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ABSTRACT
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Salmonella spp. (Salmonella) in nursery pigs is challenging as it can promote the
maintenance and circulation of the bacteria through all stages of pork production.
Flavophospholipol, an antibiotic, may have the ability to reduce Salmonella in swine, as well as
alter the gut microbiota in favour of beneficial bacteria by inhibiting pathogenic bacteria like
Salmonella. Thus, the objectives of this thesis were: (i) to identify nursery barns with an active
Salmonella infection and to determine the risk factors associated with an active Salmonella
infection, and (ii) to evaluate the impact of flavophospholipol on Salmonella and the fecal
microbiota of nursery pigs challenged with Salmonella Typhimurium. Serological and
bacteriological methods were used to identify active Salmonella infections on Ontario nursery
cohorts. Approximately 80% (37/46) of nurseries were found positive either using serological or
bacteriological methods or both. Findings revealed that using both screening techniques in
parallel, improved the sensitivity of identifying an active Salmonella infection on a nursery
cohort. A logistic regression was used to assess risk factors associated with an active Salmonella

infection in nursery cohorts. However, examination of risk factors didn't identify why the
negative farms were different from the others, but this warrants further study. Second, an
experimental study was conducted to assess the impact of in-feed flavophospholipol on
Salmonella in weaned pigs challenged with Salmonella Typhimurium over 36 days. Using nextgeneration sequencing, the fecal porcine microbiota was studied in a subset of these weaned pigs
receiving in-feed flavophospholipol compared to those receiving a non-medicated diet before
and after challenge with S. Typhimurium. Medicating nursery diets with flavophospholipol at 4
ppm did not appear to reduce Salmonella infection (shedding, tissue, antibody response) in
nursery pigs. With regards to the fecal porcine microbiota, results demonstrated a significant
increase in phylum Proteobacteria (P=0.001) and decrease in Firmicutes (P=0.012) and genus
Roseburia (P=0.003) in the treated pigs suggestive of possible microbial dysbiosis. In
conclusion, based on these findings, it is difficult to conclude whether treatment with 4 ppm of
flavophospholipol is aiding in reducing Salmonella and promoting favorable indigenous bacteria
in the pig microbiota as previous literature has suggested.
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction

Non-typhoidal Salmonella spp. (Salmonella) is a widespread enteric pathogen that greatly
impacts both humans and animals presenting public health, food safety, and economic concern
(Hendriksen et al., 2011; Hoffmann et al., 2015; Majowicz et al., 2010; S. M. Pires, de Knegt,
and Hald, 2011). The most recent yearly estimate for salmonellosis cases in Canada found the
pathogen to be the fourth leading cause of foodborne illness (Thomas et al., 2013). Although
only a small percentage of human salmonellosis cases in Canada can be traced back to pork
consumption (Davidson et al., 2011), Salmonella is prevalent on Canadian swine farms (Schut et
al., 2019; Wilkins et al., 2010). As a result, there is a possibility of indirect transmission of
Salmonella through produce, crops and groundwater contaminated by Salmonella of swine origin
through the use of manure to fertilize fields (Guan and Holley, 2003). To help mitigate the farmto-fork transmission of Salmonella, countries, like Denmark, have initiated a Salmonella
surveillance and control program as well as implementing farm management and biosecurity
practices (Alban et al., 2010).
Salmonella can be found in all stages of pork production (Schut et al., 2019).
Specifically, the prevalence of Salmonella during the nursery stage has been reported to be high
(Casanova-Higes et al., 2019; Kranker et al., 2003). The nursery stage is a critical period for pigs
as they are losing passive protection and are highly susceptible to various diseases (Kranker et
al., 2003). The relatively high prevalence of Salmonella in nursery pigs is challenging as some
pigs will remain carriers and it is likely to result in the dissemination of Salmonella through later

1

stages of pork production. It is possible that improvements in farm management and biosecurity
practices during the nursery stage could help prevent the circulation and maintenance of
Salmonella in pigs and the environment.
In general, the use of antimicrobials has not been successful in decreasing the prevalence
of Salmonella in the nursery pig population but there are studies suggesting, flavophospholipol,
can reduce Salmonella shedding and colonization in swine and poultry (Bolder et al., 1999;
Dealy and Moeller, 1976; Dorr and Gebreyes, 2009). Flavophospholipol, an antimicrobial, may
have the ability to improve the microbiota equilibrium by altering the microbial population in
favour of beneficial bacteria while suppressing pathogenic bacteria, like Salmonella (Dealy and
Moeller, 1976; He et al., 2010). The newly weaned pig’s microbiota is evolving during the
nursery stage and presents a great opportunity to manipulate their gut health with interventions to
help suppress the growth of pathogens, like Salmonella.

1.2 Salmonella

The origins of Salmonella spp. can be traced back to over 120 to 160 million years ago
when it deviated from Escherichia coli (E. coli) (Lawrence and Ochmantt, 2020; Ochman and
Wilson, 1987; Winfield et al., 2004). However, Salmonella was only first isolated in 1884 by
Daniel Elmer Salmon from the porcine intestine (Smith, 1894). Salmonella, a facultative
anaerobic Gram-negative bacteria belonging to the Enterobacteriaceae family, has over 2,600
identified serotypes based on the White-Kauffmann-Le Minor Scheme (Grimont and Weill,
2007; Issenhuth-Jeanjean et al., 2014; Kauffmann, 1961). Characteristically, Salmonella are
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motile, oxidase negative, catalase positive, non-spore forming rod bacteria with the ability to
decrease nitrate and ferment glucose (Hald, 2013; Kim and Isaacson, 2017).
1.2.1 Classification of Salmonella
The Salmonella genus is allocated into two species: S. enterica and S. bongori
(Issenhuth-Jeanjean et al., 2014; Su and Chiu, 2007). Salmonella enterica, which consists of
99% of all Salmonella serotypes, can be further divided into six subspecies: i. S. enterica subsp. I
enterica, S. enterica subsp. II salamae, S. enterica subsp. IIIa arizonae, S. enterica subsp. IIIb
diarizonae, S. enterica subsp. IV hautenae and S. enterica subsp. VI indica (Issenhuth-Jeanjean
et al., 2014; Sanderson and Nair, 2013). S. enterica subsp. I enterica, composed of majority of
the serotypes, is predominately associated with endotherms while the other five subspecies are
found in ectotherms or in the environment (Sanderson and Nair, 2013).
S. enterica subsp. I enterica can be differentiated into typhoidal and non-typhoidal
(Langridge et al., 2012). Typhoidal Salmonella (i.e. S. Typhi, S. Paratyphi A, S. Paratyphi B, S.
Paratyphi C), typically restricted to humans, can cause enteric fever (Langridge et al., 2012).
With improved living conditions, hygiene and sanitation, there has been a substantial decline in
typhoidal Salmonella (Gal-Mor et al., 2014; Rabsch et al., 2013). However, in developing
countries, typhoidal Salmonella continues to be a leading foodborne pathogen (Chimalizeni et
al., 2010; Mogasale et al., 2014; Siddiqui et al., 2015). Non-typhoidal salmonellosis is zoonotic
and commonly results in gastroenteritis, ranging from self-limiting to bacteraemia, and rarely
extra-intestinal focal infection (Gal-Mor et al., 2014; Langridge et al., 2012; Sanderson and Nair,
2013). Non-typhoidal Salmonella can be commonly recovered in industrialized countries largely
due to the increased demand for livestock production (Rabsch et al., 2013).
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Salmonella are classified into serotypes using the seroagglutination of Salmonella surface
antigens: O (somatic lipopolysaccharide; cell wall), H (flagellar) and Vi (capsular) (Grimont and
Weill, 2007; Issenhuth-Jeanjean et al., 2014). The antigenic structure, which possess a specific O
and H antigen, helps to identify serotypes (Grimont and Weill, 2007; Langridge et al., 2012). For
example, the antigenic structure for Typhimurium is 1,4,5,12:i:1,2 (first 4 numbers before the
first colon represent the O antigen, everything after the first colon represents the phases of
flagellar antigen) (Grimont and Weill, 2007; Sanderson and Nair, 2013). Only S. Typhi, S.
Paratyphi and S. Dublin serotypes express the Vi capsular antigen (Wain and Olsen, 2013).
Serotypes can be further divided into i) host-specific, ii) host-adapted and iii) non hostadapted/ubiquitous serotypes (Hald, 2013; Wallis and Barrow, 2005). Host-specific are serotypes
that cause Salmonella infection exclusively in a particular species (Molbak et al., 2006). For
example, S. Typhi, S. Paratyphi A and B and S. Sendai are associated with Salmonella infection
in humans while S. Gallinarum and S. Pullorum can be found in poultry (Stevens et al., 2009;
Wallis and Barrow, 2005). Host-adapted serotypes have evolved and adapted to specific animal
hosts but can be zoonotic. S. Cholerasuis and S. Dublin are serotypes adapted to swine and
bovine, respectively (Stevens et al., 2009; Wallis and Barrow, 2005). Non-host adapted are
Salmonella serotypes that can infect a wide range of species (i.e. S. Typhimurium, S. Enteritidis,
S. Infantis, S. Heidelberg) (Langridge et al., 2012; Stevens et al., 2009; Wallis and Barrow,
2005).
1.2.2 Epidemiology of Salmonella
Non-typhoidal Salmonella spp. (Salmonella) colonizes in the gastrointestinal tracts of
warm-blooded animals, with the main reservoir being livestock animals (Boyen et al., 2008;
Hald, 2013; Hong et al., 2016). Often infected animals are asymptomatic and rarely present
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clinical signs of disease (Hald, 2013; Stevens and Gray, 2013). Animals can intermittently shed
the bacteria in feces often resulting in the transmission of the pathogen to other animals or
humans via direct or indirect fecal-oral transmission (Hald, 2013; Pires et al., 2012). Modes of
transmission of the pathogen include consumption of contaminated food, water, animal feed,
unsanitary handling of food, handling infected animals, spread via infected animals,
contaminated fomites, surfaces and equipment (Cummings et al., 2012; Rabsch et al., 2013).
Salmonella infection often results in self-limiting gastroenteritis and rarely causes enteric
fevers, bacteremia or extra-intestinal focal infection (Andino and Hanning, 2015; Hendriksen et
al., 2011; Langridge et al., 2012; Sanderson and Nair, 2013; Scallan et al., 2011). Symptoms
associated with Salmonella infection include: chills, fever, abdominal pain or cramps, nausea,
vomiting, diarrhea, dehydration, headache, pain in the joints, myalgia, general malaise,
enterocolitis and fatigue (Andino and Hanning, 2015; Hald, 2013; Langridge et al., 2012). The
severity of the Salmonella infection is dependent on the serotype, infective dose and the age and
immunity of the host (Rabsch et al., 2013). Symptoms present within 12 to 72 hrs after being
infected and can last anywhere between 4 to 5 days (Andino and Hanning, 2015; Hald, 2013;
Harris et al., 2003). Some individuals can remain asymptomatic for up to a month post-infection,
however a chronic carrier state is uncommon in humans (Cummings et al., 2012; Giannella,
1996; Langridge et al., 2012).
There is no specific treatment for Salmonella as it is typically self-limiting, resulting in it
being heavily underreported (Rabsch et al., 2013). However, antibiotics may be required for
cases where there is septicemia, bacteraemia or enteric fever (Molbak et al., 2006).
Hospitalization rates for Salmonella infection were found second to norovirus in the both Canada
and the United States, however mortality in foodborne pathogen was highest in Salmonella
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infected patients in the United States (Scallan et al., 2011; Scallan et al., 2013; Thomas et al.,
2015). Immunocompromised individuals such as patients with human/acquired
immunodeficiency syndrome (HIV/AIDS), children under 6 months and adults over 65 years of
age are more frequent to experience complications resulting in hospitalization (Cummings et al.,
2010; Hald, 2013; Levine et al., 1991; Stanaway et al., 2019; Yen et al., 2007). In Canada,
between 2000-2010, the elderly population were found to be greatly impacted by Salmonella
accounting for 50% of Salmonella-related hospitalizations and 82% of deaths (Turgeon et al.,
2017). Forecasting of salmonellosis in Canada reveals that a higher proportion of Salmonella
cases are expected among seniors while a smaller proportion of cases are likely in children
(Turgeon et al., 2018). In addition, individuals infected with multi-drug resistant strains of
Salmonella are more likely to be hospitalized and experience increased mortality (Parisi et al.,
2018).
1.2.3 Public Health and Food Safety
Salmonella is a leading foodborne pathogen that greatly impacts public health and food
safety (Hald, 2013). In Canada, Salmonella is the fourth leading cause of enteric illness with
approximately 88,000 cases (Thomas et al., 2013). The most prominent Salmonella serotypes in
Canada based on a recent report are S. Enteritidis, S. Heidelberg and S. Typhimurium (Flockhart
et al., 2017; Public Health Agency of Canada, 2015). Salmonellosis in Canada is commonly
attributed to poultry, eggs, meat and unpasteurized milk but in the recent years there has been a
drastic increase in salmonellosis associated with fresh produce (Hald, 2013; Public Health
Agency of Canada, 2015).
Non-typhoidal Salmonella has been found to be a dominant source of enteric illness
worldwide as well, with the recent emergence of a monophasic variant of S. Typhimurium
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(EFSA, 2015; Gossner et al., 2016; Switt et al., 2009). The most recent yearly estimate suggests
there is approximately 155,000 deaths worldwide as a result of salmonellosis (Majowicz et al.,
2010). The global burden of Salmonella has also resulted in great economic losses as well
(Campo et al., 2012; Hoffmann et al., 2015; Scallan et al., 2013). This leads us to question why
there is a persistence of Salmonella in our food chain and environment.
It all starts with the adaptive ability of the pathogen to thrive in changing environments
(Hald, 2013). Salmonella is ubiquitous with the capacity to grow in food, water, feed, intestinal
tract, feces and survive in various other environments like soil and dust (Hald, 2013; Wales and
Davies, 2013). The bacteria is capable of growing in temperatures ranging from 5-45°C with 3537°C being optimal for growth (Harris et al., 2003; Srebernich et al., 2012; Tessari et al., 2012).
Furthermore, Salmonella has the ability to survive freezing temperatures and can continue
growth once thawed (Wales and Davies, 2013). The infectious dosage, ranging from 10 to
100,000, allows even a small abundance of bacteria to cause infection (Harris et al., 2003).
Moreover, the virulence factors, found on pathogenicity islands like SPI-1 and SPI-2, and the
growing antimicrobial resistance, ranging in different serotypes, makes the pathogen difficult to
control (Hald, 2013; Sterzenbach et al., 2013).
Additional driving factors that aid in the development of Salmonella being a leading
gastroenteric disease encompass consumer behaviour, globalization of food trade and
characteristics of the population (Hald, 2013; Tessari et al., 2012). The increased consumer
demand for meat and the escalating risk of contamination of produce, crops and groundwater
with Salmonella from manure used to fertilize fields makes it challenging (Giaccone et al., 2012;
Islam et al., 2004). As the demand for mass-produced food heightens, the globalization of food
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trade along with the commercialization and distribution have helped to disseminate Salmonella
throughout the food chain (Hald, 2013; Tessari et al., 2012).
1.2.4 Salmonellosis in Swine
Swine are an important reservoir for Salmonella (Andino and Hanning, 2015; Stevens
and Gray, 2013). The colonization of Salmonella in swine is not limited to the gastrointestinal
tract, it can also manifest in the mesenteric lymph nodes, ileocecal lymph nodes, spleen, liver,
tonsils and lungs (Hong et al., 2016; Jensen et al., 2006; Kim and Isaacson, 2017; Nair et al.,
2018; Wang et al., 2007). Transmission of Salmonella among swine predominately occurs via
fecal-oral route, however research does touch on aerosol, nose-to-nose and dust-borne
transmission (Fedorka-Cray et al., 1994; Oliveira et al., 2007; Oliveira et al., 2006; Stevens and
Gray, 2013; Wilkins et al., 2010) .
Clinical porcine salmonellosis is differentiated into two groups based on two
syndromes: septicaemia and enterocolitis (Stevens and Gray, 2013). S. Choleraesuis, a hostadapted serotype, is associated with septicaemia (Andino and Hanning, 2015). While,
enterocolitis is caused by S. Typhimurium along with other serotypes (Stevens and Gray, 2013).
Clinical signs associated with the septicaemic form of porcine salmonellosis include lack of
appetite, lethargy, fever (41.7ºC), respiratory signs (cough, difficulty breathing), diarrhea
(occurring after 4th and 5th day of infection) and cyanotic extremities (Stevens and Gray, 2013).
With enterocolitis, infected pigs typically have watery, yellow diarrhea, a lack of appetite, and
are lethargic and febrile (Stevens and Gray, 2013). Pigs can also experience enlarged mesenteric
lymph nodes, necrotic colitis and intestinal lesions (Stevens and Gray, 2013). Although S.
Choleraesuis has not been prevalent in recent years, S. Typhimurium has become one of the most
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frequently recovered serotypes in Ontario swine herds (Farzan et al., 2010; Farzan and
Friendship, 2010; Farzan et al., 2008; Nair et al., 2018).
Porcine salmonella can cause enterocolitis and septicaemia, but typically clinical signs
are uncommon in swine (Stevens and Gray, 2013). Most Salmonella infections are subclinical
and pigs are often asymptomatic carriers of the pathogen (Boyen et al., 2008; Nair et al., 2018;
Wood et al., 1989). During periods of stress (i.e. transportation, weaning, change of feed,
comingling of litters, prior to slaughter), pigs are found to intermittently shed the bacteria in
feces resulting in direct or indirect transmission of Salmonella (Callaway et al., 2006; Patterson
et al., 2016; Verbrugghe et al., 2011). The intermittent or continuous shedding of the bacteria
allows it to persist in the environment.
Salmonella is commonly recovered on Ontario swine farms (Ainslie-Garcia et al.,
2018; Schut et al., 2019). The prevalence of Salmonella in pig populations is dependent on
various factors including bacterial serotypes (i.e. S. Typhimurium), farm management and
biosecurity practice (Correia-Gomes et al., 2013; Pires et al., 2014). In addition, Salmonella can
be recovered more frequently at certain stages of the pig production. Briefly, there are 4 phases
of pig production: breeding/gestation (~ 3 months), farrowing (sow and suckling piglets), nursery
(from 3-4 until 8-10 weeks of age) and grower-finisher (from about 2 until 5-6 months of age).
Salmonella shedding has been found in sows during gestation, farrowing and lactation but in low
to moderate numbers (<10% -~34%) (Magistrali et al., 2011; Nollet et al., 2005; Schut et al.,
2019). Research has also found that younger sows were more likely to shed the bacteria
compared to older sows (Magistrali et al., 2011). In addition, a significant increase in Salmonella
shedding was found in sows during the post-weaning period (Magistrali et al., 2011; Nollet et al.,
2005). The elevated stress of post-weaning along with housing conditions may cause sows to be
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susceptible to new infections and carrier sows to shed Salmonella (Nollet et al., 2005; Schwartz,
1999). With the presence of Salmonella in sows, subsequent infection in suckling piglets is likely
(Casanova-Higes et al., 2019).
During weaning, nursery pigs are highly susceptible with various stressors resulting in a
high prevalence of Salmonella (Casanova-Higes et al., 2019; Kranker et al., 2003). They are
introduced to a new environment where they are forced to co-mingle with piglets from various
litters while adjusting to a change in feed and as a result, carrier pigs shed Salmonella (Callaway
et al., 2006; Campbell et al., 2013; Casanova-Higes et al., 2019; Kranker et al., 2003). In
addition, the passive immunity that piglets receive from their dam through ingestion of colostrum
begins to wane making pigs more susceptible to pathogens like Salmonella (Lalle et al., 2018;
Matiasovic et al., 2013). Specifically, S. Typhimurium is found to greatly impact pigs during the
nursery, between 6 to 12 weeks of age (Stevens and Gray, 2013). However, over the duration of
the nursery period and into the grower-finisher stage, pigs develop acquired immunity (Nair et
al., 2019; Nollet et al., 2005).
In Ontario, recent Salmonella detection on swine farms was 10.5% and 12.6% at weaning
and at the end of the nursery, respectively (Schut et al., 2019). The prevalence of Salmonella in
nursery pigs and residual Salmonella contamination in the environment plays a key role in the
prevalence and maintenance of Salmonella in later stages of pig production (Lurette et al., 2009;
Wales et al., 2011). On Ontario swine farms, the prevalence of Salmonella detected in the grower
and finisher stage was 12.3% and 20.2%, respectively (Ainslie-Garcia et al., 2018; Schut et al.,
2019). Detection of Salmonella at slaughter was 23.1%, a greater Salmonella prevalence than at
the end of the finisher stage (Ainslie-Garcia et al., 2018; Hurd et al., 2004; Schut et al., 2019).
The prevalence of Salmonella in swine has been found to impact productivity resulting in
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economic losses for producers (Farzan and Friendship, 2010). In addition, the emergence of
multidrug resistant Salmonella serotypes with increasing virulence like Salmonella Typhimurium
(S. Typhimurium) in swine at slaughter presents a public health concern (Bolton et al., 2013;
Delhalle et al., 2009).
1.2.5 Control of Salmonella
Human salmonellosis attributable to pork consumption in Canada is estimated to be 7.2%
to 8.1% (Davidson et al., 2011). In addition, with the prevalence of Salmonella on Canadian
swine farms (Schut et al., 2019; Wilkins et al., 2010), there is a possibility of indirect
transmission of Salmonella via swine manure to humans through contaminated groundwater,
produce and crops (Giaccone et al., 2012; Guan and Holley, 2003; Islam et al., 2004). Denmark
has adopted a Salmonella surveillance and control program to help mitigate the farm-to-fork
transmission of Salmonella by adopting better pre-harvest and post-harvest approaches (Alban et
al., 2010).
Post-harvest methods reduce the amount of Salmonella carriage on carcasses and
possibility for cross-contamination in the abattoir (De Busser et al., 2013). Prior to slaughter, it is
important to reduce Salmonella exposure to incoming pigs by effectively cleaning and
disinfecting transport vehicles and lairage pens in abattoirs (Walia et al., 2017). While the stress
associated to transport have been found to increase the shedding, overnight lairage can help to
reduce Salmonella shedding in pigs (Davies et al., 1999; Warriss et al., 1998). During
processing, different methods are implemented to decontaminate the carcasses including:
scalding and singeing (Gill and Bryant, 1993), washing with lactic acid (van Netten et al., 1995),
treatment with chlorine (Fabrizio and Cutter, 2004) and steam vacuuming (Milios et al., 2014).
In addition, hot water decontamination, by spraying the pig carcasses with hot water at 80ºC for
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14-16 seconds, at the end of the slaughter line was found effective in reducing prevalence of
Salmonella in pigs from high-risk herds (Alban et al., 2012). Although this is effective in
reducing Salmonella carriage on carcasses, focusing efforts on pre-harvest methods will help
produce more Salmonella-free pigs at slaughter.
Pre-harvest methods are on-farm interventions to help control and prevent Salmonella.
Essentially, these are farm management and biosecurity practices tailored to the needs of a
specific farm to reduce the presence of the pathogen in the environment (Andres and Davies,
2015). Briefly, practices that have been found to be effective include: reducing stocking density,
using liquid or wet feed, vaccination, antimicrobials, feed/water acidification, having slatted
floors, emptying the pit when it reaches a certain level below slatted floors, using all-in/all-out
production system flow, controlling the entrance of human traffic, animal/pest control,
disinfection of fomites, cleaning and disinfection of barn, quarantine areas for incoming/sick
pigs, and depopulation and repopulation of farms (Andres and Davies, 2015; Argüello et al.,
2018; Belœil et al., 2004; Boyen et al., 2008; Correia-Gomes et al., 2013; De Ridder et al., 2013;
Farzan et al., 2006; Hautekiet et al., 2008; Stevens and Gray, 2013; Van der Wolf et al., 2001;
Wales et al., 2011). Ensuring the environment is Salmonella-free during pre-harvest and at postharvest is beneficial. However, pairing this with a good intervention method (i.e. vaccination,
feeding program that alters the microbiota in a positive manner) may help to reduce the presence
of Salmonella in pigs.
1.2.6 Salmonella Detection Methods
Salmonella detection in swine has been primarily conducted using culture methods or
immunological screening methods (Korsak et al., 2006; Methner et al., 2011; Nair et al., 2018;
Schut et al., 2019; Van Winsen et al., 2001). Culture methods identify Salmonella based on
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nutrient acquisition, biochemical characteristics, and metabolic products unique to the pathogen
(Ricke et al.,1998). Whereas, immunological screening methods detect cell surface markers to
identify Salmonella (Odumeru and León, 2012).
Bacterial isolation of Salmonella, considered the gold standard for Salmonella detection
based on its selectivity and sensitivity, is the most commonly used technique to identify
Salmonella (Odumeru and León, 2012). The bacterial culture process can take 5-7 days and
includes multiple enrichment steps followed by plating the broth on agar plates for the bacteria to
grow (Odumeru and León, 2012). Biochemical or serological tests are used to confirm positive
Salmonella colonies (Odumeru and León, 2012). In addition, isolated Salmonella can be later
serotyped and antimicrobial resistance patterns can be determined (Methner et al., 2011).
Standard bacterial culturing methods are laborious, time-consuming and expensive (Maciorowski
et al., 2006). However, the length and processing time can be improved by using a single
effective enrichment media, using bacteriophages, improved selective agar and better
standardization of laboratory methods (Odumeru and León, 2012).
A commonly used immunological method is a biochemical technique called enzymelinked immunosorbent assay (ELISA), which detects the presence of antibody or antigen in the
sample (Odumeru and León, 2012). For this method, a microtitre test plate coated with
Salmonella-antigen is used. Briefly, detection antibodies linked to an enzyme are added to the
sample which then immobilize to the antigen on microtitre plates (Odumeru and León, 2012).
Unbound materials (non-specific proteins or antibodies) are removed by rinsing the plate off
(Odumeru and León, 2012). A colorimetric reaction is initiated by adding an enzymatic substrate
solution and using the colorimetric equipment, the presence of the target antigen is measured
(Odumeru and León, 2012). Advantages of using an ELISA is that it may be very specific
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(depending on the type of targeting antigens), sensitive, rapid, scalable, multiple samples can be
conducted at one time and is an easy procedure for laboratories to adopt (Odumeru and León,
2012). However, the ELISA is also reactive to various components (i.e. enrichment medium,
incubation conditions, changes to antigens, variable cell surface antigen production) presenting
limitations for the testing method (Odumeru and León, 2012).
Although there is correlation between bacteriological and serological Salmonella
classification in swine, both techniques have strengths and weaknesses (Lo Fo Wong et al.,
2004). Bacterial isolation allows for the detection of viable bacterial cells, whereas
immunological classification detects viable nonculturable cells (Maciorowski et al., 2006). Using
culture methods, current Salmonella infections can be identified. Whereas, serological testing
can identify historical Salmonella exposure in intermittent shedders or subclinical infected pigs
(Kranker et al., 2003; Lo Fo Wong et al., 2004; Methner et al., 2011; Van Winsen et al., 2001).
Although bacteriology is identified as the gold standard, without adequate fecal matter (25 g) the
testing method has a lower sensitivity resulting in reduced detection of Salmonella (Funk et al.,
2000). In comparison, serological testing is inexpensive and has better sensitivity (Alban et al.,
2012). Thus, the combined use of both tests in parallel to detect Salmonella is recommended.

1.3 Flavophospholipol

Flavophospholipol, also known as bambermycin, moenomycin or flavomycin, is a
phosphoglycolipid antibiotic that has no therapeutic use in human or veterinary medicine due to
the weak pharmacokinetic and pharmacodynamic features of the antibiotic (Huber, 1979; Pfaller,
2006). Discovered in 1955, flavophospholipol has been used for the last 40 years as an
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antimicrobial growth promoter in the swine industry (Bause and Legler, 1982; Huber, 1979;
Pfaller, 2006; Van den Bogaard et al., 2002). Flavophospholipol, produced by Streptomyces spp.,
is primarily effective against Gram-positive bacteria (e.g. staphylococci, streptococci) (Bause
and Legler, 1982; Butaye et al., 2000; Huber and Nesemann, 1968; Huber, 1979; Pfaller, 2006;
Van den Bogaard et al., 2002; Wang et al., 2009). However, research suggests the antimicrobial
may be effective in reducing Salmonella, a Gram-negative bacteria, in swine (Dealy and Moeller,
1976; Dorr and Gebreyes, 2009; Van den Bogaard et al., 2002).
1.3.1 Mechanism
In Gram-positive bacteria, flavophospholipol inhibits transglycosylase activity in
penicillin-binding proteins (PBPs) preventing peptidoglycan synthesis in the cell wall (Bause and
Legler, 1982; Butaye et al., 2000; Huber, 1979; Huber and Nesemann, 1968; Pfaller, 2006; Van
den Bogaard et al., 2002; van Heijenoort et al., 1987; Vanderwel and Ishiguro, 1984; Wang et
al., 2009). In Gram-negative bacteria, it is assumed that flavophospholipol is unable to penetrate
the outer membrane (Dealy and Moeller, 1976; Van den Bogaard et al., 2002). Studies have
suggested that flavophospholipol may have some defence against Salmonella and E. coli (Butaye
et al., 2003). Specifically, flavophospholipol may supress PBP 1b, responsible for peptidoglycan
bacterial synthesis in E. coli (Butaye et al., 2003). In addition, PBP 1a and PBP 3 may also be
susceptible to flavophospholipol in E. coli (Butaye et al., 2003; van Heijenoort et al., 1987).
In terms of antimicrobial resistance, in-vitro susceptibility of various intestinal bacteria
(e.g. E. coli, Salmonella spp., Campylobacter spp.) to flavophospholipol revealed a low to
natural resistance (MIC>128 µg/mL) in bacteria to the antibiotic (Aarestrup et al., 1998;
Devriese and Haeselbrouck, 1996; Dutta and Devries, 1984; Kissel, 1998b, 1998a; Pfaller, 2006;
Phillips et al., 2004; Sokol et al., 1973; Tollefson, 2004; Van den Bogaard et al., 2002; Witte,
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1998). Resistance develops slowly and is considered to be non-transferable (Kissel, 1998a;
Pfaller, 2006). This is suggested to be a result of chromosomal mutations rather than acquisition
of resistance plasmids as no resistance plasmids, to date, have been identified for
flavophospholipol (Kissel, 1998a; Pfaller, 2006). In addition, no cross-resistance to other
therapeutic antimicrobials have been found (Pfaller, 2006).
Furthermore, flavophospholipol may have a “plasmid-curing” effect in Gram-negative
bacteria (e.g. Salmonella, E. coli) carrying antimicrobial resistant R-plasmids (Kissel, 1998a,
1998b; Pfaller, 2006; Van den Bogaard et al., 2002; Watanabe et al., 1971). Researchers found
lower antimicrobial resistance levels in E. coli strains carrying R-plasmids compared to strains
without R-plasmids with the use of flavophospholipol (Mitsuhashi et al., 1970; Pfaller, 2006;
Van den Bogaard et al., 2002; Watanabe et al., 1971). An explanation for this plasmid-curing
effect is that flavophospholipol is suppressing the growth of bacteria that contain R-plasmids
(George and Fagerberg, 1984; Pfaller, 2006; Sokol et al., 1973). If flavophospholipol does have
this “plasmid-curing” ability, this can be beneficial in reducing the dissemination of multidrug
resistant serotypes of Salmonella spp. (Dealy and Moeller, 1976; Kissel, 1998a, 1998b; Pfaller,
2006; Sokol et al., 1973; Van den Bogaard et al., 2002; Watanabe et al., 1971).
1.3.2 Impact on the Microbiota and Salmonella
Flavophospholipol has been developed as an antimicrobial growth promoter in livestock
due to its ability to stabilize the microbiota in favour of beneficial bacteria while suppressing
pathogenic microorganisms (e.g. Staphylococcus spp., Enterococcus faecalis) (Bolder et al.,
1999; Butaye et al., 2003; Devriese and Haeselbrouck, 1996; Dutta and Devries, 1984; Kissel,
1998b; Pfaller, 2006). Flavophospholipol is either aiding beneficial bacteria to compete for
binding sites or the antibiotic is reducing intestinal pH and suppressing amino acids to convert to
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ammonia resulting in an unfavourable environment for pathogenic bacteria (Bolder et al., 1999;
He et al., 2010). This positive impact flavophospholipol has on the microbiota can in turn
improve growth performance and feed conversion in livestock (Butaye et al., 2003; Pfaller,
2006). In addition, studies in swine and poultry found flavophospholipol was effective in
reducing Salmonella colonization and shedding (Dealy and Moeller, 1976; Dorr and Gebreyes,
2009; Van den Bogaard et al., 2002). Using flavophospholipol, other studies found a reduction in
Salmonella colonization in lymph nodes but no impact on fecal shedding (Letellier et al., 2000).
Meanwhile, more a recent study found flavophospholipol had no impact in reducing Salmonella
shedding or colonization in tissue or lymph nodes in naturally infected grower-finisher pigs (Nair
et al., 2018). This is likely a result of multiple Salmonella serotypes circulating in the population
(Nair et al., 2018).

1.4 Microbiome

As humans and animals have evolved over the centuries, the microbial community within
and on them also has progressed. From the first ancient bacteria, there is approximately 1030
individual bacteria in the world today (Whitman et al., 1998). With an estimated 100 trillion
(1014) microbes in the human body, the microbial community outnumbers eukaryotic cells by 10fold and 100-fold more in genetic material (Ley et al., 2006; Luckey, 1972; Savage, 1977). This
microbial community found in or on the host is defined as the microbiota. In 2001, Lederberg et
al. coined the term microbiome. The microbiome, which has been referred to as a “multicellular
complex organ”, encompasses the microbial contents (bacteria, viruses, protozoa and fungi)
found in different environments of animals and humans as well as their genetic material
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(Bäckhed et al., 2005; Isaacson and Kim, 2012; Lederberg and McCray, 2001; Turnbaugh and
Gordon, 2008). The microbiome identifies as an ecological community of commensal, symbiotic
and pathogenic microorganisms (Lederberg and McCray, 2001) that help to maintain the health,
immune system and perform activities for the host (Isaacson and Kim, 2012).
Although the first study on the microbiome is reported to date back to 1673 by Antonie
van Leewenhoek, it is only in the past 30 years due to methodological developments that a better
understanding has been gained of the complexities of the microbiome and the role of microbes
on ecosystems. Of the different environments, the intestinal microbiome of the pig in recent
years has become a topic of intense research. The gastrointestinal tract has great genetic diversity
and the ability to conduct various biological activities that the host may be unable to perform
(Isaacson and Kim, 2012). This section of the literature review will focus on the microbiome,
expanding on the intestinal microbiome of the pig, its composition, and the impact of
perturbations.
1.4.1 Microbes, Microbial Communities and Quantification
Microbes (microorganisms) are single-celled or multicellular organisms that include
bacteria, viruses, fungi and protozoa (Pray et al., 2013). By developing symbiotic relationships
(commensal, mutualistic and parasitic) with other microorganisms, microbes form microbial
communities within and on the host. When microbes form commensal relationships, one
microorganism benefits while the other neither benefits or is harmed (Barton and Northup,
2011c; Hooper, 2004). Whereas, in parasitic relationships, one microorganism benefits while the
other is harmed (Barton and Northup, 2011c). Lastly, in mutualistic relationships, both
microorganisms are found to benefit (Barton and Northup, 2011c; Hooper, 2004). These
symbiotic relationships have been evolutionary in allowing microbes to survive through
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metabolic and cellular advancements (Barton and Northup, 2011c; Hooper, 2004; Mazmanian et
al., 2005).
To understand microbial communities, it is important to understand the classification of
these microbes as well as their diversity in a population. There are three domains of life:
Bacteria, Archaea and Eukarya (Woese and Fox, 1977; Woese et al., 1990). Prokaryotic
microorganisms belong to Bacteria and Archaea while eukaryotic microorganisms belong to
Eukarya, which consists of cellular life (Hurst, 2011; Woese and Fox, 1977; Woese et al., 1990).
Taxonomic classification categorizes microorganisms within these domains of life into a
hierarchical system starting with kingdom, phylum, class, order, family, genus and lastly species
(Barton and Northup, 2011b). The placement of microorganisms into this hierarchical system is
primarily based on their ribosomal ribonucleic acid (RNA) nucleotide sequence (Hurst, 2011).
The species diversity found in a microbial community can be described by the richness,
abundance, and evenness (Barton and Northup, 2011d; Woese, 1987). Richness of a microbial
community is based on the number of bacteria present, whereas the abundance is the prevalence
of bacteria in the community (Barton and Northup, 2011d). The microbial community can be
further described to assess the evenness which looks at the distribution or proportional
abundance of different species in the community (Barton and Northup, 2011d). The evenness can
help to capture the dominance of particular species within a community (Barton and Northup,
2011d). Overall, the richness, abundance and evenness helps to understand the diversity of a
bacteria or the lack of it in the microbiome.
However, to describe species diversity in a microbial community, there needs to be a
clear definition of what entails a species. Initially, DNA-DNA hybridization was used in
bacterial and archaeal species to measure the degree of genetic relatedness (Barton and Northup,
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2011d; Thompson et al., 2013). Microorganisms were considered the same species if more than
70% of purified genomic DNA (deoxyribonucleic acid) hybridized (Barton and Northup, 2011d;
Thompson et al., 2013). Currently, defining species is based on the phylogenetic species concept
of relatedness in small subunit ribosomal RNA (16S rRNA) (Barton and Northup, 2011d, 2011a;
Woese and Fox, 1977). Two microbes are considered the same species given their 16S rRNA
gene sequencing homology is ³97%, while some researchers find a 99% cut-off more
appropriate (Barton and Northup, 2011d; Turnbaugh and Gordon, 2008). The vagueness of
defining species has led to the use of operational taxonomic units (OTUs) approach, where
microorganisms are assigned to groups based on defined parameters, where ³97% sequence
homology translates to same species (Barton and Northup, 2011d).
For a long time, bacterial culture methods were the only means to assess microbial
communities providing a narrow understanding and only shedding light on less than 1% of the
species of bacteria (Barton and Northup, 2011d). A more in-depth quantification of microbial
diversity was possible with the research advancements made by Woese et al. (1977). By
assessing the dissimilarities between sequences of 16S rRNA, Woese et al. (1977) were able to
identify species that were not quantified earlier through culture methods and assign taxonomic
designations. This methodology led to identifying 11 distinct phyla of bacteria in 1987 (Woese,
1987).
Since then, using metagenetic 16S rRNA gene sequencing, findings from various
researchers over the last 30 years have helped to begin to unfold and discover the true microbial
diversity: 45 phyla in 2002 (Hugenholtz, 2002), 52 phyla in 2003 (Rapp and Giovannoni, 2003).
It is believed that there may be knowledge of more than 100 phyla today. Although there have
been various phyla findings, only 26 bacterial phyla have been recognized by the International
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Code of Nomenclature of Bacteria (ICNB) as they have been cultured (Barton and Northup,
2011; Rapp and Giovannoni, 2003). The remaining bacterial phyla found using 16S rRNA gene
metagenetic analysis are referred to as phyla candidates (Rapp and Giovannoni, 2003). Nonclassified bacteria, which occur when there is insufficient homology with other sequences
resulting in the inability for taxonomic classification, also play a large role in microbial
population (Isaacson and Kim, 2012). Further exploration of 16S rRNA gene sequencing will be
presented in coming sections.
1.4.2 The Composition and Evolution of the Porcine Intestinal Microbiome
Animals and humans are born in a pristine state without contamination of microbes.
Through the birthing process, the host comes into contact with microbes (Turnbaugh and
Gordon, 2008). With entry through the oral route (anterior end of the gastrointestinal tract)
microbial populations can establish themselves within the intestinal microbiome. Over time as
the host ages, the microbiome develops and changes in composition. This is referred to as
microbial succession (Isaacson and Kim, 2012). This evolution of the microbiome is vital to the
host as it contributes to the developmental and metabolic needs (Hooper, 2004). The microbial
succession occurs until the host establishes a climax community. The climax community is a
baseline of microbes in the gut consisting of bacteria that are constant and have a stable
association with the host (Isaacson and Kim, 2012). It can be referred to as the indigenous
microbiota (Dubos et al., 1965). Given the oral route of entry, there is a constant influx of new
microbes that can cause a disturbance to the existing indigenous microbiota (Isaacson and Kim,
2012). With perturbations, such as changes in diet, antibiotic treatment, stress, or impact of new
microbial populations, changes will occur to the climax community (Isaacson and Kim, 2012).

21

However, the climax community will return to its “normal state” after the disruption is removed
(Dethlefsen et al., 2008).
Along with the changes that occur over time, there are differences in the composition of
the microbiome throughout the gastrointestinal tract. The microbiome is distinct from the
proximal to the distal end (Isaacson and Kim, 2012). There are two types of microbial
populations in mammals: autochthonous and allochthonous (Dubos et al., 1965; Savage, 1977).
The autochthonous population are stable resident bacteria that are co-evolving with the host
(Dubos et al., 1965). Whereas, allochthonous are opportunistic non-resident bacteria that are
making their way through the gastrointestinal tract (Savage, 1977). Although a bacteria may be
considered allochthonous in one habitat, it can be autochthonous in another habitat (Isaacson and
Kim, 2012). This is based on the gastrointestinal tract being open ended and having distinct
habitats from the anterior to the posterior end (Isaacson and Kim, 2012). A particular bacterium
will inhabit certain areas of the microbiome based on the availability of specific nutrients, tissue
receptors, colonizing sites, pH and metabolic activities (Isaacson and Kim, 2012).
The majority of the bacteria that is found in the intestinal tract have yet to be classified.
This is largely due to the fact that for many years culture-dependent methods were used to
characterize the microbial populations (Isaacson and Kim, 2012). In 1979, Edward G. Russell
was only able to identify 52% of the gastrointestinal luminal contents and 20% of the tissueassociated bacteria of the pig using microscopic methods. He largely observed bacteria which
were in high abundance and was unable to capture the great diversity in the pig microbiome
(Russell, 1979). Gram-positive bacteria were predominately recovered (Russell, 1979) of which
Streptococcus, Lactobacillus, Eubacterium, Clostridium and Propionibacterium were the genera
that were most abundant in the gastrointestinal tissues. Other studies have recorded similar
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results (Allison et al., 1979; Isaacson and Kim, 2012). However, it is very difficult to compare
the microflora between studies given the variation in pigs, their health status and the differences
in methodologies used (Allison et al., 1979; Isaacson and Kim, 2012). After culture-dependent
processes, there have been development of various sequencing processes like sanger method,
shotgun sequencing, 454 pyrosequencing, DGGE and Illumina. With advances in
methodological processes (e.g. the use of 16s rRNA gene sequencing) a more in-depth analysis
of the microbial population is possible. Using this technique, a great number of bacteria,
previously unknown to be present in the microbiome, have now been identified. Furthermore, the
genetic diversity in the pig intestinal microbiome has been revealed.
Longitudinal studies assessing the microbiome composition have revealed the variability
in the porcine intestinal microbiome as the host ages. Kim et al. (2011) when assessing the fecal
microbiome of 20 commercial pigs from 2 farms over time (10 weeks of age to 22 weeks of age
in 3-week sampling intervals for a total of 5 sampling points) found the microbial population in
the pig intestines belonged predominately to two phyla. Of the two phyla, making up 90% of the
bacteria, a larger proportion of Firmicutes were found than Bacteriodetes (a phylum found in
large numbers in human microbiome) (Kim et al., 2011). The majority of bacteria were classified
into five phyla: Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria and Spirochaetes (Kim
et al., 2011). It was found that the proportion of Firmicutes increased as the host aged and the
proportion of Bacteroidetes decreased (Kim et al., 2011). In addition, as the host aged, the
number of non-classified bacteria also increased (Kim et al., 2011). The most common genus,
belonging to phylum Bacteriodetes, was Prevotella (Kim et al., 2011). However, Prevotella was
found in relatively large numbers (30% of classifiable bacteria) at 10 weeks of age but had
diminished to low numbers (3.5-4.0%) by 22 weeks of age (Kim et al., 2011). With this decrease
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in Prevotella, there was an increase in the genus Anaerobacter (phylum Firmicutes) (Kim et al.,
2011). The extensive research conducted by Kim et al. (2011) revealed over the 5 sampling time
points from 10 weeks of age to 22 weeks of age that there were 16 genera that were the most
abundant: Prevotella, Anaerobacter, Streptococcus, Lactobacillus, Coprococcus,
Sporacetigenium, Megasphaera, Subdoligranulum, Blautia, Oscillibacter, Faecalibacterium,
Pseudobutyrivibrio, Dialister, Sarcina, Roseburia, and Butyricoccus.
Findings by Kim et al (2011) also revealed that the microbiome composition varied with
age and provided insight into the establishment of a climax community as the host matured. The
changes in bacterial composition as the host ages is likely to be correlated to the change in diet
and the required metabolic functions that come with this change (Kim et al., 2011). A similar
study of the fecal microbiome was conducted by Looft et al. (2012) where they assessed the
microbiome of 3 pigs at 18 weeks of age and at 20 weeks of age. Researchers found similar
results to Kim et al. (2011) with Bacteriodetes and Firmicutes being the most prevalent phyla,
however Bacteriodetes were greater in number than Firmicutes and were not found to decrease in
number over time (Looft et al., 2012). The most common genera amongst these pigs were
Prevotella, Anaerovibrio, Succinivibrio, Oscillibacter, Parabacteroides, Hallella, and
Coprococcus (Looft et al., 2012).
Unpublished work by Isaacson et al. (2011) has also mentioned the similarities of the
microbiomes of the pig colon and cecum with the majority of the bacteria belonging to phyla
Firmicutes and Bacteriodetes (Isaacson and Kim, 2012). However, in terms of the cecum and
colon, Zhao et al. (2015) found Firmicutes to be the most dominant (>75%) followed by
Proteobacteria (13%). Meanwhile, the jejunum and ileum have been reported to be distinct with
the jejunum having large numbers of Firmicutes (>90%) followed by phyla Proteobacteria,
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Cyanobacteria and Actinobacteria (Isaacson and Kim, 2012). The ileum was found to
predominately have Firmicutes and Proteobacteria (Isaacson and Kim, 2012; Zhao et al., 2015).
Proteobacterium was found to make up 40% of the bacteria in the ileum, and of course this is
where we expect to find Salmonella and Escherichia coli (E. coli) (Isaacson and Kim, 2012).
Escherichia, Acinetobacter, Enterobacteriaceae and Psychrobacter were the most common
genera in the small intestine while Clostridiales were dominant in the large intestine (Zhao et al.,
2015).
1.4.3 Intestinal Pig Microbiome: Impact of Perturbations
The microbiome has a climax community which under perturbations, such as changes in
diet, antibiotic treatment, stress, or introduction of new microbial populations, will be impacted
(Isaacson and Kim, 2012). However, upon the removal of this disruption, the climax community
will return to its “normal state” (Dethlefsen et al., 2008). There are various types of perturbations
that can impact the intestinal pig microbiome. In this section, the impact of the following
disruptions will be discussed: diet, antibiotics, stress and microbes.
The changes that occur in diet can impact the composition of the intestinal microbiome of
pigs. As pigs age, their diet changes through the various stages and with that different bacteria
provide a range of metabolic capacities to digest different substrates. Zhao et al. (2015)
examined the microbial population of pigs at four different development stages sampling both
the feces and intestinal segments at these time points. The piglets were given a highly digestible
milk, a pre-starter diet for 1-week post-weaning and from there after fed grower diets. Findings
revealed that as pigs aged their fecal microbiome composition became more stable (Slifierz et al.,
2015; Zhao et al., 2015). In particular, results from feces analysis revealed the ratio of Firmicutes
to Bacteroidetes was 10 times higher in the older pigs (2, 3, and 6 months of age) than the 1-
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month-old pigs (Zhao et al., 2015). Firmicutes were the most dominant phylum in all
development stages: 73% in 1-month-old pigs to >90% in older pigs (Zhao et al., 2015).
Meanwhile, Proteobacteria were found to decrease from 16.3% in 1-month-old pigs to ~2% in
older pigs (Zhao et al., 2015). Similar findings were reported by Slifierz et al. (2015). The
abundance of Bacteriodetes varies as pigs age (Zhao et al., 2015). An increase in Firmicutes was
found to correlate with an increase in fat deposition in pigs (Zhao et al., 2015). In addition, fat
pigs were more likely to have a smaller number of Bacteroidetes, vital in degrading
carbohydrates (Arumugam et al., 2011; Zhao et al., 2015). Researchers speculate that the stress
of weaning, change in diet along with the age component contribute to these changes witnessed
in the composition of the microbiome (Kim et al., 2011; Zhao et al., 2015).
Feed additives are commonly used in the swine industry to help aid in reducing mortality
and morbidity. Knowledge on the impact of these additives on the microbiome is limited. A
research study by Vahjen et al. (2010) assessed the impact of therapeutic high levels (>2500) of
zinc oxide (ZnO), an additive to feed that can help to prevent diarrhea, on the microbiome of
piglets using 16S rRNA gene sequencing. Researchers found high dietary zinc oxide intake
caused major shifts in the porcine ileal bacterial composition with a significant increase in
Weissella spp., Leuconostoc spp., and Streptococcus spp and a decrease in Sarcina spp. and
Neisseria spp. (Vahjen et al., 2010). Meanwhile Leser et al. (2000) found that implementing a
diet rich in rice and dietary fibre for pigs resulted in changes in the microbiome to aid in
digestion of the rice supplement. Another research study by Pieper et al. (2009) found that by
administrating probiotic Lactobacillus plantarum to piglets at the time of weaning resulted in
positive benefits for the gastrointestinal microbiome. Although this area of research has only
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begun to be explored by scientists, the implementation of feed additives and changes to diet has
been found to have an impact and cause a shift in the microbiome of pigs.
Along with diet, the invasion of pathogenic bacteria can alter the microbiome in pigs. It
has been proposed that the indigenous population in the microbiome works to occupy space
preventing invasion or by directly interfering with pathogenic bacteria (Berg, 1996). Research by
Drumo et al. (2015) found wild type S. Typhimurium induced inflammation and reduced the
indigenous bacterial population that provides protection against such pathogens in post-weaned
piglets. Furthermore, researchers suspect this reduction in indigenous bacterial population could
contribute to a reduction in colonization resistance increasing the host’s susceptibility to be
colonized by wild type S. Typhimurium (Drumo et al., 2016).
Similarly, Borewicz et al. (2015) found pigs challenged with S. Typhimurium and
Lawsonia intracellularis were faced with disruptions to the microbiome in the colon and cecum.
Statistical increases in Anaerobacter, Barnesiella, Pediococcus, Sporacetigenium, Turicibacter,
Catenibacterium, Prevotella, Pseudobutyrivibrio and Xylanibacter in the S. Typhimurium and
Lawsonia intracellularis challenged pigs were found (Borewicz et al., 2015). Another research
study by Leser et al. (2000) found pigs experimentally infected with Brachyspira hyodysenteriae,
causing swine dysentery, resulted in a destabilization of the microbiome. However, it is not
known whether a destabilized microbiome was a result of the Brachyspira hyodysenteriae or
vice versa (Drumo et al., 2016).
For decades antibiotics have been largely used at a low (subtherapeutic) level in the
swine industry to improve growth, feed efficiency, reproductive health and to decrease mortality
and morbidity (Cromwell, 2002). At intermediate levels, antibiotics are used to prevent disease
while in high levels antibiotics are vital in treating disease (Cromwell, 2002). The extensive use
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of antibiotics in livestock has been controversial due to the risk of creating or selecting for
antimicrobial resistance. The mechanism behind these growth-promoting antibiotics is, for the
most part, unknown but it is believed that the positive changes can be associated with changes in
the composition of the intestinal microbiome of the pig (Isaacson and Kim, 2012). Furthermore,
the in-depth analysis of the microbiome can also help to reveal the changes in antimicrobial
resistance.
Different researchers have evaluated the impact of various antibiotics on the
gastrointestinal microbiome of pigs. Looft et al. (2012) using high throughput DNA sequencing
on fecal microbiome assessed the impact of a combination of chlortetracycline, sulfamethazine
and penicillin on grower-finisher pigs. Pigs (n=3) were treated at 18 weeks of age and tested at
18, 20 and 22 weeks of age while three pigs were held as controls on non-medicated diets (Looft
et al., 2012). Researchers found that after 2 weeks of treatment, there was a decrease in phylum
Bacteriodetes in the fecal microbiome with specific decreases in Anaerobacter, Barnesiella,
Papillibacter, Sporacetigenium and Sarcina (Looft et al., 2012). Metagenomic analyses revealed
microbial functional genes associated with energy production and conversion increased (Looft et
al., 2012). There is a possibility that the decrease in Bacteriodetes may be associated with the
increase in growth-promoting benefits when treating pigs with this particular antimicrobial
combination (Looft et al., 2012). After 14 days, an increase of 1-11% in phylum Proteobacteria
was also noted which correlated with an increase in E. coli (Looft et al., 2012). Lastly,
metagenomic analyses found there was an increase in genes (i.e. aminoglycoside Ophosphotransferase) associated with resistance to antibiotics (i.e. aminoglycoside) but the
findings were unrelated to the antimicrobial treatment (Looft et al., 2012).
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Meanwhile, Rettedal et al. (2009) investigated the effects of chlortetracycline on 6
experimental piglets fed a 50 mg/kg diet of chlortetracycline while another 6 experimental
piglets were fed a non-medicated feed for two weeks. The ileal microbiome, using cloning of
full-length 16S rRNA genes, in both the treatment and control group was initially 80 to 98.2%
dominated with Lactobacillus, members of the family Clostridiaceae and members of the genus
Turicibacter (Rettedal et al., 2009). With treatment of chlortetracycline, there was a decrease in
Lactobacillus johnsonii and Turicibacter and an increase in Lactobacillus amylovorus (Rettedal
et al., 2009). Researchers found a 3% difference level between the control and chlortetracycline
pigs revealing that treatment with chlortetracycline resulted in unique ileal communities
(Rettedal et al., 2009). Whereas, Collier et al. (2003) found in tylosin-treated pigs, using
denaturing gradient gel electrophoresis (DGGE) methods to assign taxonomic classification,
caused a decrease in 3 species of Lactobacillus, one species of Streptococcus, and one species of
Bacillus while there was an increase in Lactobacillus gasseri. Although various research studies
have shown changes in composition to the microbiome when antimicrobials are administered to
the host, there are no definite answers as to why there is a decrease in certain bacteria and an
increase in others. There are many knowledge gaps that exist that future research may be able to
shed light on.
Although all these perturbations mentioned above can have various degrees of impact on
the microbiome, one of the most known impacts is stress on pigs. Events like weaning, handling,
regrouping and transportation have been found to cause an increase in cortisol in pigs indicating
stress (Dowd et al., 2007; Janczyk et al., 2007; Verbrugghe et al., 2011). In such stressful events,
an increase in Salmonella and E. coli shedding in feces is common in pigs (Alban et al., 2012;
Dowd et al., 2007; Verbrugghe et al., 2012). Studies have found changes to the microbiome as a

29

result of weaning in piglets (Janczyk et al., 2007). This resulted in a large increase in
Lactobacillus (in particular, an increase in L. sobrius and L. amylovorous and a decline in L.
salivarius and L. garreri) and reduction in Bifdobacterium and E. coli (Janczyk et al., 2007).
However, because weaning is also associated with a change in diet for pigs, it is difficult to
conclude these changes in microbiome are a result of stress and not mostly a result of diet
change.
1.4.4 16S rRNA Gene Sequencing
The single target gene, 16S rRNA, can be utilized to characterize the microbial
population. The 16S rRNA gene, about 1550 bp long, is distinctive in that it is ubiquitous among
prokaryotic life (Clarridge, 2004; Woese, 1987). It is structurally known to have extreme
sequence conservation with unique nine hypervariable regions for each species type making it
the gold standard for identifying novel lineages (Isaacson and Kim, 2012; Lane et al., 1985;
Nockeret al., 2007; Tringe and Hugenholtz, 2008; Woese, 1987). By assessing the dissimilarities
between the sequences of 16S rRNA gene, an understanding of the microbial diversity and
assignment of taxonomic designations is possible (Woese and Fox, 1977).
Previously the entire 16S rRNA gene was sequenced at a limited depth of sequencing but
with advancements in sequencing technologies, there was a shift from sequencing the entire 16S
rRNA gene to sequencing regions of the 16S rRNA gene at a greater depth (Mizrahi-Man et al.,
2013; Tringe and Hugenholtz, 2008). Initially, the large-scale pyrosequencing (454) was
preferred to other sequencing platforms due to its ability to provide longer sequences (up to 500
bp) (Mizrahi-Man et al., 2013; Tringe and Hugenholtz, 2008). However, in the recent years,
Illumina MiSeq/HiSeq is one of the most popular next generation sequencing technology
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platforms for microbiome studies due to its high-throughput, increased sequence reading length,
and cheaper output (Quail et al., 2012; Werner et al., 2012).
In order for the most effective assessment of microbial population, as of now, there are a
few properties to consider: sequencing strategy, choice of 16S rRNA region, and choice of
primers (Mizrahi-Man et al., 2013; Schloss and Handelsman, 2004). In terms of sequencing
strategy, many researchers are harnessing the power of the deep, short-read, paired-end Illumina
sequencing. Although sequencing the whole 1550 bp long 16S rRNA may be necessary to
identify particular taxa, research has suggested that shorter sequence reads of the initial 500 bp
sequence reveals more diversity per kilobase sequenced (Kattar et al., 2000; Mizrahi-Man et al.,
2013). Furthermore, paired-end reads provide the ability to conduct clustering data into OTUs
(operational taxonomic units), which can then be used to calculate diversity indices and build
phylogenetic trees from the OTUs (Werner et al., 2012). With regard to the second property, next
generation sequencing technology utilizes hypervariable regions of 16S rRNA gene. Of the nine
hypervariable regions (V1-V9) in the 16S rRNA gene, V4 is the most commonly amplified for
the best phylogenetic analysis due to its low error rates, low amplification biases and
representation of the full length sequencing (Mizrahi-Man et al., 2013; Nocker et al., 2007;
Youssef et al., 2009). However, the V4 region is limited in that it doesn’t provide the species
level data or have full bacterial coverage (Mizrahi-Man et al., 2013; Nocker et al., 2007; Youssef
et al., 2009). Lastly, the selection of the appropriate primers is key, as poorly designed primers
are an important source of bias (Schloss and Handelsman, 2004).
One of the major limitations in studying the porcine intestinal microbiome is the inability
to extrapolate the 16S rRNA gene sequence analysis of the fecal microbiome to the rest of the
gastrointestinal tract. The fecal microbiome is representative of the distal gastrointestinal tract
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(colon and cecum) (Looft et al., 2014; Zhao et al., 2015). However, it is not very representative
of the stomach and small intestine (Looft et al., 2014; Zhao et al., 2015).

1.5 Summary and Research Objectives

By understanding the epidemiology of Salmonella in nursery pigs and associated risk
factors on swine farms, appropriate interventions can be applied to help reduce the infection in
naïve weaned pigs. Therefore, by preventing the infection from circulating in the nursery
population, the continuous spread of Salmonella in later stages of a pork production can be
eliminated. Specifically, newly weaned pigs, with diminishing systemic passive immunity and
the sudden disappearance of lactogenic immunity along with an evolving microbiota, are
susceptible to disease. This presents a great opportunity to manipulate their gut health with an
intervention to help suppress the growth of pathogens, like Salmonella. Flavophospholipol is an
antibiotic that may have the ability to alter the microbiota in favour of beneficial bacteria by
inhibiting pathogenic bacteria like Salmonella. There is limited literature on the impact of
flavophospholipol on the microbiota and Salmonella in nursery pigs. Thus, based on these
knowledge gaps, the following are the research objectives and hypothesis for this thesis:

(i)

To identify nursery cohorts with an active Salmonella infection and to determine the
risk factors associated with an active Salmonella infection (Chapter 2)
§

Using bacteriological and serological testing methods, Salmonella status will
be determined in 50 Ontario nursery cohorts. This investigation will provide a
better understanding of the prevalence of Salmonella in nurseries.
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§

By identifying risk factors associated with Salmonella infections on nurseries,
better farm management and biosecurity practices can be put in place to
reduce the presence and transmission of Salmonella in Ontario swine
nurseries.

(ii)

To evaluate the impact of flavophospholipol on nursery pigs challenged with S.
Typhimurium (Chapter 3)
§

Hypothesis: Flavophospholipol-treated nursery pigs will have reduced
shedding and colonization of S. Typhimurium in comparison to the nonmedicated controls.

§

Studies have reported the ability of flavophospholipol to reduce Salmonella in
swine and poultry. Meanwhile, other recent studies have found
flavophospholipol is not effective in reducing Salmonella. This investigation
will determine whether this intervention is capable of reducing S.
Typhimurium in nursery pigs, a population highly susceptible to infection.

(iii)

To evaluate the impact of flavophospholipol on the fecal microbiota of nursery pigs
challenged with S. Typhimurium (Chapter 4)
§

Hypothesis: Flavophospholipol-treated nursery pigs will have improved
microbiota equilibrium with more beneficial bacteria in comparison to the
non-medicated control pigs, where all pigs are challenged with S.
Typhimurium.
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§

Research suggests that flavophospholipol can alter the microbiota in favour of
beneficial bacteria by inhibiting pathogenic bacteria improving the microbial
equilibrium. Using next generation sequencing, the porcine fecal microbiota
of nursery pigs challenged with S. Typhimurium will be investigated to
determine whether flavophospholipol is helping the evolution of the
microbiota.
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CHAPTER 2: IDENTIFYING ACTIVE SALMONELLA INFECTIONS IN SWINE
NURSERIES USING SEROLOGY AND BACTERIAL CULTURE AND EVALUATING
ASSOCIATED RISK FACTORS
Formatted for submission: Canadian Journal of Veterinary Research

2.1 Abstract

The objectives of this study were to identify nursery cohorts with an active Salmonella infection
using serological and bacteriological detection methods and to determine risk factors associated
with nursery cohorts of pigs becoming infected with Salmonella. Twenty pigs from each of 50
cohorts of weaned pigs, from 44 different nursery barns, were sampled shortly after entering the
nursery (V1) and near the end of the nursery stage (V2). Information regarding farm
management and biosecurity practices were collected using a questionnaire. Blood samples were
obtained at both visits, while rectal swabs were collected only at V2. An enzyme-linked
immunosorbent assay (ELISA) was used to test sera for Salmonella antibodies and rectal
samples were cultured for Salmonella. A nursery cohort was identified as having an active
Salmonella infection if one or more of the 20 pigs that were sampled showed a Salmonella
antibody response pattern with an increase in Salmonella antibody titres from V1 to V2 resulting
in Salmonella seropositivity at V2, or a pattern with no change in seropositivity status from V1
to V2 and/or Salmonella cultured from one or more pigs. The association between farm-level
management and biosecurity covariates and active Salmonella infection was assessed in 46
cohorts using a logistic regression model. Using serological and bacteriological testing methods,
9 of 46 (20%) cohorts produced Salmonella-free pigs. The remaining 37 (80%) cohorts were
classified as having an active infection. Specifically, 22 (48%) cohorts were identified with an
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active Salmonella infection using both direct and indirect methods, while 8 (17%) and 7 (15%)
of the nursery cohorts were identified as having an active infection based on serology or only by
bacteriology, respectively. Examination of risk factors failed to identify why the negative farms
were different from the others, but this warrants further study.

2.2 Introduction

Newly weaned pigs are highly susceptible to various diseases because at the beginning of
the nursery stage passive immunity is waning and the pigs are subjected to multiple stresses (1).
The prevalence of Salmonella shedding has been reported to be high in the nursery pigs (1,2).
Clinical signs associated with Salmonella infection may include diarrhea and reduced growth
rate but more commonly pigs remain asymptomatic (3,4). Pigs that are asymptomatic carriers do
not always shed Salmonella continuously and this makes bacterial culturing unreliable as a
means of determining Salmonella status (4). In addition, the best results as far as detecting
Salmonella from an asymptomatic carrier pig is to use at least 25g of fecal material but newly
weaned pigs may not be eating during the first few days, making it difficult to obtain a fecal
sample from individual pigs (5). Serological testing methods to assess antibody response to
Salmonella infection have been shown to be more effective in identifying the population of
intermittent shedders than traditional bacteriological methods (6) but antibody titres in young
animals might be difficult to interpret because they may reflect a reaction to recent exposure or
possibly indicate lingering passive immunity.
The epidemiology of Salmonella in swine has been previously studied in many parts of
the world (1,7–11) and commonly with emphasis placed on the finishing stage in light of food
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safety concerns (6,12–14). However, the spread of Salmonella in the nursery cohort has been less
studied and is challenging. Identifying Salmonella status in the nursery pigs and assessing
associated risk factors can be beneficial in preventing the circulation and maintenance of
Salmonella in the later phases of production.
The objectives of this study were to: (i) identify Ontario swine nurseries with active
Salmonella infections using serological and bacteriological testing methods and (ii) to determine
risk factors associated with nursery cohorts with an active Salmonella infection.

2.3 Materials and Methods

The research was approved by the animal care committee of the University of Guelph, in
accordance with the guidelines set forward by the Canadian Council of Animal Care.
Study design and sampling
Forty-four Ontario swine farms with nursery barns were included in this study which
took place between 2014 and 2019. Farm selection, based on the producer’s willingness to
participate in the study, was both purposive and convenient. Along with conventional farms,
antibiotic-free systems (including both certified organic and “raised without antibiotics” farms)
were purposively selected to help capture a wide spectrum of farming practices in Ontario. A
second cohort of nursery pigs (over 1 year after the first cohort) was studied on six of these 44
swine farms resulting in a total of 50 study cohorts. The study involved following a weaned
cohort of pigs through the nursery stage of production and involved two farm visits per cohort
with the first visit (V1) at weaning or soon after weaning and the second visit (V2) near the end
of the nursery stage.
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For each cohort, the nursery was visited (V1) within a few days of the pigs were moved
into the facility. On six of the nursery barns, where a second cohort was conducted, the initial
visit (V1) was conducted at weaning prior to pigs being shifted to the nursery barn. Twenty
average-sized nursery pigs were selected with an attempt to choose pigs representative of the
rooms and/or pens in the nursery barn (for example if the cohort of pigs were in 10 pens, then 2
pigs per pen would be selected). The choice of an average-sized pig was based on subjective
observation. The 20 pigs were ear tagged to provide individual identification and blood samples
were collected from either the jugular vein or suborbital sinus. The cohort was visited a second
time (V2) within a few days of the pigs being moved from the nursery to a grower barn. At V2,
blood samples were collected from the twenty pigs. Blood samples were centrifuged for 20 min
at 1500xg and the sera was separated and stored at -20°C. Individual rectal swabs were also
collected from pigs at V2 and stored at - 20°C.
Questionnaire
During the farm visit, a questionnaire was administered to the farm owner or manager
and information was recorded by the investigator. The cohort-level questionnaire focused on
management and biosecurity practices. Farm management questions included the type of
production system the nursery is a part of (farrow-to-finish, farrow-to-feeder, wean-to-finish,
nursery only), production flow type (all-in/all-out by room, by building, by site or continuous
flow), whether it was an organic or conventional, herd size, source of nursery pigs, weaning age,
length of stay in the nursery barn and stocking density. Biosecurity practice questions included
whether there was a hospital pen, controlled entry for human traffic, downtime for visitors, the
disposal method of deadstock and cleaning methods between batches. The questionnaire can be
found in the Appendix.
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Salmonella antibody detection
Serum samples were assessed for presence of antibodies to Salmonella serogroups B, C,
D and E (O-antigens 1, 3, 4, 5,6, 7,9, 10 and 12) using an indirect ELISA (pigtype® Salmonella
Ab kit, QIAGEN, Leipzig, Germany). The ELISA was performed as described by the
manufacturer. A sample-to-positive ratio (S/P) value was determined using the optical density
(OD) values using the following equation:
S/P =

(ODsample– ODnegative control)
(ODpositive control – ODnegative control)

The S/P ratio at V1 and V2 was identified as the antibody titre level at V1 and V2 for each pig.
Based on the manufacturing guidelines, samples with a S/P ratio of ≥ 0.3 were identified as
Salmonella seropositive and < 0.3 were classified as Salmonella seronegative.
Salmonella isolation
Rectal swabs were added to 9 mL of tetrathionate broth (TTB) (Becton Dickinson™,
Franklin Lakes, New Jersey, USA) and incubated at 37°C for 18 to 24 h. Then, 100 μl of TTB
culture was transferred to 9.9 mL of Rappaport-Vassiliadis broth (RVB, Becton Dickinson™,
Franklin Lakes, New Jersey, USA) and incubated at 41°C for 18 to 24 h. Lastly, a loopful (~20
µl) of the RVB was plated onto xylose-lysine-tergoitol 4 (XLT4, Remel Thermo Fisher
Scientific™, Lenexa, KS, USA) agar plates and incubated at 37°C for 18 to 24 h. Plates with one
or more Salmonella colonies were identified as Salmonella positive.
Data analysis
Data were entered into Microsoft Excel for Mac 2019 Version 16.25 (Microsoft,
Redmond, Washington, USA). After cleaning, the data were imported into Stata (Stata/SE 14.2
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for Mac; StataCorp, College Station, Texas, USA) for further data management and descriptive
analysis.
Salmonella antibody response patterns
To explore the antibody response (based on the S/P ratio) in nursery pigs and to account
for the possible presence of passive antibody titres at weaning, 8 possible patterns were
established based on the pig’s Salmonella seropositivity status at V1 and V2, along with the
change in direction of antibody response. Salmonella antibody response patterns (1-8) are
illustrated in Fig 2.1.
Specifically, patterns 1 and 5 are the most convincingly active infections given the
increase in antibody titres resulting in a seropositive status at V2. Pattern 2 is also indicative of
exposure to Salmonella given there is no decrease in antibody titre, and the pig remains
seropositive at V2. Although, pigs with pattern 6 show a small increase in antibody titre they are
classified as seronegative at V2. Patterns 4, 7 and 8 are also classified as negative because these
pigs are either experiencing a decrease in antibody response or remaining seronegative. In spite
of the fact that pigs exhibiting pattern 3 are seropositive at V2, the assumption is being made that
given the decrease in antibody response the titre reflects lingering passive immunity and not
evidence of Salmonella exposure in the nursery. Therefore, pigs with pattern 1, 2 and 5 were
considered to have serological evidence of exposure to Salmonella in the nursery (i.e. serological
evidence of active infection) and pigs with patterns 3, 4 6,7, and 8 were classified as not showing
serological evidence of Salmonella exposure in the nursery.
A python (Python v3.0.1, Delaware, USA) script was developed and performed to
identify pigs into patterns (1-8). These results were presented and analyzed graphically. These
pig-level data were also aggregated to the cohort-level.
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Identifying active Salmonella infection in nursery cohorts
A cohort of nursery pigs was considered to have active Salmonella infection if one of the
20 pigs sampled tested positive by direct (culture) or by indirect (serological, antibody response
patterns indicative of active infection) methods.
Agreement between bacteriological and serological tests
The extent of agreement between the bacteriological and serological detection methods
was determined using Cohen’s kappa (k) statistic. The kappa statistic was interpreted as follows:
<0.2 slight agreement; 0.2–0.4 fair agreement; 0.4–0.6 moderate agreement; 0.6–0.8; substantial
agreement, and >0.8 almost perfect agreement.
McNemar’s χ2 allowed to assess the difference between the positive proportion of the
bacteriology and serology testing methods. If the McNemar’s χ2 test was non-significant
(P>0.05), this would mean the proportions do not differ. Meanwhile, a significant McNemar’s χ2
test (P<0.05) would mean there is a disagreement between the two testing methods and
assessment of kappa would not be beneficial.
Risk factors associated with a nursery cohort with an active Salmonella infection
To assess risk factors associated with nursery barns with an active Salmonella infection, a
logistic regression model was used. The active Salmonella infection (yes/no) of nursery barns
was used as the dependent variable, while the second cohort conducted on the six farms (farm
cohort visit) was used as a fixed effect. Farm management and biosecurity practices, as
explanatory variables, were initially screened using descriptive statistics and evaluated for
collinearity using Spearman correlation coefficients. Continuous variables were assessed for
linear relationships with the outcome graphically (lowess) and categorized if the relationship was

60

not linear or quadratic. Explanatory variables were then independently assessed with the
dependent variable using univariable analysis. The initial inclusion of variables in the model was
based on a liberal P<0.1. Using stepwise elimination, the full model was manually built
excluding variables lacking statistical significance. The likelihood ratio test was used to assess
the statistical significance (P<0.05) of variables before removing them from the full model. Also,
prior to exclusions, variables were tested for confounding to ensure there was less than 20%
change in coefficients in main effects in the model. Since all explanatory variables were removed
from the model, no further testing for interactions or fit of the model was required.

2.4 Results

Cohort description
The 50 cohorts in this study included 19 (38%) antibiotic-free farms (including both
certified organic farms and farms producing pigs for a program called “raised without
antibiotics”) and the remaining cohorts being conventional systems that used antibiotics (Table
2.1). Of 50 cohorts, 24 (48%) cohorts were part of a farrow-to-finish operation, while 17 (34%)
cohorts were off-site nurseries (Table 2.1). The remaining 5 (10%) and 4 (8%) cohorts were
nurseries associated with farrow-to-feeder pig and wean-to-finish operations, respectively. The
flow of pigs varied as follows: 1/50 (2%) of the cohorts operated as an all-in/all-out (AIAO) flow
by site, 25/50 (50%) of the cohorts operated as AIAO flow by building, and 13/50 (26%) cohorts
AI/AO by room, and the remaining 11/50 (22%) cohorts used continuous pig flow in the nursery
(Table 2.1).
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With regard to cohort size, the population of pigs ranged from 120 to 6500
(median=2,125, mean=2,235) (Table 2.2). Forty-one of 43 (95%) cohorts sourced nursery pigs
from within their production system, with this information missing from 7 participating nurseries
(Table 2.1). On average, 837 pigs entered the nursery at a time based on data from 41 cohorts
(median=650, min=15, max=2800). Based on the producers’ survey responses, the average
weaning age of pigs varied from 18 days to 38.5 days-old (median=21, mean=23.2). On average,
pigs spent approximately 38.7 days in the barn (ranging from 16 to 55 days, median 41). At V1,
individual pigs ranged in age from 17 days to 41.5 days (median=22, mean=24.5). While at V2,
pigs ranged in age from 50 to 85 days-old (median=64, mean=63.9).
Salmonella: Antibody titres, seropositivity, shedding
Salmonella antibody titres (based on the S/P ratio), seropositivity and bacteriological
results for nursery pigs at V1 and V2 are presented in Table 2.2. Overall, lower Salmonella
antibody titres and number of pigs classified as Salmonella seropositive are observed in nursery
pigs from V1 to V2. At the pig-level, 14.6% of pigs at the end of the nursery were found to be
Salmonella-positive based on culture of a rectal swab.
Direct and indirect Salmonella testing results on a cohort basis are presented in Table
2.3. At the cohort level, 30 of 46 (65%) nursery cohorts had one or more pigs positive for
Salmonella based on bacterial culture at V2 (Table 2.3). In terms of seropositivity, from weaning
to the end of the nursery, 35 of 50 (70%) cohorts had a decrease in the number of seropositive
pigs. Of the remaining cohorts 11 of 50 (22%) had an increase in the number of seropositive
pigs, while 4 of 50 (8%) cohorts had no change in the percent of seropositive pigs (Table 2.3). In
terms of clinical signs related to salmonellosis, there were reports of diarrhea on few farms.
However, due to inconsistencies with reporting and information, this data is not explored.
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Salmonella antibody response patterns
At the individual level, 930 (69%) pigs had a decreasing Salmonella antibody response
pattern (3, 4, 8) from V1 to V2 (Fig 2.1). Meanwhile, 31% of pigs were found to have an
increase in antibody titre from V1 to V2 (patterns 1, 5, 6). No pigs were found to remain at
baseline (patterns 2, 3). Based on antibody response patterns at the individual level, 18% of pigs
were found to have an active Salmonella infection (patterns 1, 2, 5).
Salmonella antibody response patterns at the pig-level were aggregated to the cohortlevel capturing the proportion of pigs following patterns 1 to 8 by cohort (Table 2.4). At the
cohort level, 33/50 (66%) of nursery cohorts were identified as having an active Salmonella
infection based on the serological criteria (Table 2.4).
Active Salmonella infections
Although this study collected data from 50 Ontario nursery cohorts, complete
bacteriological and serological testing information was only available on 46 nursery cohorts. A
two by two table that identifies active Salmonella infections using bacteriological and serological
detection methods is presented in Table 2.5. A non-significant McNemar’s χ2 indicated the
positive proportions from the bacteriology and serological testing methods did not differ
(McNemar’s χ2 =0.07, P=0.79). In addition, the k statistic revealed there was a fair agreement
between the testing methods in identifying an active Salmonella infection on nursery cohorts
(k=0.29, P=0.02).
Only 9 of 46 (20%) nursery cohorts were found to be negative for Salmonella using both
testing methods. The remaining 37 of 46 (80%) of nurseries were found positive either using
serological or bacteriological methods or both. Specifically, 22 (48%) nursery cohorts were
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identified with an active Salmonella infection using both identification methods, while 8 (17%)
and 7 (15%) were only positive based on serology alone and bacteriology alone, respectively.
Risk factors associated with swine cohort with an active Salmonella infection
The association between risk factors and nursery cohorts with an active Salmonella
infection was evaluated using a logistic regression model. With univariable analysis, antibioticfree system, the use of a shower, and the days the pigs spent in the nursery barn were found
significant with a liberal P-value and included in the initial full model (P<0.1). In the final
model, no explanatory variables were significant or required in the model. Thus, no risk factors
for active Salmonella infection in nursery barns were found.

2.5 Discussion

In this study, the epidemiology of Salmonella in nursery pigs was investigated on 44
farms (50 nursery cohorts) using both direct and indirect techniques to establish whether pigs
were becoming infected during the nursery stage or not. Many pigs entered the nursery with high
antibody titres to Salmonella presumably reflecting circulating antibodies obtained via colostrum
(15,16). Overall, there was evidence that passive immunity declined during the nursery stage.
The number of Salmonella seropositive pigs was higher at the beginning of the nursery compared
to the end of the nursery. The presence of this passive immunity, as pigs enter the nursery stage,
provides some immune protection if challenged with Salmonella shortly after weaning (15), but
the presence of passively acquired antibodies makes the use of serological testing to determine
active Salmonella infection in the nursery challenging. During the nursery, the passive immunity
wanes and pigs begin to develop acquired immunity if pathogens are encountered (17), and
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therefore by using two testing points it is possible to identify pigs within a cohort that exhibit a
serological pattern indicative of active infection. If pigs encounter Salmonella during the nursery
barn after passive immunity disappears, it is likely for pigs to experience an increase in antibody
titres (9,17). But if pigs do not encounter Salmonella in the nursery barn, the decline in antibody
titres continues. However, if piglets entering the nursery barn are Salmonella carriers, they are
likely to shed Salmonella due to stress associated from weaning, change in environment, diet and
comingling with different litters (1,2,9,18). These animals and their pen-mates are likely to
exhibit an increase in Salmonella antibody response.
Although there is a decline in Salmonella seropositivity from weaning to the end of the
nursery in pigs, Salmonella is still present and circulating in many of these nursery cohorts. By
understanding the Salmonella status at the cohort-level, it can help veterinarians and producers
better target the control and prevention methods in the nursery barn. Previous studies have used
different methods and classification schemes for identifying Salmonella status in pig herds or
scoring them as low, moderate and high-risk, using serological (based on different OD
values/S/P ratios) and/or bacteriological testing methods (6,19–22). Various studies have solely
relied on either bacteriology or serology to identify Salmonella status in pigs and on farms
(12,22,23). To improve sensitivity, the present study used both bacteriological and serological
detection methods to identify active Salmonella infections on nursery cohorts. Using the
specified S/P ratio cut-off provided by the ELISA kit manufacturers, a nursery cohort was
identified serological Salmonella positive (active infection) given 1 or more pigs were positive
for Salmonella antibody response patterns 1, 2 or 5. The bacteriological identification of a
nursery cohort as positive (active infection), based on if 1 or more pigs were shedding
Salmonella, was in line with previous studies (6,20).
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Traditionally, seropositivity in pigs is assessed at one time and is subsequently tested to
monitor Salmonella status at the farm level. However, by using the Salmonella antibody
response patterns approach introduced in the present study, the change in antibody response for
each individual pig on a farm is identified into categories. This provides more detailed
information on the Salmonella antibody response during the nursery stage (i.e. how many pigs
are seroconverting on a farm, or how many pigs are increasing in antibody titres but remaining
seropositive vs. seronegative, how many pigs are decreasing in antibody titres and becoming
seronegative or remaining seropositive). In addition, since this method explores seropositivity
status at weaning and at the end of the nursery along with the change in direction of antibody
response, it decreases the likelihood of misinterpretation of passive immunity as a Salmonella
infection in nursery pigs. Although there are strengths to this method, limitations include it
inability to account for the magnitude of change and the initial antibody titre baseline. For
example, pigs with an increase in antibody titres from 0.3 to 0.4 and 1.5 to 3.0 were identified as
Salmonella antibody response pattern 1. By categorizing these pigs into the same pattern, data is
lost. By incorporating the degree of change along with the initial antibody titre baseline into the
Salmonella antibody response patterns, there can be better identification of the severity of
Salmonella in nursery cohorts.
In the present study, pigs following pattern 6 also had an increase in antibody titre but did
not surpass the S/P ratio cut-off to be identified as seropositive. Kranker et al. (1) found a 60 day
delay in the peak of seroprevalence after the peak in Salmonella culture prevalence. Surveillance
of nursery cohorts with large number of pigs following pattern 6 is important as it is possible that
pigs following this pattern may become seropositive a few weeks after the second sample was
taken, or in other words they were exposed but were falsely classified as negative because of the
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delay in immune response. On the other hand, pigs following patterns (3, 4 and 8) where titres
decrease during the nursery are likely experiencing a decrease in passive immunity and no
indication that they are beginning to produce active immunity. However, because of the delay
from exposure to antibody response, there is still a possibility of a false negative classification as
well. Nursery pigs following pattern 4 and 8 are seronegative at the end of the nursery and would
have been classified as negative based on a single serological sample at the end of the nursery.
However, pigs following pattern 3 demonstrate a decrease in antibody titre but remain
seropositive at the end of the nursery and based on a single test at the end of the nursery would
generally be classified as positive. However, our interpretation of pigs showing this pattern is
that the results reflect passive immunity and these pigs are categorized as Salmonella negative.
Using this technique of two sampling time points and identifying serological patterns
coupled with direct culture of rectal swabs, a large portion of nurseries were identified as having
an active Salmonella infection. Some nursery cohorts were identified as having an active
infection using serology but would have been considered negative based on culture. Similarly, a
few cohorts would have been considered negative by serology, but culture showed that
Salmonella was indeed present. Although research has drawn correlation between bacteriological
and serological classification, both these testing methods for Salmonella have strengths and
weaknesses (6). Results are somewhat dependent on timing of the test relative to the exposure to
Salmonella. Serological testing relies on detecting antibodies and a positive response requires a
few weeks to develop, whereas Salmonella culture is more likely to provide positive results
shortly after exposure and becomes less reliable after a few weeks (1,6). In general,
bacteriological testing identifies a current infection whereas, serological testing identifies
historical exposure (6,24,25). However, an advantage of serological testing is that it allows for
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the detection of intermittent shedders (1) and is a more inexpensive method with possibly better
sensitivity in comparison to bacteriological testing (21).
In the present study, there is evidence of the short comings of relying solely on culturing
rectal swabs to identify herds with active Salmonella infection because there were herds deemed
positive using serology that were negative using culture. This might have been partly due to the
use of rectal swabs instead of using a fecal sample of greater than 25g, which has been advocated
for monitoring purposes in populations of animals not exhibiting clinical signs of disease (5).
Likewise, there were herds considered positive based on culture but were considered negative
using only serology. The specific ELISA used for this study detected antibody for Salmonella
serogroups B, C, D and E (O-antigens 1, 3, 4, 5,6, 7,9, 10 and 12), commonly found in Ontario.
Serotyping Salmonella isolates, found in the present study, would have been beneficial to capture
Salmonella serogroups that may have been unidentified by ELISA testing. This presents a
limitation, impacting the serology results, because there is a possibility that some Salmonella
infections went undetected. In addition, false negatives are a possibility due to laboratory errors
during bacteriology and serological testing. This reinforces the argument for using the two
testing methods in combination in order to more accurately identify positive herds.
The active Salmonella infection identified in 37 of 46 Ontario nursery cohorts (with
complete information on both testing methods) strengthens the point that Salmonella is
commonly present on Ontario pig farms, but importantly emphasizes that the nursery stage is a
time in production when pigs often become infected and can then carry and spread Salmonella to
the grower-finisher barns and eventually to the abattoirs. This information is useful for the
timing and implementing of control and prevention strategies. For example, if farmers know that
pigs are becoming exposed to Salmonella in the early nursery stage then the vaccination of sows
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(26) or young pigs (27) might be implemented. Although a large portion of swine cohorts in this
study were identified as having an active Salmonella infection, nine cohorts appeared to be
Salmonella-free at the end of the nursery period, based on both serological and bacteriological
methods and using a sample population of 20 pigs to represent the cohort. These results suggest
that it is possible to have a negative population of pigs to send to the grower-finisher barn.
Examination of risk factors (e.g. AIAO by room, AIAO by barn, continuous flow, use of
disinfection etc.) didn't identify why the nine negative farms were different from nurseries with
an active Salmonella infection. It is possibly that no associations were found due to the low
variability in risk factors amongst nurseries with an active Salmonella infection compared to
nurseries without an active Salmonella infection. Other studies attempting to identify risk factors
associated with the presence of Salmonella have been inconsistent (10,14,23,28). Most of these
studies involved testing of pigs close to market weight or testing in abattoirs so their findings
may not be relevant to nursery pigs. With the ability for Salmonella to survive long periods of
time in the environment (29), it is likely that cleaning, disinfection and biosecurity are important
in reducing Salmonella in the nursery but the farm to farm variation in the implementation of
these protocols are hard to capture in a survey and this aspect of Salmonella control requires
further study. Future research should explore additional risk factors (i.e. feed management,
antibiotic usage) and should include a greater number of nursery cohorts within depth reports on
clinical sign related to salmonellosis.
2.6 Conclusions

Approximately 80% of nursery cohorts were identified as having an active Salmonella
infection using both serological and bacteriological testing methods. This study identified that
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both detection methods have strengths and weaknesses and by combining the techniques,
researchers can better monitor active Salmonella infection on farms. Although the present study
did not find any risk factors for active Salmonella infection further research is warranted.
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Table 2.1: Distribution of cohort-level risk factors (farm management and biosecurity) in 50
swine cohorts (44 farms; 6 farms with a second cohort conducted) located in southwestern
Ontario between 2014 to 2019.
Variable
Production system – Is this site
apart of another production system
Production type

Antibiotic free system
Source of nursery pigs (within
production)
Production flow

Water

Floor
Hospital pen
Shower
Danish entry
Dead stock disposal

Cleaning between batches
Pre-soaking
Detergent
High pressure hot-water wash
Use disinfectant
Drying/down time

Level
Yes

N
50

%
70

Farrow to finish
Farrow to feeder
Wean to finish
Nursery (only)
Yes
Yes

50

48
10
8
34
38
95.3

Continuous flow
AIAO by room
AIAO by building
AIAO by site
Fixed nipple
Bowl drinker
Nipple/bowl
Swing nipple
Concrete/Solid
Plastic Slates
Yes
Yes
Yes
Compost, burial or incineration within
controlled access zone
Compose, burial or incineration outside
controlled access zone
Third party pick up within
Third party pick up outside
Deliver to rendering
Yes
Yes
Yes
Yes
Yes
Yes

50

*N values are applicable to the variable
*All-in/all-out (AIAO)

74

50
43

21

28
42
49
48
42

22
26
50
2
38.1
28.6
28.6
4.8
14.3
85.7
81
38.8
70.8
31
21.4

42
41
41
41
41
41

4.8
42.9
0
97.6
70.7
41.5
75.6
90.2
90.2

Table 2.2: Salmonella status (antibody titres, seropositivity, shedding) at visit 1 (V1; weaning)
and visit 2 (V2; end of nursery) in Ontario nursery pigs in 50 cohorts (44 farms; 6 farms with a
second cohort conducted).
Salmonella

Antibody
Titresa

Visit

Mean

Std. Error

[95% CI]

1 (n=966)

0.331

0.014

0.302, 0.359

2 (n=961)

0.225

0.011

0.196, 0.253

Proportion (%)

Std. Error

[95% CI]

1 (n=966)

36.2

0.015

0.332, 0.393

2 (n=961)

23.2

0.013

0.206, 0.260

2 (n=830)

14.6

0.012

0.123, 0.172

Visit

Seropositivityb

Shedding
a
b

antibody titre values based on S/P ratio
seropositivity based on S/P ratio ≥ 0.3
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Table 2.3: Proportion of pigs that were Salmonella culture positive and seropositive (identified
using enzyme-linked immunosorbent assay (ELISA) testing, seropositivity based on S/P ratio ≥
0.3) at weaning (V1) and at the end of the nursery stage (V2). Data was collected from 50 swine
cohorts (44 farms; 6 farms with a second cohort conducted) located in southwestern Ontario
between 2014 to 2019.
Salmonella
Cohort

V2
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

seropositive (%)

culture positive (%)
V1
15%
5%
14%
11%
0%
0%
36%
0%
61%
56%
28%
5%
17%
38%

39%
32%
47%
7%
25%
15%
21%
0%
13%
0%
7%
12%
0%
0%
0%
15%
0%
5%
35%
0%
0%
0%
0%
5%
0%
7%
11%
0%
5%
45%
5%
0%

V2
30%
65%
5%
45%
10%
70%
90%
10%
70%
80%
70%
30%
55%
50%
90%
70%
42%
20%
90%
45%
0%
45%
0%
15%
45%
65%
21%
30%
45%
20%
20%
45%
10%
40%
5%
30%
8%
0%
12%
26%
0%
5%
25%
61%
12%
20%
20%
0%
10%
5%

5%
15%
0%
37%
5%
11%
21%
67%
25%
25%
47%
80%
53%
15%
70%
100%
16%
0%
25%
89%
0%
15%
0%
0%
15%
0%
44%
10%
0%
5%
55%
35%
0%
0%
0%
53%
25%
0%
0%
0%
0%
0%
0%
11%
0%
0%
16%
100%
60%
11%
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Table 2.4: The change in Salmonella antibody titres in nursery pigs (n=930) from visit 1 (V1;
weaning) to visit 2 (V2; end of nursery) was characterized into eight Salmonella antibody
response patterns (1 to 8)a and aggregated to the cohort level (n=50)b. This table captures the
proportion of pigs following patterns 1 to 8 within each cohort.
Cohort
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

Proportion of pigs following Salmonella antibody response patterns (1-8)
1

2

3

4

5

6

7

8

0%
10%
0%
16%
5%
6%
16%
69%
5%
10%
5%
10%
16%
5%
15%
44%
0%
0%
10%
21%
0%
0%
0%
0%
5%
0%
6%
5%
0%
0%
10%
5%
0%
0%
0%
24%
0%
0%
0%
0%
0%
0%
0%
6%
0%
0%
0%
0%
0%
0%

0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%

0%
5%
0%
0%
0%
6%
5%
23%
15%
15%
32%
10%
16%
10%
50%
22%
16%
0%
15%
16%
0%
10%
0%
0%
0%
0%
6%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
6%
0%
0%
0%
0%
0%
0%

30%
50%
5%
32%
5%
61%
68%
8%
50%
55%
37%
10%
21%
35%
25%
0%
26%
20%
65%
11%
0%
35%
0%
15%
40%
65%
11%
25%
47%
20%
10%
40%
10%
40%
5%
6%
8%
0%
8%
28%
0%
50%
29%
53%
12%
21%
21%
0%
10%
5%

5%
0%
0%
21%
0%
0%
0%
0%
5%
0%
11%
60%
21%
0%
5%
33%
0%
0%
0%
53%
0%
5%
0%
0%
10%
0%
33%
5%
0%
5%
45%
30%
0%
0%
0%
29%
23%
0%
0%
0%
0%
0%
0%
0%
0%
0%
16%
100%
60%
11%

5%
10%
79%
16%
45%
0%
0%
0%
15%
0%
0%
0%
5%
5%
0%
0%
11%
5%
0%
0%
5%
15%
74%
15%
5%
10%
6%
10%
0%
10%
15%
5%
30%
13%
0%
24%
31%
17%
15%
11%
0%
6%
6%
0%
6%
11%
37%
0%
15%
63%

0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
5%

60%
25%
16%
16%
45%
28%
11%
0%
10%
20%
16%
10%
21%
45%
5%
0%
47%
75%
10%
0%
95%
35%
26%
70%
40%
25%
39%
55%
53%
65%
20%
20%
60%
47%
95%
18%
39%
83%
77%
61%
100%
44%
65%
35%
82%
68%
26%
0%
15%
16%
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a

Salmonella antibody response patterns (1 to 8)
1 – Sp at V1, increases in antibody titre
2 – remains Sp (no change)
3 – Sp at V1, decreases in antibody titre but remains Sp
4 – Sp at V1, Sn at V2
5 – Sn at V1, Sp at V2
6 – Sn at V1, increases in antibody titre but remains Sn
7 – remains Sn (no change)
8 – Sn at V1, decrease in antibody titre
b
Data was collected from 50 swine cohorts (44 farms; 6 farms with a second cohort conducted) located in
southwestern Ontario between 2014 to 2019.
*Red bars are used to identify pigs following Salmonella antibody response patterns (1, 2, 5) defined as
having an active Salmonella infection.
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Table 2.5: Active Salmonella infection on 46 Ontario nursery cohortsa identified using
bacteriological (at the end of nursery (V2)) and serological (based on pattern of antibody
response from weaning (V1) to the end of the nursery) testing methods. Data was collected from
50 swine cohorts (44 farms; 6 farms with a second cohort conducted) located in southwestern
Ontario between 2014 to 2019. Complete bacteriological and serological testing information was
only available on 46 nursery cohorts.

Active Salmonella Infection on Nursery Barns

Bacteriologyc

Serologyb
+

-

Total

+

22 (48%)

8 (17%)

30

-

7 (15%)

9 (20%)

16

Total

29

17

46

a

Data was collected from 50 swine cohorts (44 farms; 6 farms with a second cohort conducted) located in
southwestern Ontario between 2014 to 2019. Complete bacteriological and serological testing information
was only available on 46 nursery cohorts.
b
Serology positive: one or more pigs following Salmonella antibody response patterns with either no
decrease or having an increase in Salmonella antibody titres from V1 to V2 resulting in Salmonella
seropositivity at V2
c
Bacteriology positive: one or more pigs shedding Salmonella in feces at V2
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Figure 2.1: The change in Salmonella antibody titres in nursery pigs (n=930, from 50 swine
cohorts) from weaning, at visit 1 (V1), to the end of the nursery, at visit 2 (V2), is characterized
into eight possible Salmonella antibody response patterns (1-8)a pigs can follow. Salmonella
seropositivity status (seropositive (Sp) if antibody titre level (based on S/P ratio) ≥ 0.3,
seronegative (Sn) if antibody titre level < 0.3) is identified in pigs at V1 and V2 and the change
in antibody titres from V1 to V2 is captured in the eight patterns. This figure illustrates the
proportion of pigs (n=930) following trends 1 to 8. Data was collected from 50 swine cohorts (44
farms; 6 farms with a second cohort conducted) located in southwestern Ontario between 2014 to
2019.

a

Salmonella antibody response patterns (1 to 8)
1 – Sp at V1, increases in antibody titre
2 – remains Sp (no change)
3 – Sp at V1, decreases in antibody titre but remains Sp
4 – Sp at V1, Sn at V2
5 – Sn at V1, Sp at V2
6 – Sn at V1, increases in antibody titre but remains Sn
7 – remains Sn (no change)
8 – Sn at V1, decrease in antibody titre
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CHAPTER 3: SALMONELLA SHEDDING AND SEROPOSITIVITY AND ITS
ASSOCIATION WITH IN-FEED FLAVOPHOSPHOLIPOL IN NURSERY PIGS
Published: Canadian Journal of Veterinary Research

3.1 Abstract

The objective of this study was to assess the impact of in-feed flavophospholipol on
Salmonella shedding and antibody response in nursery pigs. Weaned pigs were fed either a diet
containing 4 ppm flavophospholipol (n = 16) or a non-medicated feed (n = 16) for 36 d. All pigs
were orally challenged with a 2-mL dose of 108 colony-forming units (CFUs)/mL of Salmonella
Typhimurium on Days 7 and 8 of the trial. On Day 36, all pigs were euthanized, and samples
were collected from the liver, spleen, and ileocecal lymph nodes. Fecal and tissue samples were
quantitatively cultured for Salmonella and serum samples were tested for the presence of the
Salmonella antibody by enzyme-linked immunosorbent assay (ELISA). There was no difference
between the 2 groups in antibody response and the presence of Salmonella in feces and tissue (P
> 0.05). Medicating nursery diets with flavophospholipol at 4 ppm did not appear to reduce
Salmonella infection in nursery pigs.

3.2 Introduction

Non-typhoidal Salmonella spp. (Salmonella) are estimated to be the fourth leading cause
of enteric illness in people in Canada (1). Pigs are a potential source for human infection and the
emergence of multi-drug resistant strains of Salmonella in pigs presents an increased public
health concern (2,3). Pigs are often subclinical Salmonella carriers and may shed bacteria during
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periods of stress, such as weaning, thus promoting transmission among pigs (4,5). One of the
most common serotypes of Salmonella on Canadian swine farms, Salmonella Typhimurium
(3,6,7), is also a commonly reported cause of salmonellosis in humans (8,9). Previous studies in
Europe have shown that public health risks can be mitigated through pre-harvest reductions of
Salmonella in swine (10).
Flavophospholipol, a phosphoglycolipid antimicrobial agent produced by Streptomyces
species (11,12), may have the ability to reduce Salmonella shedding and colonization in pigs. It
functions by hindering bacterial cell wall synthesis through the inhibition of transglycolase
activity, therefore functioning predominately against Gram-positive bacteria (11,13,14).
Flavophospholipol is not as effective against Gram-negative bacteria because of its inability to
reach target intracellular elements (13,15,16). Despite that, studies have shown some activity
against members of the Enterobacteriaceae family, including Salmonella and Escherichia coli
(17–20). This is presumed to be a result of increased susceptibility to flavophospholipol in
Gram-negative bacteria containing R-plasmids, in conjunction with a speculated ability to enter
the bacterial cells via sex pili and pilin protein precursors (15). As a result, flavophospholipol
may alter the microflora in favour of beneficial bacteria and decrease available intestinal binding
sites or reduce intestinal pH, leading to inhibition of Salmonella colonization (17,19,21).
Previous studies have found flavophospholipol effective in reducing Salmonella (17,18).
A recent study by Nair et al (22), however, found that flavophospholipol was ineffective in
reducing Salmonella shedding in naturally infected grower-finisher pigs, although it may be
more effective if applied at an earlier stage in pig production. The objective of this study was to
investigate Salmonella shedding and colonization as well as antibody response to Salmonella in
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weaned pigs receiving 4 parts per million (ppm) flavophospholipol in feed compared with
control pigs.

3.3 Materials and Methods

The project was approved by the Animal Care Committee of the University of Guelph, in
accordance with the guidelines of the Canadian Council of Animal Care.
Pigs and sample collection
The trial was conducted in the isolation unit at the Ontario Veterinary College, University
of Guelph. Four-wk-old pigs (N = 32), obtained from the Arkell Swine Research Facility in
Guelph, were randomly assigned to 1 of 4 separate rooms (8 pigs per room) (Day 0). Pigs in 2
rooms (treatment group) received 4 ppm in-feed flavophospholipol (Flavomycin; Huvepharma,
Mitchell, Ontario, Canada) from Day 1, 24 h after arriving at the isolation unit, until end of trial
(Day 36). Pigs in the other 2 rooms (control) were fed an identical ration, but without
flavophospholipol. All pigs were orally challenged with a 2-mL dose of 108 colony-forming units
(CFUs)/mL of Salmonella Typhimurium DT 104, with resistance to nalidixic acid, on Day 7 and
Day 8. Fecal samples were collected from individual pigs before challenge on Days 0 and 6 and
after challenge on Days 8, 9, 12, 14, 19, 21, 26, 28, and 36. Blood samples were collected at the
same time except on Day 26. At Day 36, the pigs were euthanized, and samples were collected
from the liver, ileocecal lymph node, and spleen.
Salmonella isolation and colony-forming units
All fecal and tissue samples were cultured for Salmonella and colony-forming units/gram
of feces and tissue were determined. Fecal and tissue samples were enriched in tetrathionate
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broth (TTB) (Becton Dickinson, Sparks Glencoe, Maryland, USA) in a 1-to-9 ratio,
homogenized for 30 s with a Seward Stomacher 400 Circulator (Seward, Norfolk, England), and
incubated at 37°C for 18 to 24 h. Then, 0.1 mL of TTB was transferred to a 9.9-mL RappaportVassiliadis Broth (RVB) tube (Becton Dickinson) and incubated at 41°C for 18 to 24 h. Lastly, a
loop-full (~10 μL) of RVB was plated on Xylose Lactose Tergitol 4 Agar (Remel XLT-4;
Thermo Fisher Scientific, Lenexa, Kansas, USA) containing nalidixic acid and incubated at 37°C
for 18 to 24 h to 72 h. In addition, 1 g of feces was diluted with 0.1% buffered peptone water
(BPW) (Becton Dickinson) to make serial dilutions. Dilutions of 10-1, 10-2, and 10-3 were plated
on XLT-4 agar and Brilliant Green Agar (BGA) (Thermo Fisher Scientific), both containing
nalidixic acid. The BGA and XLT-4 plates were incubated at 37°C for 24 h and 24 to 72 h,
respectively and the number of colonies per plate was counted. Fecal samples collected on Days
0 and 6, i.e., before challenge, were cultured using the same method, except the samples were
plated on XLT-4 agar without nalidixic acid.
Salmonella antibody detection
An indirect enzyme-linked immunosorbent assay (ELISA) (Pigtype Salmonella Ab Kit;
QIAGEN, Leipzig, Germany) was used to determine the level of antibody to Salmonella as per
the kit manual. A sample-to-positive ratio (S/P) value was determined using the equation
provided by the kit manufacturer. Samples with S/P ratio of ≥ 0.3 were considered seropositive
based on the QIAGEN pigtype Salmonella Ab kit.
Statistical analysis
Data were entered into Microsoft Excel for Mac 2011, Version 14.5.5 (Microsoft,
Redmond, Washington, USA) and, after cleaning, were imported to Stata/SE 14.1 for Mac
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(StataCorp, College Station, Texas, USA). A mixed-effects linear regression method with “pig”
(repeated measurements) as a random effect was used to compare Salmonella CFU (fecal and
tissue samples), antibody titre (S/P ratio), and rectal temperature in both the treatment and
control groups. In addition, a mixed-effects logistic regression method with “pig” as a random
effect was used to compare seropositivity (yes/no) in pigs in both the treatment and control
groups.
3.4 Results

Except for 1 pig in the treatment group that tested positive for Salmonella by culture on
Day 0, all pigs tested negative on Day 0 and Day 6, (i.e., before challenge). During the postchallenge period, on Days 8, 9, 12, 14, 19, 21, 26, 28, and 36, Salmonella was recovered from all
fecal samples collected from pigs in both groups, except for 1 pig in the treatment group that
tested negative on Days 14 and 28. No significant difference was found in colony-forming
units/gram of Salmonella in feces of pigs receiving flavophospholipol compared to pigs
receiving the non-medicated diet post-challenge (Figure 3.1).
In the 31 pigs that were euthanized, Salmonella was isolated from 7 tissue samples
collected from 5 pigs (16%). These samples were from the lymph nodes (2 samples from control
and 2 from treatment group), the liver (1 sample from control group), and the spleen (1 sample
from control and 1 sample from treatment group). Salmonella was recovered in all 3 types of
tissue collected from 1 control pig. No significant difference was found in colony-forming
units/gram of Salmonella recovered from lymph node, liver, and spleen tissue samples of pigs in
the treatment group and those in the control group (P > 0.05).
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One control pig that was lethargic and had a markedly swollen and firm hock was
euthanized on Day 14 of the trial. During the histopathology examination conducted at the
Animal Health Laboratory, University of Guelph, this pig had a diffuse, marked hemorrhagic
enteritis, bursitis, and multifocal lung abscesses, with mild pneumonia. Moderate quantities of
Salmonella and Trueperella pyogenes were isolated from lung tissue and large quantities of
Trueperella pyogenes were isolated from the swollen hock. This pig was Salmonella
seronegative at each stage of testing. Another control pig that was diagnosed with mild
bronchopneumonia and mesenteric torsion/volvulus in the histopathology examination died at
Day 24. This pig was Salmonella seropositive on Days 1 and 6, i.e., before challenge, but
seronegative during the post-challenge period.
Salmonella seropositivity in the medicated and control pigs is shown in Figure 3.2.
Although 66% of pigs were seropositive on Day 1 of the trial, no significant difference in
Salmonella antibody response (S/P ratio) and seropositivity was found on any sampling day
among pigs in the treatment and control groups. Only 1 treated pig and 4 control pigs were
Salmonella seropositive during the entire trial.

3.5 Discussion

The findings from this trial indicate that feeding a diet containing 4 ppm of
flavophospholipol over a span of 36 d had no impact on the prevalence of Salmonella shedding
and antibody response in nursery pigs. The impact of flavophospholipol on Salmonella shedding
in pigs and broiler chickens has previously been investigated, but the findings were inconsistent
(4,17,18,20,22). For example, in 1 study, Salmonella shedding decreased in pigs fed 4 ppm
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flavophospholipol over 49 d and challenged with a 2.5 × 1011 CFUs/mL of Salmonella at the
same time as they started on the diet (18). In another study, Salmonella shedding was reduced
after 6 wk in broiler chickens receiving a higher dose of flavophospholipol (9 ppm) and
challenged with Salmonella Enteritidis (17).
On the other hand, Letellier et al (4) placed 12-d-old pigs on a diet containing 0.5 ppm of
in-feed flavophospholipol for 14 d before challenging them with 107 CFUs/mL of Salmonella
Typhimurium and found the treated pigs showed a reduction in Salmonella Typhimurium for
only a few days post-challenge and no significant difference in Salmonella shedding (4). In a
more recent study, no difference was seen in Salmonella shedding during the 10 wk that finisher
pigs were fed 4 ppm of flavophospholipol compared to control pigs, although this could have
been due to the presence of multiple Salmonella serotypes in these naturally infected pigs (22).
These contradictory findings may in part be due to different dosages and feeding durations,
different animal species and challenge strains, or the presence of multiple Salmonella serotypes
in naturally infected pigs, as well as the length of post-challenge monitoring (4,17,18,20,22).
In countries that approve flavophospholipol for use in swine feed, the label states that
dosages of 2 to 4 ppm in-feed will improve feed efficiency and increase rate of weight gain in
grower-finisher pigs but does not mention reducing Salmonella. Based on this trial, dosages of 4
ppm do not appear to decrease Salmonella infection in weanling pigs, although a higher dose or a
longer period of use may produce a different result. Further research is therefore required.
It should be noted that two-thirds of the nursery pigs herein were seropositive, probably
due to maternal Salmonella antibodies. In terms of the Salmonella challenge, this passive
immunity in the early nursery stage did not protect these pigs against the challenge strain. The
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high levels of Salmonella Typhimurium DT 104 shedding in pigs post-challenge indicate the
dominance of the strain and the effectiveness of the challenge protocol.
In the present study, Salmonella was recovered from at least 1 sample collected from the
liver, spleen, and ileocecal lymph nodes in only 3 controls and 2 treated pigs. Salmonella may be
able to colonize in the gut when there is a reduced colonization resistance by commensal
bacteria, normally found in the healthy gut, for essential nutrients and mucosal surfaces (23).
Internal colonization of Salmonella depends on gut microbiota, genetics, and the challenge
protocol (dosage and strain) (23). Although passive immunity seemed to be depleted by Day 12
of the trial, it may have protected the pigs from further colonization of the challenge strain in the
tissues.
Consistent with previous studies, the present study showed that serology lags behind the
bacterial culture results for shedding during Salmonella infection (24–26). Two pigs were
positive for Salmonella shedding at all sampling periods but were never seropositive. This could
be due to laboratory error or the development of disease tolerance. Kogut and Arsenault (27)
hypothesized that in poultry, after initial Salmonella infection in the caecum, which can
minimize host defenses, Salmonella may have the ability to initiate an intense reprogramming of
the immune and metabolic systems that alters the host’s defense to disease tolerance.
In conclusion, feeding nursery-aged pigs a diet containing 4 ppm flavophospholipol did not
reduce Salmonella shedding and Salmonella antibody response compared to controls. It would
have been beneficial to have another control group that was not treated with the medicated feed
and not challenged with Salmonella in order to assess the changes in the basal level of
Salmonella shedding and antibody level throughout the study period. In addition, although all the
pigs were Salmonella negative on Day 6, 1 pig was found Salmonella positive on Day 0. This
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presented the possibility of Salmonella co-infection among pigs that went unobserved from Day
0 to Day 6. Furthermore, conducting Salmonella serotyping on the isolates found on Day 0 and
those from tissue samples would have been vital in identifying both existing serotypes in the
population and whether the tissue was colonized with the Salmonella challenge strain. The
selective recovery of the Salmonella challenge strain introduced diagnostic bias by limiting
identification of any other existing Salmonella infection in this population.
Despite these limitations, this study identified the inability of flavophospholipol to prevent
Salmonella infection when administered at an early stage in pig production. Further studies are
needed, however, to determine whether a higher concentration of flavophospholipol would
protect pigs against Salmonella infection.
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Figure 3.1: Salmonella colony-forming units (CFUs)/gram of feces in 32 nursery pigs
challenged orally with Salmonella Typhimurium DT 104 on Days 7 and 8 fed a medicated diet
with 4 ppm flavophospholipol (treatment; n=16) or non-medicated diet (control; n=16) from Day
1 to Day 36.
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Figure 3.2: Salmonella seropositivity in 32 nursery pigs challenged orally with Salmonella
Typhimurium DT 104 on Days 7 and 8 fed a medicated diet with 4 ppm flavophospholipol
(treatment; n=16) or a non-medicated diet (control; n=16) for the duration of the trial (Day 1 to
Day 36).
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CHAPTER 4: EFFECT OF FLAVOPHOSPHOLIPOL ON FECAL MICROBIOTA IN
WEANED PIGS CHALLENGED WITH SALMONELLA TYPHIMURIUM
In press: Porcine Health Management

4.1 Abstract

Background
The heightened prevalence of Salmonella Typhimurium remains a public health and food
safety concern. Studies have reported antibiotic, flavophospholipol, may have the ability to
reduce Salmonella in swine, as well as alter the gut microbiota in favour of beneficial bacteria by
inhibiting pathogenic bacteria. Thus, the objective of this study was to investigate the fecal
microbiota of weaned pigs receiving in-feed flavophospholipol and challenged with Salmonella
Typhimurium.
Results
Twenty-one weaned pigs were fed either a diet containing 4 ppm of flavophospholipol
(treatment group) or a non-medicated feed (control group) for 36 days post-weaning (Day 1 to
Day 36). The pigs were orally challenged with a 2 mL dose of 108 CFU/mL of S. Typhimurium
at Day 7 and Day 8. Community bacterial DNA extracted from fecal samples collected at Day 6
(before challenge) and Day 36 (28 days after challenge) were used to assess the fecal microbiota
using the V4 region of the 16S rRNA gene with Illumina MiSeq next-generation sequencing.
Sequencing data were visualized using mothur and analyzed in JMP and R software. The fecal
microbiota of pigs in the treatment group had differences in abundance of phyla (Firmicutes,
Proteobacteria) and genera (Lactobacillus, Roseburia, Treponema, unclassified
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Ruminococcaceae, Blautia, Streptococcus, Megasphaera, Dorea, Sporobacter, Peptococcus,
unclassified Firmicutes, Clostridium IV and Campylobacter) when compared to pigs that were
controls, 28 days after challenge with Salmonella (P<0.05). Specifically, results demonstrated a
significant increase in phylum Proteobacteria (P=0.001) and decrease in Firmicutes (P=0.012)
and genus Roseburia (P=0.003) in the treated pigs suggestive of possible microbial dysbiosis. An
increased abundance of genera Lactobacillus (P=0.012) was also noted in the treated group in
comparison to the control.
Conclusion
Based on these findings, it is difficult to conclude whether treatment with 4 ppm of
flavophospholipol is promoting favorable indigenous bacteria in the pig microbiota as previous
literature has suggested.

4.2 Background

With the increased prevalence of non-typhoidal Salmonella spp. (Salmonella) on swine farms
[1,2], food safety concerns heighten. Salmonella Typhimurium, commonly recovered from the
feces and tissue of swine [3–5], has been reported worldwide as one of the leading Salmonella
serotypes causing human enteric illness [6–8]. Pigs may shed Salmonella at different stages of
production, but in particular Salmonella has been found to be prevalent during the nursery or
post-weaning stage [9–11]. During this stage, shedding is trigged in pigs, often healthy carriers
of Salmonella, as a result of stressful events such as transportation, weaning, comingling and
change in feed [12].
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As pigs grow and develop over time, the porcine intestinal microbiota evolves and changes in
composition until a stable bacterial population is established [13]. The immunity in the gut of
newly weaned piglets tends to be low as they are no longer receiving easily digestible milk,
containing colostrum which comprises immunoglobulins, and are faced with the rapid decline of
circulating antibodies [14]. Furthermore, with the introduction of a grain-based diet, a lower feed
intake can result in potential disruption to the microbiota and epithelial inflammation [15].
During this stage, as their passive immunity conferred from their dam wanes, they are
susceptible to disease and likely to become infected with pathogens (e.g. Salmonella) [12, 16].
As the host’s immunity slowly becomes more effective and their microbiota begins to evolve
during this time, it is a great opportunity to manipulate their gut health with interventions to help
suppress the growth of pathogens like Salmonella.
Flavophospholipol (synonyms: moenomycin, flavomycin and bambermycin), a
phosphoglycolipid antibiotic produced by Streptomyces spp., functions by impairing
transglycolase activity of penicillin-binding proteins causing hindrance to the bacterial cell wall
synthesis making it primarily effective against Gram-positive bacteria [17–20]. Despite this,
studies have reported on the ability of flavophospholipol to reduce Salmonella shedding and
colonization in swine and poultry [21,22]. Flavophospholipol may also have the ability to
improve the gut microbiota equilibrium by altering the microbial population in favour of
beneficial bacteria inhibiting the colonization of pathogenic bacteria (e.g. Salmonella) in broiler
[21] and tilapia [23]. This inhibitory behaviour by flavophospholipol may be a result of
proliferation of beneficial bacteria in competition with pathogenic bacteria for attachment sites
on the intestinal epithelium [21,24]. Flavophospholipol may also indirectly aid in the inhibition
of Salmonella by the combined increase in production of volatile fatty acids (e.g. acetic,
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propionic, butyric acids), produced by anaerobic bacteria (e.g. Lactobacillus), along with
reduced intestinal pH and redox potential [21,24,25]. To date, there are limited data available on
the influence of flavophospholipol on the fecal microbiota in challenged pigs. The objective of
this study was to evaluate the changes in flavophospholipol treated nursery pig fecal microbiota
after challenge with S. Typhimurium. The relationship between the fecal microbiota and
Salmonella status (antibody response, shedding and internal colonization) was also assessed.

4.3 Methods

Ethics Statement
This study was approved by the Animal Care Committee of the University of Guelph, in
accordance with the guidelines set forward by the Canadian Council of Animal Care.
Pigs and sample collection
Twenty-one, newly weaned four-week-old, healthy crossbred piglets [(Landrance x
Yorkshire) x Duroc] were transferred from the Arkell Swine Research Centre, University of
Guelph, to a level 2 biosafety isolation facility at the Ontario Veterinary College, University of
Guelph (Day 0). Piglets were randomly assigned to four separate rooms. Two rooms of pigs
(n=12) received a medicated diet containing 4 ppm in-feed flavophospholipol (based on
recommended dosage; Flavomycin®, Huvepharma, Ontario, Canada), while pigs (n=9) in the
other two rooms received an identical diet, without the added medication (Day 1). On Day 7 and
8 of the trial, piglets were orally challenged with a 2 mL dose of 108 colony forming units
(CFU)/mL of S. Typhimurium DT 104, with resistance to nalidixic acid. Fecal samples were
collected on Days 0, 6, and after the challenge on Days 8, 9, 12, 14, 19, 21, 26, 28 and 36. Blood
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samples were collected on Day 6 and Day 36. At Day 36, the pigs were euthanized and tissue
(spleen, liver, ileocecal lymph node) samples were collected. A timeline of the study is
illustrated in Fig 4.1.
Salmonella isolation and antibody detection
All fecal and tissue samples were cultured for Salmonella as previously described [26].
Fecal samples collected on Day 0 and Day 6 determined whether pigs were shedding Salmonella
prior to challenge, while fecal samples collected on Day 8 determined if the Salmonella
challenge had infected pigs with S. Typhimurium DT 104. Samples collected beyond Day 6,
after challenge, were plated on to XLT-4 agar containing nalidixic acid. To determine the
Salmonella CFU, serial dilutions were made using 1g of feces diluted with 0.1% buffered
peptone water (BPW) (Becton Dickinson™, Sparks Glencoe, Maryland, USA) and plated on
XLT-4 agar containing nalidixic acid. All plates were incubated at 37° C for 18 to 24 to 72 h.
Serum samples were assessed for Salmonella antibody by an indirect enzyme-linked
immunosorbent assay (ELISA) (pigtype® Salmonella Ab kit, QIAGEN Leipzig GmbH, Leipzig,
Germany) as per kit manual. Using the equation provided by the manufacturer, a sample-topositive ratio (S/P) value was determined and samples with S/P ratio of ≥ 0.3 were considered
Salmonella seropositive.
DNA extraction, 16S rRNA gene PCR amplification and purification
For microbiota processing, fecal samples collected at 2 sampling points over the duration
of the trial, at Day 6 (before challenge) and at Day 36 (28 days after challenge) (Fig 4.1), stored
at -20°C, were used.
DNA was extracted from fecal samples using a commercial kit (E.Z.N.A. Stool DNA Kit,
Omega Bio-Tek Inc., Doraville, Georgia, USA) following the manufacturer’s protocol. DNA
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concentration and purity were quantified using spectrophotometry (NanoDrop, Thermo
Scientific, USA). The V4 hypervariable region of the 16S rRNA gene was amplified using
forward (5′-AYTGGGYDTAAAGNG-3′) and reverse (5′- TACNVGGGTATCTAATCC-3′)
primers consisting of overhanging adapter regions to anneal with Illumina universal index
sequencing adaptors that were required for a later polymerase chain reaction (PCR) [27]. For the
amplification of the 16S rRNA V4 region, a previously describe protocol was used [28]. To
assess the quality of the PCR products, electrophoresis using 1.5% agarose gel was used and
evaluated under a UV light using the GeneGenius bioimaging system (Syngene, USA). The
purification of the PCR product was done using Agencourt AMPure XP beads (Beckman Coulter
Inc, Mississauga, Ontario, Canada) following a previously described protocol [28,29].
Approximately 50 μl of the product was transferred to a microcentrifuge tube and stored at -20°C
before being processed.
Indexing, purification and DNA sequencing
To add the Illumina universal adapters to the purified 16S rRNA gene product for
indexing, a 50 μl reaction mixture consisting of 25 μl KAPA 2G Fast HotStart ReadyMix 2X, 12
μl of molecular biology-grade water, 4 μl each of the forward and reverse sample-specific
Illumina universal adapters with 5 μl of each DNA sample was completed. Previously described
conditions were used for a second short PCR cycle which was performed to anneal the index
primers to the amplicons [28]. The product was purified with 40 μl AMPure XP beads and
DNA was eluted into 35 μl of 10 mM Tris (pH 8.5) buffer. Each sample (32 μl) was transferred
to a 96-well plate. The samples (~2 μl) were then quantified by spectrophotometry and
normalized to a final concentration of 2 nM. To assess the quality of the amplicon library, 5 μL
of the sample using electrophoresis with 1.5% agarose gel was used and evaluated under a UV
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light using the GeneGenius bioimaging system. Sequencing of the amplicon library pool,
remaining 25 μL of each sample, was performed using an Illumina MiSeq (San Diego, USA)
using 2×250 chemistry at the University of Guelph’s Advanced Analysis Centre.
Analysis of sequencing data and statistical methods
Open-source bioinformatics software package, mothur (v.1.39.5) [30], was used to
analyze DNA sequences using the mothur standard operating procedure [31]. Paired-end reads
were assembled and aligned to SILVA 16S rRNA reference database to ensure that they were
from the 16S rRNA V4 region [32]. Irregularities such as sequence lengths >245 bp or <239 bp,
ambiguous base calls, and long runs of homopolymers >8 bp were removed. Sequence data were
also screened for chimeras, using UCHIME [33], and non-bacterial domains (chloroplast,
mitochondria, Archaea and Eukaryotes) were removed. Remaining sequences were assigned into
operational taxonomic units (OTUs) using a de novo (open OTU picking) approach based on a
3.0% dissimilarity threshold.
Relative abundances of the main phyla (median relative abundance > 0.5%) and main
genera (inclusion based on high relative abundance) at Day 6 to Day 36 between groups was
calculated and presented both graphically and in a chart. Statistical analysis was conducted on
main phyla and main genera to assess whether there was any difference between the groups after
challenge. Appropriate transformations (i.e. square root, log, inverse) were applied to phyla and
genera that were nonparametric to improve normality. A repeated-measures (to account for
repeated measures at Day 6 and 36) analysis of variance (ANOVA) model was constructed with
JMP 13 (SAS Institute Inc, Cary, NC, USA) for each phylum and genus (dependent variable)
with treatment and day of sampling as explanatory variables. Interaction between treatment and
day of sampling was also explored. To control for multiple comparisons at the phyla and genera

101

level, the Benjamini & Hochberg’s False Discovery Rate (FDR) [34] analysis using statistical
software, R v.3.5.0 (R Foundation for Statistical Computing, Vienna, Austria), was applied to the
ANOVA p-values. Null hypothesis for all statistical tests was rejected at PFDR<0.05.
Random subsampling of sequences for each sample was conducted to normalize the
sequence data. The following alpha diversity measures were calculated using mothur: sampling
coverage (Good’s coverage), estimated richness (Chao1 index), evenness (Shannon’s evenness
index) and diversity (inverse Simpson index). Using Wilcoxon test, these indices were compared
between groups from Day 6 to Day 36, with a statistical significance at P<0.05.
Beta diversity was assessed using Jaccard and Yue & Clayton indices to measure
community membership and community structure, respectively. Principle Coordinate Analysis
(PCoA), plotted using JMP 13, helped to visualize clustering of groups with these beta diversity
indices. Dendrograms, plotted using FigTree v1.4.3, illustrated similarities between groups at the
two sampling points for community membership and community structure. Unweighted-Unique
Fraction Metric (Unweighted-UNIFRAC), analysis of molecular variance (AMOVA), and
homogeneity of molecular variance analysis (HOMOVA) were conducted to evaluate
community membership and community structure between groups from Day 6 to Day 36.
Linear discriminant analysis (LDA) effect size (LEfSe) [35] was used to evaluate and
identify bacterial taxa that were enriched at the two time points between groups. Inclusion of
genera was based on a P<0.05 and LDA score ³2.0. LEfSe results were plotted graphically using
JMP 13.
Statistical analysis, using JMP 13, was conducted to evaluate the relationship between
the fecal microbiota with Salmonella antibody response, Salmonella shedding and colonization.
The change in Salmonella seropositivity, from Day 6 to Day 36, was compared to the change of
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abundance in main phyla and main genera. A repeated-measures (to account for repeated
measures at Day 6 and 36) ANOVA model was generated for each phylum and genus (dependent
variable) to assess Salmonella seropositivity (explanatory variable). Each model also included
treatment, day and possible interactions. The same statistical method was used to assess the
change in Salmonella antibody titer. This modelling approach was used to see if any of the main
phylum or genera had an association with Salmonella (seropositivity/antibody response). To
control for multiple comparisons at the phyla and genera level, the Benjamini & Hochberg’s
FDR analysis was applied to the ANOVA p-values. Null hypothesis for all statistical tests was
rejected at PFDR<0.05.
For Salmonella CFU, statistical analysis was only conducted for main phyla and genera at
Day 36 as this was the only time fecal samples were analyzed for microbiota. Salmonella CFU
(Day 9, 12, 14, 19, 21, 26, 28 and 36; Salmonella shedding) [26] was compared to fecal
microbiota at Day 36 to assess whether a particular phyla or genera maybe associated with more
or less Salmonella shedding. A median CFU value was used due to the low range of CFU at Day
36. ANOVA models were constructed for each phylum and genus (dependent variable) modelled
with the median CFU as well as treatment. Lastly, Salmonella internal colonization, measured
based on whether a pig had at least one positive tissue sample at euthanasia, was compared to the
nursery pig microbiota at Day 36 to assess whether a particular phyla or genera maybe associated
with Salmonella colonization. ANOVA models were constructed for each phylum and genus
(dependent variable) modelled with tissue. Median CFU and treatment were also included in the
model. Benjamini & Hochberg’s FDR was applied to the ANOVA p-values for all statistical
analysis. Null hypothesis for all statistical tests was rejected at PFDR<0.05.
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4.4 Results

The impact of flavophospholipol on Salmonella shedding, colonization and antibody
response over the duration of this experimental trial has previously been published [26]. The
findings revealed medicating the nursery diet with 4 ppm of flavophospholipol was not effective
in reducing the presence of Salmonella in tissue and feces (P > 0.05) [26]. Further, no difference
in Salmonella antibody response was found between flavophospholipol-treated pigs and nonmedicated controls (P > 0.05) [26].
Only a subset of fecal samples was available and used to assess the microbiota resulting
in an uneven number of treatment and control pigs in the present study. The goal was to identify
the microbiota after treatment with flavophospholipol and prior to challenge with Salmonella
(Day 6) as well as after treatment and challenge (Day 36). Specifically, Day 36 was used because
it marks the end of the nursery stage. Earlier time points were not used because of the lack of
fecal samples and inconsistencies in sample pairings for pigs. However, these time points allow
exploring the change in the fecal microbiota during the nursery period when the microbiota is
evolving and can be manipulated with interventions like flavophospholipol.
Salmonella shedding
On Day 0 and 6, before challenge with S. Typhimurium, no pigs were identified as
shedding Salmonella spp. However, following the challenge, all of these pigs were found to be
shedding Salmonella on Day 8. On Day 36, Salmonella was isolated from all pigs, both in the
treatment and control group.
Impact of flavophospholipol on fecal microbiota in pigs challenged with S. Typhimurium
Sequence quality
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The total number of sequences that were recovered from 42 fecal samples on Day 6
(1,557,062) and Day 36 (2,358,324) was 3,915,386. The median number of sequences recovered
on Day 6 in the treatment (n=12) and control group (n=9) was 56,086 (Range: 34536, 196866)
and 48,465 (Range: 20213, 171494), respectively. The median number of sequences recovered
on Day 36 in the treatment (n=12) and control group (n=9) was 44,448 (Range: 23650, 194135)
and 174,548 (Range: 36333,533913), respectively. Overall, sequences clustered into 16,382
OTUs, which were classified into 26 bacterial phyla and 639 genera.
Relative abundance
Overall, the main phyla were Firmicutes, Bacteroidetes, Spirochaetes, Proteobacteria,
Actinobacteria, Deferribacteres and Tenericutes (Fig 4.2). From Day 6 to Day 36, Firmicutes,
with an interaction between day and treatment in the ANOVA model, were found to increase in
both groups but with a larger relative abundance in the controls, which initially had a lower
abundance than the treated group (PFDR=0.012) (Appendix 2.1). Interestingly, Proteobacteria,
also with an interaction between day and treatment, started at a greater abundance in the control
group and was found to decrease in both groups over time. However, the phylum was found in
lower numbers in the control group than the treatment group on Day 36 (PFDR=0.001) (Fig 4.2).
Meanwhile, the statistical significance found between groups from Day 6 to Day 36 in phyla
Deferribacteres, Spirochaetes and Tenericutes was not due to the effect of treatment but was a
result of a day effect (Appendix 2.1).
Fig 4.3 illustrates the relative abundances of the main genera (inclusion of 15 genera based
on high relative abundances) at Day 6 and Day 36. The relative abundances along with the pvalues and FDR p-values for a total of the 40 selected genera, including the main genera and an
additional 25 genera based on high relative abundance, are presented in Additional file 2. An
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unclassified Ruminococcaceae, Roseburia, Treponema, Blautia, Streptococcus, Megasphaera,
Dorea, Sporobacter, unclassified Firmicutes, Peptococcus, and Clostridium cluster IV were
found to be different between groups from Day 6 to Day 36 (PFDR<0.05). Meanwhile,
Lactobacillus was found in a larger abundance in the treatment group compared to the controls at
both Day 6 and Day 36 (PFDR=0.029). Oscillibacter, Ruminococcus, Anaerovibrio,
Escherichia/Shigella, Mucispirillum, Clostridium sensu stricto and Selenomonas were found to
be different at Day 36 from that in Day 6 in both groups. Lastly, Campylobacter, with an
interaction between day and treatment, was found in greater relative abundance in the control
group on Day 6 than the treatment but was found in both groups at similar low levels of
abundance on Day 36 (PFDR=0.0001).
Appendix 2.3 identifies the top 10 dominant genera at Day 6 and Day 36 in the control
and treatment group. Over time, unclassified Ruminococcaceae and unclassified Clostridiales are
abundant in both groups. Streptococcus is also found to be numerous at Day 36 in the treatment
group.
Alpha and beta diversity
A random sub-sampling of 20,213 sequences for each fecal sample was conducted to
normalize samples. Alpha diversity measures, Good’s coverage, Chao’s richness, Shannon
evenness and inverse Simpson diversity, were explored (Fig 4.4). From Day 6 to Day 36, no
differences in Good’s coverage, Chao’s richness, or Inverse Simpson diversity were noted
between the fecal microbiota of nursery pigs fed in-flavophospholipol and pigs fed a nonmedicated diet (P>0.05). However, Shannon evenness was found to increase in the
flavophospholipol treatment group from Day 6 to Day 36 in comparison to the control group
(P=0.046).
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Community membership, measured using the Jaccard index, assessed the similarity
between the fecal microbiota of treated pigs in comparison to control pigs based on the ratio of
shared taxa to unshared taxa at Day 6 and at Day 36. While, community structure, measured
using the Yue & Clayton index, evaluated the structural similarity of the fecal microbiota of
treated pigs in comparison to control pigs based on the proportions of the populations that are
represented by shared and unshared species. Based on the Jaccard and Yue & Clayton indices,
the dendrograms (Fig 4.5) illustrates clustering occurring at Day 6 and at Day 36, while the
PCoA plots (Fig 4.6) reveal clustering between groups at Day 6 and at Day 36. Although, the
unweighted UniFrac, AMOVA and HOMOVA tests for both community membership and
community structure found a difference between the treatment and control group at Day 6 & Day
36 (P<0.05) (Table 4.1), the PCoA plots identify some overlap between the groups at the two
sampling points.
LEfSe was analyzed at Day 6 and Day 36 separately (Appendix 2.4 and Fig 4.7). Genera
with an LDA score ³ 2 and statistical significance (P<0.05) were identified on Day 6 (n=4) and
Day 36 (n=12). All the enriched genera on Day 6 were found to belong to phylum Firmicutes.
Meanwhile, on Day 36, the enriched genera included Bacteroidetes along with Firmicutes.
Salmonella vs pig fecal microbiota
Salmonella antibody response
Salmonella seropositivity and antibody titer, for the twenty-one pigs used in this trial is
illustrated in Additional file 5. No significant relationship was found between any phylum or
genus and Salmonella seropositivity or antibody titers in nursery pigs between Day 6 to Day 36
(PFDR>0.05).

107

Salmonella CFU and internal colonization
The Salmonella CFU for the twenty-one pigs used in this trial is illustrated in Appendix
2.6. At Day 36, no relationship was found between the relative abundance of any phylum or
genus and Salmonella CFU (PFDR>0.05). Salmonella internal colonization was found in 3 pigs
out of the 21 pigs (14%) euthanized. Salmonella was isolated from the lymph node, liver and
spleen. At Day 36, no relationship was found between phyla or genera and the quantitation of
Salmonella at the sampled internal body sites (lymph node, spleen, liver) (PFDR>0.05).

4.5 Discussion

In the present study, the porcine fecal microbiota was found to encompass a rich and
diverse bacterial population consistent with previous studies [28,36]. After the pigs were
challenged with Salmonella, distinct clustering between the groups for both community structure
and membership was noted. This type of clustering between groups with the application of
antibiotics has been previously found [37]. Previous research on community membership has
also revealed fecal microbiota samples from pigs between 4 to 7 weeks of age tend to cluster into
one age dependent category [28]. This study also found community structure to not be
significantly different amongst samples from pigs at 5, 6 and 7 weeks of age [28]. This explains
why although there are distinctive clusters between treatment and control samples from Day 6 to
Day 36, the overlap between time is suggestive of the development of a stable community
structure in the present study. In terms of community structure and membership, the application
of flavophospholipol may have to occur at an earlier age when the microbiota is more susceptible
to change and has not achieved a stable environment.
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The relative abundance of bacterial phyla, with predominance of Firmicutes and
Proteobacteria, found over the duration of the present study shared similarities in ranges to the
findings from previous studies that assessed the fecal microbiota of pigs between similar ages
[28, 36]. However, at the end of the present trial, flavophospholipol-treated pigs showed a lower
relative abundance of Firmucutes and greater Proteobacteria than control group. The increased
presence of Proteobacteria has been widely reported in different diseases and different species, as
an indicator of disease or dysbiosis [38,39]. Swine research suggests the dysbiosis associated
with increased abundance of Proteobacteria may result in diarrhea in nursery pigs [40]. The
expansion of Proteobacteria has been found to be associated with gastrointestinal inflammation
and the development of colitis in mice [41]. In addition, gut microbial dysbiosis in pigs was
associated with increased abundance of Proteobacteria linked to porcine epidemic diarrhea virus
(PEDV) [42].
Interestingly, the increase in Proteobacteria in flavophospholipol treated pigs noted in the
present study has been previously documented in the fecal microbiota of newly weaned pigs
treated with antibiotic treatment, ASP250 (a combination of chlortetracycline 100 g/ton,
sulfamethazine 100 g/ton and penicillin 50 g/ton) [43]. Subsequently, with the increase in
Proteobacteria in the ASP250 treated pigs, there was an increase in populations of Escherichia
coli, belonging to the Enterobacteriaceae family [43]. In mice, the use of antibiotics has also
been found to result in the disruption of the microbiota composition with increased levels of
Proteobacteria as well as inflammation in the intestines [44,45]. Based on these previous
findings, the use of the antibiotic flavophospholipol, in the present study may have a disruptive
impact on the porcine fecal microbiota with the expansion of Proteobacteria. This is contrary to
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previous research suggesting flavophospholipol may have the ability to alter the microbiota in
favour of beneficial bacteria while inhibiting opportunistic bacteria [21,23].
Parallel to the increase of Proteobacteria, a lower abundance of Firmicutes has also been
associated with IBD (inflammatory bowel disease) and dysbiosis [46]. In the present study, there
was a depletion of Roseburia, a Gram-positive short-chain fatty acid (SCFA) producing genus
belonging to phylum Firmicutes, in flavophospholipol-treated pigs. Roseburia has been reported
as one of the most proficient producers of butyrate, a SCFA, in the gut microbiota of both human
and pig [47,48]. Ranging from anti-inflammatory properties to possible therapeutic strategies for
disease prevention and treatment, the benefits of butyrate, a crucial energy source for colonic
epithelial cells, has been well documented [47,49]. A recent study found the reduced production
of Roseburia hominis was associated with dysbiosis and pathogenesis of IBD ulcerative colitis in
humans [48]. Although previous research has discussed the ability of flavophospholipol to
potentially aid in improving the gut microbiota equilibrium [21,23], the increased abundance of
Proteobacteria along with a lower abundance of Firmicutes and genus Roseburia in treated pigs
reveals possible adverse effects associated with antibiotic treatment that maybe a sign of
dysbiosis in the nursery pig fecal microbiota.
In the present study, a greater abundance of Lactobacillus was found in the
flavophospholipol treated group. Interestingly, a previous study assessing the impact of 2 ppm of
flavophospholipol in-feed on the gut microbiota of broiler chick in the first 17 days posthatch
found a reduced prevalence of Lactobacillus compared to the control microbiota [50]. The
difference in the presence of Lactobacillus, between the previous study and the present study, is
likely a result of variations in dosage of flavophospholipol, duration of treatment and differences
in species. However, the increased presence of Lactobacillus in flavophospholipol treated pigs in
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the present study maybe an indication of improved swine health and growth performance with
genus’ probiotic attributes like low pH, resistance to bile salts, adhesion to host epithelium,
antimicrobial and immunomodulatory properties, as well as competitive exclusion of pathogens
[51–55]. Although Lactobacillus is praised for its probiotic attributes, there is a lack of
supporting evidence on its specific role as it can vary based on the Lactobacillus species and the
host breed [51,52]. In a recent study, the administration of L. salivarius in pigs was found to not
improve growth performance [56]. Whereas, L. gasseri has been found to elicit many of the
probiotic attributes listed earlier, however in humans [51]. Thus, whether or not the increased
presence of Lactobacillus in flavophospholipol treated pigs is favourable, it would require
species level analysis.
Bacteria with possible beneficial or commensal traits were also found in abundance in the
control group. Blautia, a Gram-positive bacterium belonging to phylum Firmicutes, was found
enriched in the control porcine fecal microbiota after challenge. This genus, which includes key
anaerobic intestinal commensal organisms [57], has been associated with anti-inflammatory
properties [58,59]. Megasphaera, an obligate anaerobic Gram-negative bacterium belonging to
phylum Firmicutes, was also found to be enriched in the control microbiota. Megasphaera is a
SCFA-producing genus, with the ability to produce amino acids and vitamins [60]. Meanwhile,
Streptococcus, a Gram-positive genus which includes opportunistic species (e.g. Streptococcus
suis), was found to be enriched in controls pigs. Previous research has found with the dominance
in S. suis in the intestines of post-weaned pigs, along with a reduced abundance of Lactobacillus,
this may result in the impairment of the defensive barrier of the stomach [61]. Although, in the
present study, a reduced abundance of Lactobacillus is found in the control group, it is difficult
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to confer whether treatment is having a positive impact on the gut microbiota, by keeping
opportunistic Streptococcus species at bay, without being able to identify at a species level.
Based on these findings, there is an abundance of certain beneficial/commensal bacteria
along with the possible presence of some opportunistic bacteria in both the flavophospholipoltreated pigs and control pigs after S. Typhimurium DT 104 challenge. It is difficult to confer
from these findings whether the treatment with flavophospholipol, primarily effective against
Gram-positive bacteria, can help to improve the porcine intestinal microbiota for the overall
health of the pig or in defense against Salmonella as suggested in literature.
It is also important to note that along with the antibiotic intervention, the intestinal
microbiota of these pigs was impacted by the stress of weaning and change in diet. Previous
studies have reported on the significant shift in composition and diversity of microbiota profiles
as a result of stress of weaning and change in diet from a highly digestible milk to a less
digestible solid feed [36,62]. Meanwhile, a recent study found that challenge with wild type S.
Typhimurium induced inflammation in the porcine intestinal gut tissue resulting in a decrease of
indigenous bacterial population [63]. This resulted in a reduction in colonization resistance
eventually leading to the host being susceptible to Salmonella colonization [63]. Thus, when
assessing the impact of flavophospholipol on the porcine fecal microbiota, the microbial
dysbiosis that occurs with weaning conditions and the challenge with Salmonella should be taken
into consideration.
The Salmonella shedding (CFU) and seropositivity between pigs in flavophospholipoltreated and control groups was similar as published previously [26]. Although, several studies
have found differences in gut bacterial population in the low and high Salmonella shedder pigs
as well as in the colonization of tissue post-Salmonella challenge [63,64], the present study
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found no associations between the pig fecal microbiota and Salmonella CFU or Salmonella
internal colonization. This is likely because of the lack of variation in Salmonella CFU between
pigs and due to the low number of pigs with Salmonella internal colonization [26]. In addition, if
the microbiota was assessed at earlier timepoints, soon after challenge, the impact of Salmonella
on the microbial populations might have been characterized better. It is likely that the lack of
association found between Salmonella antibody response and the fecal microbiota was also due
to the lack of variation in Salmonella antibody response amongst pigs [26]. Other components
like biomarkers would have to be considered in order to establish an association between
Salmonella antibody response and pig fecal microbiota.
This exploratory study sought to identify the differences in fecal microbiota between the
flavophospholipol-treated and the not-treated control nursery pigs before and after Salmonella
challenge. This study also evaluated the relationship between the fecal microbiota and
Salmonella antibody response, shedding and internal colonization in nursery pigs. One limitation
of this study is that the microbiota was only tested once post challenge, at Day 36. Testing at
multiple time points after challenge could have allowed for a better understanding of the
evolution of the nursery pig fecal microbiota with the flavophospholipol intervention. Also,
testing fecal microbiota at earlier time points might have improved the characterization of the
fecal microbiota with regards to Salmonella. Although all pigs were shedding Salmonella at the
end of the nursery stage, earlier testing might have revealed the microbial dysbiosis caused by
Salmonella. In addition, not assessing growth performance, diarrhea scores, histopathology, and
biomarkers presents a limitation when reporting and discussing the outcome of Salmonella. The
inclusion of these components in future studies could result in a better understanding of the fecal
microbiota with Salmonella challenge.
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Future research with a larger sample size exploring different dosages, frequencies and
durations of flavophospholipol is warranted. In addition, flavophospholipol is a commonly used
an antimicrobial growth promoter in livestock. It is important to consider its impact on growth
performance while exploring its influence on the gut or fecal microbiota. The presence of a
secondary control group that did not receive medicated feed or Salmonella challenge, a limitation
in the present study, could have been beneficial to assess the baseline porcine fecal microbiota.
Lastly, it is important to note that the fecal microbiota cannot be extrapolated to the entire
gastrointestinal tract as it is only representative of the distal portion (colon and cecum).

4.6 Conclusions

The porcine fecal microbiota of nursery pigs treated with 4 ppm of flavophospholipol infeed or a non-medicated feed were found to have variations in microbial populations before and
after challenge with S. Typhimurium DT 104. Significant differences in potentially beneficial
and opportunistic bacteria in both the treatment and control group were found. However, the
increased abundance of phylum Proteobacteria and decreased abundance of Firmicutes and
Roseburia noted in flavophospholipol treated pigs is suggestive of microbial dysbiosis in nursery
pigs. Further research with a larger sample size, testing the microbiota at multiple timepoints,
including a secondary control group (without treatment or challenge) and exploring different
dosages and frequencies is warranted to draw conclusions on the impact of flavophospholipol on
the fecal microbiota and gut health. Lastly, no associations were found between the pig fecal
microbiota and Salmonella CFU, Salmonella internal colonization or Salmonella antibody
response.
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Table 4.1: Unweighted UniFrac, AMOVA and HOMOVA test values for Jaccard (community
membership) and Yue and Clayton (community structure) indices. Fecal microbiota from Day 6
(before challenge) to Day 36 (28 days after challenge) between pigs treated with either 4 ppm of
flavophospholipol (Tx; n=12) or non-medicated control feed (C; n=9) from Day 1 onwards.

Day 6 – Day 36
Jaccard Index
Yue & Clayton Index

Unweighted
UniFrac

AMOVA

HOMOVA

<0.001
0.0010

<0.001
<0.001

<0.001
0.05
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Figure 4.1: Challenge trial timeline. Figure depicts the study timeline from the arrival of nursery
pigs (n=21) on Day 0, treatment with either 4 ppm of flavophospholipol (n=12) or nonmedicated control feed (n=9) on Day 1, Salmonella Typhimurium DT 104 challenge on Day 7
and 8, to days where Salmonella isolation and microbiota testing was conducted over 36 day trial
period.
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Figure 4.2: Relative abundance of bacterial phyla after Salmonella challenge. Fecal microbiota
of 4-week-old pigs at Day 6 (before challenge) and Day 36 (28 days after challenge) treated with
either 4 ppm of flavophospholipol (Tx; n=12) or non-medicated control feed (C; n=9) from Day
1 onwards. Figure is limited to phylum that met the >0.5% median cut-off.
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Figure 4.3: Relative abundance of bacterial genera after Salmonella challenge. Fecal microbiota
of 4-week-old pigs at Day 6 (before challenge) and Day 36 (28 days after challenge) treated with
either 4 ppm of flavophospholipol (Tx; n=12) or non-medicated control feed (C; n=9) from Day
1 onwards. Figure is limited to the top 15 genera.
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Ruminococcaceae unclassified
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Figure 4.4: Fecal microbiota alpha diversity after Salmonella challenge. Quantile boxplots of (a)
Good’s Coverage, (b) Chao’s Richness, (c) Shannon’s Evenness, and (d) Inverse Simpson’s
Diversity of 4-week-old pigs at Day 6 (before challenge) and Day 36 (28 days after challenge)
treated with either 4 ppm of flavophospholipol (Tx; n=12) or non-medicated control feed (C;
n=9) from Day 1 onwards.
(a)

(b)

(c)

(d)
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Figure 4.5: Dendrogram of (a) Yue and Clayton index (community structure) and (b) Jaccard
index (community membership) after Salmonella challenge. Fecal microbiota of 4-week-old pigs
treated with 4 ppm of flavophospholipol treated (Tx; n=12) or non-medicated control feed (C;
n=9) at Day 6 (before challenge) and Day 36 (28 days after challenge). Treatment on Day 6
(blue), control on Day 6 (green), treatment on Day 36 (red) and control on Day 36 (orange).
Treatment was administered from Day 1 onwards.
(a)
D6_25
D6_28
D6_3
D6_23
D36_28
D36_26
D6_26
D6_18
D6_2
D6_12
D6_10
D6_29
D6_7
D6_15
D6_24
D6_17
D6_22
D36_31
D6_32
D6_33
D6_30
D6_5
D6_31
D6_16
D36_10
D36_7
D36_18
D36_25
D36_29
D36_23
D36_24
D36_22
D36_30
D36_17
D36_33
D36_5
D36_32
D36_15
D36_12
D36_16
D36_3
D36_2

2.0

127

(b)
D6_28
D6_7
D6_25
D6_33
D6_30
D36_29
D36_3
D6_3
D6_5
D6_23
D6_18
D6_32
D6_22
D6_24
D6_17
D6_26
D6_2
D6_29
D6_15
D6_10
D6_12
D36_33
D6_31
D36_31
D36_12
D36_32
D36_5
D36_24
D36_17
D36_16
D6_16
D36_22
D36_23
D36_2
D36_30
D36_15
D36_7
D36_28
D36_10
D36_25
D36_26
D36_18

2.0

128

Figure 4.6: Principal coordinate analysis (PCoA) of (a) Yue and Clayton index (community
structure) (b) Jaccard index (community membership) after Salmonella challenge. Fecal
microbiota of 4-week-old pigs treated with 4 ppm of flavophospholipol (Tx; n=12) or nonmedicated control feed (C; n=9) at Day 6 (before challenge) and Day 36 (28 days after
challenge). Treatment on Day 6 (green), control on Day 6 (red), treatment on Day 36 (orange)
and control on Day 36 (blue). Treatment was administered from Day 1 onwards.
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(b)
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Figure 4.7: Plot of LEfSe analysis of enriched genera in the treatment group and control group
on Day 36. Based on the fecal microbiota of 4-week-old pigs at Day 36 (after Salmonella
Typhimurium DT 104 challenge on Day 7 and 8) treated with either 4 ppm of flavophospholipol
in-feed (Tx; n=12) or non-medicated control feed (C; n=9) from Day 1 onwards.
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CHAPTER 5: RESEARCH SUMMARY AND CONCLUSIONS

5.1 Overview

The nursery period is critical in pork production, as animals are under various stressors
and highly susceptible to diseases (i.e. salmonellosis). The overall objective of this research was
to investigate the epidemiology of Salmonella on Ontario swine nurseries and address whether
flavophospholipol is an effective control and prevention method for Salmonella in nursery pigs,
while evaluating the impact of the antibiotic on the porcine fecal microbiota. Using both
bacteriological and serological testing methods, active Salmonella infections were identified on
Ontario nurseries from 2014 to 2019. This investigation allowed for a better understanding of the
epidemiology of Salmonella in nursery pigs, in addition to expanding the existing literature.
After establishing the prevalence of Salmonella in nurseries and exploring associated risk
factors, an antibiotic intervention, flavophospholipol, was assessed using an experimental trial.
Along with the impact of flavophospholipol on reducing Salmonella shedding and colonization,
the porcine fecal microbiota of nursery pigs challenged with S. Typhimurium was explored to
assess if it may be manipulated with the usage of flavophospholipol.

5.2 Summary of Findings

The first objective of this thesis, Chapter 2, identified active Salmonella infections on
nursery cohorts and determined risk factors associated with pigs becoming infected with
Salmonella in the nursery. Using a longitudinal trial, twenty nursery pigs were tested for
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Salmonella, using a combination of serological testing at weaning and at the end of the nursery
stage and bacteriological testing at the end of the nursery on fifty swine cohorts in southwestern
Ontario. With approximately 80% (37/46) of nursery cohorts identified as having an active
Salmonella infection based on identifying a pig in the cohort by either serology or bacteriology
or both, this study illustrated the high prevalence of Salmonella in swine nurseries. Almost half
of the nurseries (22 of 46) were identified as positive by both methods. However, there were 8 of
46 (17%) nurseries identified as positive only by serology and 7 of 46 (15%) nurseries that were
only identified as Salmonella positive using bacteriology. This investigation highlights the need
to use both bacteriological and serological testing in parallel to help monitor Salmonella on
nursery farms.
Serological testing is superior in its detection of Salmonella intermittent shedders. This
testing method is capable of identifying historical infections after the animal may have stopped
shedding the bacterium. However, measuring antibody levels of newly weaned pigs presents a
problem because often lingering passive immunity causes positive serological results in piglets
that may not have been exposed to Salmonella. Over the duration of the nursery stage, this
passive immunity will decrease unless the pig encounters a challenge from Salmonella and then
gains active immunity resulting in an increase in Salmonella antibody levels. By using the
Salmonella antibody response patterns, developed in this study (Chapter 2), pigs with rising
antibody titres that are seropositive at the end of the nursery stage are identified as Salmonella
serological positive. Meanwhile, pigs with decreasing antibody titres that are seropositive at the
end of the nursery are identified as Salmonella serological negative to avoid the misinterpretation
of passive immunity as a Salmonella infection. However, pigs with rising antibody titres that are
seronegative at the end of the nursery stage were considered Salmonella serological negative.
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This might be concerning if antibody titres continue to rise in these animals into the growerfinisher stage. It may indicate infection was too recent in these pigs for them to become
seropositive. All other pigs that had a decrease in antibody titre were considered Salmonella
serological negative.
Bacterial culturing is advantageous in identifying a current infection, where serological
testing falls short. Also, additional testing can be conducted on Salmonella isolates to identify
serotypes and antimicrobial resistance. However, to identify a nursery pig positive for
Salmonella shedding, adequate fecal matter is required to improve the likelihood of detecting the
bacteria, especially if it is in low numbers. This may be challenging early in the nursery stage as
pigs are under various stressors including the change in feed resulting in reduced feed intake and
less secretion of feces. Thus, by using both detection methods in parallel, there is improved
sensitivity allowing researchers to better understand the epidemiology of Salmonella in nursery
pigs.
With the identification of Salmonella active infections on cohort, risk factors (i.e. AIAO
by room, AIAO by barn, continuous flow, use of disinfection etc.) were explored for possible
associations to Salmonella prevalence on nurseries. This study did not identify why the nine
negative cohorts were different from the thirty-seven cohorts with an active Salmonella
infection. However, further research may identify possible risk factors associated with
Salmonella on nursery cohorts. Future studies using larger groups of farms exploring specific
risk factors like feed management may provide better insight.
The first part of this thesis illustrated the widespread presence of Salmonella on Ontario
nursery farms. By controlling and preventing Salmonella during the nursery stage, circulation
and maintenance of the pathogen in the nursery and later in pig production can be mitigated.
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Thus, the second objective of this thesis, Chapter 3, was to evaluate to the impact of
flavophospholipol on nursery pigs challenged with S. Typhimurium. An experimental trial was
conducted to investigate Salmonella shedding and colonization as well as antibody response in
weaned pigs receiving 4 ppm of flavophospholipol in-feed compared with control pigs receiving
a non-medicated feed. Pigs were orally challenged with S. Typhimurium DT 104 seven and eight
days after they started treatment. Contrary to findings from previous studies conducted on swine
and poultry (Bolder et al., 1999; Dealy & Moeller, 1976), this study found there was no
difference between the treatment and control group in Salmonella antibody response and the
presence of Salmonella in feces and tissue (P > 0.05). These findings were in agreement with a
more recent study conducted on naturally infected grower-finisher pigs that found no difference
in Salmonella shedding between flavophospholipol-treated and control pigs (Nair et al., 2018).
Although medicating nursery diets with flavophospholipol at 4 ppm did not appear to
reduce Salmonella infection in nursery pigs, literature suggests flavophospholipol may have the
ability to alter the gut microbiota in favour of beneficial bacteria by inhibiting pathogenic
bacteria. The use of flavophospholipol on the microbiota in nursery pigs is poorly understood.
Thus, the third and last objective of this thesis, Chapter 4, explored the impact of
flavophospholipol on the fecal microbiota of nursery pigs challenged with S. Typhimurium DT
104. Using a subset of the pigs from the experimental trial, conducted in Chapter 3, the fecal
microbiota of nursery pigs treated with 4 ppm of in-feed flavophospholipol and control pigs were
compared one day before challenge and 28 days after challenge.
In this study, the porcine fecal microbiota was found to encompass a rich and diverse
bacterial population. The fecal microbiota of nursery pigs treated with 4 ppm of
flavophospholipol in-feed or a non-medicated feed were found to have variations in microbial
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populations, in multiple phyla and genera, before and after challenge with S. Typhimurium DT
104 (P<0.05). In the treatment and control group, significant differences in potentially beneficial
and opportunistic bacteria were found. Distinctly, the increase in phylum Proteobacteria
(P=0.001) and decrease in Firmicutes (P=0.012) and genus Roseburia (P=0.003) in the treated
pigs was suggestive of possible microbial dysbiosis.
In spite of the fact that pigs were medicated with a very small dosage of this antibiotic,
with weak pharmacokinetic and pharmacodynamic features, the gut flora was modified.
However, based on these findings, it is difficult to conclude whether treatment with 4 ppm of
flavophospholipol is promoting favorable indigenous bacteria in the pig microbiota as previous
literature has suggested. With that said, it is also important to note, there is no specific literature
that entails what an ideal microbiota is.

5.3 Limitations

In Chapter 2, continuous monitoring of Salmonella during the nursery stage, using both
bacteriological and serological testing methods, on the fifty swine cohorts would have improved
the identification of active Salmonella infection on nursery cohorts. By conducting
bacteriological testing once, at the end of the nursery, and serological testing twice, at weaning
and at the end of the nursery, limits our understanding of Salmonella in these nursery pigs.
Serotyping the Salmonella isolates would have helped to identify any Salmonella infection that
may have been unidentified with serological testing, as the ELISA kit detected only serogroups
commonly found in Ontario. Also, the Salmonella antibody response patterns, developed in
Chapter 2, does not account for the magnitude of change and the initial antibody titre baseline.
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By categorizing two pigs into the same pattern, data are lost. One pig may have had a great
increase in antibody response, while the other pig had a minimal change. By incorporating the
degree of change along with the initial antibody titre baseline into patterns, there can be better
identification of nursery cohorts with increased severity of Salmonella. With this information,
risk factor identification may be improved, and prevention and control methods can be targeted
to specific cohorts.
In the experimental trial, mentioned in Chapter 3 and 4, the presence of Salmonella in
one pig on Day 0, presents the possibility of Salmonella co-infection among pigs from Day 0 to
Day 6. By conducting Salmonella serotyping on the isolates found on Day 0, existing serotypes
in the population would have been identified. Furthermore, serotyping would have allowed us to
assess whether the Salmonella challenge strain colonized tissue samples. In addition, the
selective recovery of the Salmonella challenge strain introduced a diagnostic bias as its limited
identification of any other existing Salmonella infection in this population.
The presence of a secondary control group that did not receive medicated feed or
Salmonella challenge would have been beneficial in assessing the changes in the basal level of
Salmonella shedding and antibody level throughout the study period. In addition, a secondary
control group would have been crucial in identifying a baseline porcine fecal microbiota without
the influence of flavophospholipol or Salmonella challenge. Lastly, the fecal microbiota is not
representative of the entire gastrointestinal tract.
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5.4 Future Directions

Despite these limitations, this thesis identified the inability of flavophospholipol to
prevent Salmonella infection when administered at an early stage in pig production. Further
studies are needed to determine whether a higher concentration of flavophospholipol would
protect pigs against Salmonella infection. Future studies exploring the long-term impact of
flavophospholipol on the porcine fecal microbiota, using a larger sample size, is also
recommended. In addition to further exploring flavophospholipol, investigating other
interventions that can manipulate the gut microbiota and reduce Salmonella shedding in pigs is
recommended. Specifically, studies have found feed presentation (structural modifications,
increasing feed particle sizes) to help mitigate Salmonella in pigs while promoting beneficial
populations of digestive microbiota (Lebel et al., 2017; Mikkelsen et al., 2004; Visscher et al.,
2009). Research found pigs fed a diet of mash processing and/or large particle size (1250 µm)
had reduced Salmonella shedding in comparison to pigs fed commercial fed pellets (500 µm),
while improving the proportion and number of Bifidobacterium along with other taxa (Lebel et
al., 2017). In addition, the use of fermented feed with prebiotics (SCFAs – acetate, propionate,
butyrate) and probiotics (Lactobacillus casei, Lactobacillus zeae, Lactobacillus rhamnosus GG)
have been found to help suppress the carriage of Salmonella in pigs and may be used as a
potential gut microbiota-targeted therapy (Letellier et al., 2000; Rasschaert et al., 2016; Yin et
al., 2014; Zhang et al., 2019). Further research as to how dietary measures and alternative
interventions can manipulate the fecal microbiota and the survival of Salmonella in pigs is
warranted.
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5.5 Conclusions

In conclusion, this thesis updates the existing literature on the epidemiology of
Salmonella in nursery pigs while providing further insight on the impact of flavophospholipol on
Salmonella and on the fecal microbiota in nursery pigs. The heightened presence of Salmonella
on nursery cohorts, identified in this thesis, illustrates the need to focus more efforts during the
nursery stage. By combining bacteriological and serological testing methods, researchers can
better monitor active Salmonella infection on farms. Although the present study did not find any
association between cohorts with an active Salmonella infection and risk factors, further research
is warranted. The use of 4 ppm of in-feed flavophospholipol did not reduce Salmonella shedding,
colonization or antibody response compared to controls. In addition, porcine fecal microbiota of
nursery pigs treated with 4 ppm of flavophospholipol in-feed presented with variation in specific
microbial populations suggestive of dysbiosis in nursery pigs. Further research with a larger
sample size and increased dosage is warranted to draw conclusions on the impact of
flavophospholipol on Salmonella and the porcine fecal microbiota.
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APPENDIX I

Appendix 1.1: Producer questionnaire used for Chapter 2.
ONTARIO SENTINEL NURSERY QUESTIONNAIRE
MM/DD/YYYY
Date (mm/dd/yyyy):______________________________________________________
Completed by:__________________________________________________________
1. Farm Code____________
2. Premises Information
1.
2.
3.
4.
5.
6.
7.
8.

Premises ID:______________________________________________________
Farm name:_______________________________________________________
Barn name (enrolled barn):___________________________________________
Fire/Street number:_________________________________________________
Street name:______________________________ RR#:__________________
City:_____________________________________________________________
Postal Code:______________________________________________________
County:__________________________________________________________

3. Pig Owner: Person who owns the pigs
1.
2.
3.
4.
5.
6.
7.

Pig owner first name:_______________________________________________
Pig owner last name:_______________________________________________
Pig owner company name:___________________________________________
Pig owner phone:__________________________________________________
Pig owner cell:_____________________________________________________
Pig owner fax:_____________________________________________________
Pig owner email:___________________________________________________

8. Does the pig owner live at the premises?

oYes

oNo

• If No, please provide mailing address:
9. Pig Owner Fire/Street Number:________________________________________
10. Pig Owner Street Name:_____________________________________________
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11. Pig Owner City:____________________________________________________
12. Pig Owner Postal Code:_____________________________________________

4. Nursery Contact Person
1. Is the nursery contact person the same as the pig owner?

oYes
2.
3.
4.
5.
6.
7.
8.

oNo

• If No, please provide the following:
Contact person first name:___________________________________________
Contact person last name:___________________________________________
Contact person phone:______________________________________________
Contact person cell:________________________________________________
Contact person fax:_________________________________________________
Contact person email:_______________________________________________
Please indicate preferred method of receiving written communications:

oEmail

oFax

oMail

• If mail, please provide contact person mailing address:___________________
______________________________________________________________
9. Is the nursery contact person an employee of the pig owner?

oYes

oNo

10. Is the nursery contact person a contract producer? (Person who is contracted to
look after the pigs but is NOT the pig owner or an employee of the pig owner).

oYes

oNo

11. If the nursery contact person is not the pig owner, an employee of the pig owner,
nor a contract producer, please indicate the relationship (Ie. herd veterinarian):
________________________________________________________________
5. Veterinarian
1. Veterinarian first name:______________________________________________
2. Veterinarian last name:______________________________________________
6. Production System: A group of 2 or more sites linked by common owner or
management.
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1. Is this site part of a production system?

oYes

oNo

• If Yes, please provide the name of the production system:__________________
____________________________________________________________________

7. Site Outline
1. Please indicate the production type of this site:

oFarrow-to-finish (sows, gilts, boars, piglets, nursery, grow, finish)
oFarrow-to-feeder (sows, gilts, boars, piglets, nursery)
oNursery only
oWean-to-finish (nursery, grow, finish)
2. Please indicate the number of animals in each category typical for this site:
Number of sows:________________________________________________
Number of nursery pigs:__________________________________________
Number of finishers:_____________________________________________
Number of boars:_______________________________________________
3. For Nursery only site or Wean-to-finish only site, how many pig buildings are
on this site:

o1
o2

o3
o4

4. Please provide the number of nursery pigs in each building:
Building 1:_____________________________________________________
Building 2:_____________________________________________________
Building 3:_____________________________________________________
Building 4:_____________________________________________________
5. Typical flow in the nursery building: (Note AIAO – All in, all out)

oContinuous flow; please describe:________________________________
___________________________________________________________
___________________________________________________________
___________________________________________________________

oAIAO by room
oAIAO by building
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oAIAO by site (if nursery only site or wean-to-finish only site)
oOther; please describe:________________________________________
8. Genetics/Pig Sources
1. Is the source of the nursery pigs from within the production system?

oYes

oNo

2. What are the genetics of the sow herd source (ie. the sow herd the nursery
pigs come from) for the replacement gilts?_____________________________
3. What are the genetics of the sow herd source (ie. the sow herd the nursery
pigs come from) for the replacement boars/AI?________________________
9. Biosecurity
1. Do you require visitors to be away from pigs for a certain period of time?

oYes
•

oNo

If Yes, please provide required period of time (days):____________________

2. How would you best describe biosecurity procedures for visitors? Please select
all that apply:

oShower in
oDanish entry [a barn entrance that includes a barrier and clothing and
footwear changes as well as hand sanitizing to enter the Restricted
Access Zone (RAZ)]

oBoots and coveralls are provided by the farm
oBoots (only) are provided by the farm, clean coveralls are provided by
visitors

oNo specific rules
oOther; please describe:________________________________________
3. For this nursery barn incoming pigs are trucked by:

oExternal trucker
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oUse own trucks
oTruck to truck transfer
oNot applicable (i.e. walked within barn)
4. For this nursery barn outgoing pigs are trucked by:

oExternal trucker
oUse own trucks
oTruck to truck transfer
oNot applicable (i.e. walked within barn)

5. Do you have a Standard Operating Procedure for washing and disinfection and
animal transportation for external trucks (if applicable)?

oYes

oNo

6. If you use your own trucks:

oOne truck transports pigs of all age groups
oTrucks or vehicles are dedicated according to different groups
7. If you use your own trucks:

oVehicles are cleaned and disinfected; please describe (procedure and

frequency):__________________________________________________
___________________________________________________________

oVehicles are not cleaned

8. Do you allow any livestock truck drivers access into your barn?

oYes

oNo

9. How do you dispose of dead stock (pig mortalities)? Please select all that apply:

oCompost, burial or incineration within Controlled Access Zone (CAZ)
oCompost, burial or incineration outside of CAZ
oThird party pick up within CAZ
oThird party pick up outside CAZ
oDeliver to rendering
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10.

The Facility

1. This facility is a (select one):

oSingle-stage nursery
oTwo-stage nursery
2. This facility uses (select one):

oNatural ventilation
oPower ventilation
3. Is there a water meter for the nursery facility?

oYes
•

oNo

If Yes, do you record this number daily?

oYes

oNo

Complete a site diagram illustrating barn/room/pen diagram (including the location of fans,
inlets and manure pit design). Please include room and pen measurements in imperial units. If
multiple room designs are present, please complete one diagram per room.
Single Stage or Stage One:
4. Number of nursery rooms:___________________________________________
5. Please fill out the following table regarding nursery rooms and pens (indicate
units where applicable):
Room number

Number of pens in
room

Pen dimensions (l x w)
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Number (or range)
of pigs in each pen

6. Number, type and location of drinkers per pen (select all that apply and indicate
quantity):

oFixed nipple drinkers:_______________________________________
oBowl drinkers:_____________________________________________
oCombination (bowl and nipple) drinkers:_________________________
oSwing nipple drinkers:_______________________________________
7. Location of feeders:

oIn partition
oCenter of pen
8. Please fill out the following table regarding the feeders in the nursery (indicate
units where applicable):
Room
number

Pen number
(if applicable)

Type of
feeder

Feeder
dimensions
(l x w x h)

Number of
feeding
spaces per
feeder

Size of
feeding
spaces

9. Please fill out the following table regarding the ype of pen flooring in each
nursery room:
Room number

Flooring type
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If two stage nursery:
10. Number of nursery rooms:___________________________________________
11. Please fill out the following table regarding nursery rooms and pens (indicate
units where applicable):
Room number

Number of pens in
room

Pen dimensions (l x w)

Number (or range)
of pigs in each pen

12. Number, type and location of drinkers per pen (select all that apply and indicate
quantity):

oFixed nipple drinkers:_______________________________________
oBowl drinkers:_____________________________________________
oCombination (bowl and nipple) drinkers:_________________________
oSwing nipple drinkers:_______________________________________
13. Location of feeders:

oIn partition
oCenter of pen
14. Please fill out the following table regarding the feeders in the nursery:
Room
number

Pen number
(if
applicable)

Type of
feeder

Feeder
dimensions
(l x w x h)
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Number of
feeding
spaces
per feeder

Size of
feeding
spaces

15. Please fill out the following table regarding the type of pen flooring in each
nursery room:
Room number

11.

Flooring type

Management

1. What is the age range of the pigs on entry into the nursery (in days)?__________
2. What are the number of pigs entered into the nursery per time period?_________
________________________________________________________________
3. What is the frequency that pigs are weaned from the sow barn?

oWeekly

oMonthly

oOther; specify________

4. What is the average timing to fill/empty the nursery barn (in days)?
Fill:_____________________________________________________________
Empty:___________________________________________________________
5. How many weeks do the pigs stay in the nursery?_________________________
6. Are there age or weight restrictions for weaned pigs entering the nursery?

oYes
•

oNo

If Yes, please describe:___________________________________________

7. Are pigs sorted by size or other criteria?

oYes
•

oNo

If Yes, please describe:___________________________________________

8. Is there a hospital pen/area/alleyway?

oYes
•

oNo

If Yes, please describe:___________________________________________
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9. How many people currently work in the nursery barn?

o1
o2

o3
oOther; specify:____

10. How frequently do you walk through the nursery facility to observe the health and
wellbeing of the pigs?_______________________________________________
11. Do you regularly check feeder adjustment and water flow of the drinkers?

oYes
•

oNo

If Yes, how frequently?____________________________________________

12. Do you check barn/room HI/LOW temperatures?

oYes
•

oNo

If Yes, how frequently?____________________________________________

13. Is this an antibiotic free site (e.g. Raised without Antibiotics programs)?

oYes

•
•

o

No
MM/DD/YYYY
If Yes, please indicate the Start Date (mm/dd/yyy):_________ _____________
If Yes, what is the treatment protocol in a severe disease outbreak situation
(i.e. High morbidity/mortality)? Please describe:_________________________
______________________________________________________________

14. Please complete Vaccination, Treatment and Sanitation Protocols in
Appendix Table 1 for the nursery phase only indicating:
• ALL vaccination protocols, including vaccinations administered to the
piglets on the sow and at the time of weaning
• ALL medications used, including preventive treatment protocols
• ALL sanitation products used, including detergents and disinfectants
15. Please list the common illnesses that are observed in the nursery:____________
______________________________________________________________________
__________________________________________________________
16. What is your most significant health problem(s) in the nursery pigs?___________
________________________________________________________________
________________________________________________________________
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17. If pigs become sick in the nursery are they treated?

oYes

oNo

oYes

oNo

•

If Yes, are treatments recorded?

•

If yes, please describe:___________________________________________
______________________________________________________________

18. Do you sell cull pigs (e.g. BBQ pigs) from the nursery?

oYes

19. Do you have a written euthanasia protocol?
•

oNo

oYes

oNo

oYes

oNo

If Yes, please describe:___________________________________________
______________________________________________________________
20. Do you clean the barn/room/pen between batches of pigs?
• If Yes, please select all that apply:

oPre-soak
oUse detergent (list product information in Table 1)
oHigh-pressure cold water wash
oHigh-pressure hot water wash
oUse disinfectant (list product information in Table 1)
oDrying/down time; please
describe:__________________________

oOther; please describe:___________________________________
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12.

Feed

1. Do you supplement with any other types of additives?

oYes
•

oNo

If Yes, please select (and describe) all that apply:

oPrebiotics:__________________________________________________
oProbiotics:__________________________________________________
oOrganic acids:______________________________________________
oOther:_____________________________________________________
2. Please describe the feeding strategy for the first week after arrival:___________
________________________________________________________________
________________________________________________________________
3. What is the feed intake in the first 48 hours after arrival (indicate units)? _______

13.

Production Records

1. How do you currently record performance values in the nursery (e.g. gain,
mortality, feed conversion, etc.)?

oPaper records
oElectronic records; please describe:_____________________________
oNo records
2. Do you record total weight of pigs upon entry and exit from the nursery?

oYes
•

oNo

If Yes, what is the average growth rate (grams/day) during the nursery
phase (of this facility)?__________________________________________

3. Do you record mortality rate (death) in the nursery?

oYes
•
•

oNo

If Yes, what is the average mortality rate (of this facility)?_______________
If Yes, do you record the cause of mortality?
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o Yes; please

oNo

describe:___________
__________________
4. Do you record feed usage (disappearance) in the nursery?

oYes
•

oNo

If Yes, what is the average feed conversion ratio (of this
facility)?_________

5. Is there a particular disease problem in the nursery that is causing poor
performance (i.e. high mortality or slow growth)?

oYes
•

oNo

If Yes, please describe:_________________________________________
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Site Diagram
Room Layout Room #:_______
Please draw the layout of the
room.
Please draw pens and label with
number designation as per the
producer.
Include:
• # of pigs in each pen (count if
possible)
• location of sick pen(s)
• location of inner door and
outer wall
Room dimensions:
Length:________
Width:_________

Pen Layout # of Pens in this room:_________
LEGEND
Single nipple drinker
Double nipple drinker
Bowl drinker
Feeder

C
Fan

Feeder
Chimney

Fan
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Pen layout
Include:
• Location of drinkers,
feeders, chimney,
fans, etc.
• Pen dimensions
Length:________
Width:_________

Site Diagram
Room Layout Room #:_______
Please draw the layout of the
room.
Please draw pens and label with
number designation as per the
producer.
Include:
• # of pigs in each pen (count if
possible)
• location of sick pen(s)
• location of inner door and
outer wall
Room dimensions:
Length:________
Width:_________
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Pen Layout # of Pens in this room:_________
LEGEND
Single nipple drinker
Double nipple drinker
Bowl drinker
Feeder

C

Feeder
Chimney

Fan
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Pen layout
Include:
• Location of drinkers,
feeders, chimney,
fans, etc.
• Pen dimensions
Length:________
Width:_________

APPENDIX II

Appendix 2.1: Intestinal microbiota phyla after Salmonella challenge (percent relative
abundances, p-values, and FDR p-values). 4-week-old pigs at Day 6 (before challenge) and Day
36 (28 days after challenge) treated with either 4 ppm of flavophospholipol (Tx; n=12) or nonmedicated control feed (C; n=9) from Day 1 onwards. Figure is limited to phylum that met the
>0.5% median cut-off.
Median % (Min, Max)
Day 6
Day 36
Tx
C
Tx
C
(n=12)
(n=9) (n=12)
(n=9)
ab
68.9
69.0
70.1
81.3
Firmicutes
ab
15.4
19.8
10.6
6.7
Proteobacteria
4.3
4.5
4.3
3.9
Bacteroidetes
b
2.0
0.9
6.5
2.3
Spirochaetes
2.9
1.8
2.3
2.4
Bacteria unclassified
0.6
0.5
0.4
0.4
Actinobacteria
b
1.1
0.5
0.0
0.0
Deferribacteres
0.0
0.0
1.2
0.0
Tenericutesb
a
Significiant interaction between day and treatment
b
Significance effect of day
c
Significance effect of treatment
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P-value

PFDR

0.009
0.000
0.999
0.000

0.012
0.001
0.999
0.000

0.200
0.000
0.004

0.233
0.000
0.008

Appendix 2.2: Intestinal microbiota genera after Salmonella challenge (percent relative
abundances, p-values, and FDR p-values). 4-week-old pigs at Day 6 (before challenge) and Day
36 (28 days after challenge) treated with either 4 ppm of flavophospholipol (Tx; n=12) or nonmedicated control feed (C; n=9) from Day 1 onwards. Limited to selected 40 genera.

Clostridiales unclassifiedbc
Ruminococcaceae
unclassifiedbc

Lactobacillusc
Succinivibrio
Lachnospiraceae unclassifiedb

Faecalibacterium
Roseburiabc
Holdemanella
Butyricicoccus
Treponemabc
Blautiabc
Prevotella
Coprococcus
Streptococcusbc
Proteobacteria unclassified
Firmicutes unclassifiedabc
Oscillibacterb
Megasphaerac
Phascolarctobacterium
Ruminococcusb
Gemmiger
Doreac
Bulleidia
Ruminococcus2
Erysipelotrichaceae unclassified

Propionispira
Anaerovibriob
Anaeroplasma
Sporobacterbc
Anaerostipes

Median % (Min, Max)
Day 6
Day 36
Tx
C
Tx
C
(n=12)
(n=9) (n=12) (n=9)
7.3
4.8
8.8
7.7

P-value

PFDR

0.035

0.064

7.2

4.6

9.6

8.5

0.002

0.004

7.8
3.1
4.9
4.1
1.9
2.9
3.8
1.2
3.0
2.4
2.1
0.1
2.9
1.6
1.0
0.2
1.3
0.9
0.7
0.5
1.2
0.9
1.0
0.4
0.1
0.0
0.5
0.4

4.6
5.6
5.6
5.2
4.7
4.0
3.3
0.8
4.0
3.4
1.7
0.3
2.4
0.5
1.2
0.1
0.8
0.6
0.8
1.3
0.7
1.4
0.4
0.6
0.1
0.0
0.2
0.4

6.7
8.3
5.9
3.6
0.9
2.7
3.6
6.4
1.8
2.0
2.7
2.5
0.6
1.4
1.9
0.1
1.6
1.7
1.0
0.4
1.4
0.5
0.9
0.4
0.6
1.2
1.1
0.7

3.7
3.6
4.7
7.1
3.2
3.7
4.0
2.2
2.4
3.2
1.8
5.6
1.1
1.7
1.7
2.0
1.2
1.4
2.0
0.9
1.3
1.1
0.6
0.6
1.3
0.0
0.8
0.6

0.014
0.754
0.683
0.099
0.001
0.227
0.856
<0.0001
<0.0001
0.271
0.494
<0.0001
0.063
0.003
<0.0001
0.026
0.058
0.004
0.069
<0.0001
0.184
0.102
0.234
0.286
<0.0001
0.156
0.001
0.094

0.029
0.770
0.712
0.145
0.003
0.291
0.856
0.000
0.000
0.308
0.537
0.000
0.104
0.007
0.000
0.049
0.099
0.009
0.111
0.000
0.243
0.146
0.293
0.318
0.000
0.211
0.002
0.143
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Escherichia/Shigellab
Campylobacterab
Clostridium_IVbc
Mucispirillumb
Hungatella

0.9
1.0
0.4
1.3
0.4
0.2
1.1
0.5
0.7
0.4
b
Clostridium sensu stricto
0.1
0.1
Clostridium_XI
0.2
0.4
Peptococcusabc
0.1
0.0
b
Selenomonas
0.3
0.5
Alphaproteobacteria unclassified
0.1
0.1
a
Significiant interaction between day and treatment
b
Significance effect of day
c
Significance effect of treatment
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0.1
0.3
0.7
0.0
0.1
0.2
0.5
0.4
0.0
0.3

0.1
0.0
0.5
0.0
0.3
0.4
0.3
0.9
0.0
0.3

0.000
<0.0001
0.000
<0.0001
0.083
0.000
0.264
<0.0001
<0.0001
0.524

0.001
0.000
0.001
0.000
0.129
0.001
0.308
0.000
0.000
0.558

Appendix 2.3: Relative abundance of the top ten dominant genera after Salmonella challenge.
Intestinal microbiota of flavophospholipol (4 ppm) treated pig (Tx; n=12) or non-medicated
control pig (C; n=9) at Day 6 (before challenge) and Day 36 (28 days after challenge). Treatment
was administered from Day 1 onwards.
Dominant genera
Median relative abundance (%), (Min, Max)
Treatment (n=12)
Control (n=9)
Day 6

Day 36

Clostridiales unclassified
7.3 (0.99, 16.5)
Ruminococcaceae unclassified
7.2 (2.3, 11.7)
Lactobacillus
7.8 (4.2, 13.3)
Succinivibrio
3.1 (1.6, 12.6)
Lachnospiraceae unclassified
4.9 (2.0, 9.2)
Faecalibacterium
4.1 (1.4, 8.3)
Roseburia
1.9 (.3, 14.2)
Holdemanella
2.9 (1.2, 23)
Butyricicoccus
3.8 (1.1, 6.6)
Treponema
1.2 (0, 6.9)
Ruminococcaceae unclassified
9.6 (5.3, 15)
Clostridiales unclassified
8.8 (4.9, 10.3)
Succinivibrio
8.3 (1.9, 14.8)
Lactobacillus
6.7 (5.2, 9.2)
Treponema
6.4 (1.2, 19.7)
Lachnospiraceae unclassified
5.9 (3.9, 11.2)
Butyricicoccus
3.6 (2.3, 4.6)
Faecalibacterium
3.6 (1.4, 6)
Coprococcus
2.7 (1.3, 5.2)
Holdemanella

Succinivibrio
5.6 (1.2, 16.7)
Lachnospiraceae unclassified
5.6 (1.7, 7.6)
Faecalibacterium
5.2 (2.8, 11.9)
Clostridiales unclassified
4.8 (1.9, 7.7)
Roseburia
4.7 (2.3, 8)
Ruminococcaceae unclassified
4.6 (1.3, 6.5)
Lactobacillus
4.6 (2.7, 12.1)
Holdemanella
4.0 (1.1, 8.5)
Blautia
4.0 (3.2, 6.8)
Prevotella
3.4 (1.6, 8)
Ruminococcaceae unclassified
8.5 (3, 14.3)
Clostridiales unclassified
7.7 (2.9, 11.8)
Faecalibacterium
7.1 (1.8, 9.7)
Streptococcus
5.6 (0.6, 8.2)
Lachnospiraceae unclassified
4.7 (3.3, 9.5)
Butyricicoccus
4.0 (2.2, 5.2)
Lactobacillus
3.7 (0.7, 9.8)
Holdemanella
3.7 (1.0, 7.1)
Succinivibrio
3.6 (1.9, 9.8)
Roseburia
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2.7 (1, 6)

3.2 (0.6, 7.7)
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Appendix 2.4: Plot of LEfSe analysis of enriched genera in the treatment group and control
group on Day 6. Based on the intestinal microbiota of 4-week-old pigs at Day 6 treated with
either 4 ppm of flavophospholipol in-feed (Tx; n=12) or non-medicated control feed (C; n=9)
from Day 1 onwards.
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Appendix 2.5: Salmonella antibody response in subset of pigs used over the duration of the trial.
Figure is based on the Salmonella seropositivity and antibody tiers in nursery pigs fed either a
medicated diet with 4 ppm flavophospholipol (n=12) or a control (non-medicated) diet (n=9)
from Day 1 to Day 36. Pigs were also challenged orally with Salmonella Typhimurium DT 104
on Day 7 and 8.

CFU/g (log10)

Appendix 2.6: Salmonella shedding in subset of pigs used over the duration of the trial. Figure is
based on Salmonella colony forming unit (CFU)/g of feces in nursery pigs fed a medicated diet
with 4 ppm flavophospholipol (n=12) or a control (non-medicated) diet (n=9) from Day 1 to Day
36. Pigs were also challenged orally with Salmonella Typhimurium DT 104 on Day 7 and 8.
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