment and
investing in the development and improvement of vaccines, therapeutics and diagnostics. In total
32 countries committed, making the first breakthrough step toward combating AMR.

AMR bacteria-caused infections are associated with increased burdens in terms of
morbidity, mortality and expense than the infections due to susceptible bacteria (Barza, 2002;
Martin et al., 2004). Multidrug resistant bacteria are currently considered as an emerging global
public health concern (Munir & Xagoraraki, 2010; Roca et al., 2015). If not tackled, AMR s
estimated to claim over 10 million lives globally and cost $100 trillion in economic output by
2050 (O’ Neill, 2016). In the United States, at least 2.8 million people get sick from drug resistant
bacterial infections every year and it is estimated that 35,000 die from those infections

(https://www.cdc.gov/drugresistance/biggest-threats.html).

Bacteria and fungi have the ability to mutate and acquire résistance determinants that
render them resistant to antimicrobial drugs. Every time the antimicrobial is used it exerts a
selective pressure that favors the growth of the resistant organism (Marshall & Levy, 2011).
Every antibiotic, including the newly developed, are followed by selection for resistance by these

organism leaving us without options (Kouyos et al., 2011). Also, AMR determinants can be
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shared among the bacteria and resistant bacteria can be shared between animals, humans and the
environment making resistance widespread (Subbiah et al., 2020). AMR is a significant problem
that should be addressed by transforming the threat into a manageable problem

(https://www.cdc.gov/drugresistance/pdf/public-health-action-plan-combat-antimicrobial -

resistance.pdf). The Public Health Action Plan to Combat Antimicrobial Resistance suggests
measures to address dangers associated with AMR, which include improving surveillance of
emerging AMR problems, improve diagnostics, vaccines and infection control measures and
encouraging, conducting and support AMR research

(https://www.cdc.gov/drugresistance/pdf/public-health-action-plan-combat-antimicrobial -

resistance.pdf).

Route of antibiotic administration as an alternative to mitigate AMR

The use of antimicrobials to keep animals healthy and to increase productivity has been
an integral part of swine production and management. Antimicrobials are administered to swine
through parenteral (e.g. intramuscular, and subcutaneous), and oral medication (in-feed and in-
water). The choice of antibiotic administration route is guided by choice for antibiotics, the aim
for antibiotic administration and the number of animals being handled. Also, the swine
production stage can influence the route used, where oral administration is frequently used in
weaners and fatteners whereas parenteral is applied more in sows (Merle et al., 2014; Lekagul et
al., 2019). The parenteral route is used when treating individual sick animals, small numbers of
animals, or under circumstances where the drug indications are strictly parenteral (Trauffler et
al., 2014; Sjolund et al., 2015). Injections are associated with the handling of individual animals

which requires significant labor resources and induces stress to the animals. The oral route is by
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far the most common route of administration of antibiotics in pigs (Apley et al., 2012; Callens et
al., 2012; Lekagul et al., 2019) which is more convenient and can be carried out in a large
number of animals. In-feed antibiotics have traditionally been used to prevent bacterial enteric
infections, improve body weight gain and improve production efficiency (Muhl and Liebert,
2007). Several studies have reported more than 90% of antimicrobials are administered orally,
in-feed and in-water (Apley et al., 2012; Merle et al., 2012; Van Rennings et al., 2015).
According to Davies & Singer (2020), 70.5%, 67.8% of the antimicrobials administered in swine
in 2016 and 2017 respectively were through in-feed administrations while only 27.5%, 30.1%
were in-water administrations in the respective years.

AMR mitigation has been focused on limiting antimicrobial use in human and animals
(Casewell et al., 2003; Zhang et al., 2013) despite the multitude of factors that plays the role in
its development, amplification and dissemination. Risk factors such as the use of antimicrobials
for prolonged periods, under-dosing, and dust containing antimicrobials may favor the selection
of bacterial resistance (Burrow et al., 2014). Similarly, the way antimicrobials are used also plays
a significant role in AMR development (Wang et al., 2015). In a study, a group of mice given
tetracycline through the oral route displayed increased tetracycline determinants in feces as
compared to the intravenous-treated group ( Zhang, 2011). Similar results were observed by
Zhang et al., (2013) where oral administration of antibiotics had a greater amplification of AMR
in gut microbiota compared to intravenous injection. The practical implications of these results
need to be validated in humans and other animals. In a study in humans, it was concluded that
parenteral antibiotic administration is preferred over oral antibiotic administration as the gut
commensal and pathogenic bacteria are less exposed to the antimicrobials leading to less chance

of resistance selection (Rafii et al., 2008). Another study in chickens demonstrated a fourfold and
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tenfold increase in ampicillin resistance in the orally treated group versus the sham and
intravenous respectively (Zhou et al., 2020). In a similar study, the oral route was observed to
promote for selection of fluoroquinolone resistance in commensal E. coli in broiler chickens
(Chantziaras et al., 2017). In a swine study, both in-water and intramuscular administrations
displayed increase in the AMR of enterococcus when compared to the in-water treated group
(Wu et al., 2019). They also found that antibiotic administration increased AMR regardless of
the route of administration. These studies suggest that modifying the way we administer

antimicrobials could help in tackling AMR.

Summary

The overall goal of this thesis is to evaluate the route of administration of antimicrobials
as a mitigation strategy towards controlling the development of AMR in the foodborne
pathogens Campylobacter and Salmonella in swine. Studies have shown that the method of
administering antimicrobials influences the selection for AMR and the extent of AMR promotion
differs by the route used to administer these antimicrobials. Most studies have used lab animals
to prove this theory. Even the studies done in other food animals were focused on commensal
bacteria with none focused on foodborne pathogens. Campylobacter and Salmonella are the
second and third leading foodborne pathogens following noroviruses. They are known to easily
acquire multiple resistance determinants, share the determinants within and between bacterial
species and develop resistance to multiple drugs which threaten global public health. As a
consequence, these organisms are categorized as serious level threat that requires collaborative

and immediate efforts to address this global challenge. Most efforts put forward are on limiting
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antimicrobial use in humans and more in food producing animals, but an important risk factor,

route of administration, was not emphasized which justifies our study to look for its applicability.
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Chapter 2 - In-water and in-feed antimicrobial administration did
not influence development and persistence of antimicrobial

resistance of Campylobacter in a population of nursery piglets

Introduction

Antimicrobial Resistance (AMR) has emerged as the global threat to human and animal
health (ECDC/EFSA/EMA, 2015). In 2020, the World health Organization (WHO) declared
AMR among the top health challenges in the world (WHO, 2020). According to the Centers for
Disease Control and Prevention (CDC) more than 2.8 million AMR bacterial and fungal
infections and 35,900 million deaths occurs every year in the United States (CDC, 2019). The
increased AMR infections in humans are linked to the use of antimicrobials in animal agriculture
(O’ Neill, 2015). Antimicrobials have been used in swine production on a routine basis as a
management tool for many years (Aarestrup, 2015). According to the United States Food and
Drug Administration (FDA, 2019), approximately six million kilograms of medically important
antimicrobials were used for food animal production, with the swine industry utilizing 42% of
these antimicrobials. The overconsumption of antimicrobials has posed great public health risks
which has prompted the FDA to ban the use of medically important antimicrobials for production
purposes (FDA Guidance for Industry #209, 2017).

In their joint report, the European Centre for Disease Prevention and Control (ECDC),
European Food Safety Authority (EFSA), and European Medicines Agency (EMA) reported the
positive association of antimicrobial consumption in food producing animals and AMR of

bacteria including Campylobacter (ECDC/EFSA/EMA, 2015). Campylobacter is one of the
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leading causes of foodborne diarrheal illnesses in the US and poses a significant public health
threat (Scallan et al., 2011). The thermophilic Campylobacter species are among the pathogens
that are increasingly becoming resistant to important and critically important antimicrobials. In
2019, the CDC categorized drug-resistant Campylobacter under serious level threat. In the US, it
is estimated to cause approximately 448,400 infections and about 70 deaths every year (CDC,
2019). The CDC’s National Outbreak Reporting System (NORS) reported a total of 647

Campylobacter outbreaks between 2008 and 2018 (https://wwwn.cdc.gov/norsdashboard/). Pigs

are reservoirs for Campylobacter spp. therefore playing a pivotal role in transferring the bacteria
to human beings (Ono et al., 1977; Weijtens et al., 1999; Thakur & Gebreyes, 2005a; Fosse et
al., 2009). However, the primary pathogen in humans is C. Jejuni which is very rare in pigs
indicating that pigs as a rare source of human Campylobacteriosis.

Worldwide, several antimicrobials including medically important antimicrobials are used
in swine production for therapeutic and non-therapeutic purposes. Tetracyclines and tiamulin are
the most commonly used antibiotics in swine (Holman & Chénier, 2013). Tetracyclines are
widely employed either alone or in combination with other antibiotics for prevention, control,
and treatment of bacterial diseases in swine (Phillips et al., 2004; Apley et al., 2012). Tiamulin is
extensively used in the swine industry to control and treat dysentery (caused by Brachyspira
hyodysenteriae), respiratory diseases, and for growth promotion in some countries (Bgsling et
al., 2003; NAHMS Swine Study, 2017). Tiamulin, an antibiotic that is used exclusively in swine
and does not require a veterinary feed directive for its usage, so likely to be frequently used or
even overused by producers. Previous studies have shown that tiamulin and its metabolites select

for resistance among C. coli (Lykkeberg et al., 2007).
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Oral medication is the most commonly used route of antimicrobial administration in pig
production (Sj6lund et al., 2015; Van Rennings et al., 2015; NAHMS Swine Study, 2017).
Several studies have reported oral medication of antimicrobials as a driving factor for
development of AMR (Varga et al., 2009; Lutz et al., 2011; Burow et al., 2014). Risk factors
such as prolonged antimicrobial use periods, under-dosing, and environment contamination with
antimicrobials may favor the selection of bacterial resistance (Burrow et al., 2014). Despite of a
broad array of AMR risks associated with oral route of antimicrobial administration, its impact
on the amplification and persistence of AMR in Campylobacter is a largely unexplored area.
Therefore, the objective of this study was to investigate the effect of oral route of administration
antimicrobials (in-feed vs in-water) on AMR profiles of Campylobacter spp., a foodborne

pathogen shed in the feces of piglets.

Materials and Methods

Animal and Experimental Design

The Kansas State University Institutional Animal Care and Use Committee approved all
experimental protocols used in these studies (IACUC # 4033; Manhattan, KS). Experiments were
conducted at a commercial research nursery facility located in Pipestone Minnesota. A total of
1440 weaned piglets (L337x1050, PIC, Hendersonville, TN) were used in a 35-day trial. The
piglets were randomly allocated into 48 pens, with each pen containing 27 piglets. Distribution
of piglets in pens was made to ensure the average weight between pens was approximately equal.
The piglets were provided with 7 days of acclimatization after which they were randomly

assigned to six treatment groups. The treatments included the control (no medication), in-water
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chlortetracycline @ 22 mg/kg BW (CTC) (CTC-hydrochloride, Elanco Animal Health,
Indianapolis, IN), in-feed CTC @ 22 mg/kg BW, in-water tiamulin @ 23 mg/kg BW
(Denagard®, Elanco, Animal Health, Indianapolis, IN), in-feed tiamulin @ 5 mg/kg BW and a
CTC @ 22 mg/kg BW and tiamulin @ 5 mg/kg BW combination in feed. These treatments were
applied for 14 days. All 48 pens were used in the trial allowing for eight replications per

treatment.

Fecal Samples
Weekly fresh fecal sample collection was carried out by gentle rectal massage of the first
5 piglets caught out of 27 piglets in the pen (convenience sampling). Fecal samples from each
piglet were collected into individual sterile plastic bags (Whirl-Pak® bags, Nasco, Ft. Atkinson,
WI) and transported on ice in a cooler to the Pre-harvest Food Safety laboratory, College of
Veterinary Medicine, Kansas State University. Samples were stored at 4°C and processed within

24 hours of collection.

Isolation of Campylobacter from fecal samples
All fecal samples were assigned to laboratory-specific IDs. Approximately, 1 g of fecal
sample was mixed in 9 ml of Mueller-Hinton broth (MH broth; BD Difco, MD, USA) containing
Campylobacter selective and two growth supplements, Oxoid™ Campylobacter Growth
Supplement (SR0232E) and Oxo0id™ Modified Preston Campylobacter Selective Supplement
(SR0O204E) (Thermo Fisher Scientific, Fair Lawn, NJ, USA) (MH+SS agar) to 50 ml filter
centrifuge tubes (TubeSpin® Bioreactor, TPP Techno Plastic Products AG, Switzerland). The

tubes were then incubated in a Tri-Gas incubator (BINDER, Germany) at 42°C for 48 hours. A
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sterile loopful (~10 pl) of the enriched fecal suspension was streaked onto MH+SS agar and
incubated in a Tri-Gas incubator at 42°C for 48 hours. Three well-isolated, circular, transparent
and, glassy colonies were picked and streaked onto MH agar to confirm growth and obtain pure
cultures. Plates were incubated in a Tri-Gas incubator at 42°C for 48 hours. Pure cultures from

the MH agar plate were stored in MH broth with 30% glycerol for future use at -80°C.

DNA isolation and speciation

DNA was extracted as per the published procedure (Olah et al., 2006). Two colonies
from MH agar were mixed with 40 pl of single cell lysis buffer (SCLB) (Thermo Fisher
Scientific, Fair Lawn, NJ, USA) in a 200 pl PCR tube and mixed thoroughly. The SCLB solution
contained 1ml Tris-EDTA (1X TE) (Thermo Fisher Scientific, Fair Lawn, NJ, USA) and 10ul
proteinase K (5 mg/ml) (SIGMA-ALDRICH, Co., St. Louis, MO, USA). The 200 ul PCR tubes
were kept in a PCR machine at 80° C for 10 min and 55° C for another 10 min. Then, 40 pl of
distilled water was added to the tube, mixed and centrifuged for 2 min at 4500 x g to get the
DNA supernatant.

Speciation of Campylobacter was done using the multiplex polymerase chain reaction
assay (Yamazaki-Matsune et al., 2007). The procedure involved simultaneous detection of 16S
rRNA for genus Campylobacter, 23S rRNA for C. hyointestinalis subsp. hyointestinalis, askD
for C. coli, cstA for C. fetus, glyA for C. lari, cj0414 for C. jejuni and IpxA for C. upsaliensis.
Genes, their sizes, and primer sequences are shown in table 2.1. The PCR reaction of 20 ul
consisted of 10 ul of master mix (iIQ™ Multiplex Powermix-Bio-Rad, Hercules, CA), 5 ul of
nuclease-free water, 4 ul of template and 1ul of 7 pairs of primers (100 pM) mix (7 pM for each

primer). Reactions were run on a master-cycler gradient thermal cycler (Eppendorf, Germany),
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using the following conditions: initial denaturation at 95°C for 3 minutes, followed by 25 cycles
of denaturation at 95°C for 30 seconds, annealing at 61°C for 90 seconds and extension at 72°C
for 60 seconds, and final extension at 72°C for 7 minutes. Analysis of PCR products was done by

capillary gel electrophoresis in a QIAxcel Fast Analyzer system (Qiagen, Valencia, CA).

Antimicrobial Susceptibility Testing

Commercial premade antimicrobial panel plates (Sensititre™ CAMPY, Trek Diagnostic
Systems, Thermo Scientific) consisting of nine antimicrobials were used to determine minimal
inhibitory concentrations (MICs) of Campylobacter strains. The antimicrobials tested were
azithromycin, ciprofloxacin, clindamycin, erythromycin, florfenicol, gentamicin, nalidixic acid,
telithromycin and tetracycline. Two to three single isolated Campylobacter colonies were mixed
in demineralized water (Trek Diagnostic Systems, Thermo Scientific) to obtain 0.5 McFarland
turbidity standards. Subsequently, 10 pl aliquot of the suspension was transferred to MH broth
(Trek Diagnostic Systems, Thermo Scientific) and vortexed. Then, 50 ul of the culture was
inoculated to the Sensititre plates and incubated in a Tri-Gas incubator at 42°C. The
epidemiological cutoff values established by the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) were used to interpret the MIC values as either resistant or
susceptible

(https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST files/Breakpoint tables/v 11.0 Br

eakpoint Tables.pdf).
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PCR detection of tetracycline resistance genes

Campylobacter was tested for the presence of tetA, tetB, tetO, and tetS genes using a
PCR protocol modified from published procedures (Abdi-Hachesoo et al., 2014). The genes were
screened individually by regular PCR using a Master-cycler gradient thermal cycler (Eppendorf,
Germany). The 20 pl reaction mixture consisted of 10 pl master mix, 4 pl nuclease-free water, 4
pl of DNA template and 1 pl of each forward and reverse primers. The reaction was carried out
under the following conditions: 95°C for 3 minutes, followed by 30 cycles of denaturation at
94°C for 60 seconds, annealing at 56°C for 60 seconds and extension at 72°C for 60 seconds, and
1 cycle of final extension at 72°C for 10 minutes. Information about Primers and target gene size
is found in table 2.2. Analysis of PCR products was done by capillary gel electrophoresis in the
QIAxcel Advanced system (Qiagen, Germantown, MD). Tetracycline resistance E. coli strains
used as positive controls were acquired from USDA (MARC, Clay Center, NE) and Dr. Marilyn

C. Roberts at the University of Washington.

Whole genome sequencing (WGS)

Genomic DNA was extracted from cultures grown on MH agar in a Tri-Gas incubator for
48hrs using Invitrogen PureLink™ Genomic DNA Mini Kit (Catalog no. K1820-01 x 2, Thermo
Fisher Scientific, Fair Lawn, NJ, USA). Preparation of DNA libraries was carried out using
[llumina NextEra XT library preparation kit and the quality check done with Qubit (Thermo
Fisher Scientific, Fair Lawn, NJ, USA). Sequencing was performed on an HiSeq platform
2x150bp at CosmosID. The sequences were trimmed using BBDuk (Bushnell, 2014) and the
genomes sequences assembled using SPAdes (Bankevich et al., 2012). The quality of genomes

was assessed using Check-M(Parks et al., 2015) and genome alignment and visualization done
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using Harvest (Treangen et al., 2014). The CosmosID core genome SNP typing pipeline was
used to evaluate phylogenetic placement and SNP-based phylogenic trees constructed using

FastTree2 (Price et al., 2010).

Statistical Analysis

Prevalence data were organized as a binomial response at the animal-level per pen, i.e. the
number of ‘+’ out of 5 sample per pen per sampling day. Binomial data was summarized by species
and treatment at each sampling day. Due to low prevalence of C. coli, only C. hyointestinalis and
the overall Campylobacter prevalence were subjected to statistical analysis. The prevalence data
was analyzed using PROC GLIMMIX procedure in SAS (version 9.4; Cary, NC). Binomial
response post treatment was analyzed under the logit linear mixed model with repeated
measurements over time. Fixed effects of the model included treatment, sampling day, and their
interactions. Random effects of the model included block and pen. The random pen effect
corresponds to the model intercept term and accounts for the correlation of binomial responses
from the same pen. Prevalence at sampling day O (i.e. baseline response) served as the model
covariate. All tests were conducted at the 0.05 significance level. Comparison between two levels
of a model fixed effect was carried out using a 2-sided test. Distributions of test statistics were
approximated by Chi-square distributions. Treatment groups were compared within and across
sampling day due to no differences observed between treatment and sampling day interaction.

The MIC data were summarized by species and treatment at each sampling day and
analysis was performed using SAS PROC MIXED procedure. Due to the limited number of
isolates tested for MIC, C. coli data at sampling day -7 and C. hyointestinalis data at sampling day

0 were excluded from the statistical analysis. The MIC data of C. hyointestinalis was analyzed
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separately at every post-treatment sampling day, under the linear model with treatment being the
fixed effect. To better achieve model assumptions, data underwent natural log transformation
before statistical modeling. Treatment effect was assessed via back-transformed least squares (LS)

means (and mean differences. Comparisons were carried out using the 2-sided test.

Results

Prevalence of Campylobacter

A total of 262 (18.2%) Campylobacter strains were recovered from 1,440 samples. The
majority of these were Campylobacter hyointestinalis, (258; 17.9%) and 4 (0.3%) were
Campylobacter coli. The prevalence distributions across different treatments, treatment phases
and sampling day are summarized in table 2.3. Prevalence of Campylobacter was similar
between in-feed tiamulin (53; 22.1%) and in-feed CTC (52; 21.7%) when compared to control
(49; 20.4%), in-water CTC (37; 15.4%), in-feed CTC + tiamulin combination (37; 15.4%) and
in-water tiamulin (34; 14.2%) treatment groups. Based on treatment phases, the post-treatment
phase had a numerically higher number of isolates, (168; 35%) when compared to 75 (15.6%)
and 19 (4.0%) recorded in treatment and pre-treatment phases, respectively. The four C. coli
strains were all recovered in pre-treatment phase. Overall there was no significant effect of
treatment on the prevalence of Campylobacter (P > 0.05) (table 2.4), although sampling day
effect was significant (P < 0.05). No evidence of Sampling Day xTreatment interaction or the

main effect of treatment was observed for the prevalence Campylobacter (P > 0.05) (table 2.5).
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Prevalence of tetracycline resistance genes
Campylobacter strains (n=114) were screened for the presence of tetracycline resistance
genes, tetA, tetB, tetO, and tetS by PCR. All 114 strains were positive for tetO gene. The tetA,

tetB, and tetS genes were not detected in these strains

Antimicrobial susceptibilities

The resistance percentages and MIC distributions of Campylobacter strains (n=262)
against the nine antimicrobials used are displayed in table 2.6. The strains (n=262) were highly
resistant to tetracycline (98.5%), ciprofloxacin (89.3%) and nalidixic Acid (60.3%). Low
resistance to gentamicin (8%), azithromycin (5%), erythromycin (3.4%), clindamycin (3.1%),
telithromycin (1.9%) and florfenicol (8%) were also observed in this study. A total of six
different resistance profile were observed in this study (table 2.7). The most common resistance
profile was CIP_NAL_TET which was observed in 122 (46.6%) strains followed by CIP_TET
(83, 31.7%), CIP_GEN_NAL_TET and NAL_TET, 14 (5.3%) strains each, and 8, (3.1%) strains
resistance to tetracycline alone. A total of 31 (11.8%, n=262) strains were resistant to more than
three antimicrobial classes, thus recorded as multidrug resistance. Four of these strains exhibited
multidrug resistance to five or more antimicrobial classes with the highest resistance shown by
two strains to seven antimicrobial classes. Three of the strains were resistant to four

antimicrobial classes and the rest of the 24 strains were resistant to three antimicrobial classes.

31



Whole genome sequencing results

Five strains were identified as Campylobacter by whole genome sequencing. Three of
these were C. coli and two were C. hyointestinalis subsp. hyointestinalis. AMR analysis (table
2.8) revealed all the five strains carrying determinants conferring resistance to tetracycline
(tetO). In addition, the five strains carried aminoglycoside/ streptomycin (30S ribosomal protein
S12 RpsL point mutation), and macrolide (23S ribosomal RNA point mutation) resistance
determinants. Three strains revealed RpsL point mutation, rpsL_K88R that confers resistance to
streptomycin. The OXA-61 family class D beta-lactamase OXA-489 gene conferring resistance
to beta-lactams, aminoglycoside O-phosphotransferase APH(3")-111a gene conferring resistance
to amikacin/kanamycin, 50S ribosomal protein L22 point mutations (50S_L22 A103A,
50S L22 AB4A,50S L22 A88A, and 50S L22 G86GO0 conferring resistance to macrolides ,
point mutations in the gyrase subunit A (gyrA_T861, gyrA_D90D and gyrA_P104P) conferring
resistance to fluoroquinolones, and aminoglycoside O-phosphotransferase APH(2")-1h genes
conferring resistance to amikacin/gentamicin/kanamycin/tobramycin were carried by two strains

each.

Discussion
Swine are major reservoirs of Campylobacter with C. coli as the major species (Thakur &
Gebreyes, 2005b; Dorr et al., 2009; Fosse et al., 2009). Of public health importance are the C.
coli, C. jejuni, C. lari, and C. hyointestinalis species that are associated with gastrointestinal
illness in humans (Fosse et al., 2009). According to CDC, Campylobacter is among the four

most important causative agents of foodborne illness in the US
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(https://www.cdc.gov/foodsafety/foodborne-

germs.html#:~:text=The%20top%20five%20germs%20that, Clostridium%20perfringens) with

foods of animal origin being the most common source. In addition, Campylobacter spp., are
increasingly becoming resistant to the antimicrobials used to treat the infections, posing an added

threat to public health.

Several studies have reported the use of antimicrobials in conventional swine production
farms in the US (Thakur & Gebreyes, 2005b; Rollo et al., 2010). Tetracycline and tiamulin are
among the most commonly used antimicrobials in swine production (Apley et al., 2012;
NAHMS Swine Study, 2017). Tetracyclines are the leading antimicrobial class used in all
production stages of swine in the US (NAHMS Swine Study, 2017) and globally (Van Boeckel
et al., 2015). Tiamulin is commonly used in the treatment of diseases in swine especially weaners
and growers (Jensen et al., 2012). The use of antimicrobials including tetracycline and tiamulin
is associated with AMR in Campylobacter (Rollo et al., 2010; Hlashwayo et al., 2020). A study
by Quintana-hayashi & Thakur, (2012) recorded a clear association between use of tetracyclines
and AMR of Campylobacter in nursery piglets. Similarly, Lykkeberg et al., (2007) observed that
tiamulin metabolites select for AMR in C. coli.

The overall animal-level prevalence of Campylobacter in this study was 18.2%
(262/1440). In one study, Thakur & Gebreyes, (2005b) found a prevalence of 27.6% in piglets
reared in conventional farms as compared to 77.3% in antibiotic-free farms. But this prevalence
is relatively lower than what has been reported elsewhere in grower pigs (Varela et al., 2007;
Kempf et al., 2017) in contrast to Papadopoulos et al., (2020) findings that nursery piglets were

more likely to get colonized with Campylobacter spp. than sows. The majority of the strains in
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our study were C. hyointestinalis, 17.9% (258/14400) and C. coli was only 0.3% (4/1440).
Results on C. hyointestinalis align with what is in the literature in that it is among the commonly
isolated Campylobacter species in swine (Allos et al., 2015). Most prevalence studies in swine
limit their reporting on the two Campylobacter spp., C. jejuni and C. coli that are considered to
have public health potential and leave C. hyointestinalis unreported. But studies have pointed out
C. hyointestinalis as an emerging pathogen responsible for gastrointestinal illness in humans
(Gorkiewicz et al., 2002; Man, 2011; Corry, 2014; Facciola et al., 2017) which makes it equally
important. Surprising is the low prevalence of C. coli recorded in this study. Many studies have
shown C. coli to be the most prevalent Campylobacter spp., in swine (Gebreyes et al., 2005;
Harvey et al., 2007; Varela et al., 2007; Di Donato et al., 2020; Papadopoulos et al., 2020). C.
coli is an important human pathogen that causing gastroenteritis and second most important after
C. jejuni (Varela et al., 2007; Facciola et al., 2017).

Campylobacter strains were highly resistant to the critically important class of
antimicrobials, the fluoroquinolones (ciprofloxacin) and quinolones (nalidixic acid). Similar
results were recorded in other studies that have reported high resistance to ciprofloxacin and
nalidixic acid (Griggs et al., 2005; Thakur & Gebreyes, 2005). In addition, the majority of
Campylobacter strains were resistant to a medically important antimicrobial, tetracycline. The
presence of tetO in all the strains tested accounts for the high resistance to tetracyclines (98.5%)
observed in this study. The tetO gene is both chromosomally and plasmid-associated and can be
transferred between bacteria of the same and different species (Taylor & Courvalin, 1988; Pratt
& Korolik, 2005). The ability of the tetO gene to be transferred intraspecies and interspecies

explains the high prevalence of Campylobacter species reported (Thakur & Gebreyes, 2005a).
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In this study, we evaluated the impact of in-feed versus in-water antimicrobial
administration and non-treated controls, on the fecal prevalence and antimicrobial susceptibilities
of a foodborne pathogen, Campylobacter in nursery piglets. We initially hypothesized that the
oral route of administering antimicrobial has an impact on Campylobacter prevalence and
resistance to antimicrobials. Indeed Zhang et al. (2013) observed increased resistance in gut
microbiota when mice were orally treated with antibiotics than when parenteral routes were used.
In our study, neither in-feed nor in-water routes of antibiotic administration had a significant
impact on the prevalence and AMR of Campylobacter compared to untreated controls. Similarly,
treating piglets with either tiamulin or tetracycline or the combination of both did not
significantly influence prevalence and AMR in Campylobacter. Similar results were recorded by
Juntunen et al. (2013), where tetracycline administration in pigs was not associated with a
change in resistance of Campylobacter to tetracycline, ciprofloxacin and erythromycin. High
Campylobacter resistances have been recorded even in antibiotic-free farms indicating that the
development of resistance to the pathogen does not necessarily result from antimicrobial
usage(Rollo et al., 2010; Quintana-hayashi & Thakur, 2012). In contrast, Asai et al. (2007)
reported an increased tetracycline resistance of Campylobacter spp. following tetracycline
treatment in animals. The absence of difference between treatment groups could be due to a
dominant effect of the environment or, that the microbiota has stabilized in the presence of
constant tiamulin and tetracycline use. It could also be attributed to cross-contamination across
pens by personnel movements.

The effect exerted by antimicrobials on gut pathogens could be influenced by the dosage
used, distribution and their ultimate concentration in the gut. In this study, we used the dosages

as per FDA guidance for treatment or prevention of diseases (FDA, 2020a, 2020b). The same
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dosage of chlortetracycline, 22 mg/kg BW was provided in both in-feed and in-water
administration, while for tiamulin, a 23 mg/kg BW dosage was applied in-feed and 5 mg/kg BW
in-water. Also, the dosage of antimicrobials has a linear relationship with their concentrations in
the gut (Peeters et al., 2016). Therefore, the relatively same gut concentration in both in-feed and
in-water for both tetracycline and tiamulin could explain the lack of difference observed in
prevalence and AMR of bacteria. In addition, the two drugs, chlortetracycline and tiamulin give
enough concentrations in the gut which explains their use in treating enteric infections.
Tetracyclines have low bioavailability (Peeters et al., 2016), making a large amount of the drug
to remain in the gut and exert its effects on gut bacteria. On the other end, tiamulin has high
bioavailability, and is metabolized quickly and excreted in the gut via bile to exert its effect on
the gut microorganisms (Burch, 2012).

Whole genome sequencing from the five strains showed a high correlation of phenotypic
and genotypic data. Similar to PCR results, all the strains contained the tetracycline resistant
gene, tetO which has been found in other studies (Crespo et al., 2012; Zhao et al., 2016). Also,
all strains carried point mutations in the gyrase subunit A (GyrA) conferring resistance to
quinolones and fluoroquinolones. Therefore, the correlation between genotypic and phenotypic
data was 100% for both tetracyclines and quinolones. Similar results have been observed in a
previous study using C. jejuni (Zhao et al., 2016). WGS also revealed all the five strains to be
multidrug resistant consistent with what was observed when broth microdilution was used.

In summary, our study did not find the route of administration of CTC and tiamulin to
significantly impact the prevalence and AMR of Campylobacter in feces of piglets. Similarly,
the main effect of treatment did not have a significant effect. In addition, there was no evidence

of sampling day xtreatment interaction on the prevalence of Campylobacter. Although the
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interaction effect of treatment x sampling day on the prevalence of Campylobacter was
significant on some sampling days. In addition, we found a higher prevalence of C.
hyointestinalis in piglets as compared to C. coli, in contrast to what is reported in many studies.
Also, a large number of Campylobacter strains were found to be multidrug resistant and
exhibited a wide range of resistance profiles that included resistance to a fluoroquinolone
(ciprofloxacin) that is frequently used to treat Campylobacter infections. This study also
observed a high correlation of phenotypic and genotypic AMR showing that WGS can accurately

predict AMR profiles in bacteria.
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Table 2.1: Gene targets and primers used for speciation of Campylobacter isolated from piglets administered with in-feed or in-
water chlortetracycline (CTC) and or tiamulin

Species Primer Target Sequence (5’ to 3°) Amplic Reference
gene on size
Genus C412F 165 rRNA 5’-GGATGACACTTTTCGGAGC-3’ 816 Linton et al.
Campylobacter ~ C1228R 5*-CATTGTAGCACGTGTGTC-3’ (1996)
o vomntestinalls - H¥OLE A S -ATAATCTAGGTGAGAATCCTAGS oy Inglis &
. 5*-GCTTCGCATAGCTAACAT-3’ Kalischuk (2003)
hyointestinalis 23SR
co18F 5’-GGTATGATTTCTACAAAGCGAG-3’ Linton et al
C. coli Cosion kD 5*-ATAAAAGACTATCGTCGCGTG-3 502 g7
MG3E 5*-GGTAGCCGCAGCTGCTAAGAT-3’
C. fetus Crasor  CStA 5-AGCCAGTAACGCATATTATAGTAG-3> 350  Humetal. (1997)
C lari CLF A 5’ -TAGAGAGATAGCAAAAGAGA-3’ ,5;  Wangetal
' CLR aly 5*-TACACATAATAATCCCACCC-3’ (2002)
C siun C-1 cioa14 5-CAAATAAAGTTAGAGGTAGAATGT-3" \(’Yggg)et al.
19 c-3 J 5-CCATAAGCACTAGCTAGCTGAT-3’
C. upsaliensis CUBIF | 5’-CGATGATGTGCAAATTGAAGC-3’ o6 mt';ﬁznikét l
-up CU146R P 5 TTCTAGCCCCTTGCTTGATG-3’ (2007 "
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Table 2.2: PCR target genes and primers used for detection of tet(A, B, O, and S) resistance genes in Campylobacter isolated
from piglets administered with in-feed or in-water chlortetracycline (CTC) and or tiamulin.

. Sequence Amplic Reference

Primer Target
Gone (5 to 3°) on (bp)

tetA-F  tet(A)  GTGAAACCCAACATACCCC 888 Abdi-Hachesoo et al. (2014), Ng et al.(2001)
tetA-R GAAGGCAAGCAGGATGTAG
tetB-F  tet(B) CCTTATCATGCCAGTCTTGC 774 Abdi-Hachesoo et al. (2014), Ng et al.(2001)
tetB-R ACTGCCGTTTTTTCGCC
tetS-F  tet(S) CATAGACAAGCCGTTGACC 667 Abdi-Hachesoo et al. (2014), Ng et al.(2001)
tetS-R ATGTTT TTG GAA CGC CAG AG
tetO-F  tet(O) AACTTAGGCATTCTGGCTCAC 515 Abdi-Hachesoo et al. (2014), Ng et al.(2001)
tetO-R TCCCACTGTTCCATATCGTCA
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Table 2.3: Animal-level fecal prevalence of Campylobacter in piglets administered with in-feed or in-water chlortetracycline
(CTC) and or tiamulin (n=1,440)

Treatment group Treatment Phases
Pre-Treatment Treatment Post-Treatment Total (%)

Week 1 Week 2 Week 3 Week 4 Week 5 Week 6

Control 1 2 8 9 15 13 49 (20.4)
In-feed CTC 0 5 6 12 11 18 52 (21.7)
In-water CTC 2 3 4 3 12 14 37 (15.4)
In-feed Tiamulin 0 1 5 11 19 17 53 (22.1)
In-water Tiamulin 0 2 3 2 14 13 34 (14.2)
In-Feed CTC + 0 3 5 7 13 9 37 (15.4)
Tiamulin

Weekly Total (%) 3(1.3) 16 (6.7) 31 (12.9) 44 (18.3) 84 (35.0) 84 (35.0)

Total (%) 19 (4.0 75 (15.6) 168 (35) 262 (18.2)
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Table 2.4: Fecal prevalence (main effects) of Campylobacter in piglets administered with in-

feed or in-water chlortetracycline (CTC) and or tiamulin (n=1,440)

Comparison to Control

Prevalence+/-

Odds Ratio
(P-value for Testing Odds

Endpoint Treatment S.E. Ratio™=1)

C. hyointestinalis | Control 0.275+/-0.047 --

(n=258) In-feed CTC 0.268+/-0.049 | 0.97 (0.923)
In-water CTC 0.174+/-0.04 0.56 (0.109)
In-feed Tiamulin 0.308+/-0.052 1.17 (0.639)
In-water Tiamulin | 0.153+/-0.04 0.48 (0.056)
In-feed CTC +
Tiamulin 0.198+/-0.041 | 0.65 (0.221)

Overall Control 0.274+/-0.048 --

(n=262) In-feed CTC 0.273+/-0.049 | 0.99 (0.987)
In-water CTC 0.172+/-0.04 0.55 (0.105)
In-feed Tiamulin 0.306+/-0.052 1.16 (0.655)
In-water Tiamulin | 0.153+/-0.04 0.48 (0.057)
In-feed CTC +
Tiamulin 0.199+/-0.041 0.66 (0.235)
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Table 2.5: Interaction effect Treatment vs. Sampling Day on the prevalence of
Campylobacter in piglets administered with in-feed or in-water chlortetracycline (CTC) and
or tiamulin (n=1,440)

Odds Ratio

(P-value for Testing Odds Ratio”=1)
Comparison to

Sampling | Prevalence+/-
Endpoint Treatment | Day S.E. Day 14 Day 21 Day 28
Overall Control Day 7 0.198+/-0.068 | 0.86 (0.784) | 0.41 (0.086) | 0.52 (0.205)
(n=262) Day 14 0.223+/-0.071 | -- 0.48 (0.144) | 0.60 (0.316)
Day 21 0.375+/-0.085 | -- -- 1.25 (0.637)
Day 28 0.324+/-0.082 | -- - -
In-feed
CTC Day 7 0.143+/-0.058 | 0.41 (0.111) | 0.46 (0.173) | 0.21 (0.004)
Day 14 0.292+/-0.08 | -- 1.13(0.803) | 0.52 (0.164)
Day 21 0.267+/-0.077 | -- - 0.46 (0.103)
Day 28 0.444+/-0.089 | -- -- --
In-water
CTC Day 7 0.097+/-0.048 | 1.37 (0.692) | 0.26 (0.031) | 0.20 (0.011)
Day 14 0.073+/-0.042 | -- 0.19 (0.016) | 0.15 (0.005)
Day 21 0.296+/-0.079 | -- -- 0.79 (0.630)
Day 28 0.347+/-0.083 | -- -- --
In-feed
Tiamulin Day 7 0.125+/-0.055 | 0.37 (0.100) | 0.16 (0.001) | 0.19 (0.004)
Day 14 0.276+/-0.078 | -- 0.42 (0.066) | 0.51 (0.160)
Day 21 0.479+/-0.089 | -- -- 1.23 (0.651)
Day 28 0.428+/-0.088 | -- -- --
In-water
Tiamulin Day 7 0.074+/-0.043 | 1.54 (0.646) | 0.15 (0.006) | 0.17 (0.009)
Day 14 0.049+/-0.035 | -- 0.10 (0.003) | 0.11 (0.005)
Day 21 0.35+/-0.084 | -- -- 1.12 (0.812)
Day 28 0.324+/-0.082 | -- -- --
In-feed
CTC +
Tiamulin Day 7 0.122+/-0.054 | 0.67 (0.531) | 0.29 (0.037) | 0.49 (0.242)
Day 14 0.171+4/-0.063 | -- 0.44 (0.123) | 0.73 (0.575)
Day 21 0.322+/-0.082 | -- -- 1.67 (0.315)
Day 28 0.221+/-0.071 | -- -- --
C.
hyointestinalis | Control Day 7 0.199+/-0.068 | 0.86 (0.784) | 0.41 (0.086) | 0.52 (0.205)
(n=258) Day 14 0.224+/-0.071 | -- 0.48 (0.144) | 0.60 (0.316)
Day 21 0.375+/-0.085 | -- -- 1.25 (0.638)
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Day 28 0.325+/-0.082 | -- -- --

In-feed

CTC Day 7 0.14+/-0.057 | 0.40 (0.110) | 0.46 (0.173) | 0.21 (0.004)
Day 14 0.287+/-0.079 | -- 1.13(0.803) | 0.52 (0.163)
Day 21 0.262+/-0.076 | -- -- 0.46 (0.102)
Day 28 0.438+/-0.089 | -- -- --

In-water

CTC Day 7 0.098+/-0.049 | 1.37 (0.692) | 0.26 (0.031) | 0.20 (0.011)
Day 14 0.073+/-0.042 | -- 0.19 (0.016) | 0.15 (0.005)
Day 21 0.299+/-0.08 | -- -- 0.79 (0.631)
Day 28 0.349+/-0.084 | -- -- --

In-feed

Tiamulin Day 7 0.126+/-0.056 | 0.37 (0.100) | 0.16 (0.001) | 0.19 (0.004)
Day 14 0.278+/-0.078 | -- 0.42 (0.066) | 0.51 (0.160)
Day 21 0.481+/-0.088 | -- -- 1.23 (0.651)
Day 28 0.431+/-0.088 | -- -- --

In-water

Tiamulin Day 7 0.074+/-0.043 | 1.54 (0.646) | 0.15 (0.006) | 0.17 (0.009)
Day 14 0.049+/-0.035 | -- 0.10 (0.003) | 0.11 (0.005)
Day 21 0.35+/-0.083 | -- -- 1.12 (0.812)
Day 28 0.325+/-0.082 | -- -- --

In-feed

CTC+

Tiamulin Day 7 0.121+/-0.054 | 0.67 (0.531) | 0.29 (0.037) | 0.49 (0.242)
Day 14 0.17+/-0.063 | -- 0.44 (0.123) | 0.73 (0.574)
Day 21 0.32+/-0.081 | -- -- 1.67 (0.315)
Day 28 0.199+/-0.068 | 0.86 (0.784) | 0.41 (0.086) | 0.52 (0.205)
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Table 2.6: Prevalence and MIC* distributions of Campylobacter strains in piglets administered with in-feed or in-water

chlortetracycline (CTC) and or tiamulin (n=262)

Resistant
Antimicrobials breakpoints | % Resistant [0.015] 0.03 | 0.06 [0.12|/0.25| 05 | 1 2 4 8 16 | 32 | 64 | 128|256
Azithromycin >1 5 11 13 | 197 | 23| 3 3 0 1 2 3 2 1 3
Ciprofloxacin >1 89.3 1 0 11| 10 | 6 2 4 8 204 | 16
Clindamycin >2 3.1 28 10 | 44 | 163 | 4 5 1 1 3 3
Erythromycin >16 3.4 22 10 9 | 39 |153] 16| 4 1 1 1 1 4
Florfenicol >8 1.2 1 18 21322 | 4 1 1 1 1
Gentamicin >4 8 281 9 25 [109] 70 4 2 1 1
Nalidixic Acid >32 60.3 5 99 | 86 | 72
Telithromycin >8 1.9 26 4 7 1 8 [152]52 ] 7 1 4
Tetracycline >4 98.5 1 1 1 1 4 14 | 75 | 86 | 79

MIC*=Minimal inhibitory concentration

Note: the top dilution tested for each drug should be interpreted as > and the lowest dilution tested for each drug as <

44




Table 2.7: Resistance profiles of Campylobacter strains isolated from piglets administered
with in-feed or in-water chlortetracycline (CTC) and or tiamulin (n=262)

Resistance Profile Number of strains (%)
CIP_NAL-TET 122 (46.6)
CIP_TET 83 (31.7)
CIP_GEN_NAL TET 14 (5.3)
NAL TET 14 (5.3)
TET 8 (3.1)
AZI CIP CLI ERY FFN GEN_NAL_TEL TET 2 (0.8)
AZI CIP_TET 2 (0.8)
CIP_CLI_NAL TET 2 (0.8)
CIP_ERY TET 2 (0.8)
AZI CIP_NAL TET 2 (0.8)
CIP_GEN TEL TET 1(0.4)
GEN_TET 1(0.4)
AZI CLI ERY FFN GEN TEL TET 1(0.4)
CIP_GEN TET 1(0.4)
AZI _CIP_ GEN_NAL TET 1(0.4)
AZI CIP_CLI ERY TET 1(0.4)
NAL 1(0.4)
AZI CIP_CLI ERY TEL TET 1(0.4)
AZI CLI ERY TEL 1(0.4)
AZI_ERY 1(0.4)
AZIl 1(0.4)

Phenotypes — AZI = azithromycin, CIP = ciprofloxacin, CLI = clindamycin, ERY =
erythromycin, FFN = florfenicol, GEN = gentamicin, NAL = nalidixic acid, TEL =

telithromycin, TET = tetracycline.
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Table 2.8: AMR genotypes from whole genome sequencing of Campylobacter in piglets administered with in-feed or in-water
chlortetracycline (CTC) and or tiamulin

Gene/Mutation Gene/Mutation Name Antimicrobial Antimicrobial
class
tetO tetracycline resistance ribosomal protection Tetracycline Tetracycline
protein tetO
rpsL_K43K 30S ribosomal protein S12 RpsL Aminoglycoside Streptomycin
23S_A2074A 23S ribosomal RNA Macrolide Macrolide
23S_A2075A 23S ribosomal RNA Macrolide Macrolide
23S _C2627C 23S ribosomal RNA Macrolide Macrolide
rpsL_K88R Campylobacter streptomycin resistant RpsL | Aminoglycoside Streptomycin
OXA-61 family class D beta-lactamase
blaoxa-4s9 OXA-489 Beta-Lactam Beta-Lactam
aminoglycoside O-phosphotransferase
aph(3)-1lla APH(3)-Illa Aminoglycoside Amikacin/Kanamycin
Quinolones and Quinolones and
gyrA T86l DNA gyrase subunit A GyrA Fluoroquinolones Fluoroquinolones
aminoglycoside O-phosphotransferase Amikacin/Gentamicin/
aph(2")-1h APH(2")-1h Aminoglycoside Kanamycin/ Tobramycin
50S L22 A103A 50S ribosomal protein L22 Macrolide Macrolide
50S L22 AB4A 50S ribosomal protein L22 Macrolide Macrolide
50S L22 AB88A 50S ribosomal protein L22 Macrolide Macrolide
50S L22 G86G 50S ribosomal protein L22 Macrolide Macrolide

rpsL_K88K 30S ribosomal protein S12 RpsL Aminoglycoside Streptomycin
Quinolones and Quinolones and

gyrA_D90D DNA gyrase subunit A GyrA Fluoroquinolones Fluoroquinolones
Quinolones and Quinolones and

gyrA P104P DNA gyrase subunit A GyrA Fluoroquinolones Fluoroquinolones
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Chapter 3 - The impact of in-water vs. in-feed chlortetracycline and
or tiamulin administration in piglets on the fecal prevalence and

antimicrobial resistance of Salmonella

Introduction

Antimicrobial Resistance (AMR) is a global public health concern and is listed among the
top health challenges in the world (WHO, 2020). In the United States, 2.8 million AMR bacterial
and fungal infections are estimated to occur, resulting in approximately 35,900 deaths every year
(CDC, 2019). The public health risks associated with antimicrobial use as growth promoters in
animal production has led to regulations to restrict antimicrobial use in many countries, including
in the US. Antimicrobials have been used in swine routinely as a management tool by farmers,
(Aarestrup, 2015). The weaned (nursery) piglets consumes most of these antimicrobials (Davies
& Singer, 2020) as they are more vulnerable to infectious diseases (Lekagul et al., 2019). Several
studies have shown a clear association between antimicrobial use and development of AMR in
food animals (Bronzwaer et al., 2002; Tang et al., 2017).

Tetracyclines, macrolides, and pleuromutilin are the most commonly used antimicrobials in
swine (Holman & Chénier, 2013). Chlortetracycline (CTC), a tetracycline, is widely used in
nursery pigs (Apley et al., 2012; NAHMS Swine Study, 2017; Davies and Singer, 2020) and is
available for use by three routes of administration (in-feed, and in-water). Tiamulin, a
pleuromutilin and another commonly used antibiotic in nursery pigs to treat swine dysentery
associated with Brachyspira hyodysenteriae and pneumonia, is administered in-feed or in-water

(NAHMS Swine Study, 2017; Davies and Singer, 2020).
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Salmonella enterica is a foodborne pathogen of major public health concern. In the US, non-
typhoidal Salmonella is estimated to cause annually about 1.35 million infections, 26,500

hospitalizations, and 420 deaths (https://www.cdc.gov/Salmonella/index.html). Based on the

CDC’s National Outbreak Reporting System (NORS), between 1998 and 2017, a total of 3,467

Salmonella outbreaks have been reported in the US (https://wwwn.cdc.gov/norsdashboard/). The

US Department of Agriculture (USDA) Economic Research Service (ERS) reports the total
annual cost of foodborne illnesses due to Salmonella is $3.6 billion (USDA ERS, 2014).
Antimicrobial resistant Salmonella is categorized under serious level threat by the CDC and
causes about 212,500 infections, resulting in about 70 deaths every year (CDC, 2019).

Apart from implementing control systems to monitor and minimize antimicrobial use,
optimizing dosage and route of administration can be an effective strategy to mitigate the
development and dissemination of AMR without affecting the therapeutic efficacy of the
antimicrobials. In swine, the oral route (in-feed and in-water) has been the most commonly used
route of antimicrobial administration to treat pigs in groups (Sjélund et al., 2015; NAHMS Swine
Study, 2017). Based on a systematic review, oral administration of antimicrobials is considered
to be a critical risk factor in the development and propagation of AMR in swine (Burow et al.,
2014). A study conducted in mice suggested that administering antimicrobials orally caused a
notable increase of AMR in the gut microbiota compared to intravenous injection (L. Zhang et
al., 2013). Another study in humans recommended that parenteral antibiotic administration is
preferred over oral antibiotic administration as the gut commensal and pathogenic bacteria are
less exposed to the antimicrobials leading to less chance of resistance selection (Rafii et al.,
2008). Therefore, the route of administration of antimicrobials in food animal production is

likely to be a significant contributing factor in the development of AMR. The impact of oral, in-

48


https://www.cdc.gov/salmonella/index.html
https://wwwn.cdc.gov/norsdashboard/

water vs. in-feed antibiotic administration on the development and persistence of AMR in the
foodborne pathogen, S. enterica, has not been studied in nursery pigs. Therefore, the objective of
this study was to assess the impact of the route of administration of chlortetracycline and
tiamulin, in-feed vs in-water, on prevalence and AMR profiles of S. enterica in the feces of

piglets.

Materials and Methods

Animals and Experimental Design

The experimental protocols used in these studies were approved by the Kansas State
University Institutional Animal Care and Use Committee (IACUC#4033). The study was
conducted at a commercial swine research facility in the Midwest. The facility is totally
enclosed, environmentally controlled, and mechanically ventilated. Pens were equipped with
slatted flooring and deep pits for manure storage. Each pen consisted of six-hole stainless steel
self-feeder, and a pan waterer to provide ad libitum access to feed and water. A total of 1,296
weaned piglets (L337x1050, PIC, Hendersonville, TN) were used in the study. Piglets, weaned at
21 days of age, were allocated into 48 pens (27 piglets per pen) distributed in a single room so
that average pen body weights were relatively equal among pens. After a 7-d acclimatization
period, pens were randomly assigned to the following six treatment groups: a) Control: piglets
fed a basal diet without antibiotic, b) In-feed CTC: piglets fed the basal diet supplemented with
chlortetracycline to provide 22 mg/kg body weight (CTC-hydrochloride, Elanco- Eli Lilly and
Company, Indianapolis, IN) for 14 days, c) In-water CTC: piglets fed the basal diet and CTC

administered in drinking water to provide 22 mg/kg body weight for 14 days, d) In-feed tiamulin:
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piglets fed the basal diet supplemented with tiamulin to provide 5 mg/kg body weight
(Denagard®, Elanco Animal Health- Eli Lilly and Company, Indianapolis, IN) for 14 days, ) In-
water tiamulin: piglets fed a basal diet with tiamulin administered in drinking water to provide
23 mg/kg body weight for 14 days, and f) a combination of CTC and tiamulin (In-feed):
supplemented with CTC to provide 22 mg/kg body weight and tiamulin at 5 mg/kg body weight
for 14 days. Each treatment had 8 pens and the treatment allocations to pens followed a blocked
design that ensured adjacent pens alternated among treatment groups. Also, the treatment
allocation ensured that each pen-treatment was in contact with an equal number of other pen
treatments. The basal diet consisted of corn, soybean meal, vitamins, amino acids, and trace
mineral supplements. Daily feed additions to each pen were accomplished through a robotic
feeding system to provide measured amounts for individual pens. The duration of the study was
35 days, which was divided into three phases: pre-treatment (days -7 and 0), treatment (days 7

and 14), and post-treatment (days 21 and 28).

Fecal sample collection

Fresh fecal samples were collected randomly from 5 piglets from each pen by a gentle rectal
massage with proper restraining. Fecal samples were placed in individual plastic bags (Whirl-
Pak® bags, Nasco, Ft. Atkinson, W1) and transported on ice in a cooler to the Pre-harvest Food
Safety laboratory, Department of Diagnostic Medicine/Pathobiology, College of Veterinary
Medicine, at Kansas State University and stored at 4°C before and processed within 24 h. The

laboratory personnel were blinded to the treatments.
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Isolation of Salmonella
Approximately, 10 g of fecal sample was added to 90 ml of Tetrathionate (TT) broth

(Difco™, MD, USA) with iodine added just before processing in a high temperature Nasco
Whirl-Pak plastic bags (Nasco, Ft. Atkinson, WI). The contents were mixed well and incubated
at 37° C for 24 h. One milliliter of TT broth was transferred to 9 ml of Rappaport Vassiliadis
(RV) broth (Difco™, MD, USA) and incubated at 42° C for 24 h. After enrichment, the RV
broth was plated onto Hektoen Enteric (HE) agar (Difco™, MD, USA) and incubated at 37° C
for 24 h. Presumptive Salmonella colonies (green colored with black center colonies) were
picked and streaked onto a blood agar plate and incubated overnight at 37°C. The three isolates
from each sample were subjected to a rapid slide agglutination test using Salmonella antisera

(BD Difco™ Salmonella O Antiserum Poly A-1 & VI, MD, USA) for Salmonella identification.

PCR identification of Salmonella
DNA was extracted using the boil-prep method by suspending two bacterial colonies in 150
ul of nuclease-free water, followed by boiling for 10 minutes. The boiled bacterial lysate was
centrifuged at 16,000xg for 2 min and the resulting supernatant was used as a DNA template for
PCR reactions. Species confirmation was done by detecting invA (codes for an inner membrane
protein of the type 11 secretion system) and pagC (codes for a periplasmic nonspecific

phosphatase) genes using a duplex real-time PCR assay (Bai et al., 2018).
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Antimicrobial susceptibility testing

Minimal inhibitory concentrations (MIC) of Salmonella strains were determined using
commercial Sensititre panel plates (Sensititre™ CMV3AGNF, Trek Diagnostic Systems,
Thermo Scientific Microbiology, Oakwood Village, OH, USA, Table 3.3). Overnight bacterial
colonies from the blood agar plates were suspended in demineralized water (Trek Diagnostic
Systems, Thermo Scientific), vortexed, and adjusted to 0.5 McFarland turbidity standard (Trek
Diagnostic Systems, Thermo Scientific Microbiology, Oakwood Village, OH, USA). Ten
microliters of the suspension were transferred to cation-adjusted Mueller-Hinton (Trek
Diagnostic Systems, Thermo Scientific Microbiology, Oakwood Village, OH, USA) broth and
vortexed. Then, 50 ul of the culture were inoculated into Sensititre plates and incubated at 37° C
for 24 h. The antimicrobials tested were amoxicillin/clavulanic acid, ampicillin, azithromycin,
cefoxitin, ceftiofur, ceftriaxone, chloramphenicol, ciprofloxacin, gentamicin, nalidixic acid,
streptomycin, sulfisoxazole, tiamulin, tetracycline, and trimethoprim/sulphamethoxazole. The
Clinical and Laboratory Standards Institute (CLSI, 2018) guidelines for antimicrobial
breakpoints were used to interpret the MIC values as either resistant (including intermediate) or
susceptible. To obtain tiamulin MICs, the commercially prepared panels (Sensititre™ BOPO7F,
Trek Diagnostic Systems, Thermo Scientific Microbiology, Oakwood Village, OH, USA, and
Table 3.3) were used. The veterinary standards were used to determine the resistance breakpoint
for tiamulin since there are no values established by CLSI. Strains that showed resistance to three
or more antimicrobial classes were classified as multidrug resistant (MDR) (Schwarz et al.,

2010).
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PCR detection of tetracycline resistance genes

The DNA extracted from Salmonella was screened for tet (A, B, C, D, and E) genes by PCR.
E. coli positive control strains were procured from USDA (MARC, Clay Center, NE) and Dr.
Marilyn C. Roberts at the University of Washington. Target genes and primers used are shown in
table 3.1. The 20-ul reaction volume consisted of 10 pl master mix, 6 ul of nuclease-free water,
1 ul each of forward and reverse primers, and 3 pul of DNA template. Reactions were run in a
Master-cycler gradient thermal cycler (Eppendorf, city, Germany), and the conditions were 1
cycle of initial activation at 95° C for 3 minutes, 35 cycles of denaturation at 94° C for 30
seconds, annealing at 60° C for 90 seconds and extension at 72° C for 90 seconds, followed by a
cycle of final extension at 72° C for 10 minutes. Analysis of PCR products was done by capillary

gel electrophoresis in the QIAxcel Advanced system (Qiagen, Germantown, MD).

Whole genome sequencing and bioinformatics

DNA libraries from Salmonella strains were prepared using the lllumina NextEra XT library
preparation kit, with a modified protocol. Library quantity was assessed with Qubit
(ThermoFisher). Libraries were then sequenced on an lllumina HiSeq platform 2x150bp. Raw
sequencing reads were trimmed and processed using BBDuk (Bushnell & Brian; 2014) with a
read quality trimming parameter of 22 for further downstream analysis. The trimmed fastq
sequences were assembled using SPAdes (Bankevich, et al., 2012). The assembled contigs were
then processed through CosmosID core genome SNP typing pipeline to evaluate the
phylogenetic placement and SNP differences for meaningful epidemiological inferences. The

CosmosID SNP typing pipeline uses Parsnp (Treangen et al., 2014) to align the core genome of
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bacterial genomes. While generating the core genome alignment with the default parameters,
Parsnp considers the recombination events and the variation that might exist within the bacterial
genomes. The final set of core-genome SNPs was then used by Parsnp to reconstruct the
phylogenomic relationship among the genome using FastTree2 (Price et al., 2010).
Bioinformatics tools from the Center for Genomic Epidemiology (CGE) were used to detect
AMR genes (ResFinder) (Zankari et al., 2012) and plasmids (PlasmidFinder) (Carattoli et al.,

2014) in the genomes.

GenBank Accession numbers
Assembled genomes of Salmonella strains have been deposited in the National Center

for Biotechnology Information (NCBI) under BioProject Accession number PRINA663574.

Statistical Analysis

Statistical analysis was performed using Statistical Analysis Software (SAS version 9.4;
Cary, NC) LOGISTIC procedure with sampling day in the STRATA statement and treatment
group in the EXACT statement. Prevalence data were organized as binomial response at the pen
level, i.e. the number of ‘+’ out of 5 sample per pen per sampling day. Bivariate descriptive
statistics of Salmonella prevalence and or detection of tetracycline resistance genes by treatment
group was carried out before model building. Because of the low prevalence, the exact
conditional logistic regression approach was used to evaluate the treatment effect for Day 7 and
Day 14 only. Block served as the stratifying variable for the conditional inference. Fixed effects
of the model included treatment and the number of ‘+’ samples in the pen on Day 0. All tests

were conducted at the 0.10 significance level. Comparisons between antibiotic treatments vs.
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control were carried out using the 2-sided exact test when the treatment group had ‘+’ samples
and 1-sided exact test when the treatment group had no ‘+’ samples (Hirji et al., 1989). The MIC
data categorized as resistant or susceptible to 15 different antimicrobials were considered as
binary responses and multidrug profiles. A likelihood ratio chi-square test was performed to

assess the relationship between Salmonella prevalence and MDR profiles.

Results

Fecal prevalence of Salmonella

A total of 1,440 fecal samples were collected in six weeks (240 fecal samples per week)
during the study period. The fecal prevalence of Salmonella within treatment groups, treatment
phases and sampling week is displayed in Table 3.2. Neither antibiotic nor route of
administration had an effect (P > 0.10) on the fecal prevalence of Salmonella. Similarly, there
was no sampling week effect on the prevalence of Salmonella (P > 0.10). The overall prevalence
of Salmonella was 3.0% (43/1,440). The prevalence of Salmonella was numerically higher
among piglets in the in-water tiamulin (4.2%, n=240) group compared to the control (2.5%), in-
feed tiamulin (1.7%), in-feed CTC (2.1%), in-water CTC (3.8 %), and in-feed combination of
CTC and tiamulin (3.8 %). The treatment phase had the numerically highest prevalence of
Salmonella (5.0%, 24/480) when compared to the pre-treatment (3.5%, 17/480) and post

treatment phases (0.42%, 2/480), but the difference was not significant.
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Prevalence of tetracycline resistant genes
Salmonella strains (n=43) were screened for the presence of tetA, tetB, tetC, tetD, and
tetE genes. The tetB gene was detected in all 43 strains (100%). Only 11(25.6%) and 4 (9.3%)
strains were positive for tetD and tetA genes, respectively, while all strains were negative for
tetC and tetE genes. Fifteen Salmonella strains were positive for two tetracycline resistance
genes, with 11 positives for tetB and tetD and four strains positive for tetA and tetD. Only one

strain harbored three tetracycline resistant genes (tetA, tetB, and tetD) genes.

Antimicrobial susceptibility phenotypes

The phenotypic resistance and MIC distributions are summarized in a squashtogram
(Table 3.4). All strains were resistant (100%) to ampicillin, streptomycin, sulfisoxazole,
tetracycline, and tiamulin, and the majority were resistant to ciprofloxacin (95.4%) and nalidixic
acid (74.4%). Low level resistance to azithromycin (0%), cefoxitin (0%), trimethoprim/
sulphamethoxazole (4.7%), ceftriaxone (7.0%), and ceftiofur (7.0%) was observed among the
strains. Resistance to most antimicrobials decreased (P < 0.10) over time. Neither CTC nor
tiamulin treatment affected AMR profiles of Salmonella strains. All strains expressed resistance

to at least three antimicrobial classes, hence, were classified as MDR.

Six unique resistance phenotypes were identified in the strains. No strain was resistant to
all antimicrobials used in the susceptibility testing. The most common phenotype belonged to
MDR strains, which were resistant to six antimicrobial classes (90.7%;39/43), followed by

resistance to seven antimicrobial classes (7.0%; 3/43) and only one strain exhibited resistance to
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five antimicrobial classes (2%; 1/43). The most frequently observed (48.8%; n=43) AMR
phenotype was hepta-restance pattern AMP_CIP_FIS_NAL_STR_TET_TIA (ampicillin,

ciprofloxacin, streptomycin, sulfonamides, and tetracycline) (Table 3.6).

Whole genome sequence analysis

The number of contigs ranged from 61 to 403 with the N50 ranging from 172,736-
325,586 bp. The genome size ranged from 4,906,044 to 5,174,184 bp, with the GC content
averaging 52.26 %. The Parsnp in CosmosID core genome SNP typing pipeline identified all 43
strains to be Salmonella enterica subsp. enterica serotype Typhimurium. ResFinder detected the
presence of amikacin and tobramycin (aminoglycosides) (aac(6')-laa), amoxicillin, ampicillin,
cephalothin, piperacillin and ticarcillin (blaTEM-1B), ciprofloxacin (qnrB19), streptomycin
(strA and strB), sulfamethoxazole and sulfisoxazole (sul2), and tetracycline (tetB) genes in all 43
strains. None of the strains carried genes that encode for clavulanic acid, azithromycin, cefoxitin,
ceftiofur, ceftriaxone, chloramphenicol, gentamicin, nalidixic acid, tiamulin and trimethoprim.
Furthermore, Plasmid Finder revealed the presence of Col (pHAD28) and IncQ1 in all strains.
High correlation between phenotypic and genotypic resistance to antimicrobials was over 90%
for ampicillin, azithromycin, cefoxitin, ceftiofur, ceftriaxone, chloramphenicol, ciprofloxacin,
streptomycin, sulfisoxazole, tiamulin, and tetracycline (Table 3.5). Low correlation was observed
on amoxicillin/clavulanic acid (20.9%) and trimethoprim/ sulphamethoxazole (4.7%). Despite
having the resistant genes to amoxicillin and sulphamethoxazole, the strains were rendered

susceptible by the presence of clavulanic acid and trimethoprim in the two antimicrobials.
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Discussion

In this study, we investigated the impact of in-feed and in-water antimicrobial
administration on the prevalence of antimicrobial resistant Salmonella among piglets. Salmonella
is a major foodborne pathogen that colonizes hindgut of swine (Crump et al., 2015) and is a
widely known cause of non-typhoidal infections in humans. Antimicrobials are used to treat
Salmonella infections in both humans and animals, therefore, an increase in AMR is of major
concern. In the present study, we explored the possibility of using two methods of oral
administration of antimicrobials in nursery piglets as a potential strategy to mitigate AMR. We
tested our hypothesis using the two most commonly used antimicrobials in the swine industry,
tetracyclines and tiamulin. Tetracyclines and tiamulin are administered mainly to treat
respiratory diseases in nursery and grower pigs (NAHMS Swine Study, 2017). Chlortetracycline
has a more broad-spectrum (Chopra and Roberts, 2001), whereas, tiamulin has a limited
spectrum of activity against Gram-positive bacteria and mycoplasma.

At the global level, the swine industry utilizes the highest consumption of antimicrobials
when compared to other agricultural animals (Van Boeckel et al., 2015). In USA, the swine
industry utilized 42% by weight of all medically important antimicrobials approved for use in
food-producing animals in 2019 (FDA, 2019). Over 90% of these antimicrobials are
administered orally in swine (both in-feed and in-water) making the oral route the most
commonly used route of administration of antimicrobials in swine (Merle et al., 2012). We
hypothesized that the oral administration of antimicrobials has an impact on the fecal prevalence
and antimicrobial susceptibility of Salmonella in swine.

The effects of antimicrobials on gut bacteria are dependent on the dose administered,

distribution of the antimicrobial and concentration in the gut. Chlortetracycline forms insoluble
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compounds with aluminum, calcium, iron, magnesium and binds with lipids and protein in the
gut reducing its absorption (Neuvonen,1976; Agwuh & MacGowan, 2006). In an experimental
study, the bioavailability of orally administered CTC in fed pigs was only 6% (Nielsen & Gyrd-
Hansen, 1996; Peeters et al., 2016). The low bioavailability indicates that most of the antibiotic
remains in the gastrointestinal tract, at a concentration large enough to act on the gut microbes.
Therefore, the dosage will also have a linear relationship with the concentration of CTC (Peeters
et al., 2016). In contrast, tiamulin bioavailability is up to 90% when administered orally

(https://www.hpra.ie/img/uploaded/swedocuments/LicenseSPC 10825-017-

001 06012016144953.pdf). Since oral bioavailability has an inverse relationship with intestinal
concentration of the antibiotic (Peeters et al., 2016), tiamulin was expected to be available at a
minimal concentration (<10%) in the gut content. Interestingly, tiamulin is quickly absorbed into
the blood, gets metabolized in the liver, and is excreted via bile into the gut to accumulate in the
ileum and colon contents at concentrations sufficient to exert its effect on gut microbes

(http://www.octagon-services.co.uk/articles/therapeutics.pdf). Similar to CTC, increasing the

amount of tiamulin provided orally enhances bioavailability and its ultimate concentration in the
gut contents (Riond et al., 1993).

Salmonella infections in pigs vary from subclinical to clinical enteritis, which is often
self-limiting. Estimates on the prevalence of Salmonella in pig farms of different ages seem to
differ considerably by production and management types, ranging from 3.5 to 33% in the USA
(Davies et al.; 1998; Rodriguez et al., 2006). This variation is also observed across different
stages of development of pigs, where piglets have a low level of Salmonella shedding when
compared to sows (Dorr et al., 2009; Wendy Wilkins et al., 2010). In our study, the prevalence of

Salmonella in nursery piglets was 3%. All strains belonged to S. Typhimurium. This is the first
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time a single serotype of Salmonella has been reported in a prevalence study. The study was
conducted in an enclosed commercial farm which explains the possibility of a single serotype
circulating within farm piglets. According to Arguello et al., 2013 and Garcia-Feliz et al., 2007,
Salmonella Typhimurium is the most widespread serotype with zoonotic importance in swine
production systems.

Five genes encoding resistance to tetracycline, tet (A, B, C, D, and G) have been
identified in Salmonella. The tetB was present in all Salmonella strains obtained from this study.
Similar findings were obtained in previous studies, where tetB and tetC were the most identified
tetracycline resistance determinants in Salmonella (Mendez et al., 1980; Levy., 1988). The tetB
gene has the widest distribution among Gram-negative bacteria (Chopra and Roberts, 2001).
Moreover, it was observed in this study that in-feed CTC, tiamulin, or the combination of both
antimicrobials did not show evidence of association with AMR in Salmonella. All strains
obtained in this study were resistant to tetracycline and tiamulin. Several other studies have
recorded high resistance to tetracyclines. Salmonella is inherently not susceptible to tiamulin. In
this study, both CTC and tiamulin did not influence the prevalence and AMR in Salmonella in
piglets. Similarly, Delsol et al. (2003) found that pigs treated with CTC showed constant high
shedding of S. Typhimurium during treatment and post treatment periods. They argued that CTC
helped the establishment of S. Typhimurium in the gastrointestinal tract of pigs making it persist
throughout the post-treatment phase. Moreover, there was no significant difference in the
resistance to CTC when Salmonella strains were compared between antibiotic-free swine farms
and farms using antimicrobials (Ebner & Mathew, 2000; Gebreyes et al., 2006). The lack

difference in resistances observed in these studies could be due to the effect of carryover from
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earlier times when antibiotics were used. Information on the influence of tiamulin on AMR
Salmonella is limited and this study will provide the first insight.

According to Bakkeren et al. (2019), Salmonella tends to develop persisters that spread
resistance to other bacteria through plasmids, making the spread of resistance possible even
without the use of antimicrobials. Resistant Salmonella could have been passed vertically from
dams, or horizontally from farm personnel and environment, that persisted throughout the length
of the experiment. Moreover, all Salmonella strains recovered in the present study were MDR. In
their analysis, Wang et al. (2019) observed persistence and increase of MDR Salmonella
Typhimurium in the food chain throughout the 1996-2016 period. The increasing resistance to
multiple drugs could potentially cause Salmonella to evolve into bacteria that are difficult to treat
(Campioni et al., 2014). According to Hoelzer et al. (2011), pigs infected with Salmonella
Typhimurium are often asymptomatic or develop mild gastroenteritis but can transmit the
bacteria to humans through direct and indirect contacts. The high occurrence of multidrug
resistant Salmonella recorded in this study warns of the possible risk of outbreaks in humans.
Third generation cephalosporins, fluoroguinolones, and macrolides are recommended for
antimicrobial therapy against salmonellosis in humans (Berbari et al., 2015). However, a high
level of resistance to most of these important classes of antimicrobials observed in this study
poses concern on their continual use. Most of the Salmonella strains exhibited no to low-level
resistance to ceftiofur and ceftriaxone (third generation cephalosporins) and azithromycin (a
macrolide) in our study.

In recent years, WGS has emerged as an essential tool to identify AMR determinants.
The analysis has played a key role in providing superior information on epidemiological

surveillance of AMR pathogens and study emergence of AMR in these pathogens, building new
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and improving present diagnostic tools, and developing novel antimicrobials of therapeutic
importance (Koser et al., 2014). Based on WGS, our results suggest that a similar clone of
Salmonella enterica subsp. enterica serotype Typhimurium is circulating in the farm of origin for
the pigs in this study. The clone may have been dispersed among piglets and between pens
through farm personnel and pieces of equipment. Baloda et al. (2001) observed the persistence of
the Salmonella enterica serotype Typhimurium DT12 in the pig farm environment for a long
period of time that poses risk for transmission to animals and humans. According to Foley et al.
(2008), S. Typhimurium has replaced S. Choleraesuis as the predominant serotype in pigs in the
USA. When genome sequences were compared with their expected AMR genotypes obtained by
PCR, only tetB matched at 100%. Both tetA and tetD genes were not found in their genomes.
The observed discrepancy might be due the fact that PCR amplifies a small region in DNA that
might be similar to the gene of interest but be different from the actual entire sequence identified
by WGS. In addition, the genes could have been part of the gaps in the draft genomes obtained
after sequencing. Also, the plasmid carrying the resistant genes could have been lost through
multiple re-streaking of the bacterial cells. High correlations between phenotypic and genotypic
resistance to other antimicrobials was observed in this study. The discrepancy observed between
some of the phenotypic and genotypic resistances could be attributed to a non-functional
resistance gene, intrinsic resistance of the bacterial strains to some antimicrobials, and the
inclusion of intermediate MIC values as resistant.

In summary, our results revealed that in-feed and in-water route of antimicrobial
administration did not influence the fecal prevalence and antimicrobial susceptibilities of

Salmonella in this population of nursery piglets. The study also showed the presence of MDR
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Salmonella with zoonotic potential, S. Typhimurium. The MDR S. Typhimurium were resistant

to important and critically important antimicrobials.
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Table 3.1: PCR target genes and primers used for detection of tet (A, B, C, D, and E)
resistance genes in Salmonella isolated from piglets administered with in-feed or in-water
chlortetracycline (CTC) and or tiamulin

Target Primer Sequences (5’ to 3°) Amplicon Source
gene size (bp)
tet(A) TET Al: CGA GCC ATT CGC GAG AGC 2027 (Miranda et
al., 2003)

TET A2: CGA AGC AAG CAG GAC CAT G

tet(B) TET BF: CAG TGC TGT TGT TGT CAT TAA 576 "
TET BR: GCT TGG AAT ACT GAG TGT AA

tet(C) TET C: TTG CAT GCACCATTCCTT GCG 521 "
TETCR: TGG TCG TCATCT ACCTGCC

tet(D) TET D FW2: GGA TAT CTC ACC GCATCT GC 436 "
TET D(RV1): CAT CCA TCC GGA AGT GAT AGC

tet(E) TET EF: TCC ATA CGC GAG ATG ATC TCC 442 "
TET ER: CGA TTA CAG CTG TCA GGT GGG
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Table 3.2: Animal-level fecal prevalence of Salmonella in piglets administered with in-feed
or in-water chlortetracycline (CTC) and or tiamulin (n=1,440)

Treatment group Treatment Phases

Pre-Treatment Treatment Post-Treatment Total (%)

Week Week Week Week Week5 Week®6

1 2 3 4
Control 1 1 3 1 0 0 6 (2.5)
In-feed CTC 1 2 2 0 0 0 5(2.1)
In-water CTC 0 3 4 1 0 1 9(3.8)
In-feed Tiamulin 0 3 1 0 0 0 4 (1.7)
In-water Tiamulin 0 3 5 2 0 0 10(4.2)
In-Feed CTC + 0 3 3 2 0 1 9(3.8)
Tiamulin
Weekly Total (%) 2 (0.8) 15 18 6 (2.5) 0 2 (0.8)
(6.3) (7.5)

Total (%) 17 (3.5) 24 (5.0) 2 (0.42) 43 (3%)

65



Table 3.3: CLSI-NARMS-evaluated antimicrobial concentrations for Sensititre™
CMV3AGNF, and their resistance breakpoints (CLSI, 2018; WHO, 2019)

Antimicrobial agent Concentration, Breakpoint, WHO

pg/mL pg/mL! Classification®
Amoxicillin/Clavulanic 1/0.5-32/16 >16/8 Critically important
Acid
Ampicillin 1-32 >16 Critically important
Azithromycin 0.12-16 N/A3 Critically important
Cefoxitin 0.5-32 >16 Highly important
Ceftiofur 0.12-8 >4 Critically important
Ceftriaxone 0.25-64 >2 Critically important
Chloramphenicol 2-32 >16 Highly important
Ciprofloxacin 0.0154 >0.12 Critically important
Gentamicin 0.25-16 >8 Critically important
Nalidixic Acid 0.5-32 >32 Critically important
Streptomycin 2-64 >644 Critically important
Sulfisoxazole 16-256 >256 Highly important
Tetracycline 4-32 >8 Highly important
Tiamulin 0.5-32 >325 Important
Trimethoprim/ 0.12/2.38-4/76 >4/76 Highly important

sulfamethoxazole

!Resistance breakpoints based on Clinical and Laboratory Standards Institute (CLSI) guidelines
for breakpoint (CLSI, 2018) except for streptomycin, azithromycin and tiamulin which have no
CLSI breakpoints.

2Categorization of antimicrobials for human medicine according to the World Health
Organization (WHO, 2019)

3CLSI has not established resistance breakpoints for azithromycin.

4CLSI has not established resistance breakpoints for streptomycin; interpretive standards used
are National Antimicrobial Resistance Monitoring System (NARMS)-established breakpoints for
resistance monitoring.

°CLSI has not established resistance breakpoints for tiamulin, veterinary standards were used
instead.
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Table 3.4: Prevalence and MIC* distributions of Salmonella strains isolated from piglets administered with in-feed or in-water
chlortetracycline (CTC) and or tiamulin (n=43)

3 letter Resistant

Antimicrobials code breakpoint | % Resistant | 0.015 | 0.03 | 0.06 | 0.12 | 0.25 | 05 1 2 1418 16 | 32 | 64 | 128 | 256
Amoxicillin/Clavulanic

Acid AUG >16/8 20.9 2 | 32 2 7

Ampicillin AMP >16 100 43

Azithromycin AZI >32 0 31| 3 9

Cefoxitin FOX >16 0 30 | 11

Ceftiofur XNL >4 7 3 1 34

Ceftriaxone AXO >2 7 40 0 0 0|0 0 1 2

Chloramphenicol CHL >16 2.3 7 135

Ciprofloxacin CIP >0.12 95.4 1 1 0 0 21 20

Gentamicin GEN >8 20.9 27 3 2 | 2

Nalidixic Acid NAL >32 74.4 1 2 8 32

Streptomycin STR >32 100 43
Sulfisoxazole FIS >256 100 43
Tetracycline TET >8 100 43

Tiamulin TIA >32 100 43

Trimethoprim/

sulphamethoxazole SXT >4/76 4.7 34 3 1 2 1|2

*MIC= Minimal Inhibitory Concentration

Note: The top dilution tested for each drug should be interpreted as > and the lowest dilution tested for each drug as <
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Table 3.5: Presence (+) and absence (-) of WGS genotypic (G) and phenotypic (P)
resistance in Salmonella strains isolated from piglets administered with in-feed or in-water
chlortetracycline (CTC) and or tiamulin (n=43)

Genotypic/Phenotypic resistant strain s (%)

Antimicrobial

G+/P+

G—/P+

G+/P-

G—/P-

Amoxicillin/Clavulanic

Acid

Ampicillin
Azithromycin
Cefoxitin
Ceftiofur
Ceftriaxone
Chloramphenicol
Ciprofloxacin
Gentamicin
Nalidixic Acid
Streptomycin
Sulfisoxazole
Tetracycline
Tiamulin
Trimethoprim/
sulphamethoxazole

9 (20.9)
43 (100)

41 (95.3)

43 (100)
43 (100)
43 (100)

2 (4.7)

3(7)
3(7)
1(2.3)

9 (20.9)
32 (74.4)

43 (100)

34 (79.1)

2 (4.7)

41 (95.3)

43 (100)
43 (100)
40 (93)
40 (93)
42 (97.7)

34 (79.1)
11 (25.6)
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Table 3.6: Association between Phenotypic and genotypic AMR of Salmonella strains isolated from piglets administered with

in-feed or in-water chlortetracycline (CTC) and or tiamulin (n=43)

Salmonella strain

Phenotypic resistance profiles

PCR detection
of resistance
genes

Resistance genes detection by
WGS

120 A_2019-5-Salmonella

AMP_AXO_CIP_FIS_ GEN_NAL_STR_SXT_TET_TIA_XNL

tetB

aac(6"-laa, strA, strB,
blaTEM-1B, gnrB19,sul2, tetB

157 A 2019-5-Salmonella

AMP_FIS_STR_TET_TIA

tetB

aac(6"-laa, strA, strB,
blaTEM-1B, qnrB19,sul2, tetB

265 A 2019-5-Salmonella

AMP_CIP_FIS_GEN_STR_TET_TIA

tetB

aac(6"-laa, strA, strB,
blaTEM-1B, gnrB19,sul2, tetB

268 A_2019-5-Salmonella

AMP_AXO_CIP_FIS_GEN_NAL_STR_SXT_TET_TIA XNL

tetB

aac(6"-laa, strA, strB,
blaTEM-1B, qnrB19,sul2, tetB

286 A 2019-5-Salmonella

AMP_CIP_FIS_STR_TET _TIA

tetB

aac(6"-laa, strA, strB,
blaTEM-1B, gnrB19,sul2, tetB

288 A_2019-5-Salmonella

AMP_CIP_FIS_NAL_STR_TET TIA

tetB

aac(6"-laa, strA, strB,
blaTEM-1B, qnrB19,sul2, tetB

309 A_2019-5-Salmonella

AMP_AUG_AXO_CIP_FIS_GEN_STR_TET_TIA_XNL

tetB

aac(6"-laa, strA, strB,
blaTEM-1B, gnrB19,sul2, tetB

315 B_2019-5-Salmonella

AMP_CIP_FIS_GEN_STR_TET_TIA

tetB, tetD

aac(6"-laa, strA, strB,
blaTEM-1B, gnrB19,sul2, tetB

317 A_2019-5-Salmonella

AMP_CIP_FIS_STR_TET_TIA

tetB

aac(6"-laa, strA, strB,
blaTEM-1B, gnrB19,sul2, tetB

325 A_2019-5-Salmonella

AMP_AUG_CIP_FIS_NAL_STR_TET_TIA

tetB, tetD

aac(6")-laa, strA, strB,
blaTEM-1B, qnrB19,sul2, tetB

329 A 2019-5-Salmonella

AMP_CIP_FIS_GEN_STR_TET_TIA

tetB, tetD

aac(6"-laa, strA, strB,
blaTEM-1B, gnrB19,sul2, tetB

333 A_2019-5-Salmonella

AMP_CIP_FIS_NAL_STR_TET_TIA

tetB, tetD

aac(6"-laa, strA, strB,
blaTEM-1B, gnrB19,sul2, tetB

337 A_2019-5-Salmonella

AMP_AUG_CIP_FIS_NAL_STR_TET_TIA

tetA, tetB

aac(6"-laa, strA, strB,
blaTEM-1B, qnrB19,sul2, tetB

350 A 2019-5-Salmonella

AMP_CIP_FIS_STR_TET_TIA

tetB

aac(6")-laa, strA, strB,
blaTEM-1B, gnrB19,sul2, tetB

69




352 A_2019-5-Salmonella | AMP_CIP_FIS_NAL_STR_TET_TIA tetB aac(6"-laa, strA, strB,
blaTEM-1B, gnrB19,sul2, tetB
356 A 2019-5-Salmonella AMP_CIP_FIS STR_TET_TIA tetB aac(6")-laa, strA, strB,
blaTEM-1B, gnrB19,sul2, tetB
397 A_2019-5-Salmonella | AMP_CIP_FIS_GEN_STR_TET_TIA tetB aac(6")-laa, strA, strB,
blaTEM-1B, gnrB19,sul2, tetB
502 A 2019-5-Salmonella AMP_AUG_CIP_FIS NAL_STR TET TIA tetB, tetD aac(6"-laa, strA, strB,
blaTEM-1B, gnrB19,sul2, tetB
503 B_2019-5-Salmonella AMP_CHL_FIS GEN_STR_TET_TIA tetB aac(6")-laa, strA, strB,
blaTEM-1B, gnrB19,sul2, tetB
541 A 2019-5-Salmonella | AMP_CIP_FIS_NAL_STR_TET_TIA tetB, tetD aac(6"-laa, strA, strB,
blaTEM-1B, gnrB19,sul2, tetB
565 A_2019-5-Salmonella | AMP_CIP_FIS_NAL_STR_TET_TIA tetB, tetD aac(6"-laa, strA, strB,
blaTEM-1B, qnrB19,sul2, tetB
569 A 2019-5-Salmonella | AMP_CIP_FIS_GEN_NAL_STR_TET_TIA tetB, tetD aac(6"-laa, strA, strB,
blaTEM-1B, gnrB19,sul2, tetB
602 A_2019-5-Salmonella | AMP_AUG_CIP_FIS_NAL_STR_TET_TIA tetB, tetD aac(6"-laa, strA, strB,
blaTEM-1B, qnrB19,sul2, tetB
612 A 2019-5-Salmonella | AMP_AUG_CIP_FIS_NAL_STR_TET_TIA tetB aac(6"-laa, strA, strB,
blaTEM-1B, gnrB19,sul2, tetB
624 A_2019-5-Salmonella | AMP_CIP_FIS_NAL_STR_TET_TIA tetA, tetB aac(6"-laa, strA, strB,
blaTEM-1B, qnrB19,sul2, tetB
633 A 2019-5-Salmonella | AMP_CIP_FIS_NAL_STR_TET_TIA tetB aac(6"-laa, strA, strB,
blaTEM-1B, gnrB19,sul2, tetB
637 A_2019-5-Salmonella | AMP_CIP_FIS_NAL_STR_TET_TIA tetB aac(6")-laa, strA, strB,
blaTEM-1B, qnrB19,sul2, tetB
642 A 2019-5-Salmonella | AMP_CIP_FIS_NAL_STR_TET_TIA tetA, tetB aac(6"-laa, strA, strB,
blaTEM-1B, gnrB19,sul2, tetB
643 A_2019-5-Salmonella | AMP_CIP_FIS_NAL_STR_TET_TIA tetB aac(6"-laa, strA, strB,
blaTEM-1B, gnrB19,sul2, tetB
647 A_2019-5-Salmonella | AMP_CIP_FIS_NAL_STR_TET_TIA tetB aac(6"-laa, strA, strB,
blaTEM-1B, qnrB19,sul2, tetB
648 A_2019-5-Salmonella AMP_CIP_FIS_NAL _STR_TET_TIA tet B, tetD aac(6")-laa, strA, strB,
blaTEM-1B, gnrB19,sul2, tetB
669 A_2019-5-Salmonella | AMP_CIP_FIS_NAL_STR_TET_TIA tetB aac(6"-laa, strA, strB,

blaTEM-1B, gnrB19,sul2, tetB
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685 A_2019-5-Salmonella | AMP_CIP_FIS_NAL_STR_TET_TIA tetB aac(6"-laa, strA, strB,
blaTEM-1B, gnrB19,sul2, tetB
693 A 2019-5-Salmonella AMP_CIP_FIS NAL_STR TET_ TIA tetB aac(6")-laa, strA, strB,
blaTEM-1B, gnrB19,sul2, tetB
720 A_2019-5-Salmonella | AMP_CIP_FIS_NAL_STR_TET_TIA tetB aac(6")-laa, strA, strB,
blaTEM-1B, gnrB19,sul2, tetB
815 A 2019-5-Salmonella AMP_CIP_FIS NAL_STR TET TIA tetB aac(6"-laa, strA, strB,
blaTEM-1B, gnrB19,sul2, tetB
867 A_2019-5-Salmonella | AMP_CIP_FIS_NAL_STR_TET_TIA tetB aac(6")-laa, strA, strB,
blaTEM-1B, gnrB19,sul2, tetB
884 A 2019-5-Salmonella | AMP_CIP_FIS_NAL_STR_TET_TIA tetB aac(6"-laa, strA, strB,
blaTEM-1B, gnrB19,sul2, tetB
888 A_2019-5-Salmonella | AMP_CIP_FIS_NAL_STR_TET_TIA tetB aac(6"-laa, strA, strB,
blaTEM-1B, qnrB19,sul2, tetB
900 A 2019-5-Salmonella | AMP_CIP_FIS_NAL_STR_TET_TIA tetB aac(6')-laa, strA, strB,
blaTEM-1B, gnrB19,sul2, tetB
931 A_2019-5-Salmonella | AMP_AUG_CIP_FIS_NAL_STR_TET_TIA tetB aac(6"-laa, strA, strB,
blaTEM-1B, qnrB19,sul2, tetB
1387 A 2019-5-Salmonella | AMP_AUG_CIP_FIS_NAL_STR_TET_TIA tetB aac(6"-laa, strA, strB,
blaTEM-1B, gnrB19,sul2, tetB
1399 A_2019-5-Salmonella | AMP_AUG_CIP_FIS_NAL_STR_TET_TIA tetA, tetB aac(6"-laa, strA, strB,
blaTEM-1B, qnrB19,sul2, tetB

Phenotypes — AMP = ampicillin, CIP = ciprofloxacin, AUG = amoxicillin/clavulanic acid, AXO = ceftriaxone, CHL =
chloramphenicol, FIS = sulfisoxazole, GEN = gentamicin, NAL = nalidixic acid, STR = streptomycin, SXT =

trimethoprim/sulfamethoxazole, TET = tetracycline, TIA = tiamulin, XNL = ceftiofur.

71



References

Aarestrup, F. M. (2015). The livestock reservoir for antimicrobial resistance: a personal view on
changing patterns of risks, effects of interventions and the way forward. Phil. Trans. R. Soc.
B, 370, 20140085. https://doi.org/10.1098/rstb.2014.0085.

Abdi-Hachesoo, B., Khoshbakht, R., Sharifiyazdi, H., Tabatabaei, M., Hosseinzadeh, S., &
Asasi, K. (2014). Tetracycline resistance genes in Campylobacter jejuni and C. coli isolated
from poultry carcasses. Jundishapur Journal of Microbiology, 7(9), 7-11.
https://doi.org/10.5812/jjm.12129.

Agwuh, K. N., & MacGowan, A. (2006). Pharmacokinetics and pharmacodynamics of the
tetracyclines including glycylcyclines. Journal of Antimicrobial Chemotherapy, 58(2), 256
265. https://doi.org/10.1093/jac/dkl224.

Alfredson, D. A., & Korolik, V. (2007). Antibiotic resistance and resistance mechanisms in
Campylobacter jejuni and Campylobacter coli. FEMS microbiology letters, 277(2), 123—
132. https://doi.org/10.1111/j.1574-6968.2007.00935.X.

Allos, B. M., lovine, N. M., & Blaser, M. J. (2015). Campylobacter jejuni and Related Species:
In Bennett’s Principles and Practice of Infectious Diseases. 2, 2485-2493.
https://doi.org/10.1016/B978-1-4557-4801-3.00218-6.

Apley, M. D., Bush, E. J., Morrison, R. B., Singer, R. S., & Snelson, H. (2012). Use estimates of
in-feed antimicrobials in swine production in the United States. Foodborne Pathogens and
Disease, 9(3), 272-279. https://doi.org/10.1089/fpd.2011.0983.

Asai, T., Harada, K., Ishihara, K., Kojima, A., Sameshima, T., Tamura, Y., & Takahashi, T.
(2007). Association of antimicrobial resistance in Campylobacter isolated from food-

producing animals with antimicrobial use on farms. Japanese Journal of Infectious

72



Diseases, 60(5), 290-294.

Ashbolt, N. J. (2004). Microbial contamination of drinking water and disease outcomes in
developing regions. Toxicology, 198, 229-238. https://doi.org/10.1016/j.tox.2004.01.030.

Avgustin, J. A. (2012). Animal production systems as a selective environment for antibiotic
resistance genes. 7-17. https://doi.org/10.2478/v10014-012-0008-1.

Bai, J., Trinetta, V., Shi, X., Noll, L. W., Magossi, G., Zheng, W., Porter, E. P., Cernicchiaro, N.,
Renter, D. G., & Nagaraja, T. G. (2018). A multiplex real-time PCR assay, based on invA
and pagC genes, for the detection and quantification of Salmonella enterica from cattle
lymph nodes. Journal of Microbiological Methods, 148(December 2017), 110-116.
https://doi.org/10.1016/j.mimet.2018.03.019.

Bankevich, A., Nurk, S., Antipov, D., Gurevich, A. A., Dvorkin, M., Kulikov, A. S., Lesin, V.
M., Nikolenko, S. I., Pham, S., Prjibelski, A. D., Pyshkin, A. V., Sirotkin, A. V., Vyahhi,
N., Tesler, G., Alekseyev, M. A., & Pevzner, P. A. (2012). SPAdes: A new genome

assembly algorithm and its applications to single-cell sequencing. Journal of Computational
Biology, 19(5), 455-477. https://doi.org/10.1089/cmb.2012.0021.

Barza M. (2002). Potential mechanisms of increased disease in humans from antimicrobial
resistance in food animals. Clinical infectious diseases : an official publication of the
Infectious Diseases Society of America, 34 Suppl 3, S123-5125.
https://doi.org/10.1086/340249.

Berbari, E. F., Kanj, S. S., Kowalski, T. J., Darouiche, R. O., Widmer, A. F., Schmitt, S. K.,
Hendershot, E. F., Holtom, P. D., Huddleston, P. M., Petermann, G. W., & Osmon, D. R.
(2015). 2015 Infectious Diseases Society of America (IDSA) Clinical Practice Guidelines

for the Diagnosis and Treatment of Native Vertebral Osteomyelitis in Adults. Clinical

73



Infectious Diseases, 61(6), e26—e46. https://doi.org/10.1093/cid/civ482.

Basling, J., Poulsen, S. M., Vester, B., & Long, K. S. (2003). Resistance to the peptidyl
transferase inhibitor tiamulin caused by mutation of ribosomal protein L3. Antimicrobial
Agents and Chemotherapy, 47(9), 2892-2896. https://doi.org/10.1128/AAC.47.9.2892-
2896.2003.

Brenner, F. W., Villar, R. G., Angulo, F. J., Tauxe, R., & Swaminathan, B. (2000). Salmonella
Nomenclature. Journal of Clinical Microbiology, 38(7), 2465-2467.
https://doi.org/10.1128/JCM.38.7.2465-2467.2000.

Bronzwaer, S. L. A. M., Cars, O., Buchholz, U., Mdlstad, S., Goettsch, W., Veldhuijzen, I. K.,
Kool, J. L., & Sprenger, M. J. W. (2002). The Relationship between Antimicrobial Use and
Antimicrobial Resistance in Europe. 8(3).

Brown-Jaque, M., Calero-Céaceres, W., & Muniesa, M. (2015). Transfer of antibiotic-resistance
genes via phage-related mobile elements. Plasmid, 79, 1-7.
https://doi.org/10.1016/j.plasmid.2015.01.001.

Burch, D. G. S. (2012). Pharmacokinetics Pharmacodynamics of Denagard® and Econor® and
Their Use for Enteric and Respiratory Disease Control in Pigs. http://www.octagon-
services.co.uk/articles/therapeutics.pdf.

Burow, E., Simoneit, C., Tenhagen, B. A., & Kasbohrer, A. (2014). Oral antimicrobials increase
antimicrobial resistance in porcine E. coli - A systematic review. Preventive Veterinary
Medicine, 113(4), 364-375. https://doi.org/10.1016/j.prevetmed.2013.12.007

Bushnell, B. (2014). BBMap : A Fast, Accurate, Splice-Aware Aligner. 3-5.

Callens, B., Persoons, D., Maes, D., Laanen, M., Postma, M., Boyen, F., Haesebrouck, F.,

Butaye, P., Catry, B., & Dewulf, J. (2012). Prophylactic and metaphylactic antimicrobial

74



use in Belgian fattening pig herds. Preventive Veterinary Medicine, 106(1), 53-62.
https://doi.org/10.1016/j.prevetmed.2012.03.001.

Campioni, F., Zoldan, M. M., & Falcdo, J. P. (2014). Characterization of Salmonella Enteritidis
strains isolated from poultry and farm environments in Brazil. Epidemiology and Infection,
142(7), 1403-1410. https://doi.org/10.1017/S0950268814000491.

Carattoli, A. (2003). Plasmid-mediated antimicrobial resistance in Salmonella enterica. Current
Issues in Molecular Biology, 5(4), 113-122. https://doi.org/10.21775/cimb.005.113

Casewell, M., Friis, C., Marco, E., McMullin, P., & Phillips, I. (2003). The European ban on
growth-promoting antibiotics and emerging consequences for human and animal health. The
Journal of antimicrobial chemotherapy, 52(2), 159-161.
https://doi.org/10.1093/jac/dkg313.

CDC. (2019). Antibiotic resistance threats in the United States. Atlanta, GA: U.S. Department of
Health and Human Services, CDC; 2019, 114.
https://www.cdc.gov/drugresistance/pdf/threats-report/2019-ar-threats-report-508.pdf.

Chalker, R. B., & Blaser, M. J. (1988). A Review of Human Salmonellosis : Il . Magnitude of
Salmonella Infection in the United States. Rev Infect Dis, 10(1), 111-124.
https://doi.org/10.1093/clinids/10.1.111.

Chantziaras, I., Smet, A., Haesebrouck, F., Boyen, F., & Dewulf, J. (2017). Studying the effect
of administration route and treatment dose on the selection of enrofloxacin resistance in
commensal Escherichia coli in broilers. The Journal of antimicrobial chemotherapy, 72(7),
1991-2001. https://doi.org/10.1093/jac/dkx104.

Chopra, I., & Roberts, M. (2001). Tetracycline Antibiotics: Mode of Action, Applications,

Molecular Biology, and Epidemiology of Bacterial Resistance. Microbiology and

75



Molecular Biology Reviews, 65(3), 232—-260. https://doi.org/10.1128/MMBR.65.2.232

Corry, J. E. L. (2014). Campylobacter | Detection by Cul- tural and Modern Techniques
Alimentary System and the Peri- toneum , Omentum , Mesentery , and Peritoneal Cavity.

Crespo, M. D., Olson, J. W., Altermann, E., Siletzky, R. M., & Kathariou, S. (2012).
Chromosomal tet(O)-harboring regions in Campylobacter coli isolates from Turkeys and
swine. Applied and Environmental Microbiology, 78(23), 8488-8491.
https://doi.org/10.1128/AEM.02258-12.

Crump, J. A., Sjélund-Karlsson, M., Gordon, M. A., & Parry, C. M. (2015). Epidemiology,
clinical presentation, laboratory diagnosis, antimicrobial resistance, and antimicrobial
management of invasive Salmonella infections. Clinical Microbiology Reviews, 28(4), 901—
937. https://doi.org/10.1128/CMR.00002-15.

Davies, P. R., & Singer, R. S. (2020). Antimicrobial use in wean to market pigs in the United
States assessed via voluntary sharing of proprietary data. Zoonoses and Public Health,
67(S1), 6-21. https://doi.org/10.1111/zph.12760.

Dax, S. L. (1997). Antibacterial chemotherapeutic agents. Blackie Academic and Professional.
https://books.google.com/books?hl=en&Ir=&id=yggl-
4CCOUo0C&o0i=fnd&pg=PR11&dq=%0AAntibacterial+chemotherapeutic+agents.%0A1997
%0ABIlackie+Academic+and+Professional%0ALondon,+United+Kingdom%0A&ots=2cJh
bARXBH&sig=1BuwBu9_bMbPrKgzYyPUMilc3iA#v=onepage&g&f=false.

Di Donato, G., Marotta, F., Nuvoloni, R., Zilli, K., Neri, D., Di Sabatino, D., Calistri, P., & Di
Giannatale, E. (2020). Prevalence, population diversity and antimicrobial resistance of
Campylobacter coli isolated in Italian swine at slaughterhouse. Microorganisms, 8(2), 1-13.

https://doi.org/10.3390/microorganisms8020222.

76



Dorr, P. M., Tadesse, D. A., Zewde, B. M., Fry, P., Thakur, S., & Gebreyes, W. A. (2009).
Longitudinal study of Salmonella dispersion and the role of environmental contamination in
commercial swine production systems. Applied and Environmental Microbiology, 75(6),
1478-1486. https://doi.org/10.1128/AEM.01632-08.

Ebner, P. D., & Mathew, A. G. (2000). Effects of antibiotic regimens on the fecal shedding
patterns of pigs infected with Salmonella Typhimurium. Journal of Food Protection, 63(6),
709-714. https://doi.org/10.4315/0362-028X-63.6.709.

ECDC/EFSA/EMA. (2015). ECDC/EFSA/EMA first joint report on the integrated analysis of
the consumption of antimicrobial agents and occurrence of antimicrobial resistance in
bacteria from humans and food-producing animals. EFSA Journal, 13(1).
https://doi.org/10.2903/j.efsa.2015.4006.

EMA. (2010). Opinion following an Article 341 referral for Tiamutin premix and associated
names. https://www.ema.europa.eu/en/documents/referral/opinion-following-article-34-
referral-tiamutin-premix-associated-names_en.pdf.

EMA. (2013). Reflection paper on use of pleuromutilins in food- producing animals in the
European Union : development of resistance and impact on human and animal health
CVMP recommendations for action. 44(November).
https://www.ema.europa.eu/en/documents/scientific-guideline/reflection-paper-use-
pleuromutilins-food-producing-animals-european-union-development-resistance_en-0.pdf.

Eng, S., Pusparajah, P., Mutalib, N. A., Ser, H., Chan, K., & Lee, L. (2015). Salmonella: A
review on pathogenesis , epidemiology and antibiotic resistance. Frontiers in Life Science,
8(3), 284-293. https://doi.org/10.1080/21553769.2015.1051243.

Erdman, M. M., Harris, I. T., & Harris, D. L. (2001). Isolation of Salmonella using pooled pen

77



feces from 37 U.S. swine. Proceedings of the 4th International Symposium on the
Epidemiology and Control of Salmonella and Other Food Borne Pathogens in Pork, 547—
549. https://doi.org/doi.org/10.31274/safepork-180809-1185.

European Food Authority Safety. (2017). The European Union summary report on antimicrobial
resistance in zoonotic and indicator bacteria from humans , animals and food in 2015.
15(January). https://doi.org/10.2903/j.efsa.2017.4694.

Fablet, C., Fravalo, P., & Beloeil, P. (2003). Investigation of risk factors for the excretion of
Salmonella enterica by growing pigs. Analytical epidemiological survey in fattening-
fattening farms . Enquéte épidémiologique analytique en élevage naisseur-engraisseur *.
May 2014.

Facciola, A., Riso, R., Avventuroso, E., Visalli, G., Delia, S. A., & Lagana, P.

(2017). Campylobacter: from microbiology to prevention. Journal of preventive medicine
and hygiene, 58(2), E79-E92..

FAO. (2014). Sources of Meat.
http://www.fao.org/ag/againfo/themes/en/meat/backgr_sources.html.

FDA. (2019). 2019 Summary Report On Antimicrobials Sold or Distributed for Use in Food-
Producing Animals. In Center for Veterinary Medicine-FDA.

https://www.fda.gov/media/144427/download.

FDA. (2020a). Food and Drug Administration.CFR - Code of Federal Regulations Title 21.
Www.Fda.Gov.
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfCFR/CFRSearch.cfm?fr=170.3&Sear
chTerm=170.3.

FDA. (2020b). Food and Drug Administration .CFR - Code of Federal Regulations Title 21-

78



CTC. Www.Fda.Gov.
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfCFR/CFRSearch.cfm?fr=170.3&Sear
chTerm=170.3.

Fitzgerald, C., & Nachamkin, 1. (2011). Campylobacter and Arcobacter. In: Versalovic J, Carroll
K, Funke G, Jorgensen J, Landry ML, Warnock DW, editors. Manual of Clinical
Microbiology . Washington DC: ASM Press, 885-899.

Fosse, J., Seegers, H., & Magras, C. (2009). Prevalence and risk factors for bacterial food-borne
zoonotic hazards in slaughter pigs: A Review. Zoonoses and Public Health, 56(8), 429-454.
https://doi.org/10.1111/j.1863-2378.2008.01185.x.

Fritz, J. W., & Zuo, Y. (2007). Simultaneous determination of tetracycline , oxytetracycline , and
4-epitetracycline in milk by high-performance liquid chromatography. Food Chemistry,
105, 1297-1301. https://doi.org/10.1016/j.foodchem.2007.03.047.

Funk, J. A., Lejeune, J. T., Wittum, T. E., & Rajala-Schultz, P. J. (2006). The Effect of
Subtherapeutic Chlortetracycline on Antimicrobial Resistance in the Fecal Flora of Swine.
Microb Drug Resist, 12, 210-218. https://doi.org/10.1089/mdr.2006.12.210.

Gebhart, C. J., Ward, G. E., Chang, K., & Kurtz, H. J. (1983). Campylobacter hyointestinalis
(new species) isolated from swine with lesions of proliferative ileitis. Am J Vet Res, 44(3),
361-367.

Gebreyes, W. A., Thakur, S., & Morrow, W. E. M. (2005). Campylobacter coli : prevalence and
antimicrobial resistance in antimicrobial-free ( ABF ) swine production systems. August,
765-768. https://doi.org/10.1093/jac/dki305.

Gebreyes, W. A., Thakur, S., & Morrow, W. E. M. (2006). Comparison of prevalence,

antimicrobial resistance, and occurrence of multidrug-resistant Salmonella in antimicrobial-

79



free and conventional pig production. Journal of Food Protection, 69(4), 743-748.
https://doi.org/10.4315/0362-028X-69.4.743.

Gharst, G., Hanson, D., & Kathariou, S. (2006). Effect of Direct Culture Versus Selective
Enrichment on the Isolation of Thermophilic Campylobacter from Feces of Mature Cattle at
Harvest. 69(5), 1024-1027.

Giacomelli, M., Salata, C., Martini, M., Montesissa, C., & Piccirillo, A. (2014). Antimicrobial
resistance of Campylobacter jejuni and Campylobacter coli from poultry in Italy. Microb
Drug Resist, 181(8). https://doi.org/10.1089/mdr.2013.0110.

Gillings, M. R. (2014). Integrons: Past, Present, and Future. Microbiology and Molecular
Biology Reviews, 78(2), 257-277. https://doi.org/10.1128/mmbr.00056-13.

Gorkiewicz, G., Feierl, G., Zechner, R., & Zechner, E. L. (2002). Transmission of
Campylobacter hyointestinalis from a pig to a human. Journal of Clinical Microbiology,
40(7), 2601-2605. https://doi.org/10.1128/JCM.40.7.2601-2605.2002.

Grasbgll, K., Damborg, P., Mellerup, A., Herrero-Fresno, A., Larsen, I., Holm, A., Nielsen, J.
P., Christiansen, L. E., Angen, @., Ahmed, S., Folkesson, A., & Olsen, J. E. (2017). Effect
of Tetracycline Dose and Treatment Mode on Selection of Resistant Coliform Bacteria in
Nursery Pigs. Applied and environmental microbiology, 83(12), e00538-17.
https://doi.org/10.1128/AEM.00538-17.

Granados-chinchilla, F., & Rodriguez, C. (2017). Tetracyclines in Food and Feedingstuffs : From
Regulation to Analytical Methods , Bacterial Resistance , and Environmental and Health
Implications. 2017. https://doi.org/10.1155/2017/1315497.

Gray, J. T., Fedorka-cray, P. J., Stabel, T. J., Kramer, T. T., Al, G. E. T., & Icrobiol, A. P. P. L.

E. N. M. (1996). Natural Transmission of Salmonella Choleraesuis in Swine. 62(1), 141—

80



146.

Griffin, M. O., Fricovsky, E., Ceballos, G., & Villarreal, F. (2010). Tetracyclines: a pleitropic
family of compounds with promising therapeutic properties. Review of the
literature. American journal of physiology. Cell physiology, 299(3), C539-C548.
https://doi.org/10.1152/ajpcell.00047.2010.

Griffith, R. W., Carlson, S. A., & Krull, A. C. (2019). Salmonellosis -. In J. J. Zimmerman, L. A.
Karrike, A. Ramirez, K. J. Schwartz, G. W. Stevenson, & J. Zhang (Eds.), Diseases of
Swine (11th ed., pp. 912-925). John Wiley & Sons, Inc.

Griggs, D. J., Johnson, M. M., Frost, J. A., Humphrey, T., Jargensen, F., & Piddock, L. J. V.
(2005). Incidence and mechanism of ciprofloxacin resistance in Campylobacter spp.
isolated from commercial poultry flocks in the United Kingdom before, during, and after
fluoroquinolone treatment. Antimicrobial Agents and Chemotherapy, 49(2), 699-707.
https://doi.org/10.1128/AAC.49.2.699-707.2005.

Guévremont, E., Higgins, R., & Quessy, S. (2004). Characterization of Campylobacter isolates
recovered from clinically healthy pigs and from sporadic cases of campylobacteriosis in
humans. Journal of food protection, 67(2), 228-234. https://doi.org/10.4315/0362-028x-
67.2.228.

Guibourdenche, M., Roggentin, P., Mikoleit, M., Fields, P. I., & Grimont, P. A. D. (2010).
Supplement 2003 e 2007 ( No . 47 ) to the White-Kauffmann-Le Minor scheme. 161(47),
26-29. https://doi.org/10.1016/j.resmic.2009.10.002.

Harris, H. D. L. (2013). Intestinal Salmonellosis in Pigs.
https://www.merckvetmanual.com/digestive-system/intestinal-diseases-in-pigs/intestinal-

salmonellosis-in-pigs.

81



Harvey, R. B., Cobbold, R., & Gebreyes, W. (2007). Campylobacter in the Pork Food Chain
Post-Harvest Reduction.

Hlashwayo, D. F., Sigalque, B., & Bila, C. G. (2020). Epidemiology and antimicrobial
resistance of Campylobacter spp. in animals in Sub-Saharan Africa: A systematic
review. Heliyon, 6(3), e03537. https://doi.org/10.1016/j.heliyon.2020.e03537.

Hoelzer, K., Switt, A. I. M., & Wiedmann, M. (2011). Animal contact as a source of human non-
typhoidal salmonellosis. Veterinary Research, 42(1), 34. https://doi.org/10.1186/1297-9716-
42-34.

Holman, D. B., & Chénier, M. R. (2013). Impact of subtherapeutic administration of tylosin and
chlortetracycline on antimicrobial resistance in farrow-to-finish swine. FEMS Microbiology
Ecology, 85(1), 1-13. https://doi.org/10.1111/1574-6941.12093.

Holt, J. G. (1994). Bergey’s Manual of Determinative Bacteriology (Williams & Wilkins (ed.);
9th ed.).

Hughes, V. M., & Datta, N. (1983). Conjugative plasmids in bacteria of the ‘pre-antibiotic’ era.
Nature, 302(1983), 725-726. https://doi.org/10.1038/302725a0.

Hurd, H. S., Gailey, J. K., McKean, J. D., & Rostagno, M. H. (2001). Rapid infection in market-
weight swine following exposure to a Salmonella Typhimurium-contaminated
environment. American journal of veterinary research, 62(8), 1194-1197.
https://doi.org/10.2460/ajvr.2001.62.1194.

Hutchison, M. L., Walters, L. D., Moore, T., Thomas, D. J., & Avery, S. M. (2005). Fate of
pathogens present in livestock wastes spread onto fescue plots. Applied and environmental
microbiology, 71(2), 691-696. https://doi.org/10.1128/AEM.71.2.691-696.2005.

Huys, G., D'Haene, K., Collard, J. M., & Swings, J. (2004). Prevalence and molecular

82



characterization of tetracycline resistance in Enterococcus isolates from food. Applied and
environmental microbiology, 70(3), 1555-1562. https://doi.org/10.1128/aem.70.3.1555-
1562.2004.

Jasovsky, D., Littmann, J., Zorzet, A., & Cars, O. (2016). Antimicrobial resistance — a threat to
the world ’ s sustainable development. Upsala Journal Of Medical Sciences, 121(3), 159-
164.

Jensen, V. F., Emborg, H. D., & Aarestrup, F. M. (2012). Indications and patterns of therapeutic
use of antimicrobial agents in the Danish pig production from 2002 to 2008. Journal of
Veterinary Pharmacology and Therapeutics, 35(1), 33—46. https://doi.org/10.1111/j.1365-
2885.2011.01291 .x.

Jones, C. S., Osborne, D. J., & Stanley, J. (1992). Enterobacterial tetracycline resistance in
relation to plasmid incompatibility. Molecular and Cellular Probes, 6(4), 313-317.
https://doi.org/10.1016/0890-8508(92)90007-K.

Jones, R. N., Pfaller, M. A., Rhomberg, P. R., & Walter, D. H. (2002). Tiamulin activity against
fastidious and nonfastidious veterinary and human bacterial isolates: initial development of
in vitro susceptibility test methods. Journal of clinical microbiology, 40(2), 461-465.
https://doi.org/10.1128/jcm.40.2.461-465.2002.

Juntunen, P., Laurila, T., Heinonen, M., & Hanninen, M. L. (2013). Absence of tetracycline
resistance in Campylobacter coli isolates from Finnish finishing pigs treated with
chlortetracycline. Journal of Applied Microbiology, 114(4), 974-981.
https://doi.org/10.1111/jam.12120.

Kaakoush, N. O., Mitchell, H. M., & Man, S. M. (2015). Campylobacter. In Molecular Medical

Microbiology, Three-Volume Set. Elsevier Ltd. https://doi.org/10.1016/B978-0-12-397169-

83



2.00067-6.

Karami, N., Nowrouzian, F., Adlerberth, I., & Wold, A. E. (2006). Tetracycline resistance in
Escherichia coli and persistence in the infantile colonic microbiota. Antimicrobial agents
and chemotherapy, 50(1), 156-161. https://doi.org/10.1128/AAC.50.1.156-161.2006.

Kempf, I., Kerouanton, A., Bougeard, S., Nagard, B., Rose, V., Mourand, G., Osterberg, J.,
Denis, M., & Bengtsson, B. O. (2017). Campylobacter coli in organic and conventional pig
production in France and Sweden: Prevalence and antimicrobial resistance. Frontiers in
Microbiology, 8(MAY), 1-9. https://doi.org/10.3389/fmicb.2017.00955.

Khan, S. A., & Novick, R. P. (1983). Complete nucleotide sequence of pT181, a tetracycline-
resistance plasmid from Staphylococcus aureus. Plasmid, 10(3), 251-259.
https://doi.org/10.1016/0147-619X(83)90039-2.

Kimera, Z. I., Mshana, S. E., Rweyemamu, M. M., Mboera, L. E. G., & Matee, M. I. N. (2020).
Antimicrobial use and resistance in food- producing animals and the environment : an
African perspective. Antimicrob Resist Infect Control 9, 37 (2020).
https://doi.org/10.1186/s13756-020-0697-x.

Kouyos, R. D., Abel Zur Wiesch, P., & Bonhoeffer, S. (2011). On being the right size: the
impact of population size and stochastic effects on the evolution of drug resistance in
hospitals and the community. PLoS pathogens, 7(4), €1001334.
https://doi.org/10.1371/journal.ppat.1001334.

Kranker, S., Alban, L., Boes, J., & Dahl, J. (2003). Longitudinal study of Salmonella enterica
aerotype Typhimurium infection in three Danish farrow-to-finish swine herds. Journal of
clinical microbiology, 41(6), 2282-2288. https://doi.org/10.1128/jcm.41.6.2282-2288.2003.

Laine, T. M., Lyytikéinen, T., Yliaho, M., & Anttila, M. (2008). Risk factors for post-weaning

84



diarrhoea on piglet producing farms in Finland. Acta veterinaria Scandinavica, 50(1), 21.
https://doi.org/10.1186/1751-0147-50-21.

Landers, T. F., Cohen, B., Wittum, T. E., & Larson, E. L. (2012). A review of antibiotic use in
food animals: perspective, policy, and potential. Public health reports (Washington, D.C. :
1974), 127(1), 4-22. https://doi.org/10.1177/003335491212700103.

Langvad, B., Skov, M. N., Rattenborg, E., Olsen, J. E., & Baggesen, D. L. (2006). Transmission
routes of Salmonella Typhimurium DT 104 between 14 cattle and pig herds in Denmark
demonstrated by molecular fingerprinting. Journal of applied microbiology, 101(4), 883—
890. https://doi.org/10.1111/j.1365-2672.2006.02992.x.

Leblanc-maridor, M., Seegers, H., & Belloc, C. (2008). Contamination of pigs and their
environment by Campylobacter in fattening-fattening facilities. http://www.journees-
recherche-porcine.com/texte/2008/sante/resante03.pdf.

Lekagul, A., Tangcharoensathien, V., & Yeung, S. (2019). Patterns of antibiotic use in global pig
production: A systematic review. Veterinary and animal science, 7, 100058.
https://doi.org/10.1016/j.vas.2019.100058.

Levy, S.B, McMurry, L. M., Barbosa, T. M., Burdett, V., Patrice Courvalin, W. H., Roberts, M.
C., Rood, J. I., & Taylor, D. E. (1999). Nomenclature for New Tetracycline Resistance
Determinants. Antimicrob Agents Chemother, 1523-4.
https://doi.org/10.1128/AAC.43.6.1523.

Levy, S B. (1984). Resistance to the tetracyclines. In: Bryan L E, editor. Antimicrobial drug
resistance. Orlando, Fla: Academic Press, 191-240.
https://www.nejm.org/doi/pdf/10.1056/NEJM1996110733519077articleTools=true.

Levy, Stuart B, & McMurry, L. (1974). Detection of an inducible membrane protein associated

85



with R-factor-mediated tetracycline resistance. Biochemical and Biophysical Research
Communications, 56(4), 1060-1068. https://doi.org/10.1016/S0006-291X(74)80296-2.

Liebana, E., Carattoli, A., Coque, T. M., Hasman, H., Magiorakos, A. P., Mevius, D., Peixe, L.,
Poirel, L., Schuepbach-Regula, G., Torneke, K., Torren-Edo, J., Torres, C., & Threlfall, J.
(2013). Public health risks of enterobacterial isolates producing extended-spectrum f-
lactamases or AmpC B-lactamases in food and food-producing animals: an EU perspective
of epidemiology, analytical methods, risk factors, and control options. Clinical infectious
diseases : an official publication of the Infectious Diseases Society of America, 56(7),
1030-1037. https://doi.org/10.1093/cid/cis1043.

Liu, D., Li, X., Liu, W., Yao, H., Liu, Z., Feller, A. T., He, J., Zhou, Y., Shen, Z., Wu, Z.,
Schwarz, S., Zhang, Q., & Wang, Y. (2019). Characterization of multiresistance gene cfr(C)
variants in Campylobacter from China. The Journal of antimicrobial chemotherapy, 74(8),
2166-2170. https://doi.org/10.1093/jac/dkz197.

Luangtongkum, T., Jeon, B., Han, J., Plummer, P., Logue, C. M., & Zhang, Q. (2009). Antibiotic
resistance in Campylobacter: emergence, transmission and persistence. Future
microbiology, 4(2), 189-200. https://doi.org/10.2217/17460913.4.2.189.

Lutz, E. A., McCarty, M. J., Mollenkopf, D. F., Funk, J. A., Gebreyes, W. A., & Wittum, T. E.
(2011). Ceftiofur use in finishing swine barns and the recovery of fecal Escherichia coli or
Salmonella spp. Resistant to ceftriaxone. Foodborne Pathogens and Disease, 8(11), 1229
1234. https://doi.org/10.1089/fpd.2011.0925.

Lykkeberg, A. K., Halling-Sgrensen, B., & Jensen, L. B. (2007). Susceptibility of bacteria
isolated from pigs to tiamulin and enrofloxacin metabolites. Veterinary Microbiology,

121(1-2), 116-124. https://doi.org/10.1016/j.vetmic.2006.11.020.

86



Macdonald, J. M., & Mcbride, W. D. (2009). The Transformation of U.S. Livestock Agriculture
Scale, Efficiency, and Risks.
https://www.ers.usda.gov/webdocs/publications/44292/10992_eib43.pdf?v=0.

Magras, C., Laroche, M., Lebigre, M., Fosse, J., Desmonts, M. H., & C, M. (2005).
Campylobacter quantitative risk analysis in fattening pig slaughterhouses. Proceedings of
the 5th Annual Scientific Conference of the European College of Veterinary Public Health,
13-14.

Majowicz, S. E., Musto, J., Scallan, E., Angulo, F. J., Kirk, M., Brien, S. J. O., Jones, T. F.,
Fazil, A., & Hoekstra, R. M. (2010). The Global Burden of Nontyphoidal Salmonella
Gastroenteritis. Clinical Infectious Diseases, 50(6), 882—-889.
https://doi.org/10.1086/650733.

Malbruny, B., Werno, A. M., Murdoch, D. R., Leclercq, R., & Cattoir, V. (2011). Cross-
resistance to lincosamides, streptogramins A, and pleuromutilins due to the Isa(C) gene in
Streptococcus agalactiae UCN70. Antimicrobial agents and chemotherapy, 55(4), 1470-
1474. https://doi.org/10.1128/AAC.01068-10.

Man, S. M. (2011). The clinical importance of emerging Campylobacter species. Nat Rev
Gastroenterol Hepatol, 8, 669-685. https://doi.org/10.1038/nrgastro.2011.191.

Marshall, B. M., & Levy, S. B. (2011). Food Animals and Antimicrobials : Impacts on Human
Health. 24(4), 718-733. https://doi.org/10.1128/CMR.00002-11.

Martin, L. J., Fyfe, M., Doré, K., Buxton, J. A., Pollari, F., Henry, B., Middleton, D., Ahmed, R.,
Jamieson, F., Ciebin, B., McEwen, S. A., Wilson, J. B., & Multi-Provincial Salmonella
Typhimurium Case-Control Study Steering Committee (2004). Increased burden of illness

associated with antimicrobial-resistant Salmonella enterica serotype typhimurium

87



infections. The Journal of infectious diseases, 189(3), 377-384.
https://doi.org/10.1086/381270.

Martin, M. J., Thottathil, S. E., & Newman, T. B. (2015). Antibiotics Overuse in Animal
Agriculture: A Call to Action for Health Care Providers. American journal of public
health, 105(12), 2409-2410. https://doi.org/10.2105/AJPH.2015.302870.

McMillan, E. A., Jackson, C. R., & Frye, J. G. (2020). Transferable Plasmids of Salmonella
enterica Associated With Antibiotic Resistance Genes. Frontiers in microbiology, 11,
562181. https://doi.org/10.3389/fmich.2020.562181.

Mendez, B., Tachibana, C., & Levy, S. B. (1980). Heterogeneity of tetracycline resistance
determinants. Plasmid, 3(2), 99-108. https://doi.org/10.1016/0147-619X(80)90101-8.

Merle, R., Hajek, P., Kasbohrer, A., Hegger-Gravenhorst, C., Mollenhauer, Y., Robanus, M.,
Ungemach, F. R., & Kreienbrock, L. (2012). Monitoring of antibiotic consumption in
livestock: A German feasibility study. Preventive Veterinary Medicine, 104(1-2), 34-43.
https://doi.org/10.1016/j.prevetmed.2011.10.013.

Merle, R., Robanus, M., Hegger-Gravenhorst, C., Mollenhauer, Y., Hajek, P., Kéasbohrer, A.,
Honscha, W., & Kreienbrock, L. (2014). Feasibility study of veterinary antibiotic
consumption in Germany--comparison of ADDs and UDDs by animal production type,
antimicrobial class and indication. BMC veterinary research, 10, 7.
https://doi.org/10.1186/1746-6148-10-7.

Miranda, C. D., Kehrenberg, C., Ulep, C., Schwarz, S., & Roberts, M. C. (2003). Diversity of
tetracycline resistance genes in bacteria from Chilean salmon farms. Antimicrobial Agents
and Chemotherapy, 47(3), 883-888. https://doi.org/10.1128/AAC.47.3.883-888.2003.

Mitscher, L. A. (1978). The Chemistry of the Tetracycline Antibiotics. Marcel Dekker, Inc New

88



York.

Moore, J. E., Barton, M. D., Blair, I. S., Corcoran, D., Dooley, J. S., Fanning, S., Kempf, 1.,
Lastovica, A. J., Lowery, C. J., Matsuda, M., McDowell, D. A., McMahon, A., Millar, B.
C., Rao, J. R., Rooney, P. J., Seal, B. S., Snelling, W. J., & Tolba, O. (2006). The
epidemiology of antibiotic resistance in Campylobacter. Microbes and infection, 8(7),
1955-1966. https://doi.org/10.1016/j.micinf.2005.12.030.

Moser, S., Seth-Smith, H., Egli, A., Kittl, S., & Overesch, G. (2020). Campylobacter jejuni from
Canine and Bovine Cases of Campylobacteriosis Express High Antimicrobial Resistance
Rates against (Fluoro)quinolones and Tetracyclines. Pathogens (Basel, Switzerland), 9(9),
691. https://doi.org/10.3390/pathogens9090691.

Munir, M., & Xagoraraki, I. (2010). Levels of Antibiotic Resistance Genes in Manure , Biosolids
, and Fertilized Soil. J. Environ. Qual. https://doi.org/10.2134/jeq2010.0209

NAHMS Swine Study. (2006). Part I: Reference of Swine Health and Management Practices in
the United States, 2006. October.
https://www.aphis.usda.gov/animal_health/nahms/swine/downloads/swine2006/Swine2006
_is_Partl_Highlights_1.pdf.

NAHMS Swine Study. (2017). Antimicrobial Use and Stewardship on U . S . Swine Operations ,
2017. https://www.aphis.usda.gov/animal_health/nahms/downloads/amu-feedlots.pdf.

Neuvonen P. J. (1976). Interactions with the absorption of tetracyclines. Drugs, 11(1), 45-54.

https://doi.org/10.2165/00003495-197611010-00004.

Ng, L. K., Martin, I., Alfa, M., & Mulvey, M. (2001). Multiplex PCR for the detection of
tetracycline resistant genes. Molecular and Cellular Probes, 15(4), 209-215.

https://doi.org/10.1006/mcpr.2001.0363.

89



Nielsen, P., & Gyrd-Hansen, N. (1997). Bioavailability of enrofloxacin after oral administration
to fed and fasted pigs. Pharmacology and Toxicology, 80(5), 246-250.
https://doi.org/10.1111/j.1600-0773.1997.tb01967.X.

Nolleta, N., Houfa, K., Dewulfb, J., Kruif, A. de, Zutter, L. De, & Maes, D. (2005). Salmonella
in sows : a longitudinal study in farrow-to-finish pig herds. Vet. Res, 36, 645-656.
https://doi.org/10.1051/vetres.

Novick, R. P., Clowes, R. C., Cohen, S. N., Curtiss Illrd, R., Datta, N., & Falkow, S. (1976).
Uniform nomenclature for bacterial plasmids: a proposal. Bacteriological Reviews, 40(1),
168-189. https://doi.org/10.1128/mmbr.40.1.168-189.1976.

O’Neill, J. (2016). tackling drug-resistant infections globally : final report and recommendations
the review on antimicrobial resistance. https://amr-
review.org/sites/default/files/160518 Final paper_with cover.pdf.

Ochiai, R. L., Acosta, C. J., Danovaro-Holliday, M. C., Baiging, D., Bhattacharya, S. K., Agtini,
M. D., Bhutta, Z. A., Canh, D. G., Ali, M., Shin, S., Wain, J., Page, A. L., Albert, M. J.,
Farrar, J., Abu-Elyazeed, R., Pang, T., Galindo, C. M., von Seidlein, L., Clemens, J. D., &
Domi Typhoid Study Group (2008). A study of typhoid fever in five Asian countries:
disease burden and implications for controls. Bulletin of the World Health
Organization, 86(4), 260-268. https://doi.org/10.2471/blt.06.039818.

Olah, P. A., Doetkott, C., Fakhr, M. K., & Logue, C. M. (2006). Prevalence of the
Campylobacter multi-drug efflux pump (CmeABC) in Campylobacter spp. Isolated from
freshly processed Turkeys. Food Microbiology, 23(5), 453-460.
https://doi.org/10.1016/j.fm.2005.06.004.

Ono, K., Masaki, H., & Tokumaru, Y. (1995). Isolation of Campylobacter spp. from slaughtered

90



cattle and swine on blood-free selective medium. The Journal of veterinary medical
science, 57(6), 1085-1087. https://doi.org/10.1292/jvms.57.1085.

Padungton, P., & Kaneene, J. B. (2003). Campylobacter spp in human, chickens, pigs and their
antimicrobial resistance. The Journal of veterinary medical science, 65(2), 161-170.
https://doi.org/10.1292/jvms.65.161.

Pal, M. (2017). Campylobacter jejuni : An Emerging Foodborne Pathogen of Global
Significance. https://doi.org/10.4172/2472-0542.1000130.

Papadopoulos, D., Petridou, E., Filioussis, G., Papadopoulos, T., Papageorgiou, K.,
Chatzistilianou, M., & Kritas, S. K. (2020). Prevalence and antibiotic resistance of
Campylobacter coli and Campylobacter jejuni in Greek swine farms. American Journal of
Microbiology and Immunology, March, 6. https://doi.org/10.28933/ajmi-2020-02-2605.

Parks, D. H., Imelfort, M., Skennerton, C. T., Hugenholtz, P., & Tyson, G. W. (2015). CheckM:
assessing the quality of microbial genomes recovered from isolates, single cells, and
metagenomes. Genome research, 25(7), 1043-1055. https://doi.org/10.1101/gr.186072.114.

Peeters, L. E. J., Daeseleire, E., Devreese, M., Rasschaert, G., Smet, A., Dewulf, J., Heyndrickx,
M., Imberechts, H., Haesebrouck, F., Butaye, P., & Croubels, S. (2016). Residues of
chlortetracycline, doxycycline and sulfadiazine-trimethoprim in intestinal content and feces
of pigs due to cross-contamination of feed. BMC Veterinary Research, 12(1), 1-9.
https://doi.org/10.1186/s12917-016-0803-8.

Phillips, 1., Casewell, M., Cox, T., De Groot, B., Friis, C., Jones, R., Nightingale, C., Preston, R.,
& Waddell, J. (2004). Does the use of antibiotics in food animals pose a risk to human
health? A critical review of published data. Journal of Antimicrobial Chemotherapy, 53(1),

28-52. https://doi.org/10.1093/jac/dkg483.

91



Pinna, E. De, Nair, S., & Fields, P. I. (2014). Supplement 2008 e 2010 ( no . 48 ) to the White e
Kauffmann e Le Minor. 165(48), 526-530. https://doi.org/10.1016/j.resmic.2014.07.004.

Popoff, M. Y., Bockemihl, J., & Gheesling, L. L. (2003). Supplement 2001 ( no . 45) to the
Kauffmann — White scheme. 154(45), 173-174. https://doi.org/10.1016/S0923-
2508(03)00025-1.

Poulsen, S. M., Karlsson, M., Johansson, L. B., & Vester, B. (2001). The pleuromutilin drugs
tiamulin and valnemulin bind to the RNA at the peptidyl transferase centre on the ribosome.
Molecular Microbiology, 41(5), 1091-1099. https://doi.org/10.1046/j.1365-
2958.2001.02595.x.

Pratt, A., & Korolik, V. (2005). Tetracycline resistance of Australian Campylobacter jejuni and
Campylobacter coli isolates. Journal of Antimicrobial Chemotherapy, 55(4), 452-460.
https://doi.org/10.1093/jac/dki040.

Price, M. N., Dehal, P. S., & Arkin, A. P. (2010). FastTree 2 - Approximately maximum-
likelihood trees for large alignments. PLoS ONE, 5(3).
https://doi.org/10.1371/journal.pone.0009490.

Quintana-Hayashi, M. P., & Thakur, S. (2012). Longitudinal study of the persistence of
antimicrobial-resistant Campylobacter strains in distinct Swine production systems on
farms, at slaughter, and in the environment. Applied and environmental
microbiology, 78(8), 2698-2705. https://doi.org/10.1128/AEM.07723-11.

Rafii, F., Sutherland, J. B., & Cerniglia, C. E. (2008). Effects of treatment with antimicrobial
agents on the human colonic microflora. Therapeutics and Clinical Risk Management, 4(6),
1343-1357. https://doi.org/10.2147/tcrm.s4328.

Reed, W. M., Olander, H. J., & Thacker, H. L. (1986). Studies on the pathogenesis of Salmonella

92



Typhimurium and Salmonella Choleraesuis var kunzendorf infection in weanling pigs. Am J
Vet Res, 47(1), 75-83.

Riond, J. L., Schreiber, F., & Wanner, M. (1993). Influence of tiamulin concentration in feed on
its bioavailability in piglets. Veterinary Research, 24(6), 494-502.

Roberts M. C. (1996). Tetracycline resistance determinants: mechanisms of action, regulation of
expression, genetic mobility, and distribution. FEMS microbiology reviews, 19(1), 1-24.
https://doi.org/10.1111/j.1574-6976.1996.tb00251.x.

Roberts M. C. (2005). Update on acquired tetracycline resistance genes. FEMS microbiology
letters, 245(2), 195-203. https://doi.org/10.1016/j.femsle.2005.02.034.

Roberts, M. C., Moncla, B. J., & Hillier, S. L. (1991). Characterization of unusual tetracycline-
resistant gram-positive bacteria. Antimicrobial agents and chemotherapy, 35(12), 2655—
2657. https://doi.org/10.1128/aac.35.12.2655.

Roca, I., Akova, M., Baquero, F., Carlet, J., Cavaleri, M., Coenen, S., Cohen, J., Findlay, D.,
Gyssens, 1., & Heure, O. E. (2015). The global threat of antimicrobial resistance : science
for intervention. New Microbes and New Infections, 6, 22—29.
https://doi.org/10.1016/j.nmni.2015.02.007.

Rogalski, W. (1985). Chemical Modification of the Tetracyclines. In J. J. Hlavka & J. H. Boothe
(Eds.), The Tetracyclines (pp. 179-316). Springer Berlin Heidelberg.
https://doi.org/10.1007/978-3-642-70304-1_5.

Rollo, S. N., Norby, B., Bartlett, P. C., Scott, H. M., Wilson, D. L., Fajt, V. R,, Linz, J. E.,
Bunner, C. E., Kaneene, J. B., & Huber, J. C. (2010). Prevalence and patterns of
antimicrobial resistance in Campylobacter spp isolated from pigs reared under

antimicrobial-free and conventional production methods in eight states in the Midwestern

93



United States. Journal of the American Veterinary Medical Association, 236(2), 201-210.
https://doi.org/10.2460/javma.236.2.201.

Ryan, M. P., Dillon, C., & Adley, C. C. (2011). Nalidixic Acid-Resistant Strains of Salmonella
Showing Decreased Susceptibility to Fluoroquinolones in the Midwestern Region of the
Republic of Ireland Due to Mutations in the gyrA Gene. Journal of Clinical Microbiology,
49(5), 2077-2079. https://doi.org/10.1128/JCM.02574-10.

Sapunaric, F. M., & Levy, S. B. (2005). Substitutions in the interdomain loop of the Tn10 TetA
efflux transporter alter tetracycline resistance and substrate specificity. Microbiology
(Reading, England), 151(Pt 7), 2315-2322. https://doi.org/10.1099/mic.0.27997-0.

Scallan, E., Hoekstra, R. M., Angulo, F. J., Tauxe, R. V., Widdowson, M. A., Roy, S. L., Jones,
J. L., & Griffin, P. M. (2011). Foodborne illness acquired in the United States-Major
pathogens. Emerging Infectious Diseases, 17(1), 7-15.
https://doi.org/10.3201/eid1701.P11101.

Schar, D., Sommanustweechai, A., Laxminarayan, R., & Tangcharoensathien, V. (2018).
Surveillance of antimicrobial consumption in animal production sectors of low- and middle-
income countries: Optimizing use and addressing antimicrobial resistance. PL0S
medicine, 15(3), €1002521. https://doi.org/10.1371/journal.pmed.1002521.

Schwarz, S., Cardoso, M., & Wegener, H. C. (1992). Nucleotide sequence and phylogeny of the
tet(L) tetracycline resistance determinant encoded by plasmid pSTE1 from Staphylococcus
hyicus. Antimicrob Agents Chemother, 36(3), 580-588.
https://doi.org/10.1128/aac.36.3.580.

Schwarz, S., Silley, P., Simjee, S., Woodford, N., van Duijkeren, E., Johnson, A. P., & Gaastra,

W. (2010). Assessing the antimicrobial susceptibility of bacteria obtained from animals.

94



Veterinary Microbiology, 141(1-2), 1-4. https://doi.org/10.1016/j.vetmic.2009.12.013.

Silbergeld, E. K., Graham, J., & Price, L. B. (2008). Industrial food animal production,
antimicrobial resistance, and human health. Annual review of public health, 29, 151-169.
https://doi.org/10.1146/annurev.publhealth.29.020907.090904.

Sjolund, M., Backhans, A., Greko, C., Emanuelson, U., & Lindberg, A. (2015). Antimicrobial
usage in 60 Swedish farrow-to-finish pig herds. Preventive Veterinary Medicine, 121(3-4),
257-264. https://doi.org/10.1016/j.prevetmed.2015.07.005.

Subbiah, M., Caudell, M. A., Mair, C., Davis, M. A., Matthews, L., Quinlan, R. J., Quinlan, M.
B., Lyimo, B., Buza, J., Keyyu, J., & Call, D. R. (2020). Antimicrobial resistant enteric
bacteria are widely distributed amongst people, animals and the environment in Tanzania.
Nature Communications, 11(1). https://doi.org/10.1038/s41467-019-13995-5.

Tadesse, D. A., Zhao, S., Tong, E., Ayers, S., Singh, A., Bartholomew, M. J., & McDermott, P.
F. (2012). Antimicrobial drug resistance in Escherichia coli from humans and food animals,
United States, 1950-2002. Emerging infectious diseases, 18(5), 741-749.
https://doi.org/10.3201/eid1805.111153.

Tang, K. L., Caffrey, N. P., N6brega, D. B., Cork, S. C., Ronksley, P. E., Barkema, H. W.,
Polachek, A. J., Ganshorn, H., Sharma, N., Kellner, J. D., & Ghali, W. A. (2017).
Restricting the use of antibiotics in food-producing animals and its associations with
antibiotic resistance in food-producing animals and human beings: a systematic review and
meta-analysis. The Lancet. Planetary health, 1(8), e316—e327.
https://doi.org/10.1016/S2542-5196(17)30141-9.

Tang, Y., Dai, L., Sahin, O., Wu, Z,, Liu, M., & Zhang, Q. (2017). Emergence of a plasmid-

borne multidrug resistance gene cfr(C) in foodborne pathogen Campylobacter. The Journal

95



of antimicrobial chemotherapy, 72(6), 1581-1588. https://doi.org/10.1093/jac/dkx023.
Taylor, D. E., & Courvalin, P. (1988). Mechanisms of Antibiotic Resistance in Campylobacter
Species. Antimicrobial Agents and Chemotherapy, 32(8), 1107-1112.
https://doi.org/10.1128/aac.32.8.1107.
Thakur, S., & Gebreyes, W. A. (2005a). Campylobacter coli in swine production: antimicrobial
resistance mechanisms and molecular epidemiology. Journal of clinical
microbiology, 43(11), 5705-5714. https://doi.org/10.1128/JCM.43.11.5705-5714.2005.
Thakur, S., & Gebreyes, W. A. (2005b). Prevalence and antimicrobial resistance of
Campylobacter in antimicrobial-free and conventional pig production systems. Journal of
Food Protection, 68(11), 2402-2410. https://doi.org/10.4315/0362-028X-68.11.2402
Tiseo, K., Huber, L., Gilbert, M., Robinson, T. P., & Van Boeckel, T. P. (2020). Global Trends
in Antimicrobial Use in Food Animals from 2017 to 2030. Antibiotics (Basel,
Switzerland), 9(12), 918. https://doi.org/10.3390/antibiotics9120918.
Trauffler, M., Griesbacher, A., Fuchs, K., & Kofer, J. (2014). Antimicrobial drug use in Austrian
pig farms: plausibility check of electronic on-farm records and estimation of
consumption. The Veterinary record, 175(16), 402. https://doi.org/10.1136/vr.102520.
Treangen, T. J., Ondov, B. D., Koren, S., & Phillippy, A. M. (2014). The harvest suite for rapid
core-genome alignment and visualization of thousands of intraspecific microbial genomes.
Genome Biology, 15(11), 1-15. https://doi.org/10.1186/s13059-014-0524-X.
Tuckman, M., Petersen, P. J., Howe, A. Y., Orlowski, M., Mullen, S., Chan, K., Bradford, P. A,,
& Jones, C. H. (2007). Occurrence of tetracycline resistance genes among Escherichia coli
isolates from the phase 3 clinical trials for tigecycline. Antimicrobial agents and

chemotherapy, 51(9), 3205-3211. https://doi.org/10.1128/AAC.00625-07.

96



USDA-ERS. (2007). The Changing Economics of U.S. Hog Production. 52.
https://www.ers.usda.gov/webdocs/publications/45936/12767 err52.pdf?v=0.

Van Boeckel, T. P., Brower, C., Gilbert, M., Grenfell, B. T., Levin, S. A., Robinson, T. P.,
Teillant, A., & Laxminarayan, R. (2015). Global trends in antimicrobial use in food
animals. Proceedings of the National Academy of Sciences of the United States of America,
112(18), 5649-5654. https://doi.org/10.1073/pnas.1503141112.

Van Boeckel, T. P., Glennon, E. E., Chen, D., Gilbert, M., Robinson, T. P., Grenfell, B. T.,
Levin, S. A., Bonhoeffer, S., & Laxminarayan, R. (2017). Reducing antimicrobial use in
food animals. Science (New York, N.Y.), 357(6358), 1350-1352.
https://doi.org/10.1126/science.aa01495.

Van Rennings, L., Von Miinchhausen, C., Ottilie, H., Hartmann, M., Merle, R., Honscha, W.,
Késbohrer, A., & Kreienbrock, L. (2015). Cross-sectional study on antibiotic usage in pigs
in Germany. PLoS ONE, 10(3), 1-28. https://doi.org/10.1371/journal.pone.0119114.

Varela, N. P., Friendship, R. M., & Dewey, C. E. (2007). Prevalence of Campylobacter spp.
isolated from grower-finisher pigs in Ontario. The Canadian Veterinary Journal = La
Revue Veterinaire Canadienne, 48(5), 515-517.

Varga, C., Rajic’, A., McFall, M. E., Reid-Smith, R. J., & McEwen, S. A. (2009). Associations
Among Antimicrobial Use and Antimicrobial Resistance of Salmonella spp. Isolates from
60 Alberta Finishing Swine Farms. Foodborne Pathogens and Disease, 6(1).
https://doi.org/10.1089=fpd.2008.0118.

Wang, H., McEntire, J. C., Zhang, L., Li, X., & Doyle, M. (2012). The transfer of antibiotic
resistance from food to humans: facts, implications and future directions. Revue scientifique

et technique (International Office of Epizootics), 31(1), 249-260.

97



https://doi.org/10.20506/rst.31.1.2117.

Wang, S., Gao, X., Gao, Y., Li, Y., Cao, M., Xi, Z., Zhao, L., & Feng, Z. (2017). Tetracycline
resistance genes identified from distinct soil environments in China by functional
metagenomics. Frontiers in Microbiology, 8(JUL).
https://doi.org/10.3389/fmicb.2017.01406.

Wang, Y, & Taylor, D. E. (1990). Natural transformation in Campylobacter species. Journal of
Bacteriology, 172(2), 949-955. https://doi.org/10.1128/jb.172.2.949-955.1990.

Wang, Y., He, T., Schwarz, S., Zhou, D., Shen, Z., Wu, C., Wang, Y., Ma, L., Zhang, Q., &
Shen, J. (2012). Detection of the staphylococcal multiresistance gene cfr in Escherichia coli
of domestic-animal origin. The Journal of antimicrobial chemotherapy, 67(5), 1094-1098.
https://doi.org/10.1093/jac/dks020.

Wang, Yang, Zhang, W., Wang, J., Wu, C., Shen, Z., Fu, X,, Yan, Y., Zhang, Q., & Schwarz, S.
(2012). Distribution of the Multidrug Resistance Gene cfr in Staphylococcus Species
Isolates from Swine Farms in China. 1485-1490. https://doi.org/10.1128/AAC.05827-11.

Weijtens, M. J., van der Plas, J., Bijker, P. G., Urlings, H. A., Koster, D., van Logtestijn, J. G., &
Huis in't Veld, J. H. (1997). The transmission of Campylobacter in piggeries; an
epidemiological study. Journal of applied microbiology, 83(6), 693-698.
https://doi.org/10.1046/].1365-2672.1997.00301.x.

Weijtens, M. J. B. M., Reinders, R. D., Urlings, H. A. P., & Van Der Plas, J. (1999).
Campylobacter infections in fattening pigs; Excretion pattern and genetic diversity. Journal
of Applied Microbiology, 86(1), 63—70. https://doi.org/10.1046/j.1365-2672.1999.00636.x.

Weijtens, M. J., Urlings, H. A., & Van der Plas, J. (2000). Establishing a Campylobacter-free pig

population through a top-down approach. Letters in applied microbiology, 30(6), 479-484.

98



https://doi.org/10.1046/j.1472-765x.2000.00750.x.

WHO. (2017). Critically Important Antimicrobials for Human Medicine (5th rev). Geneva:
World Health Organization.
https://apps.who.int/iris/bitstream/handle/10665/255027/9789241512220-
eng.pdf?sequence=1.

WHO. (2020). Urgent health challenges for the next decade. https://www.who.int/news-
room/photo-story/photo-story-detail/urgent-health-challenges-for-the-next-decade

Wilcock, B. P., & Schwartz, K. J. (1992). Salmonellosis, 7th ed. lowa State University Press,
Ames.

Wilkins, W., Raji¢, A., Waldner, C., McFall, M., Chow, E., Muckle, A., & Rosengren, L. (2010).
Distribution of Salmonella serovars in breeding, nursery, and grow-to-finish pigs, and risk
factors for shedding in ten farrow-to-finish swine farms in Alberta and
Saskatchewan. Canadian journal of veterinary research = Revue canadienne de recherche
veterinaire, 74(2), 81-90..

Wu, F., Tokach, M. D., Derouchey, J. M., Dritz, S. S., Woodworth, J. C., Goodband, R. D.,
Chitakasempornkul, K., Bello, N. M., Capps, K., Remfry, S., Scott, H. M., Nagaraja, T. G.,
Apley, M. D., & Amachawadi, R. G. (2019). Effects of Tylosin Administration Routes on
the Prevalence of Antimicrobial Resistance among Fecal Enterococci of Finishing Swine.
Foodborne Pathogens and Disease, 16(5), 309-316. https://doi.org/10.1089/fpd.2018.2551.

Yamazaki-Matsune, W., Taguchi, M., Seto, K., Kawahara, R., Kawatsu, K., Kumeda, Y.,
Kitazato, M., Nukina, M., Misawa, N., & Tsukamoto, T. (2007). Development of a
multiplex PCR assay for identification of Campylobacter coli, Campylobacter fetus,

Campylobacter hyointestinalis subsp. hyointestinalis, Campylobacter jejuni, Campylobacter

99



lari and Campylobacter upsaliensis. Journal of Medical Microbiology, 56(11), 1467-1473.
https://doi.org/10.1099/jmm.0.47363-0.

Zhang, L. (2011). Establishment and Development of Antibiotic Resistant Bacteria in Host
Gastrointestinal Tract—Food, Drug, or Are We Born with It?PhD dissertation The Ohio
State University, Columbus, OH.
https://etd.ohiolink.edu/apexprod/rws_olink/r/1501/10?clear=10&p10_accession_num=0su
1316186957.

Zhang, L., Huang, Y., Zhou, Y., Buckley, T., & Wang, H. H. (2013). Antibiotic administration
routes significantly influence the levels of antibiotic resistance in gut microbiota.
Antimicrobial Agents and Chemotherapy, 57(8), 3659-3666.
https://doi.org/10.1128/AAC.00670-13.

Wang, Y., Wang, Y., Wu, C. M., Schwarz, S., Shen, Z., Zhang, W., Zhang, Q., & Shen, J. Z.
(2011). Detection of the staphylococcal multiresistance gene cfr in Proteus vulgaris of food
animal origin. The Journal of antimicrobial chemotherapy, 66(11), 2521-2526.
https://doi.org/10.1093/jac/dkr322.

Zhao, S., Tyson, G. H., Chen, Y., Li, C., Mukherjee, S., Young, S., Lam, C., Folster, J. P.,
Whichard, J. M., & McDermott, P. F. (2016). Whole-genome sequencing analysis
accurately predicts antimicrobial resistance phenotypes in Campylobacter spp. Applied and
Environmental Microbiology, 82(2), 459-466. https://doi.org/10.1128/AEM.02873-15.

Zhou, Y., Li, Y., Zhang, L., Wu, Z., Huang, Y., Yan, H., & Zhong, J. (2020). Antibiotic
Administration Routes and Oral Exposure to Antibiotic Resistant Bacteria as Key Drivers
for Gut Microbiota Disruption and Resistome in Poultry. 11(July), 1-15.

https://doi.org/10.3389/fmicbh.2020.01319.

100



101



