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ABSTRACT 
 

 

 

AN EPIDEMIOLOGICAL STUDY OF DIET AND INNATE IMMUNE 

GENOTYPE ON SALMONELLA SHEDDING AND COLONIZATION IN 

PIGS  
 

 

 

Margaret Ainslie     Advisors: 

University of Guelph, 2017    Dr. Brandon Lillie & Dr. Vahab Farzan 

 

 

 

The objectives of this study were to investigate Salmonella status in pigs from birth up to 

slaughter, and the effect of a low complexity nursery diet and genetic variants of the innate immune 

system on Salmonella shedding and colonization. On eight farms, 832 pigs were tested six times 

from birth to slaughter. Pigs received a high or low complexity (LC) nursery diet. A mixed-effect 

multilevel modelling method was used to analyze the data.  Overall, 35% and 12% of pigs shed 

Salmonella once and more than once, respectively. Salmonella shedding increased with age (p = 

0.01) and pigs fed the LC diet had a greater tendency to shed (p = 0.07). Salmonella shedding was 

not associated with colonization at slaughter. Variants in MBL1 and NOD1 were associated with 

increased Salmonella shedding (p < 0.01) and colonization (p = 0.02), respectively. This research 

may lead to future genetic and epidemiological research projects investigating methods to mitigate 

Salmonella on swine farms.  
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GENERAL INTRODUCTION, OBJECTIVES AND HYPOTHESES 

GENERAL INTRODUCTION 

Salmonellosis is reported to be the leading cause of hospitalizations and second leading 

cause of death due to foodborne pathogens in Canada, and Salmonella is the fourth most common 

cause of foodborne illness in Canada (Thomas et al., 2013). The prevalence of Salmonella on 

Ontario swine farms is high, with pork products contributing to human cases of salmonellosis and 

pig manure being involved in indirect transmission through contamination of produce or ground 

water. As such, it has been suggested that the best way to mitigate transmission of Salmonella 

from swine to humans is to decrease Salmonella on-farm (Baptista, Dahl, and Nielsen, 2010; 

Letellier et al., 2009; Hurd et al., 2001). Although a number of risk factors for Salmonella have 

been identified, interventions may not be feasible to implement at the farm due to cost and pig 

flow logistics of the industry. In addition, there is a lack of information on Salmonella shedding 

and colonization across the life span of a pig, with farm-level studies, point-prevalence studies or 

laboratory studies comprising much of the literature. Observational studies offering information at 

the pig level are needed to better understand the shedding patterns across the lifespan of pigs on 

commercial farms.  

Further complicating an already complex issue, agriculture is under pressure from the 

public to improve animal welfare and to decrease the use of antibiotics, while emerging diseases 

such as porcine epidemic diarrhea virus raises concerns from producers about the use of animal 

by-products in feed. However, catering to these pressures could greatly impact animal productivity 

and thus profitability for the producer. Currently, costly high complexity diets featuring animal 

by-products are fed to newly weaned pigs in an effort to stimulate development and prevent a 

growth lag in the nursery period. Recently a lower cost, low complexity diet that reduced animal 

protein and replaced it with plant protein was developed which did not affect time to market or 

carcass quality when studied on a research farm, and was effective both with and without the use 

of antibiotics (Skinner et al., 2014). Pigs fed this nursery diet exhibited compensatory growth, 

lagging behind during the nursery phase but reaching an equivalent weight to controls before 

market. However, a greater number of pigs on the low complexity diet exhibited clinical signs of 

Streptococcus suis infection than the control animals when a disease event occurred on the farm, 
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and although it was not statistically significant, it is worthwhile to investigate whether the diet 

compromised the health of the pigs. This diet has the potential to save producers money on feed 

costs, but the effectiveness of this diet must be examined on commercial farms.  

Infectious diseases are a source of economic loss for producers, and a significant amount 

of research is underway to determine genetic causes of susceptibility or resistance to the most 

serious diseases and pathogens affecting the swine. Curiously, despite the high prevalence of 

Salmonella on farms, the reported number of colonized pigs is low, about 23% globally (Sanchez 

et al., 2007) and 14% in Ontario (Farzan et al., 2010). Previous in vitro research and disease 

association studies in swine suggest that Salmonella colonization is associated with genetic 

variants, the identification of which could be useful in swine improvement programs to breed a 

more robust animal that is more resistant to infectious disease. Pigs that are more resistant to 

disease may be able to take better advantage of low complexity diets, and would require fewer 

antibiotics.  

This study intends to characterize Salmonella shedding and colonization in commercial 

swine, assess the role of a low complexity diet on these outcomes, and identify associations 

between genetic variants of the innate immune system and Salmonella shedding and colonization. 

Reducing Salmonella in pigs can result in cost saving benefits for the producer, enhanced animal 

welfare for the pig, and improved food safety for humans.  
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OBJECTIVES 

1. Characterize Salmonella shedding across the production period and Salmonella 

colonization at slaughter.  

2. Examine the interaction between a low complexity diet featuring reduced animal protein 

and Salmonella shedding and colonization. 

3. Identify genetic variants associated with Salmonella shedding and colonization. 

 

HYPOTHESES 

1. Pigs fed a low complexity, reduced animal protein diet may have a compromised immune 

response resulting in an increased chance of harbouring infectious pathogens such as 

Salmonella.  

2. Variants in candidate genes of the innate immune system will cause some pigs to clear an 

infection quickly and others to become persistent shedders, which will allow for the 

identification of key genes, and the variants within these genes, involved in shedding and 

colonization.  
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CHAPTER 1: SALMONELLA IN SWINE AND HUMAN HEALTH AND 

THE POTENTIAL FOR GENETIC IMPROVEMENT OF SWINE 

THE EPIDEMIOLOGY OF SALMONELLA 

 Salmonella is a genus of gram-negative bacteria within the family of Enterobacteriaceae 

that causes an infectious disease called salmonellosis in pigs and humans. There are two species 

of Salmonella, S. enterica and S. bongori, and six subspecies (I - VI) within the S. enterica species 

(Figure 1; Guibourdenche et al., 2010). Warm blooded animals are the usual host of about 1500 

serotypes of Salmonella enterica subspecies enterica, which are responsible for over 95% of all 

human infections (Suez et al., 2013). 

Salmonellosis in humans  

 Salmonella enterica subspecies enterica serovars are classified into two groups. The first 

encompasses typhoidal serovars such as S. Typhi and S. Paratyphi, which are adapted to humans 

and cause the systemic disease called enteric fever. The second group is comprised of non-

typhoidal serovars, which can colonize humans and animals and typically cause self-limiting 

gastroenteritis. However, non-typhoidal serovars are concerning because of their ability to cause 

systemic disease in immunocompromised groups including children and the elderly. This is 

troubling worldwide due to antimicrobial resistance, but is especially troubling in developing 

countries where mortality from non-typhoidal serovars can reach 25% (Suez et al., 2013; Feasey 

et al., 2012).  

The main source of Salmonella infection in humans is the ingestion of contaminated food, 

such as meat and produce, but infection can also occur following contact with infected animals, 

people, or feces. The infectious dose varies depending on serotype and host factors, such as 

stomach acidity and immune competency, but is approximately 103 to 105 bacteria (Ryan and Ray 

2004). The incubation period is between 6 and 72 hours but depends on infectious dose. Both 

typhoidal and non-typhoidal serovars can induce an asymptomatic carrier state in humans, who 

remain contagious for the entirety of the shedding period  (Gopinath et al., 2012). In fact, humans 
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can shed Salmonella in their feces for years, with 5% of recovering individuals still shedding at 20 

weeks (Ryan and Ray 2004).  

Foodborne salmonellosis is a public health issue for Canada, the United States (US), and 

the world (Figure 2). It is estimated to be the fourth most common cause of foodborne illness in 

Canada (Thomas et al., 2013) and the second most common cause of foodborne illness in the US 

(Scallan et al., 2011). It is also estimated to be the leading cause of foodborne hospitalizations in 

Canada and the US, and the second and first leading cause of death due to foodborne illness in 

those countries, respectively (Thomas et al., 2013; Scallan et al., 2011). Salmonellosis places a 

great burden on society due to the cost of hospitalization and treatment, lost work and productivity, 

and the cost of death or lost quality of life years due to sequelae or recurrent infections. In addition, 

the prevalence of multidrug resistant strains of Salmonella has greatly increased (Helms et al., 

2005) and these strains are associated with increased hospitalizations and death (Martin et al., 

2004). Recent studies from the US estimate $4,300 in lost productivity per case of salmonellosis 

and an additional $11,000 if sequelae develop (Scharff 2012) with a national annual cost of 

approximately $3.3 billion (Hoffmann et al., 2012). Salmonella contamination also results in a 

vast number of recalled food products - 78 instances in the United States in 2016 alone - and this 

has a negative impact on consumer perceptions of safety and future buying behaviors (Food and 

Drug Administration, 2017). Since 2003, the incident rates of infections in Canada have decreased 

35% and 27% for campylobacteriosis and shigellosis, respectively; however, there has been no 

significant change in the incident rates for Salmonella infections (Government of Canada 2012). 

Economically, Salmonella is one of the most important foodborne diseases because it can 

affect all sectors of multiple livestock industries (Todd 1989). This includes pig producers, 

estimated in the United States to experience annual costs of approximately $100 million due to 

morbidity and mortality associated with salmonellosis (Schwartz, 1999). The industry is at risk of 

damaged public perceptions or legal action if cases of salmonellosis can be traced back to pork 

products. Infected pork products are responsible for an estimated 9% of foodborne outbreaks in 

the US between 1998 and 2008 (Jackson et al., 2013). Although this number varies based on the 

method of source attribution, with expert elicitation estimating 11% and microbial subtyping 

methods estimating less than 1% (Pires et al., 2014). It also varies by region, with pork contributing 
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to an estimated 26% of human cases of salmonellosis between 2006 and 2009 in the European 

Union (Pires et al., 2011). 

Salmonellosis in swine 

 In swine, Salmonella causes salmonellosis, characterized by enterocolitis and diarrhea, 

enlarged mesenteric lymph nodes, and rectal strictures (Huang et al., 2009; Foley et al., 2008). 

Invasive disease can present as pneumonia, septicemia, splenomegaly, cyanosis of the ears and 

feet, and/or as lesions in multiple organs (Carlson et al., 2012). Pigs can be exposed to Salmonella 

through consumption of contaminated feed or by contact with infected pigs or feces. Birds, 

wildlife, rodents and pets all serve as vectors which can introduce Salmonella to the farm and aid 

in dissemination (Swartz 2002). Transport trucks and other vehicles may act as fomites, and staff 

or visitors on pig farms can infect pigs if they carry it from contaminated areas to uninfected parts 

of the barn (Dorr et al., 2009). 

Salmonella has been found on 23 – 77% of Canadian swine farms, although the farm type 

and study design varies (Table 1). Half of the studies use repeated sampling, which is considered 

a strength over point-prevalence studies because of the variable nature of Salmonella infections on 

swine farms. In fact Farzan et al., (2008) reported several farms which only tested positive for 

Salmonella at the last of five sampling points while Rajic et al., (2005) reported various farms’ 

Salmonella statuses to change from positive to negative frequently over the 5-month sampling 

period. Several studies summarized here also report the presence of multiple serotypes on one farm 

(Farzan et al., 2010; Rajic et al., 2005) with as many as four serovars reported on one farm (Farzan 

et al., 2008a). A study from Denmark is particularly informative of the variable nature of 

Salmonella on swine farms, following pigs on three farms across the production period and 

reporting 52% of pigs to be shedding Salmonella at least once over the course of the production 

period while 17% demonstrated repeat shedding (Kranker et al., 2003). Although informative, 

these studies do not offer information on the within-herd prevalence of Salmonella. A useful meta-

analysis investigated 82 farm-level and 156 animal-level studies (mean sample size n = 78 and n 

= 892, respectively) from 16 countries to assess the apparent prevalence of subclinical 

salmonellosis in swine (Sanchez et al., 2007). The mean farm-prevalence was 59% while the mean 
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animal-prevalence was 23%, and S. Typhimurium and S. Derby were the most frequently reported 

serotypes for both farm and animal studies.  

Salmonella is an important issue at the slaughter house, with prevalence in countries of the 

European Union ranging from 7 – 11% of swine carcasses and 21 – 35% of caecal contents 

(Pesciaroli et al., 2016; Powell et al., 2016; Bonardi et al., 2013). A study from Alberta detected 

Salmonella on 87% of freshly bled carcasses prior to scalding, and 8% of these carcasses after 

evisceration, with S. Derby identified as the most common serotype (Sanchez-Maldonado et al., 

2017). Current practices used to control Salmonella at the slaughterhouse were effective in this 

study, as no retail samples were positive for Salmonella. However, the number of infected pigs 

arriving at the slaughterhouse is a risk factor for contamination during processing (Baptista, Dahl, 

and Nielsen, 2010) so it is still important to work at the farm level to decrease Salmonella in swine.   

Transmission from swine to humans 

A major mode of transmission of Salmonella between pigs and humans is through 

consumption of contaminated pork. Data from the US reports 22.6 kg of pork consumed per capita 

per year in the United States (Foley et al., 2008), with pork products found among the top five 

foods causing non-typhoidal salmonellosis in the United States (Hoffmann et al., 2007). 

Salmonella can survive for up to six months in soil so if contaminated pig manure is used as 

fertilizer, there is also potential for the bacteria to infect crops and produce (Holley et al., 2006) or 

contaminate water supplies due to field run-off (Wilkes et al., 2013). Other minor routes of 

infection include occupational exposure of farmers or abattoir employees (Gomes-Neves et al., 

2012; Marvin et al., 2010). 

Salmonella is considered a hazard at the slaughterhouse and various processes such as 

bleeding and evisceration have been identified as critical control points which may expose the 

sterile muscle tissue to contaminants from the digestive tract or the environment (Letellier et al., 

2009; Swanenburg et al., 2001). Serotyping and genotyping techniques can be used to differentiate 

Salmonella isolates from different sources, and isolates found to contaminate slaughterhouses can 

be traced back to their farm of origin (Wang et al., 2011). In studies by Dorr et al., (2009) and 

Magistrali et al., (2008) isolates from transport trucks and animal holding areas were distinct from 
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farm-of-origin isolates, indicating that the farm is not the sole source of contamination of pigs at 

the time of slaughter. 

 Since the presence of Salmonella on farm is one of the most important risk factors for 

Salmonella contamination at the slaughterhouse, decreasing Salmonella at the farm level would 

not only benefit producers, but also the businesses involved in “from farm to fork” activities such 

as meat packing plants, restaurants, and retail stores (Bohaychuk et al., 2011; Baptista, Dahl, and 

Nielsen, 2010; Letellier et al., 2009; Rigney et al., 2004). Farm-level control measures could also 

decrease the risk of contamination of produce and water from contaminated pig manure. Due to 

the indirect routes of transmission of Salmonella between pigs and humans, the most logical 

method of mitigating transmission may be to decrease Salmonella in the pig at the pre-harvest 

level (Dorr et al., 2009; Letellier et al., 2009; Guan and Holley 2003; Hurd et al., 2001). However, 

the economic feasibility of implementing control measures at the farm level is poor, because if the 

burden of cost has to be shouldered by the farm sector (which receives few benefits compared to 

the consumer) proposed interventions may be met with difficulty (Goldbach and Alban 2006; 

Miller et al., 2005).  

MITIGATING SALMONELLA ON SWINE FARMS 

Controlling Salmonella at the pre-harvest level includes co-operation from producers, feed 

mills, on-farm employees, transporters, and personnel at the slaughterhouse. Feed mills can use 

heat treatment to kill Salmonella in pelleted feeds, transport systems can use disinfectants to 

decontaminate between loads, and slaughter houses abide by hazard analysis and critical control 

points principles (Berge and Wierup 2012). In addition, many farm management techniques can 

be employed to decrease Salmonella in swine prior to slaughter. For the purposes of this review, 

methods to control Salmonella on-farm are split into two categories: those that decrease 

Salmonella in the environment and those intended to decrease Salmonella in the animal.  

Decreasing Salmonella in the environment 

 Salmonella resides in the intestinal tract of a multitude of domestic and wild animals, which 

serve as continuous reservoirs and contribute to its extensive distribution in the environment 

(Carlson et al., 2012). Fomites such as contaminated tools or environmental enrichment objects, 
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and vectors including rodents or birds aid in the introduction of Salmonella to swine farms and can 

be managed with good biosecurity. However, once Salmonella infects members of the herd, the 

intermittent shedders and subclinical or colonized animals make it difficult to eradicate and 

contribute to its persistence in the barn environment. These intermittent shedders also make 

accurate estimates of Salmonella prevalence on pig farms difficult. Farm management techniques 

for the mitigation of Salmonella on swine farms, including risk factors for Salmonella, have been 

reviewed by many authors (Doyle and Erickson 2012; Fosse et al., 2009; Rajic et al., 2007). In 

brief, the practices used to decrease Salmonella in the environment and create an unfavourable 

environment for the transmission of Salmonella include: 

● Good biosecurity  

● Hygienic practices of staff  

● Danish entrance  

● Pest control  

● Dedicated machinery such as farm trucks or forklifts  

● Dedicated equipment or tools such as boots, ear taggers, tail dockers, etc. 

● Decreasing general risk factors  

● Cleaning and disinfection of rooms and barn 

● Lower stocking densities and small herds 

● All-in-all-out flow operations versus continuous flow operations 

● Down-time between batches of pigs  

● Good ventilation  

● Slatted floors 

● Use of feeders as opposed to floor feeding 

● Segregating or culling sick animals  

● Reducing animal stress (co-mingling, shipping) to prevent shedding  

Decreasing Salmonella in the pig  

Many of the techniques used to decrease Salmonella in the animal focus on decreasing the 

microbial load in the intestine with the use of dietary additives (Table 2). However, diet is not a 

straightforward way to improve gut health due to the complex interactions between commensal 
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and pathogenic bacteria, the host, and the environment. Prophylactic vaccines and antimicrobials 

are a more direct method of controlling Salmonella. Vaccines are a well-researched and efficacious 

method of controlling a wide range of Salmonella species within the gut and systemically; 

however, they can be costly and impair the serology-based detection of infected animals. 

Antimicrobials, including pharmaceutical antibiotics and zinc, are widely used in the swine 

industry. In fact, the National Animal Health Monitoring System in the US reported 88.5% of 

grower/finisher operations used antimicrobials, accounting for 95.9% of grower/finisher pigs in 

the country (Haley et al., 2012). Although these are mostly used as growth promoters, the use of 

antimicrobials has been found to be a risk factor for Salmonella on-farm (Bahnson et al., 2005; 

Fosse et al., 2009; Doyle and Erickson 2012). 

Diet and Salmonella in the pig 

Pig feed is the greatest cost on commercial farms (Whittemore 2006), especially in the 

nursery stage, where expensive components need to be used to increase palatability, digestibility, 

and help the weaning piglet transition onto solid food (Mahan and Lepine 1991). However, a recent 

study has shown that pigs can be fed a low complexity and less costly diet during the nursery phase 

without compromising time-to-market or carcass quality (Skinner et al., 2014). In this study, 

animal proteins such as fish and whey were replaced with less expensive plant proteins including 

corn and soybean in 5 out of 6 weeks of the nursery phase. This formulation saved approximately 

$2.50 per pig in feed costs, while maintaining essential nutrient levels. Although the test pigs had 

reduced growth in the first three weeks of the diet compared to controls, they showed 

compensatory growth during the grower and finisher periods. However, this research was 

completed in a controlled environment, and when the pigs were naturally challenged with 

Streptococcus suis during the nursery phase, a greater number of pigs on the low complexity diet 

exhibited clinical signs of infection (Skinner et al., 2014). Although this numerical difference was 

not statistically significant, the effectiveness of this diet must be tested on commercial farms to 

ensure the cost saving benefits remain for the producer. In addition, research into the effects of 

new diets on Salmonella shedding and colonization may be warranted to ensure that they do not 

exacerbate the problem of Salmonella on Ontario swine farms.   
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Feed and feed additives can influence the immune system, and in turn, immune function 

has an effect on growth performance and feed efficiency. For example, the use of fish oil in nursery 

diets alters the release of pro-inflammatory cytokines and has a protective effect, as compared to 

corn oil, during E. coli lipopolysaccharide challenge (Liu et al., 2003). In contrast, an immune 

challenge that lowers feed intake causes the body to use nutrients for immune defense that would 

otherwise be used for growth (Dritz et al., 1996; Klasing et al., 1987). Pig feed can also influence 

susceptibility to Salmonella, but this effect is mostly due to additives or feed characteristics, which 

function by raising the acidity of the gut. However, little is known about the effects of other diet 

components on Salmonella shedding and colonization in pigs.  

Feed structure and dietary components can also be used to manipulate the microbiome, 

discouraging the growth of pathogenic bacteria and encouraging the growth of bacteria beneficial 

to the host. Therapeutic concentrations of in-feed zinc have been shown to alter the microbiome, 

permanently decreasing commensal lactobacillus populations, but only temporarily decreasing 

members of the family Enterobacteriaceae (Starke et al., 2014). Organic acids have been shown 

to reduce Streptococcus suis in the colon, while medium-chain fatty acids may increase 

Escherichia and Shigella species in the small intestine (Zentek et al., 2013). The type and 

digestibility of protein and fibre are also important considerations for microbiome health, with 

high viscosity, low dietary fibre, or high levels of indigestible protein all contributing to increased 

bacterial fermentative activity and the proliferation of proteolytic, potentially pathogenic bacteria 

(reviewed by Pieper et al., 2016). 

Despite available interventions and the identification of risk factors, lost productivity due 

to salmonellosis remains a problem for producers, and the potential contamination of food products 

remains problematic for the swine industry, the government, and the public. Thus, there is a need 

for an effective method of controlling this infectious disease that is both cost effective for the 

producer and acceptable to the public, such as genetic selection for a more naturally robust animal. 

There are individuals in swine populations that have been shown to clear an infection quickly, 

while others become persistent shedders (Bearson et al., 2013; Huang et al., 2011; Rostagno et al., 

2011; Anderson et al., 2000). While this could be due to differences in diet or farm management 

strategies, it may be that these pigs have enhanced pathogen resistance. Selecting swine genetics 

with enhanced natural pathogen resistance is a promising approach to decreasing the amount of 
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Salmonella on swine farms with the added bonus of not harming, and in fact possibly improving, 

the public’s perception of the swine industry. 

SALMONELLA PATHOGENESIS AND THE PORCINE IMMUNE RESPONSE 

Salmonella pathogenesis and mechanisms behind colonization 

 The most common Salmonella serovars to infect pigs subclinically are S. Typhimurium 

and S. Derby (Table 1). Historically S. Choleraesuis has been responsible for the majority of 

clinical salmonellosis in swine (Carlson et al., 2012; Foley et al., 2008) but has been declining 

since the 1990s with S. Typhimurium emerging as the most frequent causative agent (Foley et al., 

2008). Although there appears to be a core set of virulence genes, Salmonella pathogenesis varies 

depending on the serotype (Wang et al., 2008; Wang et al., 2007) and within a serotype 

pathogenesis varies between host-species (Carnell et al., 2007). Within a host species it differs 

between systemic disease and colonization (Paulin et al., 2007) and even in the same host, the 

virulence mechanisms which are important for colonization of one tissue are not necessary for 

colonization of another (Boyen et al., 2006b). The pathogenesis section of this review will focus 

on S. Typhimurium because of its implications in swine colonization (Bearson and Bearson 2011), 

its importance in human health (Hendriksen et al., 2011), and the wealth of information available 

about the pathogenesis of this serotype.  

Infection can occur through inhalation or ingestion of the pathogen which then migrates to 

the alimentary tissues and extra-intestinal tissues within three hours of inoculation (Loynachan et 

al., 2004; Fedorka-Cray et al., 1995). Following an oral innoculation, S. Typhimurium must 

survive the highly acidic stomach in order to reach the small intestine and invade the body proper. 

Ingestion with food can lower the acidity of the stomach and increase the likelihood of Salmonella 

survival. S. Typhimurium can activate an acid-tolerance response which maintains the internal 

cellular pH above 5.0 and acts as a buffer to high stress acidic environments (Bearson et al., 2006). 

Surviving bacteria will enter the small intestine and must combat the flow of digesta in order to 

bind to the intestinal epithelium and pass the mucosal layer. This adhesion step is aided by S. 

Typhimurium’s flagella and fimbriae (Althouse et al., 2003) which increase motility by interacting 

with repellents or attractants in the environment, thus increasing the likelihood of a ligand binding 
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the correct receptor (Blair 1995). S. Typhimurium colonizes crypt cells in the tonsil and intestinal 

epithelium of swine, which has implications for the development of carrier-animals and persistent 

shedders (Chessa et al., 2008; Fedorka-Cray et al., 1995). Flagellin and fimbriae bind and activate 

Toll-like receptor (TLR)-5 and TLR-2, respectively and in turn, these activate the nuclear factor 

kappa-light-chain-enhancer of activated B cells pathway (NF-κB) and signal the cell to produce 

cytokines which lead to the recruitment of neutrophils (Fàbrega and Vila 2013; Wallis et al., 1989). 

While this alert to the host immune system may seem like a fatal mistake, it actually facilitates 

pathogenesis by attracting phagocytes, which are then invaded by S. Typhimurium as it carries out 

the next stage of infection.  

S. Typhimurium has two pathogenicity islands, SPI-1 which initiates intimate attachment 

to the host cell via a type-3 secretion system (T3SS) and subsequent invasion of the intestinal 

epithelium and SPI-2 which is involved in intracellular survival (Fàbrega and Vila 2013). These 

systems aggressively interact with the host genome through the secretion of chaperone, regulatory, 

and effector proteins to inhibit apoptosis, induce cytoskeletal rearrangement, and interrupt vesicle 

trafficking, all of which benefit the invading bacteria. Once S. Typhimurium is engulfed, it is held 

in the early endosome, termed the Salmonella-containing vacuole (SCV) (Fàbrega and Vila 2013). 

This endosome is destined to fuse with the lysosome resulting in bacterial cell death and the 

presentation of Salmonella antigens on MHC class 1 receptors, alerting the body to an intracellular 

infection. However, proteins secreted by the T3SS of SPI-2 prevent this downstream fusion with 

an uncoupling mechanism that prevents antimicrobial factors from damaging the vacuole and 

moves the SCV to a perinuclear position to increase nutrient acquisition and control of the host-

cell (Fàbrega and Vila 2013; Boucrot et al., 2005). Some SCVs migrate to the basolateral 

membrane of epithelial cells where they are engulfed by monocytes, dendritic cells, or neutrophils 

and the uncoupling procedure repeats. Following phagocytosis of a pathogen, antigen-presenting 

cells (APC) are programmed to move to the lymph nodes so they can initiate an immune response 

from the adaptive immune system. However, in order for this to occur, Salmonella must be 

degraded and presented on MHC class 2 receptors in the cell membrane, and this will not occur if 

S. Typhimurium has successfully halted the transport of the SCV along the endocytic pathway. 

Instead, the migration of the Salmonella-containing APCs serves as a means of systemic 
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dissemination to the mesenteric lymph nodes and the liver and spleen, where Salmonella 

preferentially replicates.  

 Interestingly, virulence factors associated with systemic infection are not required for,  and 

can even enhance colonization in the swine host including certain fibronectin binding proteins 

(Boyen et al., 2006a), iron acquisition proteins (Bearson and Bearson 2008) and systems 

controlling the expression of T3SS (Boyen et al., 2008b). Indeed the key to successful colonization 

may rely on the pathogen’s ability to downplay inflammatory responses and evade the host 

immune response.   

Host defense 

The first methods of host defense are the physical and chemical barriers to infection. These 

include epithelial and mucosal layers, cilia, and enzymes and antimicrobial peptides. 

Antimicrobial peptides such as cationic defensins are released from epithelial cells and skeletal 

muscles and damage bacterial membranes by forming a pore (Shi et al., 1999). During bacterial 

adhesion, extracellular components of bacteria such as lipopolysaccharide (LPS), flagella and 

fimbriae are in close contact with host pattern recognition receptors (PRRs) including surfactant 

proteins A and D, TLRs, and nucleotide-binding oligomerization domain receptors (NOD). 

Variants in the region of the TLR and NOD genes that code the leucine rich repeat (LRR) region 

of the receptor can alter the receptor’s ability to detect pathogen associated molecular patterns 

(PAMPs) either by broadening its range or by enhancing its specificity for a certain pathogen. 

While these may be beneficial to the host, certain single nucleotide variants (SNVs) may impair 

receptor-ligand binding if the non-synonymous variant causes a substitution of a different charge, 

polarity, or hydrophobicity (Shinkai et al., 2011). 

Surfactant proteins A and D are collectins that are involved in surfactant homeostasis and 

innate immunity in the lungs and small intestine of swine (Kishore et al., 2006; Lillie et al., 2005). 

In the lung, SP-A associates with the lipid-A moiety of LPS and enhances phagocytosis by alveolar 

macrophages (Van Iwaarden et al., 1994). Surfactant like particles, which contain surfactant 

specific proteins A and D, have also been found to lower the surface tension of intestinal epithelial 

cells and may play a role in pathogen defense (Sofi et al., 2007). Rat Peyer's patches, intraepithelial 
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and lamina proprial mononuclear cells were exposed to S. Typhimurium lysate and showed a 

significant decrease in the pro-inflammatory cytokines tumour necrosis factor alpha (TNF-α) and 

interferon gamma (IFN-γ) when treated with surfactant proteins (Sofi et al., 2007). Porcine 

intestinal SP-D has also been found to aggregate S. Typhimurium and S. Enteritidis but does not 

inhibit growth (Hogenkamp et al., 2007). An in vitro study of S. Typhimurium adhesion and 

invasion in the presence of porcine SP-D found a several-fold increase in epithelial cell uptake of 

S. Typhimurium and S. Enteritidis indicating a scavenger-function for intestinal SP-D, which may 

increase the host response (Hogenkamp et al., 2007).  

TLR-4 is an extracellular PRR that detects LPS found on the outer membrane of 

Salmonella. TLR-4 responds to this ligand in cooperation with the MD-2 receptor and accessory 

proteins including CD-14 (Shinkai et al., 2012). The N-terminal domain of TLR-4 interacts with 

MD-2 and once the receptors join they begin intracellular signaling through the NF-κB pathway 

(Thomas et al., 2005). This results in the release of pro-inflammatory mediators such as nitric 

oxide in the epithelial cell and the antigen-presenting cell (Thomas et al., 2005). TLR-5 recognizes 

the flagellin protein in bacterial flagella and is expressed in the kidney, lung, liver, intestine, spleen, 

and thymus in swine (Shinkai et al., 2006). TLR-2 is an extracellular PRR that dimerizes with 

TLR-1 upon detection of bacterial fimbriae, including those on Salmonella, to promote cytokines 

favoring a Th1 immune response (Rapsinski et al., 2013; Shinkai et al., 2011). Induction of NF-

κB by TLR-5 or TLR-2/1 results in the production of TNF-α and interleukin-8 (IL-8), both of 

which are responsible for neutrophil recruitment (Fabrega and Vila 2013). There are many 

components to the inflammatory response prompted by TLRs, and the response must be controlled 

to prevent cell or tissue damage. Epigenetic changes to individual promoters allow multiple 

responses from the same receptor at the appropriate time. For example, activation of TLR may 

induce pro-inflammatory mediators initially and antimicrobial factors afterwards (Foster et al., 

2007). 

Once a cell has been invaded, aspects of Salmonella will activate different PRRs in the cell 

cytosol including NOD-1 and NOD-2. NOD receptors contain a C-terminal domain with leucine 

rich repeats which interact with bacterial components and an N-terminal CARD domain which 

induce downstream genes (Wen et al., 2013). NOD-1 is a cytosolic PRR which recognizes γ-d-

glutamyl-meso-diaminopimelic acid (iE-DAP) found in bacterial peptidoglycan and can recognize 
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SipA, a translocated protein produced by Salmonella’s type-3 secretion system (Keestra et al., 

2011). NOD-2 is a cytosolic PRR that recognizes muramyl dipeptide (MDP) found in Salmonella 

and other bacteria. Activation of the NOD1/NOD2 signaling pathway induces NF-κB-dependent 

inflammation in vitro and in vivo and stimulates the release of chemokines, which attract 

neutrophils to the site of infection (Keestra et al., 2011; Werts et al., 2007). NF-κB activates 

inflammasome NALP3, which promotes release of IL-1α, IL-1β, and IL-18 through caspase-1 

cleavage (Martinon et al., 2004). This results in the induction of IFN-γ and possibly pyroptosis, 

which causes significant inflammation and further immune cell recruitment (Kayagaki et al., 

2011).  

Polymorphonuclear cells are particularly important in defense against Salmonella as they 

are the first cells recruited to the gut during an infection (Foster et al., 2003). In fact the recruitment 

of neutrophils by an avirulent S. Infantis was observed to be the protecting factor against 

subsequent infection with S. Typhimurium in an ex vivo study of gnotobiotic swine (Foster et al., 

2003). Susceptibility to S. Choleraesuis in pigs and S. Dublin in mice has been associated with 

deficient neutrophil function prior to infection, and low circulating levels post-infection (van 

Diemen et al., 2002; Vassiloyanakopoulos et al., 1998). There is also significant cross-talk 

between macrophages and natural killer (NK) cells, the latter of which are activated by 

macrophages to degranulate and secrete large amounts of IFN-γ as shown in a mouse model 

(Lapaque et al., 2009). In return, when NK cells come into contact with infected macrophages, 

they induce a signaling cascade which dramatically reduces the number of live intracellular 

bacteria (Lapaque et al., 2009).  

The complement system responds to Salmonella in several ways. Lipopolysaccharide can 

activate the alternative complement pathway at a rate inversely proportional to the virulence of the 

Salmonella strain (Warren et al., 2002; Saxen et al., 1987; Makela et al., 1973), while mannan-

binding lectin can bind LPS and activate complement via the lectin pathway (Devyatyarova-

Johnson et al., 2000). Both of these methods are independent of antibody; however, the swine 

immunoglobulins present in blood (IgG, IgM and IgA) can bind LPS and activate complement 

through the classical pathway (Wannemuehler and Galvin 1994). C1q knockout complement 

deficient mice were shown to be significantly more susceptible to salmonellosis with higher 

bacterial loads in blood, liver and spleen (Warren et al., 2002; Liang-Takasaki et al., 1983). 
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Similarly, in pigs it has been shown that less virulent S. Choleraesuis strains are more susceptible 

to antibody (Griffith et al., 1984). All of these suggest that complement is an important host-

defense mechanism and that the rate of complement activation may be a determinant in the 

development of disease. 

Despite opsonization with complement and successful phagocytosis, many serovars of 

Salmonella are capable of surviving and multiplying in the macrophage using SPI-2 systems as 

described in the previous section (Donne et al., 2005; Warren et al., 2002; Saxen et al., 1987). 

However, if a bacterium is phagocytosed following opsonization by IgG, it will contact the Fcγ 

receptor of a dendritic cell and the antigens will be processed regardless of inhibition of antigen 

presentation pathways and can even lead to an enhanced activation of specific T-cells (Tobar et 

al., 2004). This indicates that the survival of Salmonella bacteria within the professional phagocyte 

may depend on the mechanisms that led to phagocytosis (Donne et al., 2005; Ishibashi and Arai 

1996).  

Cytokines IL-2, IL-12, IL-15 and IL-18 are also important during salmonellosis. IL-2 

promotes T-cell differentiation into effector and memory cells (van Diemen et al., 2002), IL-12 

and IL-18 promote IFN-γ and thus macrophage activation and T-cell differentiation into a Th1 

response (Mosmann et al., 1986), and IL-15 is involved in the early immune response through 

activation of NK cells (Emoto et al., 1992). 

         Once host cells have ingested Salmonella, they migrate to the lymph nodes in order to 

mount an immune response. If the cell successfully presents antigens on its MHC receptors, despite 

Salmonella’s evasive and inhibitory behaviors, T cells and B cells will survey the surface of the 

APC and undergo clonal expansion (Janeway et al., 2005). This will lead to a humoral and cell-

mediated immune response intended to eradicate Salmonella from the host body.   

         Our understanding of Salmonella pathogenesis and the host immune response can help 

researchers understand which areas of the immune system make an animal most susceptible to 

infection and which qualities are associated with enhanced clearance of the pathogen. This in turn 

guides our search for the genes that are most important for genetic resistance to Salmonella. 

Although the contribution that environmental factors and pathogen-specific factors have on disease 
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cannot be discounted, there is potential for improvement in the host immune response. The most 

promising area for research from the host side may be the improvement of complement system 

activation to combat systemic disease, and the improvement of PRRs response to pathogen signals 

that can result in a more robust immune cell infiltration to the site of infection to combat 

colonization. 

SINGLE NUCLEOTIDE VARIANTS IN THE PORCINE INNATE IMMUNE SYSTEM 

AND THEIR EFFECT ON DISEASE 

Genetic improvement programs in swine have successfully improved heritable traits 

related to economic yield such as reproductive efficiency, feed efficiency, and meat quality. 

However, infectious disease is also a significant source of lost profits on commercial farms due to 

costly interventions or poor animal productivity. Considering this, swine improvement programs 

have expanded their objectives to include immune parameters in an attempt to improve animal 

robustness and disease resistance (Mellencamp et al., 2008). Selecting resistance to some diseases 

has been straightforward. For example, resistance to edema and post-weaning diarrhea caused by 

intestinal colonization of toxigenic E. coli was linked to a single recessive allele (Vogeli et al., 

1997). However, resistance to a disease like salmonellosis which is associated with many genes 

that are weakly heritable requires a broad approach such as the improvement of the animal’s innate 

immune system as a whole (Mellencamp et al., 2008). In particular, PRRs of the innate immune 

system have great potential for improving animal robustness because they recognize motifs which 

are conserved across a wide range of pathogens and which are not found in the host itself 

(Mogensen 2009). Associations between infectious diseases in oriental breeds versus western pig 

breeds, which have been attributed to different breeding environment and local selective pressures, 

have led to the propagation of SNVs within PRRs unique to each group (Yang et al., 2013; Jozaki 

et al., 2009; Palermo et al., 2009; Shinkai et al., 2006). These disparate genetic backgrounds allow 

for association studies, which can provide information on the underlying cause of resistance or 

susceptibility to disease in general (Shinkai et al., 2006), and specifically to Salmonella (Shinkai 

et al., 2012).  

There are many challenges associated with genetic resistance, as the genes selected cannot 

interfere with characteristics important to agricultural production. For example, one study found 
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that immune traits beneficial for combating infection, such as presence of CD11R1+ antigen-

presenting cells, have a detrimental effect on growth performance (Clapperton et al., 2009). In 

fact, the introduction of desirable production traits such as Meishan genetics into Large white dam 

lines to increase litter size may be accompanied by undesirable SNVs. For example, the NOD2 

SNV found only in Meishan pigs completely abolishes the response of this receptor to its ligand 

(Jozaki et al., 2009). In contrast, a variant in NOD2 that enhances its response to ligand is found 

in high frequency in Duroc pigs, a breed desired for their rapid growth and often used as sires in 

Western agriculture (Uenishi et al., 2011; Jozaki et al., 2009). In some cases production and 

immune parameters can align, as one study reports a better response to vaccination against 

extracellular gram-negative pathogens Actinobacillus pleuropneumoniae in genetic lines selected 

for high antibody response without compromising weight gain or litter size (Magnusson et al., 

1997). 

Studies assessing the immune function of seemingly resistant and susceptible animals 

allow researchers to hone in on the area of the immune system that may contain promising 

candidate genes for resistance. A large experiment infecting offspring of sires previously 

characterized as either resistant or susceptible to S. Choleraesuis infection found lymphocyte and 

neutrophil levels between the groups did not differ prior to infection but were greatly increased 

post-infection in resistant offspring (van Diemen et al., 2002). Interestingly, susceptible offspring 

had greater concanavalin A-induced proliferation of immune cells before and after infection, 

greater humoral responses, and higher fevers than their resistant counterparts, which all imply a 

role for inflammation that is not tightly controlled (van Diemen et al., 2002).  There was evidence 

of a difference in polymorphonuclear (PMN) cell function with resistant offspring having greater 

phagocytic and bactericidal activity. The susceptible offspring were then assessed for genetic 

markers associated with susceptibility to salmonellosis. Twenty-six markers were localized to 14 

different chromosomal regions with regions on chromosomes 1, 7 and 14 associated with bacterial 

loads in the liver and areas on chromosome 11, 13 and 18 associated with bacterial loads in the 

spleen (Galina-Pantoja et al., 2009). These regions highlight the areas of the genome most likely 

to house candidate genes specific to Salmonella resistance. 

Another group characterized the transcriptome of pigs before and after infection with S. 

Typhimurium (Wang et al., 2007) and S. Choleraesuis (Wang et al., 2008). RNA was extracted 
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from mesenteric lymph nodes at 8 hours, 24 hours, 48 hours and 21 days post-infection. Over 800 

genes were differentially upregulated in diseased animals including those related to the 

development of a Th1 response, inflammatory and apoptotic pathways, antigen processing 

pathways, and NF-κB gene induction (Wang et al., 2007) while others, such as those related to 

cell adhesion, were repressed (Wang et al., 2008). The porcine response to Salmonella involved 

low levels of IL-12, which typically induces naive T-cell maturation into Th1 cells and promotes 

IFN-γ production (Wang et al., 2007). Since the response to Salmonella is typically Th1 mediated, 

this may be an area to investigate concerning susceptibility. A functional immune response 

involving T-cells is also impaired by the Salmonella-mediated down-regulation of antigen 

presenting cells’ surface molecules (Wang et al., 2007).  

Other research has investigated the effects of cytokines and enzymes in a challenge study 

using 40 Salmonella-free pigs of a variety of breeds and found that levels of serum IFN-γ post-

infection were positively correlated with fecal shedding (Uthe et al., 2009). There was also a 

significant positive correlation between IFN-γ and white blood cell counts at one-week post 

infection and 21 days post infection (considered “chronic” infection). A follow-up study identified 

SNVs in several genes associated with internal bacterial loads. For example, animals with the AA 

genotype of CD163, a macrophage scavenger receptor which mounts a pro-inflammatory response 

to bacterial LPS, have ten times the bacterial load in spleen and liver as compared to pigs with the 

CC wild type genotype (Uthe et al., 2011).  

A number of variants found in pig TLR1, 2, 5 and 6 (Shinkai et al., 2006), TLR4 (Palermo 

et al., 2009; Shinkai et al., 2006) as well as NOD2 (Kojima-shibata et al., 2009) have been 

compiled. Some of these SNVs have been associated with immune function (Table 3) in pigs (Yang 

et al., 2013), increased or chronic Salmonella shedding (Uthe et al., 2011, 2009), and Salmonella 

positive status at post mortem (Keirstead et al., 2011). This includes variants in genes related to 

chaperone proteins, intracellular, membrane-bound and secreted PRRs and cytokines. Some 

variants may have protective effects against a range of pathogens, which would increase their 

potential usefulness in genetic improvement programs. For example, one study found a greater 

percentage of healthy animals possessed the variant allele in sPLA2-IID (Secretory phospholipase 

A2-IID) SNVs, as compared to those testing positive for E. coli and Streptococcus suis (Keirstead 

et al., 2011). This study also found variant alleles in SNVs in MASP2 and TLR4 that were 
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significantly less frequent in diseased pigs whose cause of death was pneumonia; however, none 

of the above mentioned variants were significantly associated with Salmonella (Keirstead et al., 

2011). 

Variants tested against Salmonella 

Some recent research studying genetic resistance against Salmonella in pigs involves 

testing the effect of SNVs in candidate genes of the innate immune system against Salmonella or 

its antigens in vitro. Indels, mutations that cause the insertion or deletions of nucleotides into the 

genetic code, can also impact protein expression or function, however the vast majority of studies 

involve single nucleotide variants. These studies are summarized in tables 4 – 5 and are discussed 

in more detail below. 

Two variants resulting in a gain of a positive charge amino acid (G(641)E) and a loss of 

positive charge (D(918)N) in the LRR region of the NOD-1 receptor show impaired activation of 

NF-κB in HEK(293) cells following exposure to bacterial iE-DAP (Shinkai et al., 2015). Since iE-

DAP is a component of S. Typhimurium peptidoglycan, variants in this protein may impair the 

host’s ability to mount an inflammatory reaction to this serovar (Rico-Perez et al., 2016). A SNV 

in the area coding for the hinge region of the NOD-2 receptor, resulting in a change of polarity 

from phenylalanine to serine, results in disrupted conformation and a failure to recognize MDP 

(Jozaki et al., 2009), a repeated structural component of bacterial peptidoglycan including that of 

Salmonella (Rycroft 2000). Interestingly, the A(2197)C variant in the LRR region results in a gain 

of positive charge and an augmented response to MDP (Jozaki et al., 2009). 

 A guanine to adenosine SNV at position 2107 results in a change in polarity due to a valine 

to methionine switch in the intracellular surface domain of the TLR-2 receptor (Shinkai et al., 

2011). This SNV results in a 50% decrease in response of HEK(293) cells to the TLR2/1 dimer 

ligand and defective signaling following interaction with intact S. Choleraesuis bacteria and 

purified S. Typhimurium lipoprotein (Shinkai et al., 2011). 

Four variants in TLR4 have been reported that all result in a positively charged amino acid 

substitution but which have no effect on the response to lipid A, the active moiety of gram-negative 

lipopolysaccharide (Shinkai et al., 2012). Two SNVs create a substitution with similar charge and 
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polarity, yet result in decreased induction of NF-κB via luciferase reporter assay, while one SNV 

causes a cysteine to tryptophan switch resulting in a loss of polarity and a complete inability to 

dimerize in response to lipid A (Shinkai et al., 2012). However, the latter variant demonstrating 

complete loss of function is only found in Japanese wild boars. 

Lastly, two SNVs in TLR5 have been tested in vitro. Variant G(443)T in the 5th LRR results 

in an arginine to leucine switch, and the loss of a positive charge (Shinkai et al., 2011). This change 

results in 50% less NF-κB induction upon stimulation with intact S. Choleraesuis bacteria and 

purified S. Typhimurium flagella (Shinkai et al., 2011). Another SNV (C(1205)T) in the 14th LRR 

results in a leucine instead of a phenylalanine at position 402, and while both amino acids are 

neutral and hydrophobic, the switch interrupts receptor binding with flagellin and results in one 

third of the response to the same components (Shinkai et al., 2011). 

The papers cited in table 4 and 5 all employ the same study design, using expression 

vectors, HEK(293) cells, and luciferase reporter assay. They also study relevant variants from 

commercial western pig breeds such as Berkshire, Landrace, and Large white breeds, and perform 

experiments using whole S. Choleraesuis cells, purified components of S. Typhimurium including 

lipopolysaccharide or flagellin, or purified components of gram-negative bacterial peptidoglycan. 

As such, the findings of these in vitro studies may be of interest to breeding programs in Ontario. 

In addition, the significant associations drawn between deleterious genetic variants and infectious 

disease in swine from Ontario farms indicates that these variants are present in commercial 

breeding stock. What is not known is the distribution of these variants on commercial farms and 

the effect of these variants on Salmonella shedding and colonization.  

SUMMARY AND CONCLUSION 

Salmonellosis is an important concern in food safety, and is a detriment to human and 

swine health (Thomas et al., 2013; Bearson and Bearson 2010). Pigs that become subclinical 

carriers chronically shed these pathogens in feces and infected pig manure can be a source of 

contamination of produce intended for human consumption. In addition, pigs may be colonized 

internally resulting in contamination at the slaughterhouse and increasing the possibility of 

transmission to humans through ingestion of improperly cooked pork products. Decreasing 
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Salmonella on the farm may be the most effective way to control Salmonella in the pork production 

chain (Dorr et al., 2009; Letellier et al., 2009; Guan and Holley 2003; Hurd et al., 2001). Despite 

current on-farm interventions, Salmonella remains an issue on Ontario swine farms (Farzan et al., 

2008a; 2008b; 2010) and may be greatly underestimated as a source of economic loss. Another 

substantial expense on commercial swine farms is the cost of feed. Recently, a less expensive 

nursery phase diet was developed that does not affect time-to-market or meat quality (Skinner et 

al., 2014). However, the effectiveness of this diet on commercial swine farms must be investigated 

to ensure the animals’ good health and performance continues in the face of environmental 

stressors. In addition, better knowledge of Salmonella shedding over the market-pigs lifetime is 

needed, as well as a deeper understanding of the frequency of carrier animals in commercial pig 

populations.   

The epidemiological triangle proposes three factors that are required for disease: 1) the 

right environment 2) the right pathogen and 3) the right host. It is clear that this concept also 

applies to Salmonella colonization in swine, as different diets can influence Salmonella 

colonization and shedding, different virulence factors are required for systemic disease versus 

colonization, and certain variants in the host immune system can confer an advantage or 

predisposition to Salmonella colonization. Given the failure of various interventions to control 

Salmonella in the environment, and the rapidly evolving nature of bacterial pathogens, genetic 

improvement programs aimed at improving the host immune response to Salmonella may be the 

most promising approach to mitigating Salmonella on swine farms. 

There is a growing body of research documenting variants and investigating their effect on 

disease susceptibility or resistance, including infectious diseases such as salmonellosis. In 

particular, some of these variants are found in genes coding pattern recognition receptors of the 

innate immune system, which make excellent candidates for genetic improvement because of their 

ability to distinguish between host and pathogen and recognize a wide range of pathogens 

(Mogensen 2009). Studies show that these variants are present in Ontario swine and are associated 

with infectious disease, including Salmonella (Farzan et al., 2016; Keirstead et al., 2011), but more 

epidemiological studies are needed to understand the distribution and behavior of these variants 

on commercial farms. The need for this research is intensified by the increase in antimicrobial 

resistant strains, the zoonotic threat of Salmonella, and the ubiquitous nature of Salmonella in the 
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environment. Reduced salmonellosis associated with pork production will benefit public health, 

while the pork industry should experience improved herd health, animal welfare and profitability.  
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Figure 1: Species and subspecies of the genus Salmonella. 

Original figure created using information from Guibourdenche et al., 2010. 

  

Family 

Enterobacteriaceae 

Genus 

Salmonella 

S. enterica (2587)         Species (# of serovars)  S. bongori (23) 

I 

enterica 

(1547) 

  

II 

salamae 

 (513) 

III 

arizonae 

(100)   

IV 

diarizonae  

(341)  

V 

houtenae    

(73) 

VI 

indica 

(13)   

Subspecies (# of serovars) 
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Estimates of non-typhoidal salmonellosis 
 Worldwide estimates  

Total cases: 93.8 million1 

Foodborne:78.7 million2 

Deaths: 59,0002 

 Canada foodborne estimates3  

Cases: 87,510 

Hospitalizations: 925 

Deaths: 17 

 United States foodborne estimates4  

Cases: 1,027,561 

Hospitalizations: 19,336 

Deaths: 378 

 Mortality due to invasive disease  

Developed countries5 < 2% 

Developing countries6 < 25%  

 *All images Creative Commons; CC0 

 

Figure 2: Estimates of the annual impact of non-typhoidal salmonellosis worldwide, and annual 

foodborne cases in Canada and the United States.  

Original figure created using images licensed CC0 and information from 1Majowicz et al., 2010; 2World Health 

Organization 2015; 3Thomas et al., 2013; 4Scallan et al., 2011; 5Chimalizeni et al., 2010; 6Feasey et al., 2012. 
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Table 1: Prevalence and serotype distribution of Salmonella on swine farms in Canada and 

sampling methods. 

Location Sampling methods Salmonella farm 

prevalence 

Serotype Reference 

Canada  

(FoodNet) 

2011 

Swine farms  

Repeat sampling 

Manure pits 

Culture 

 

34% (41 / 120) S. Worthington (31%)  

S. Typhimurium (15%)  

S. Derby (10%)  

S. Infantis (10%)  

 

(Government 

of Canada 

2015)  

Canada 

(CIPARS) 

2005-2010 

Grower-finisher swine 

farms 

Repeat sampling 

Pooled fresh fecal 

Culture 

 

23% (470 / 2050) S. Typhimurium (31%)  

S. Derby (17%) 

(Parmley et 

al., 2013) 

Ontario  

2005-2007 

Swine farms 

Point-prevalence 

Pooled fresh fecal: 

sow, nursery, finisher, 

manure pits 

Culture  

77% (24 / 31)  S. Typhimurium var. 

Copenhagen (31%)  

S. Derby (12%) 

S. Typhimurium (11%)  

S. Agona (11%)  

 

(Farzan et 

al., 2010) 

Ontario 

2001-2006 

Swine farms 

Repeat sampling 

Fresh fecal and pooled 

pen 

Culture  

 

61% (69 / 113) S. Typhimurium var. 

Copenhagen (27%)  

S. Typhimurium (17%)  

S. Derby (11%) 

 

(Farzan et 

al., 2008b) 

Ontario 

2004 

Grower-finisher farms  

Point-prevalence 

Rectal swab 

Pooled pen 

Culture  

 

46% (37 / 80) S. Typhimurium var. 

Copenhagen (56%)  

S. Infantis (11%) 

S. Typhimurium (7%)   

S. Derby (6%)  

 

(Farzan et 

al., 2008a) 

Alberta  

2000 

Grower-finisher farms 

Repeat sampling 

Pooled pen 

Culture  

 

67% (60 / 90) S. Derby (22%) 

S. Typhimurium var. 

Copenhagen (18%)   

S. Infantis (15%) 

S. Typhimurium (6%)  

 

(Rajic et al., 

2005) 

Quebec  

1999 

Finisher farms 

Point-prevalence 

Pen: gilts, sows, 

nursery, finisher 

Culture 

71% (29 / 41) S. Derby (37%) 

S. Typhimurium (34%) 

(Letellier et 

al., 1999) 
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Table 2: The impact of various feeding types, probiotics, prebiotics, vaccination, and 

antimicrobials on Salmonella load in the pig. 

Current 

methods 

Pros Cons Reference 

Coarsely-

ground feed 

Solid digesta delays gastric 

emptying; higher acidity is 

less favourable for 

Salmonella  

Decreases feed efficiency; can 

promote other bacteria 

(Berge and 

Wierup 2012) 

Liquid feed Increases acidity in feed 

and delivery systems; less 

favourable environment for 

Salmonella  

Increased risk of Listeria 

monocytogenes 

(Fosse et al., 

2009) 

Acidified feed Higher acidity in gut; 

decreases intestinal  

colonization 

Costly; results inconsistent; 

does not decrease systemic 

colonization; efficiency 

depends on stage of growth 

(Boyen et al., 

2008a) 

Acidified 

water 

Higher acidity in gut; less 

favourable environment for 

Salmonella; 

Reduced water intake; long 

duration treatment required 

(O’Connor et 

al., 2008) 

Probiotics and 

prebiotics 

Can favour growth of 

bacteria which out-compete 

Salmonella  

Research inconsistent; may 

only be effective during times 

of stress (ex. weaning)  

(Gaggia et 

al., 2010; 

Modesto et 

al., 2009) 

Bacteriophages Treatment of super-

shedders 

Only effective if administered 

shortly before shipping; 

expensive; limited range 

(Doyle and 

Erickson 

2012) 

Vaccines Provide immunity and can 

offer cross-protection 

among serotypes 

Impair detection of animals 

currently infected 

(Doyle and 

Erickson 

2012) 

Antimicrobials Easily administered to 

entire herd 

Actually a risk factor for 

Salmonella  

(Fosse et al., 

2009) 

 

 

 

  



29 

 

Table 3: The association of genetic variants with Salmonella shedding, colonization, or immune 

response in pigs. 

Gene Function Variant Effect Reference 

CCR1 Chemokine receptor; 

chemoattractant, 

modulates inflammation 

G(2878)A Increased liver 

colonization by  

S. Choleraesuis 

(Uthe et al., 

2011) 

TLR5 Extracellular PRR1; 

recognizes bacterial 

flagellin 

A(1246)T 

G(1269)A 

Associated with increased 

IL-2 transcripts 

(Yang et al., 

2013) 

T(834)G 

C(1398)T 

Associated with increased 

IL-10 transcripts 

Slc11A1 Sequestration of iron and 

manganese in lysosomes 

G(523)A 

G(1728)A 

Gene module upregulated 

in persistent shedders 

(Kommadath 

et al., 2014) 

HP Haptoglobin; acute phase 

protein  

C(471)T Pigs with one or more T 

alleles were less likely to 

shed Salmonella than C 

allele homozygotes 

(Uthe et al., 

2011) 

CCT7 Chaperone protein for 

ATP-dependant protein 

folding 

G(1153)A Chronic, high shedding 

compared to wildtype 

(Uthe et al., 

2009) 

SFTPA Encodes SP-A2; 

opsonizing molecule in 

the lung 

T(599)A More frequent in diseased 

pigs positive for  

S. Typhimurium 

(Keirstead et 

al., 2011) 

MBL1 Encodes MBL-A3; acute 

phase protein 

C(687)T More frequent in diseased 

pigs positive for  

S. Typhimurium 

(Keirstead et 

al., 2011) 

MBL2 Encodes MBL-C; 

secreted PRR activating 

complement lectin 

pathway 

T(2148)C 

G(1081)A 

More frequent in diseased 

pigs positive for  

S. Typhimurium 

(Keirstead et 

al., 2011) 

1pattern recognition receptor.  
2surfactant protein-A. 
3mannan-binding lectin. 
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Table 4: Variants in porcine NOD genes and their effect on in vitro recognition of antigens also 

found in bacterial peptidoglycan. 

Gene Area Variant Effect Reference 

NOD1 LRR1 G(1922)A 

G(2752)A 

Impaired iE-DAP2-induced activation 

of NF-κB 

(Shinkai et al., 

2015) 

NOD2 Hinge 

region 

T(1949)C Disrupted conformational changes and 

failure to recognize MDP3 ligand 

(Jozaki et al., 

2009) 

LRR A(2197)C Augmented response to MDP ligand (Jozaki et al., 

2009) 

1leucine rich repeat.  
2γ-d-glutamyl-meso-diaminopimelic acid, a component of bacterial peptidoglycan. 
3muramyldipeptide; a component of bacterial peptidoglycan.  
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Table 5: Variants in porcine TLR genes and their effect on in vitro recognition of antigens also 

found in bacterial peptidoglycan. 

Gene Area Variant Effect Reference 

TLR2 TIR1 G(2107)A 50% decreased response to TLR2/1 dimer 

ligand; defective signal transduction post-

interaction with S. Choleraesuis bacteria and S. 

Typhimurium lipoprotein 

(Shinkai et 

al., 2011) 

TLR4 LRR2 A(565)C Unchanged; response to lipid A is comparable 

to wildtype 

(Shinkai et 

al., 2012) 
Exon T(611)A 

Exon G(962)A 

Exon C(1027)A 

Exon G(826)A Still responds to lipid A; decreased induction of 

NF-κB  

(Shinkai et 

al., 2012) 
LRR G(1157)A 

LRR T(1518)G No dimerization; completely impaired response 

to lipid A 

(Shinkai et 

al., 2012) 

TLR5 LRR G(443)T 50% NF-kB induction post-interaction with  

S. Choleraesuis bacteria and S. Typhimurium 

flagellin 

(Shinkai et 

al., 2011) 

LRR C(1205)T 33% Nf-kB induction post-interaction with  

S. Choleraesuis bacteria and S. Typhimurium 

flagellin 

(Shinkai et 

al., 2011) 

1Toll/interleukin-1 receptor.  
2leucine rich repeat. 
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CHAPTER 2: A LONGITUDINAL STUDY OF SALMONELLA SHEDDING 

IN PIGS FROM BIRTH TO MARKET AND THE EFFECT OF A LOW 

COMPLEXITY DIET 

ABSTRACT 

Salmonella is an important cause of foodborne illness and is commonly found on swine 

farms. Control of Salmonella at the farm level could contribute to a reduction in the spread of 

Salmonella through the food supply system. This study assessed Salmonella shedding from swine 

on commercial farms and internal colonization at slaughter, and investigated the impact of a low 

cost diet on Salmonella shedding in swine. On 8 farms between May 2014 and July 2016, 14 

cohorts for a total of 809 pigs were monitored from birth through slaughter for Salmonella 

shedding and tested for internal colonization at slaughter. Pigs received either a high complexity 

or low complexity diet (featuring reduced animal protein) during the nursery phase. Using 

information collected from a detailed farm management survey, multi-level mixed-effects logistic 

regression models were fitted to analyze Salmonella shedding at different stages of production and 

the association between Salmonella shedding and presence of Salmonella in tissue samples. The 

impact of diet was assessed in each model. Over the course of the study 3339 fecal samples were 

collected from 809 pigs with a sample prevalence of 13% (n = 421) and a pig prevalence of 35% 

(n = 284), while 12% (n = 99) of pigs shed more than once. Shedding increased with age (p < 0.05) 

and decreased in the winter months (p < 0.01). The low complexity diet may increase the risk of 

shedding over the production period (p = 0.06) but did not affect colonization at slaughter. In total 

23% (134/583) of pigs were positive at slaughter but presence of Salmonella at slaughter was not 

associated with fecal shedding on-farm. Investigation into interventions that mitigate Salmonella 

shedding at later stages of production may be warranted, as well as different sampling time points 

or approaches such as serology, which may be able to predict the presence of Salmonella at 

slaughter more precisely.  

Keywords – Salmonella shedding, Salmonella colonization, diet, swine 
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INTRODUCTION 

In Canada, non-typhoidal salmonellosis is estimated to be the fourth leading cause of all 

foodborne illnesses (Thomas et al., 2013), and 9% of foodborne outbreaks are estimated to be 

associated with pork in the United States (Jackson et al., 2013). Salmonella are also responsible 

for economic losses in the swine industry due to lost productivity (Bearson and Bearson 2010; 

Gorton et al., 2000). 

Some pigs can shed Salmonella in feces despite appearing healthy. These subclinical 

carriers can exacerbate levels of Salmonella in the barn and slaughterhouse and infect pigs with 

no previous exposure during transportation and lairage. In addition, there is potential for cross-

contamination of carcasses during processing. An important consideration to mitigate Salmonella 

transmission from pigs to humans may be to reduce Salmonella at the farm level (Dorr et al., 2009; 

Letellier et al., 2009; Guan and Holley, 2003). To accomplish this, it is necessary to understand 

Salmonella shedding in commercial swine from birth to slaughter.  

A Canada-wide sampling of sentinel grow-finisher herds found 23% of pooled samples 

from grow-finisher herds to be positive for Salmonella (Parmley et al., 2013). In Ontario, 

surveillance systems reported 30% of samples from farrow-finish sentinel swine herds to be 

positive, using pooled fecal samples and manure pit samples (Parmley et al., 2013). However, the 

presence of intermittent or low-level shedders and the variable nature of Salmonella infection over 

time present limitations to point-prevalence studies (Pires et al., 2013; Farzan et al., 2008; Kranker 

et al., 2003). This limitation is demonstrated by a longitudinal study of Ontario swine farms, which 

reported the farm-level prevalence of Salmonella to be considerably higher, at 61% (Farzan et al., 

2008). Although a clear understanding of the longitudinal shedding patterns of commercial pigs is 

crucial for implementing effective monitoring and control measures, literature on this topic is 

limited.  

Salmonella’s ubiquitous nature in the environment make it difficult to eradicate. Thus, 

interventions in swine focus on preventing initial infection and further transmission. Although 

pathogen virulence factors play a role in colonization and the establishment of carrier state, there 

is evidence that pigs with a compromised immune response are more likely to be carrier animals 



34 

 

(Verbrugghe et al., 2011). Thus, interventions that improve the host immune system may be 

beneficial. Recently, a less expensive nursery-stage diet was developed that effectively substituted 

the majority of highly complex animal-based proteins with low complexity (LC) plant proteins 

without compromising overall growth or carcass quality (Skinner et al., 2014). However, these 

researchers reported an increased incidence of infectious disease in one cohort of animals receiving 

the LC diet. It is possible that the pigs on a less expensive, LC nursery diet will be more prone to 

infection in general and Salmonella in particular. Given the significance of Salmonella in food 

safety, it is important to investigate how the LC diet will affect pigs in the commercial 

environment. 

The objectives of this study were: i) to assess the Salmonella shedding patterns in pigs from 

birth to slaughter, ii) to investigate the correlation between on-farm Salmonella shedding and 

Salmonella colonization at slaughter, and iii) to determine the effect of the low complexity nursery 

diet on Salmonella shedding and colonization.  

MATERIALS AND METHODS 

The University of Guelph Animal Care Committee approved all animal use in this study. 

Study design 

Herd selection – Eight commercial farms were included in the study; with criteria for 

selection including the use of genetics representative of commercial breeding stock, and distance 

from the University of Guelph. These farms had diverse demographics and management practices 

and a variety of operation types were represented (summarized in table 6).  

Cohorts – On six farms two cohorts of pigs were studied and on two farms only one cohort 

were monitored. Cohort One started in summer (piglets were born between May and August) and 

Cohort Two started in winter (piglets were born between October and January).   

Pig selection – For each cohort 8-10 sows that had farrowed within 4 days of each other 

were selected. From each litter 4-8 piglets were selected to give a total of 832 pigs. Upon selection, 

piglets were uniquely identified with an ear tag. 
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Diet group – Half of the selected piglets in each litter were assigned to the high complexity 

(HC; standard commercial nursery diets) treatment and the remaining ear tagged pigs were 

assigned to the low complexity (LC; reduced animal protein nursery diets) group. In assigning pigs 

to treatment, care was taken to match for size and gender where possible. After the nursery period, 

pigs in both cohorts consumed the same diet. With the exception of the low complexity diets used 

in the nursery phase pigs remained on the feeding regime used by each particular farm. In Cohort 

One, zinc and antibiotics were added to the diet at a level specified by the producer and farm 

veterinarian, but in Cohort Two the antibiotics were streamlined to accommodate the feed mill 

(Table 7). 

Survey – A survey with a mix of open and close-ended questions was distributed to 

producers regarding operation size and type, genetic supplier, vaccination program and health 

records, pig flow and biosecurity practices, in-feed antibiotic use and zinc use, feed type and 

supplier (Supplementary Figure 1). At each visit the personnel handling pigs on-farm were asked 

about infectious diseases affecting the farm in the interim, and a handout was provided for 

personnel to record morbidity and mortality in trial pigs.  

Sample collection 

At weaning and at the end of the nursery, grower, and finisher periods fecal samples were 

collected using a sterile bag as pigs defecated. At the end of the nursery period, pigs were observed 

for fecal consistency at the time of fecal collection. Rectal swabs (Starplex®, VWR, Mississauga, 

Ontario) were collected from piglets prior to 4 days of age for 2 farms in Cohort One and 5 farms 

in Cohort Two, as well as any time in the study where a fecal sample was scheduled to be collected 

but a fecal sample could not be obtained. Samples at slaughter and the end of finisher stage were 

not collected from one farm because the pigs were shipped prior to the final scheduled visit without 

notifying the researchers. In both the first and second cohorts, sow fecal samples were collected 

from the floor of farrowing crates at the time of piglet selection, and in Cohort Two sow rectal 

swabs were also collected. All samples were transported on ice to the laboratory.  

A subset of pigs from each cohort was shipped (between 30 and 120 km) to a 

slaughterhouse where pigs were held for 8 hours before processing. At slaughter, palatine tonsils 
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and sub-mandibular lymph nodes were collected; with the exception of one farm in Cohort One 

where tonsils were collected, but not sub-mandibular lymph nodes. 

Salmonella isolation  

For each fecal and tissue sample 10 g of material was transferred into a stomacher bag 

(Seward Laboratory Systems Inc, Bohemia, NY, USA) and homogenized in 50 mL of tetrathionate 

broth (Oxoid, Nepean, Ontario, Canada) using a Seward Stomacher 400 Circulator (Seward 

Laboratory Systems Inc, Bohemia, NY, USA) for 30 seconds (fecals) or 1 minute (tissues). 

Samples collected between 1-4 days of age and the end of the grower period on farms A and B 

were cultured using 1:9 ratio of feces and buffered peptone water (Oxoid). Swabs were cultured 

in 5 mL tetrathionate broth. Samples were incubated for 24 hours at 37 °C. Then, 0.1 mL was 

inoculated into 9.9 mL of Rappaport Vassiliadis (RV) broth (Oxoid) and cultured at 42 °C for 24 

hours. A loopful of RV culture was streaked onto xylose-lysine-tergoitol 4 agar (XLT4, Becton 

Dickinson™, Baltimore, Maryland, USA) and incubated at 37 °C for 24 hours. Salmonella 

colonies were plated on LB agar (Becton Dickinson™) and incubated for 24 hours. The isolates 

were confirmed with Salmonella O Antiserum Poly A-I and Vi (Becton Dickinson™, Grayson, 

Georgia, USA). Each Salmonella isolate was grown in 7.5 mL of tryptic soy broth for 4-6 hours 

and preserved in a 15% glycerol solution and stored at -80°C. All samples were cultured 

immediately except for four farm visits which were frozen for 6 – 10 weeks and two slaughter 

visits which were frozen for 2 weeks at -20 °C before culturing. 

Data analysis 

Data were entered into an excel spreadsheet for basic management and data cleaning 

(Microsoft, Redmond, Washington, USA) and then imported to Stata (Stata/IC-14 StataCorp, 

College Station, Texas, USA) for analysis. A mixed-effects multivariable logistic regression model 

with farm, sow, and pig as random effect was used to analyze Salmonella shedding in feces across 

the stages of production, and to assess shedding in pigs on each nursery diet (high complexity 

versus low complexity). A separate mixed-effects multivariable logistic regression model with 

farm and sow as random effect was fitted to analyze the associations between the presence of 

Salmonella in tissue samples and fecal shedding, and to assess the risk of colonization in pigs fed 
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either HC or LC nursery diets. The dependent variable was defined as presence of Salmonella in 

at least one tissue sample harvested from each pig at slaughter. Salmonella shedding was defined 

and tested in 3 ways: i) whether the pig was positive at least once over the course of the farm study 

or remained negative for the duration of the study, ii) the number of times a pig was positive (range 

from 0 – 5), and finally iii) slaughter status was associated with fecal positivity at each farm stage 

individually. 

First, univariable analysis was performed using single logistic regression to screen 

variables collected on farm and in the management survey with each outcome (Supplementary 

materials, S4). Variables with a p-value of ≤ 0.2 were considered for inclusion in the multivariable 

models. Correlations between variables were evaluated and a Pearson correlation coefficient of 

0.6 or higher indicated co-linear variables. Forward selection was used to build the models. 

Interaction terms between diet (HC/LC), antibiotics (yes/no), and zinc (nutritional/therapeutic) 

were tested in each model but none were below the required p-value of ≤ 0.05. Interactions between 

other variables considered in the model were included if p ≤ 0.05. A variable was considered 

confounding if it altered the coefficient of another variable by at least 15%. A partial F-test was 

used to test the significance of group variables. Herd size (number of animals in the barn) was 

analyzed as a continuous variable. Zinc administered during the nursery period was classified as 

nutritional (< 500 ppm) or therapeutic (> 500 ppm). The season of the visit in which a sample was 

collected was recorded according to seasonal periods in a calendar year (spring, summer, fall, 

winter). 

RESULTS 

Salmonella shedding 

Over the course of the farm study, 11% (92/832) of pigs were lost, with 23 of these pigs 

lost before the first sampling period. There was no differential loss to follow-up with regards to 

diet group at any sampling point. Figure 3 represents the prevalence of Salmonella cultured at each 

stage of production and at slaughter for Cohort One and Two. At the pig-level over the course of 

the farm-trial, 35.1% of pigs (284/809) tested positive for Salmonella at least once. At slaughter, 

Salmonella were recovered from at least one tissue sample from 23.0% of pigs (134/583). In 
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addition, 17.8% (13/73) of farrowing crate floor samples and 2.1% (1/49) sow rectal swab samples 

were positive for a total of 14.9% (13/87) of sows that tested positive for Salmonella. 

Salmonella was cultured from 13.0% (434) of 3339 fecal samples collected from 809 pigs 

over the entire course of the study. Salmonella was present in 4.9% (20/409) of samples collected 

at 1 – 4 days of age, in 10.5% (82/784) of samples collected at weaning, in 12.6% (94/747) of 

samples collected at the end of the nursery period, in 12.3% (90/730) of samples collected in the 

grower period, and 20.2% (135/669) samples collected at the end of finisher stage.  

In total, 12.2% (99/809) of pigs shed Salmonella on more than one occasion. Out of 449 

pigs in Cohort One 300 (66.8%) pigs were consistently negative for Salmonella, while 106 

(23.6%), 37 (8.2%), 3 (0.7%), and 3 (0.7%) pigs shed 1, 2, 3, and 4 times, respectively (Table 8). 

Out of 360 pigs in Cohort Two, 225 (62.5%) pigs were consistently negative for Salmonella while 

79 (21.9%), 36 (10.0%), 13 (3.6%), 5 (1.4%) and 2 (0.6%) pigs shed 1, 2, 3, 4 and 5 times, 

respectively (Table 8). Pigs that had a complete fecal set (4 consecutive fecal samples between 

weaning and finisher stage) were used to plot shedding profiles. There were 15 unique shedding 

patterns identified from 624 pigs (Table 9). The most frequent patterns included pigs that were 

negative on all four visits (61.1%; n = 381) and pigs that only shed only once at the finisher stage 

(8.5%; n = 53), the grower stage (5.8%; n = 36), at weaning (6.3%; n = 39) or once at the end of 

nursery stage (4.8%; n = 30). All pigs that were positive for the first three visits were positive at 

the finisher stage (1.1%; n = 7). 

Multivariable analysis  

Salmonella shedding on-farm: Variables found in the univariable analysis for consideration 

in the model for Salmonella shedding across the production stage were diet, season, age, sex, and 

finisher herd size (Supplementary Table 1). There was no confounding variable identified but there 

was an interaction between season and age. There was a tendency for pigs fed the LC nursery diet 

to become positive shedders on-farm compared to pigs fed the HC diet (OR = 1.29, p = 0.07; Table 

10). Shedding increased over time with older pigs more likely to test positive (OR = 1.10, p = 

0.01). Samples collected in the winter season (December 21st – March 21st) were less likely to test 
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positive than those tested in fall (OR = 0.01, p < 0.01), and samples collected in the summer season 

were more likely to test positive than in fall (OR = 19.45, p < 0.01). 

Salmonella at slaughter: Age, cohort, season and antibiotic use were significant in 

univariable analysis considered in the model for Salmonella colonization at slaughter 

(Supplementary Table 2), of which age and cohort were significant in the final model (Table 11). 

No interactions were identified. Older pigs were less likely to test positive for Salmonella at 

slaughter (OR = 0.77, p = 0.02). The nursery diet had no impact on colonization at slaughter (p = 

0.58). Presence of Salmonella at slaughter was not associated with pig positivity (p = 0.48; data 

not shown) nor was it associated with shedding Salmonella at any particular stage (p > 0.43). The 

likelihood of testing positive at slaughter did not increase with increasing shedding on-farm (p = 

0.45). 

DISCUSSION 

Salmonella is an important foodborne pathogen, and pork is a potential source of foodborne 

infection (Jackson et al., 2013; Thomas et al., 2013). This study set out to characterize Salmonella 

shedding from birth to market, as well as compare on-farm shedding with Salmonella status at 

slaughter. The impact of a low complexity reduced animal protein diet on these outcomes was also 

investigated.  

Salmonella shedding over the different stages of production 

There was an increase in shedding from early life until finisher period. This is in contrast 

to many studies which report that Salmonella shedding decreases over time (Rostagno et al., 2011; 

Vigo et al., 2009; Scherer et al., 2008; Kranker et al., 2003). However, Kranker et al., (2003) have 

shown that pigs can become infected at any time regardless of shedding status or previous 

exposure. This may indicate that older pigs simply have more opportunity to become infected or 

re-infected with Salmonella and are thus more likely to test positive. The current study reports 

12.2% of pigs demonstrating repeat shedding. This is higher than comparable longitudinal studies 

which found only 3.7% of pigs (Kranker et al., 2003) or 1–6% (Funk et al., 2001) to be positive 

more than once, although there was variation within production systems, as the latter study 
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reported 32% repeat shedding in one cohort versus 2.8% and 6% in the following cohorts on the 

same production site. 

Correlation between Salmonella shedding and colonization at slaughter 

Presence of Salmonella in tissue at slaughter was not associated with on-farm fecal 

shedding. These findings add to the growing body of literature on swine that report a poor 

association between fecal culture on farm and internal tissue samples at slaughter (Ward et al., 

2013; Wang et al., 2010; Korsak et al., 2003; Larsen et al., 2003; Kranker et al., 2003; Hurd et al., 

2004; Hurd et al., 2001). Although it has been shown that pigs infected later in life have an 

increased risk of carcass contamination at slaughter than pigs infected earlier in life (Funk et al., 

2001), slaughter was not associated with fecal shedding at the finisher stage. Of the pigs that were 

negative at the finisher period, 17% were positive at slaughter, two weeks later. It is possible that 

these pigs came into contact with Salmonella after the finisher visit, likely during transport to the 

slaughterhouse or in the holding pens overnight (Hurd et al., 2001). Alternatively, the pig could 

have cleared the luminal infection prior to sampling at the finishing period. Of the pigs that were 

positive at the finisher period, 50% were negative at slaughter. These pigs may have cleared the 

infection prior to sampling at the slaughterhouse, or Salmonella may have colonized the lumen 

without colonizing the tissues. It is also possible the pigs were misclassified as negative by the 

culturing protocol at either the farm stage or the slaughterhouse, however the use of three selective 

media in this study improves the sensitivity of culture techniques (Lyle et al., 2015; Schultz et al., 

2012).  

Isolation of Salmonella at slaughter can differ by tissue type tested, and many of these 

papers used gut-associated lymph tissue instead of tonsil. However palatine tonsil collected in this 

study is considered to be a primary colonization site in swine, is part of the alimentary canal, and 

is capable of providing high detection rates (Scherer et al., 2008; Fedorka-Cray et al., 1995; Wood 

and Rose 1992). In addition to tonsil, submandibular lymph node was chosen as an indicator of 

internal colonization. Intestinal tissue may have revealed a stronger association between shedding, 

however the submandibular lymph nodes still indicate prior exposure, have higher sensitivity than 

other secondary lymphoid organs (Scherer et al., 2008), and have importance in potential 

contamination in the food processing facility (Vieira-Pinto et al., 2005).  
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Although perhaps unsurprising given the lack of association between slaughter and farm, 

it is interesting to note that age had an opposite effect at slaughter, becoming protective. Although 

this study was not designed to determine the reasons for this difference, the finding highlights the 

complexity of Salmonella colonization in swine, and it may be useful to investigate this 

discrepancy in an effort to understand how risk factors change over the lifetime. To the best of our 

knowledge, this is the first study to repeatedly sample such a large cohort of pigs from birth until 

slaughter. Although it is possible that pigs were positive at other time points, sampling the same 

pig at five time points and at slaughter provides new information on the epidemiology of 

Salmonella infection in swine.  

Diet and the potential impact on Salmonella shedding and colonization  

Pigs fed the LC nursery diet had an increased tendency to shed Salmonella over the 

production period, but additional animals would be needed to better quantify the risk associated 

with the LC diet. The HC diet contained a higher percentage of highly digestible, complex animal-

derived proteins including whey and fish meal, and lower percentages of corn and soybean meal 

than the LC diet. The HC diet contained components that have been shown to have greater 

digestibility of macronutrients, but also ingredients of greater nutritional quality where the 

metabolic use of nutrients is more efficient as compared to lower quality ingredients (Zhang et al., 

2002; Jeong et al., 2016). The higher availability of nutrients contribute to immune system 

development, including the increased production of immunoglobulin, reactive oxygen and 

nitrogen species, proliferation of T-cells, and improved villus structure and function (Ruth and 

Field 2013). The superior digestibility of high quality ingredients may also improve gut health by 

limiting fermentation of nitrogen in the large intestine and promoting commensal bacteria (Bikker 

et al., 2006; de Lange et al., 2010). The LC diet contains over 30% dehulled soybean meal in 5 

out of 6 weeks of the nursery period. Although toasted, which improves digestibility, the apparent 

ileal digestibility of the dry matter, crude protein, and lysine in soybean meal is much lower than 

whey (Cervantes-Pahm and Stein 2010) or fish meal (Yun et al., 2005). In addition, soybean meal 

is antigenic, further disrupting nutrient absorption (Dunshea et al., 2002; Li et al., 1991). These 

differences result in a greater amount of protein bypassing the small intestine in the LC pigs, thus 

increasing the amount of fermentable protein available to the resident bacteria of the large 

intestine.  
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The microbiome has been shown to mediate both the duration and severity of Salmonella 

shedding in mice (Endt et al., 2010; Lawley et al., 2008) and in pigs (Bearson et al., 2013), but 

pigs are susceptible to overgrowth of Salmonella and other pathogenic species at weaning due to 

a fragile commensal microbiota (Richards et al., 2005). The composition of the gut microbiota is 

largely driven by the availability of fermentable substrates provided by diet (Pieper et al., 2012; 

Bikker et al., 2006). Protein substrates increase proteolytic bacteria which encompasses many 

bacteria pathogenic to pigs including E. coli, Clostridium species and Streptococcus species 

(Pieper et al., 2016). The products of protein fermentation include ammonia, amines, and hydrogen 

sulphide, all of which have been associated with damage to the intestinal epithelium in pigs or 

humans (Davila et al., 2013; Ahrens et al., 2003). Certain serovars of Salmonella including S. 

Typhimurium thrive in an inflammatory environment because of their ability to establish an 

intracellular niche within phagocytes (Arpaia et al., 2011), and their improved resistance to host 

antimicrobial peptides compared to that of commensal bacteria (Behnsen et al., 2015). Pigs often 

exhibit post-weaning diarrhea and are susceptible to overgrowth of pathogenic species including 

E. coli and Salmonella due to a fragile commensal microbiota (Richards et al., 2005). Weaning 

has also been identified as a crucial window for the development of the microbiome, where the 

biome is heavily influenced by the environment and highly susceptible to disturbances that may 

shape the microbiome until adulthood (Thompson et al., 2008). Thus, it is possible that Salmonella 

established at weaning results in the development of an intermittent shedder, and that this 

establishment may be promoted by the substrates provided by a LC diet.  

Although the LC diet might increase the chances of luminal colonization, it did not affect 

internal colonization at slaughter as measured by tonsil and lymph node culture. There was a fair 

representation of pigs that were colonized from each diet group at slaughter (HC = 23.0%, LC = 

22.9%). In statistical models testing individual production periods, the effect of diet on Salmonella 

shedding was approaching significance at the end of the nursery period (data not shown) but had 

no effect on grower or finisher stages. Thus it is not surprising that the diet had no effect on 

slaughter colonization which occurred over three months after the last diet exposure.   

In the current study, Salmonella shedding increased as pigs aged. Although previous 

research shows the nursery period to be the peak of shedding, it may be prudent from a food safety 

perspective to evaluate risk factors and interventions that help mitigate Salmonella shedding at 
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later stages of production. However, the lack of association between Salmonella shedding on farm 

and its presence in tissues at slaughter is a food safety concern. Future studies should investigate 

different approaches that are able to predict the presence of Salmonella at slaughter more precisely, 

including alternate sampling time points or serology. Finally, pigs fed the LC diet may have a 

higher risk of Salmonella shedding over the course of production. More work is required on 

commercial farms to understand the significance of this increased risk and the interactions between 

this diet, the environment, and Salmonella shedding and colonization in pigs. Future work on this 

project will conduct a similar analysis using serology, and serotype the Salmonella isolates 

collected in the current study to determine their importance for human health. 
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Table 6: Nutrient composition of high complexity and low complexity experimental nursery 

diets on an as-fed basis. 

 Phase I diets Phase II diets Phase III diets 

 HC1 LC1 HC LC HC LC 

 Percent ingredient composition (%) 

Corn (NRC; 8.3% CP) 13.70 47.40 32.30 48.92 47.04 46.84 

Wheat, soft red winter - 10.00 - 10.00 - 10.00 

Barley, 6 row 25.04 - 25.00 - 20.00 - 

Whey, dried 20.00 8.00 8.00 - - - 

Animal fat 2.50 2.50 2.50 2.50 2.50 2.50 

Fishmeal, mixed 5.00 5.00 3.00 - - - 

Hamlet protein 6.25 - 6.25 - 3.75 - 

Soybean meal 48 10.80 24.00 17.00 34.00 21.00 37.00 

Alltech Nupro 3.75 - 2.50 - 1.25 - 

Oat groats 10.00 - - - - - 

Lysine, HCL 0.30 0.16 0.25 0.25 0.35 0.05 

Methionine 0.19 0.11 0.16 0.17 0.17 0.08 

Threonine 0.08 0.02 0.08 0.09 0.13 - 

Typtophan 0.02 - 0.02 - 0.02 - 

Limestone 0.50 0.64 0.58 1.13 0.92 1.00 

Salt 0.30 0.61 0.34 0.59 0.44 0.45 

Mon-dicalcium 

phosphate 

0.07 0.69 0.52 1.48 1.29 1.27 

Potassium diformate 0.20 - 0.20 - 0.10 - 

Calcium proprionate 0.40 - 0.40 - 0.20 - 

Sweetener, saccharine 0.03 - 0.03 - 0.03 - 

Vitamin & mineral mix 0.87 0.87 0.87 0.87 0.81 0.81 

       

 Calculated nutrient composition2 

DE (MJ/kg) 14.74 14.78 14.55 14.62 14.39 14.71 

Crude protein (%) 21.10 19.90 20.80 21.00 18.70 21.90 

Total LYS (%) 1.43 1.23 1.35 1.34 1.25 1.27 

SID LYS (%) 1.29 1.10 1.21 1.21 1.13 1.13 

Ca (%) 0.94 0.94 0.83 0.83 0.74 0.74 

P (%) 0.68 0.71 0.62 0.67 0.61 0.64 

       

 Analyzed composition3 

Crude protein (%) 21.14 20.58 20.18 21.06 19.46 21.00 

Ca (%) 0.91 1.09 0.77 0.79 0.76 0.74 

P (%) 0.69 0.75 0.63 0.73 0.69 0.72 

1HC = high complexity diet; LC = low complexity diet. 
2Based on nutritional requirements for swine (National Research Council 1998). 
3Analyzed nutrient content for each diet differed by less than 10%. 
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Table 7: Farm demographics including management techniques variation in Salmonella prevalence in trial pigs and samples collected, 

and pig characteristics. 

Farm characteristics Age in days at visit4 (mean) 
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A 
1 

1 Ind Clo 210 550 2150 
1 

N None 
0 0 36 29.7 64.7 99.7 157.8 172.3 

2 2 28 8 52 31.4 67.4 102.4 155.4 176.7 

B 1 1 Ind Clo 650 6500 6500 2 Y Cl, Ti 3 1 0 29.4 59.3 99.3 - - 

C 
1 

2 Ind Op 1000 4000 600 3 N 

Cl, Pg, 

Ti 
53 21 43 21.5 62.5 104.5 145.6 182.3 

2 Cl, Pg 88 42 22 21.2 59.2 102.2 145.2 167.2 

D 
1 

3 
Loop 

A 
Op 550 2400 4000 3 Y Cl, Pg 

79 34 50 23.3 67.3 114.3 149.3 172.7 

2 80 21 56 23.7 64.7 103.7 138.7 168.8 

E 
1 

4 
Loop 

A 
Op 600 2400 4000 3 Y Cl, Pg 

33 10 48 25.8 67.8 114.8 158.8 174.3 

2 18 4 51 20.0 52.0 96.0 130.0 174.7 

F 
1 

3 
Loop 

A 
Op 600 2700 2800 3 Y Cl, Pg 

16 14 49 23.1 66.1 112.2 142.1 169.5 

2 3 1 55 20.1 68.1 103.1 144.1 165.0 

G 1 5 
Loop 

B 
Clo 700 2000 4000 3 N 

Nt, Cl, 

Pg, Ln 
67 41 43 23.0 64.0 109.0 141.0 168.5 

H 
1 

4 
Loop 

A 
Op 1200 2100 4000 3 N 

Cl, Ti 9 5 39 20.6 61.6 102.6 144.6 165.7 

2 Cl, Pg 7 3 39 22.4 57.4 101.4 150.4 170.4 

1Independently owned or part of a production loop.  
2Clo = closed operation; Op = open operation.  
3Antibiotic administered during the nursery period: Cl = chlortetracycline hydrochloride; Ti = tiamulin; Pg = penicillin G; Nt = neo-terramycin;  

LN = lincomycin.  
4Range for age in days at weaning, nursery, grower, finisher visit and slaughter are: 19–33, 52–70, 96–115, 130–159, and 156–196, respectively. 
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Figure 3: Percent of pigs positive for Salmonella at each sampling point, by diet and cohort. 

1Co. = cohort. 
2HC = high complexity; LC = low complexity. 

*Indicates the levels of Salmonella was different between diet groups at that stage of production (p = 0.1).  

†Indicates the level of Salmonella was significantly different between Cohort One and Cohort Two at this stage of 

production (p < 0.01).  

#Samples at 1 – 4 days of age were only collected on two out of eight farms in Cohort One (n = 112 pigs), and five 

out of six farms in Cohort Two (n = 297).  
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Table 8: The percent of pigs with repeat shedding counts for Cohort One and for Cohort Two. 

Cohort One Cohort Two 

Feces positive n  % Feces positive n % 

0 321 68.3 0 224 62.4 

1 106 22.6 1 79 22.0 

2 37 7.9 2 36 10.0 

3 3 0.6 3 13 3.6 

4 3 0.6 4 5 1.4 

- - - 5 2 0.6 

Maximum shedding for Cohort One is 4 (n = 470), and for Cohort Two is 5 (n = 359).  
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Table 9: Repeat shedding patterns of pigs sampled at all time points from weaning to finisher. 

Legend:  

 Positive 

 Negative 

 

Number (%) Weaning Nursery Grower Finisher 

7 (1.12)     

4 (0.64)     

4 (0.64)     

3 (0.48)     

4 (0.64)     

13 (2.08)     

39 (6.25)     

8 (1.28)     

4 (0.64)     

21 (3.36)     

30 (4.8)     

17 (2.72)     

36 (5.76)     

53 (8.49)     

381 (61.05)     

624 (100)     

Repeat shedding patterns of 624 pigs in the farm trial with a complete data set (4 consecutive fecal samples from 

weaning to finisher).  
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Table 10: Mixed-effects multivariable logistic regression analysis for diet and Salmonella 

shedding across the production stages. 

  
Odds 

ratio 

Standard 

error 

95% confidence 

interval 
p-value 

Diet High complexity Referent     

 Low complexity 1.29 0.18 0.98,   1.69 0.07 

Cohort One Referent    

 Two 4.29 2.49 1.37, 13.38 0.01 

Season Fall Referent    

 Spring 0.53 0.55 0.07,   4.07 0.55 

 Summer 19.45 14.31 4.60, 82.21 <0.01 

 Winter 0.01 0.01 0.00,   0.06 <0.01 

Age (weeks)  1.10 0.04 1.02,   1.19 0.01 

Season*Age Spring*Age 0.94 0.08 0.80,   1.10 0.43 

 Summer*Age 0.74 0.04 0.66,   0.83 <0.01 

 Winter*Age 1.22 0.08 1.08,   1.38 <0.01 

Analysis on 809 pigs across 14 cohorts and 8 farms. 

 

  



 

 

50 

 

Table 11: Mixed-effects multivariable logistic regression analysis for association between 

Salmonella in tissues at slaughter and Salmonella on-farm. 

  
Odds 

ratio 

Standard 

error 

95% confidence 

interval 
p-value 

Diet High complexity Referent    

 Low complexity 0.82 0.21 0.50, 1.35 0.44 

Cohort One Referent    

 Two 0.16 0.05 0.08, 0.31 <0.01 

Age (weeks)  0.77 0.08 0.62, 0.95 0.02 

Analysis on 583 pigs across 13 cohorts and 7 farms. 

Diet was included in analysis because it was an exposure of interest and introduced experimentally. 
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CHAPTER 3: THE ASSOCIATION OF GENETIC VARIANTS IN THE 

INNATE IMMUNE SYSTEM WITH SALMONELLA SHEDDING, 

COLONIZATION AND GROWTH PERFORMANCE OF SWINE ON 

COMMERCIAL FARMS IN ONTARIO 

ABSTRACT 

Foodborne salmonellosis is an important food safety issue in Canada, and pork products 

can be a source of infection. Genetic variants in the porcine innate immune system have been 

associated with Salmonella shedding and colonization and may represent a focus for genetic 

selection of more robust animals. This study followed 809 pigs from birth to slaughter to 

investigate the associations between genetic variants and Salmonella shedding, colonization, and 

average daily gain (ADG). Pigs were fed either a high complexity or low complexity (featuring 

reduced animal protein) diet during the nursery phase. Fecal samples were collected at birth and 

near or at the end of each production stage (weaning, nursery, grower, finisher) on-farm, and tissue 

samples were collected at slaughter. Fecal and tissue samples were cultured for Salmonella. A 

survey was distributed to producers to collect information on farm management practices. A 

multilevel mixed-effects logistic regression modelling method was used to analyze the Salmonella 

data and linear regression was used to analyze ADG data. A variant in C-type lectin MBL1 

increased the risk of shedding (p < 0.01) while a variant in cytosolic pattern recognition receptor 

NOD1 increased the risk of internal colonization (p = 0.02). These findings are consistent with 

previous literature and reinforce the value of these variants for genetic selection programs aimed 

at mitigating disease. One variant in sPLA2-IID, TLR4, and one indel in the MBL2 gene were 

associated with increased ADG at various stages of production (p < 0.05) while variants in ficolin-

β, chemokine receptor 1 and MBL2 were associated with decreased ADG (p < 0.05). However, 

more work is needed to understand whether genotype can confer an advantage to pigs fed a low 

complexity diet on commercial farms. The associations between these innate immune variants and 

average daily gain are novel and highlight the interactions between the immune system and growth 

performance. 

Keywords: Salmonella, average daily gain, genetic variant, pig  



 

 

52 

 

INTRODUCTION 

Salmonellosis is estimated to be the fourth most common foodborne illness in Canada 

(Thomas et al., 2013). Contaminated pork products were implicated in 9% of foodborne outbreaks 

of salmonellosis in humans between 1998 and 2008 in the United States (Jackson et al., 2013). 

The economic burden of subclinical salmonellosis in pigs has not been characterized, but clinical 

salmonellosis in pigs is estimated to cost producers in the United States $100 million annually 

(Schwartz, 1999). Studies in Ontario report 61% and 77% of herds to be Salmonella positive 

(Farzan et al., 2010; Farzan et al., 2008b) with Salmonella Typhimurium and Salmonella Derby 

the most common serotype isolated from healthy pigs. More importantly, S. Typhimurium is a 

frequent cause of human cases of salmonellosis in North America and globally, while S. Derby is 

one of the top ten serovars isolated from humans in Europe (Hendriksen et al., 2011).  

Subclinically infected pigs capable of shedding Salmonella intermittently or chronically 

have been identified on commercial farms and are an important food safety concern (Vigo et al., 

2009; Kranker et al., 2003). Challenge studies with S. Typhimurium and host-adapted serovars 

such as S. Choleraesuis have reported  variation between pigs with regards to the severity and 

duration of shedding (Rostagno et al., 2011; Anderson et al., 2000) and variations in immune 

response (van Diemen et al., 2002).  

On-farm control of Salmonella in swine may be an effective way to mitigate the 

transmission of Salmonella from pork products to humans by limiting the spread in the food supply 

system (Dorr et al., 2009; Letellier et al., 2009; Guan and Holley 2003; Hurd et al., 2001). 

However, it may not be feasible for producers to decrease previously identified risk factors 

including continuous pig flow, co-mingling or shipping, or to successfully implement 

interventions such as vaccinations, which are costly (Goldbach and Alban 2006; Miller et al., 

2005). There is some indication that immunocompromised animals are more prone to shedding 

Salmonella (Verbrugghe et al., 2011), so interventions which bolster the immune response may 

help reduce the spread of Salmonella in pig populations. Recently a low complexity, reduced 

animal protein diet (LC) was developed that may decrease feed costs on-farm (Skinner et al., 

2014), but the effectiveness of such a diet on commercial farms is not well characterized. It is 
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possible that pigs with a robust immune system can take advantage of the low complexity diet 

resulting in the best savings for the producer. 

Although environmental factors such as temperature and dose, and pathogen-specific 

factors including serotype and virulence play a role in colonization, genetic variations within pig 

populations may also impact Salmonella shedding and colonization.  In vitro studies have revealed 

variants in several Toll-like receptor genes (TLR2, TLR4 and TLR5) which result in impaired 

recognition of S. Choleraesuis and lipoprotein, lipid-A and flagella purified from S. Typhimurium 

(Shinkai et al., 2012; Shinkai et al., 2011). This may impair the host’s ability to mount an immune 

response against the pathogen, potentially increasing susceptibility or carrier state. Other  in vitro 

studies have revealed variants in NOD1 and NOD2 of the NOD-like receptor family which impair 

(Shinkai et al., 2015), completely abolish, or augment (Jozaki et al., 2009) the response of these 

receptors to bacterial peptidoglycan, altering the ability of the host to mount an immune response 

in either a detrimental or beneficial way, respectively. Differential expression of solute carrier 

family 11 member 1 (SLC11A1), involved in nutrient sequestration, and pattern recognition 

receptor TLR4, has been observed between low and persistent shedders during infection (Huang et 

al., 2011) and prior to infection with S. Typhimurium (Kommadath et al., 2014) indicating the 

potential for genes predictive of Salmonella shedding and colonization. 

Variants in chaperonin-containing TCP1 subunit 7 (CCT7), a chaperone protein gene, have 

previously been associated with increased shedding of Salmonella in swine (Uthe et al., 2011) 

while variants in porcine TLR4 have been associated with both the severity and duration of 

shedding of S. Typhimurium (Kich et al., 2014). In addition, variants in mannan-binding lectin 1 

and 2 genes (MBL1, MBL2) and surfactant-protein A gene (SFTPA1) were more frequent in pigs 

testing positive for S. Typhimurium at post-mortem (Keirstead et al., 2011).  

Genetic variants have also been associated with growth performance in disease-challenged 

swine, including a quantitative-trait nucleotide in guanylate binding protein 5 gene (GBP5) which 

accounted for 15% of the genetic variability in performance during a porcine reproductive and 

respiratory syndrome virus challenge (Koltes et al., 2015). As well, there is evidence that the same 

single nucleotide variants (SNVs) can improve both immune performance and growth performance 

(Niu et al., 2016; Wu et al., 2008).  
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Although there are studies that investigate innate immune variants and disease in research 

settings, there is a lack of published research associating these SNVs with disease in swine over 

the entire production period on commercial farms. Information of this nature would be very useful 

for understanding the impact of SNVs on Salmonella shedding and colonization and performance 

in the setting of the commercial farm. Thus, the objectives of this study were to investigate the 

associations between genetic variants in candidate genes of the porcine innate immune system and 

i) Salmonella shedding, ii) internal colonization of Salmonella at slaughter, and iii) average daily 

gain on commercial farms in Ontario.   

MATERIALS AND METHODS 

All animal use was approved by the Animal Care Committee of the University of Guelph. 

Study design and sample collection 

Farm and animal selection – Eight farms were included in the study; on six farms two 

cohorts of pigs born May to August (cohort 1) or October to January (cohort 2) were monitored 

from birth up to slaughter, and on 2 farms one cohort of pigs (born May to August) were monitored. 

For each cohort 4 – 8 piglets were selected from each of 8 – 10 sows. Half of the piglets from each 

litter were assigned to a high complexity (HC; standard commercial nursery diet) and half to a low 

complexity diet group (LC; reduced animal protein) fed during the nursery period, matching for 

size and gender (see chapter 2). The diets for the two groups were the same at all other stages of 

life.  

Survey – A detailed survey was distributed to producers. This survey gathered information 

on farm management practices including feed type and supplier, antibiotic and zinc use, genetic 

supplier, herd size and operation type, biosecurity measures, vaccination programs and health 

records (Supplementary materials, S4).  

Sample collection – Tail dockings, ear notches or blood were collected prior to 4 days of 

age for DNA extraction. Fecal samples were collected into a sterile bag as pigs defecated at 

weaning and at the end of the nursery, grower, and finisher periods. In addition, rectal swabs 

(Starplex®, VWR International, Mississauga, Ontario, Canada) were collected from piglets at 1 – 
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4 days of age in Cohort One on 2 farms and in Cohort Two on 5 farms, as well as any time in the 

study where a fecal sample could not be collected. Samples were transported on ice to the 

laboratory. Pigs were shipped to a slaughterhouse and meat packing plant with other market-

weight pigs from the same farm. Palatine tonsil and sub-mandibular lymph node were collected 

from a subset of pigs at slaughter.  

Weight and average daily gain – Weight was measured at birth, weaning and end of nursery 

using a digital scale and at the grower and finisher stages using a cart scale or auto-sort scale 

available at the farm. Age in days was recorded at each visit to calculate the average daily gain.  

Salmonella isolation  

Fecal and tissue samples were cultured for Salmonella as described previously (Chapter 2). 

Briefly, 10 gm of each fecal sample was homogenized in a 50 mL volume of tetrathionate broth 

(Oxoid, Nepean, Ontario, Canada) and incubated for 24 hours at 37 °C. Then, 0.1 mL was 

transferred to 9.9 mL of Rappaport Vassiliadis broth (Oxoid), and cultured at 42 °C for 24 hours. 

A loopful of RV culture was streaked onto xylose-lysine-tergoitol 4 Agar (XLT4, Becton 

Dickinson™, Baltimore, Maryland, USA) and incubated at 37 °C for 24 hours. Salmonella 

colonies were plated on LB agar (Becton Dickinson™), incubated for 24 hours and confirmed with 

Salmonella O Antiserum Poly A-I and Vi (Becton Dickinson™, Grayson, Georgia, USA).  

DNA isolation and genotyping  

To extract DNA, tails and ear tissues were rinsed with saline solution and 25 milligrams of 

tissue was minced, while blood was centrifuged for 10 minutes and the buffy coat was harvested. 

DNA extraction was completed using the Qiagen DNEasy Blood and Tissue kit as per the 

manufacturer’s recommendations. DNA was stored at -20 °C. Genotyping of variants was 

performed at the Clinical Genomics center at Mt. Sinai hospital, (Toronto, Ontario, Canada) using 

Sequenom MassARRAY® matrix-assisted laser desorption/ionization time of flight mass 

spectrometry (MALDI-TOF). 
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Genetic variant discovery  

After reviewing the literature, 41 variants were selected based on their association with 

Salmonella shedding or colonization (Kich et al., 2014),  in vitro expression vector studies which 

showed an altered response to Salmonella or bacterial antigens (Shinkai et al., 2015; Jozaki et al., 

2009), their association with other diseases commonly infecting swine (Koltes et al., 2014; 

Keirstead et al., 2011), and those previously investigated by this laboratory (Table 12). All of the 

selected variants were SNVs with the exception of two indels.    

Data analysis  

Variants with a minor allele frequency less than 0.01 (n = 7) were excluded from further 

analysis. Linkage disequilibrium, the non-random association of different alleles, was determined 

using the square of Pearson’s correlation coefficient (R2) and variants with an R2 value greater 

than 0.8 with any other variant were removed to avoid redundancy in the models (n = 6 SNVs in 

TLR4 and 1 SNV in MBL2). Thus, a total of 27 variants over 15 innate immune genes were 

analyzed. Data was imported to Stata (Stata/IC-14; StataCorp, College Station, Texas, USA) for 

analysis. Due to SNVs which had a very small percentage of animals displaying the double variant 

genotype, the reference animals, those homozygous for the most common allele in the study 

population (variant negative animals) were compared to the presence of at least one variant allele 

(variant positive animals). 

A mixed-effects multivariable logistic regression model with farm, litter, and pig as 

random effect was fitted to analyze the effect of variants on Salmonella shedding across the 

lifetime. A separate mixed-effects multivariable logistic regression model with farm and litter as 

random effect was fitted to analyze the effect of variants on Salmonella colonization at slaughter 

defined as the presence of Salmonella in at least one tissue sample harvested from each pig at 

slaughter. In addition, five separate mixed-effects multilevel linear regression models with farm 

and litter as random effects were fitted to analyze the association between variants and average 

daily gain during the suckling period, nursery period, grower period, finisher period, and over the 

entire production period. Further, the models were fitted for each diet group separately to 

determine whether the contribution of each variant was different given the diet group. 
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A single logistic regression model was used to screen variants, diet, weight, age, cohort, 

season and risk factors collected from the farm management survey for their association with 

Salmonella shedding, colonization, or average daily gain. Variables with a p-value of less than 0.2 

were considered for inclusion in the multivariable models. The Benjamini-Hochberg method was 

used to control for false discoveries at p < 0.2 at which point significant variants were considered 

in the various multivariable models (Benjamini and Hochberg 1995). A forward selection method 

was used to build each model. The significance of group variables were tested by a partial F-test. 

A variable was considered confounding if it altered the coefficient of the main effect by at least 

15%. Interaction terms were tested between variables that passed univariable analysis and were 

included in the model if p ≤ 0.05. In-feed antibiotic use (yes or no) and zinc use 

(nutritional/therapeutic) were assessed for interaction with diet.  

RESULTS 

Salmonella was recovered at least once from fecal samples collected from 34% (284/809) 

of pigs, and 23% (134/583) of pigs were positive in at least one tissue sample collected at slaughter. 

Salmonella was present in 5% (20/409) of samples collected from pigs prior to four days of age, 

10% (82/784) of samples collected at weaning and 13% (94/747), 12% (90/730) and 20% 

(135/669) of samples collected at the end of the nursery, grower and finisher stages, respectively 

(Chapter 1).  

Variants and Salmonella shedding  

In univariable analysis the MBL1-A SNV in MBL1 as well as diet, age, sex, herd size in 

the finisher barn, and season were associated with Salmonella shedding (p < 0.20) and considered 

for inclusion in the final model (Table 15). In the final model, MBL1-A, age, season, and cohort 

were associated with lifetime Salmonella shedding (p < 0.05; Table 17). Diet was included in the 

final model because it was the exposure of interest. There was a significant interaction between 

age and season. No confounding variables were identified. The MBL1-A variant (C/T), found in 

18% of the current population, increased the risk of shedding Salmonella over the production 

period (OR = 1.78, p < 0.01). This finding is consistent with a previous study in swine from 
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commercial farms in Ontario which found the MBL1-A variant allele to be more frequent in pigs 

infected with S. Typhimurium, E. coli, and PRRSV (Keirstead et al., 2011).  

Internal colonization of Salmonella at slaughter  

Univariable analysis revealed 1 SNV in NOD1, cohort, age at slaughter, and season to be 

associated with presence of Salmonella in at least one tissue collected at slaughter. The NOD1-B 

SNV (G/A) was significant in the final model, as well as age at slaughter and cohort (Table 18). 

Neither confounding variables nor interactions were identified. The A variant allele of the NOD1-

B SNV increased the risk of testing positive for Salmonella at slaughter (OR = 2.06, p = 0.02). 

Overall 63% of the current population was variant positive for this deleterious allele.  

Interestingly, Shinkai et al., (2015) suggest that only a small amount of functional NOD-1 

is needed to respond to ligands and that the loss-of-function NOD1-B variant may be maintained 

in pig populations because of the functional redundancy of NOD1-A (G/A). Indeed, in the current 

population any animal that was homozygous for the NOD1-B variant was also homozygous for 

the NOD1-A wildtype allele, and vice-versa (Table 14).   

Average daily gain  

Univariable analysis for average daily gain revealed 2 SNVs in SPLA2-iiD and FCN1 for 

consideration in the model for ADG in the nursery period, 2 SNVs in CCR1, TLR4, and 1 indel in 

MBL2 for consideration in the grower period, and 3 SNVs in MBL2, TLR4 and CCR1 for 

consideration in the model for the finisher period. Significant variables in the final model for ADG 

in the nursery stage were the SPL2D-U and FCNB-P SNVs, initial weight, cohort, season, and 

type of feed used in the barn (Table 19). Significant variables in the final model for the grower 

stage were the TLR4-C, MBL2-A and CCR1-A variants, initial weight, sex and season (Table 19). 

Significant variables in the final model for finisher stage were the CCR1-A, MBL2-F and TLR4-

H SNVs, sex and season (Table 19). Diet was identified as a confounding variable for the TLR4-

H SNV in the finisher period, but otherwise no confounding variables or interactions were 

identified for variants in any of the other ADG models.  
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The SPL2D-U (during the nursery period, p < 0.01) and MBL2-A and TLR4-C (during the 

grower period, p = 0.01 and p < 0.01, respectively) variant alleles were associated with increased 

average daily gain. The FCNB-P (nursery, p = 0.03), CCR1-A (grower and finisher period, p < 

0.01 and p = 0.02, respectively) and MBL2-F (finisher period, p < 0.01) variant alleles were 

associated with decreased average daily gain. The SPL2D-U, CCR1-A and TLR4-H SNVs were 

also significant in the model for average daily gain over the entire production period 

(Supplementary Table 8). The FCNB-P variant C allele frequency was only 5%, but the minor 

allele frequency for other ADG variants was between 10 and 45% (Table 13).  

Other authors have described a detrimental effect of the CCR1-A variant on the host, as it 

was significantly associated with increased Salmonella counts in the liver of swine infected with 

S. Choleraesuis (Uthe et al., 2011). However, the ficolin-β promoter SNV has not been well 

studied, and to date the only information is that it was not associated with any pig diseases or 

presence of any pathogens (Keirstead et al., 2011). Information is also lacking for the MBL2-F 

SNV, however it was in linkage disequilibrium with the MBL2-B promoter SNV (R2 = 0.88) of 

which there is more literature. The MBL2-B variant was more frequent in pigs with infectious 

disease, enteric disease, pneumonia or septicemia (Lillie et al., 2006). 

Similarly, the beneficial effect of the SPL2D-U and TLR4 variants is consistent with 

previous findings which found these alleles to be less frequent in diseased pigs including those 

diagnosed with pneumonia and those testing positive for PCV-2, E. coli, or Streptococcus suis 

(Keirstead et al., 2011). The TLR4-C T variant has also previously been associated with decreased 

Salmonella shedding (Kich et al., 2014). However the beneficial effect of the C variant allele of 

the MBL2-A promoter indel is contradictory as it was previously found to be more frequent in pigs 

with a range of inflammatory conditions and the increased presence of bacterial and viral 

pathogens (Keirstead et al., 2011).  

Diet 

For the shedding and average daily gain outcomes, there was a difference in significance 

of variants between diet groups when the multivariable models were fitted for each diet group 

separately (Table 20). The variant alleles in FCNB-P, MBL2-F and TLR4-C/H SNVs had a 
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significant effect on average daily gain in the HC group but not the LC group (p ≤ 0.02), while the 

MBL1-A (shedding), SPL2D-U and CCR1-A (ADG) variant alleles had a significant effect in the 

LC group only (p < 0.05). There was no change to the direction of the odds ratio or coefficient for 

any variant when separated into diet groups.  

DISCUSSION 

This study sought to determine the effect of variants in candidate genes of the innate 

immune system on Salmonella shedding and colonization, and average daily gain. This research 

also investigated if the effect of the significant variants differed in pigs fed the HC or LC diets. 

MBL1-A SNV and Salmonella shedding over the production period 

The T variant of the MBL1-A SNV was associated with increased shedding of Salmonella 

over the production period. MBL1 encodes MBL-A, a collagenous lectin which recognizes and 

binds to repetitive patterns of sugar residues on parasites, viruses, and bacterial cell walls including 

that of Salmonella, resulting in opsonization or cell lysis following induction of the complement 

cascade via the lectin pathway (Ip et al., 2009). MBL-A also interacts with TLRs to amplify and 

coordinate the immune response (Ip et al., 2009).  

Variants in the MBL1 gene have been associated with altered MBL-A serum concentration 

in swine (Juul-Madsen et al., 2006) and low MBL-A serum concentration has been associated with 

Salmonella shedding and colonization in chickens (Ulrich-Lynge et al., 2016). Although the 

MBL1-A SNV has been identified in several other studies (Juul-Madsen et al., 2011; Keirstead et 

al., 2011; Lillie et al., 2006) it was not the focus of investigation, likely because it is a synonymous 

polymorphism. Causative synonymous polymorphisms now implicated in several diseases, with 

one proposed mechanism being altered rates of translation resulting in inappropriate protein 

folding which could affect the function of binding and signalling domains (Sauna and Kimchi-

Sarfaty 2011). The MBL1-A SNP may very well have a direct impact on MBL-A function, both 

in pathogen recognition and immune coordination, given its previous association with multiple 

inflammatory conditions including pneumonia and enteritis, and multiple bacterial and viral 

pathogen associations including S. Typhimurium (Keirstead et al., 2011).  
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NOD1-B SNV and internal colonization at slaughter 

Only one variant, NOD1-B, was associated with colonization, with the A variant allele 

increasing the risk of internal colonization at slaughter.  This SNV appears in the NOD1 gene, 

which encodes the cytosolic PRR NOD-1 and is expressed in the esophagus, small and large 

intestine, and gut associated lymph tissue (Tohno et al., 2008). This receptor recognizes bacterial 

peptidoglycan and can also recognize Sip-A, a protein translocated by S. Typhimurium’s type 3 

secretion system (Keestra et al., 2011). Activation induces NF-κB-dependent inflammation, 

stimulating the release of chemokines and recruiting immune cells to the site of infection (Keestra 

et al., 2011; Werts et al., 2007). 

The variant allele has been identified in many common western breeds including 60% of 

Duroc and 72% of Landrace pigs (Shinkai et al., 2015). This non-synonymous variant results in a 

switch from negatively charged aspartic acid to polar asparagine in a leucine rich repeat domain, 

which functions to bind pathogen associated molecular patterns (Shinkai et al., 2015). An  in vitro 

study using expression vectors and NF-κB-luciferase reporter assays have shown a completely 

abrogated response of this variant to iE-DAP (γ-d-glutamyl-meso-diaminopimelic acid (Shinkai et 

al., 2015)). iE-DAP is structurally similar to a component of S. Typhimurium peptidoglycan which 

is produced in the intracellular environment, so variants in this protein may impair the host’s ability 

to detect intracellular bacteria and mount an inflammatory reaction (Rico-Perez et al., 2016). This 

would allow Salmonella to progress undetected in the cell and establish a colonization-state.  

Additionally, there are implications for the NOD-1 receptor in immune homeostasis, 

particularly that relate to the intestinal microbiota. In mice, NOD-1 has been shown to respond to 

microbiota peptidoglycan in the absence of infection leading to the improved killing of gram-

positive Streptococcus pneumoniae and Staphylococcus aureus during infection (Clarke et al., 

2010). Further, higher expression of NOD-1 in adult pigs compared to neonates was due to 

stimulation by commensal lactic acid bacteria (Tohno et al., 2008). Thus the NOD1-A variants 

which demonstrated impaired signaling post-interaction with components of bacterial 

peptidoglycan, may fail to adequately prepare the systemic immune system in the event of systemic 

infiltration by enteric bacteria. This would explain the increased risk of colonization in the pigs 

with the variant allele in the current study.   
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Variants and average daily gain   

Average daily gain is not only an important parameter to investigate from a production 

point of view, but also relates to overall animal health as clinical and subclinical infection can 

significantly impact growth in several ways. First, feed intake is decreased as part of a behavioral 

response to illness (Johnson 1997) this results in fewer building blocks for protein synthesis. 

Second, mounting an immune response demands high levels of nitrogen and proteins, which are 

extracted from skeletal muscles. And third, pathogenic factors or host hormones induced by pro-

inflammatory cytokines can all prevent the uptake of glucose and amino acids to skeletal muscle 

in an effort to make these resources more available to essential organs such as the liver or spleen 

(Tayek 1996; Ling et al., 1994).  

The T variant of the SPL2D-U SNV increased average daily gain. The function of secretory 

phospholipase A2-IID (SPL2D) in swine has not been well characterized, and its role in other 

species appears highly tissue dependant; it responds to pro-inflammatory ligands in chondrocytes, 

contributing to autoimmune mediated arthritis (Leistad et al., 2011), however it is implicated in 

anti-inflammatory functions during pregnancy (Mosher et al., 2014). It is induced by IFN-γ in 

human respiratory macrophages and nasal epithelial cells, proposing a role in pathogen defense 

(Lindbom et al., 2005) and demonstrated excellent gram-positive bactericidal activity in mice 

(Koduri et al., 2002). Previously a study on pigs from Ontario reported the variant to be less 

frequent in diseased pigs with pneumonia or enteritis, and less frequent in pigs testing positive for 

E. coli or Streptococcus suis post-mortem (Keirstead et al., 2011). The SPL2D-U SNV is located 

in the 3ˈ UTR, and variants in this region have been shown to impact RNA regulatory elements 

(Kim and Bartel 2009). Given the known functions of sPLA2-IID, if the variant increased 

expression of this protein in the host it may confer an enhanced ability to respond to inflammatory 

cytokines and lyse bacterial cells. This would be particularly useful in the lung and gut as these 

organs have continuous exposure to pathogens, and would explain the different frequency in pigs 

with pneumonia and enteritis described previously (Keirstead et al., 2011). In addition, greater 

bactericidal immune function may explain the increased average daily gain in the current study, as 

resources would not have to be spared for the immune response and could be used for tissue growth 

instead.    
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The variant allele of a SNV in the ficolin-β promoter region was associated with a decrease 

in average daily gain. Porcine ficolin-β is encoded by the FCN1 gene and is expressed in 

neutrophils and bone marrow (Brooks et al., 2003). However, the functions and even microbial 

ligands have not been well characterized (Runza et al., 2008). Ficolins are collagenous lectins like 

MBL-A and SP-A and porcine ficolin-α is capable of binding gram-positive and gram-negative 

bacterial peptidoglycan (Nahid and Sugii 2006). Human and murine ficolins can activate 

complement via the lectin pathway (Endo et al., 2005; Matsushita et al., 2000). Poor pathogen 

recognition and coordination with the immune system may affect average daily gain as seen in the 

current study, but a similar function is not known for either porcine ficolin.  

The variant allele of the CCR1-A SNV was also associated with a decrease in average daily 

gain. CCR1 encodes chemokine (C-C motif) receptor 1 which, in humans, is expressed on T-cells, 

monocytes, neutrophils and granulocytes (Charo and Ransohoff 2006). Disease association studies 

highlight the importance of this receptor in modulating inflammation (Hartl et al., 2008). Its 

chemoattractant properties are obvious, as its major ligands CCL3, CCL5 and CCL7 control 

migration of macrophages and NK cells and mobilize monocytes (Griffith et al., 2014). To the 

best of our knowledge, the current study is the first study to indicate the CCR1 gene or its variant 

in growth performance and to describe its association with poorer ADG. The CCR1-A SNV occurs 

in the 3ˈ UTR. It is suggested that variants in regulatory regions can alter function by disrupting 

the binding ability of microRNA resulting in differential mRNA expression and subsequent protein 

expression (Kim and Bartel 2009). It is unknown whether the CCR1 variant would increase or 

decrease expression levels. However, altered CCR-1 expression has been implicated in many 

infectious diseases. Parasitic microfilaria and Leishmania down-regulate host cell CCR-1 

expression (Semnani et al., 2010; Panaro et al., 2004) while CCR1 knock-out mice are extremely 

susceptible to mouse hepatitis virus (Hickey et al., 2007) and Toxoplasmosis gondii (Khan et al., 

2001). Decreased CCR-1 expression due to the CCR1 variant could prolong the duration of 

infection from any pathogen by preventing the influx of immune cells and subsequent adaptive 

response. Alternatively, an increase in CCR-1 expression may lead to overzealous inflammation, 

as seen in human respiratory syncytial virus (Morrison et al., 2008) and mice respiratory LPS 

challenge (Yang et al., 2010).  
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The variant alleles of TLR4-C and TLR4-H were associated with an increased average 

daily gain. TLR4 encodes the extracellular PRR TLR-4 which is found on monocytes, 

macrophages, dendritic cells, lung and intestinal epithelium, lymph nodes, liver, spleen, and tonsil 

cells (Vaure and Liu 2014). TLR-4 associates with an MD-2 receptor to detect LPS found on the 

cell wall of many gram-negative bacteria including Salmonella and E. coli (Vaure and Liu 2014). 

Signaling through the NF-κB pathway, activation of TLR-4 results in the production of pro-

inflammatory cytokines IL-1, TNF-α and IFN-γ, and the release of nitric oxide (Thomas et al., 

2005). The TLR4-H variant allele was found to have no effect on  in vitro HEK-293 cell response 

to lipid A molecule (the active component of LPS) with comparable NF-κB induction to wildtype 

(Shinkai et al., 2012). It was, however, found in a greater frequency in healthy pigs (Keirstead et 

al., 2011) which may help to explain the positive effect of the A allele on average daily gain. In 

addition, the variant alleles of TLR4-C and TLR4-H were both associated with decreased duration 

and severity of Salmonella shedding in swine as measured by fecal count (Kich et al., 2014). If 

this variant confers an advantage against viral diseases or respiratory pathogens, this robustness 

would allow consumed energy to fuel growth and development as explained above. 

The MBL2-A variant allele, representing a two base pair insertion located in the promoter 

region of MBL2, was associated with increased average daily gain. This is unexpected given that 

the paper which initially described the indel found it to be associated with inflammatory conditions 

and a higher frequency of infection with both bacterial and viral pathogens (Keirstead et al., 2011). 

The current research cannot propose any biological mechanism that would result in a poorer 

immune response but an increase in average daily gain, except that the MBL2 gene is located on 

chromosome 14, which contains many other innate immune genes, and so it is possible that this 

variant is linked to a beneficial variant that has yet to be characterized. The variant allele of the 

MBL2-F SNV was associated with decreased average daily gain. Both of the aforementioned 

SNVs are located on the MBL2 gene which encodes MBL-C, a member of the collagenous lectin 

family. It is a secreted pattern recognition receptor which has been shown in other species to bind 

sugar residues of many pathogens including Salmonella, Yersinia, mycobacterium and yeast, and 

can activate the complement system (Lillie et al., 2005). The variant allele of the MBL2-F SNV is 

linked to the MBL2-B A allele. This A allele has been associated with infectious disease and 

enteritis along with decreased hepatic expression of the MBL-C protein in swine (Lillie et al., 
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2006). Additional disease associations have also been reported by Keirstead et al., (2011) who 

found the MBL2-B variant allele associated with S. Typhimurium, E. coli and Streptococcus suis 

colonization post-mortem. Animals with a decreased expression of MBL-C may be more prone to 

disease (Gordon et al., 2006; Bouwman et al., 2005), which may explain the decreased average 

daily gain observed in the current study. 

The variant allele in the collagenous lectin SNV MBL1-A has previously been associated 

with multiple inflammatory conditions and a wide array of pathogens including S. Typhimurium, 

and has now been associated with Salmonella shedding in swine. As such it may be particularly 

useful in selecting robust animals that are more resistant to a wide array of issues currently 

affecting commercial swine. The association between the NOD1-B SNV and internal Salmonella 

colonization may be of interest from a food safety perspective as a target for genetic improvement, 

however more information is needed to understand the effect of the NOD1-A and NOD1-B SNVs 

together, and whether one or both variant alleles would need to be removed from the population 

to improve disease resistance. The variant alleles of the CCR1-A and MBL2-F SNV were 

associated with decreased ADG and have been associated with disease previously. If these alleles 

could be phased out of the population or decreased it may improve herd health and animal 

performance. The TLR4-C, TLR4-H and SPL2D-U variant alleles were all associated with greater 

average daily gain, and all have previously been associated with healthier animals. Variants in 

many other TLR4 SNVs have been associated with impaired response to Salmonella (Shinkai et 

al., 2012) but TLR4-H was the only TLR4 SNV out of 12 studied SNVs that was not linked to any 

other SNV. This is encouraging because selecting for the A variant in populations would not carry 

any TLR4 SNVs with undesirable effects. Some variants had a significant effect only in pigs fed 

the low complexity diet while others had an effect regardless of diet. However, a larger sample 

size is needed to understand whether the health of pigs fed the low complexity, low-cost diet could 

be improved using genetics, resulting in cost-saving benefit to producers. 

Although no variant appeared significant in multiple outcomes, there were some 

commonalities between objectives. For example, 4 of the significant variants were located in 

collagenous lectin genes, 2 variant alleles in the TLR4 gene were implicated in increased average 

daily gain, and the CCR1-A variant allele was associated with average daily gain in multiple stages 

of production. The chosen outcomes were measured at different times and animals may have been 
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facing a different set of health challenges at the time of sampling. Since the genes studied act on 

different classes of pathogens or types of disease, broader sampling of pathogens may have led to 

more connections between the variants. However, the lack of connections and overlap is not a 

negative since the desirable alleles for Salmonella did not have a significant effect on ADG, and 

vice versa. The biological function of their respective genes, past associations with disease, and 

present association with growth make these variants an appealing target for disease improvement 

in swine. It would be useful to investigate the effect of these variants on other important diseases 

affecting swine such as Streptococcosis spp. or PRRSV, and to investigate their impact on valued 

production traits including carcass quality and reproduction.  
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Table 12: Genetic variants in genes previously shown to be associated with Salmonella shedding, culture post-mortem, or in vitro 

response to Salmonella and other diseases. 

Gene:Chr Encodes; function Variant information Implications for disease 

CCR1:13 Chemokine (C-C motif) receptor 1; chemoattractant, modulates 

inflammation 
CCR1-A (rs337796018) 

Variant associated with S. Choleraesuis numbers in 

liverA 

CCT7:3 Chaperonin containing TCP1 complex, subunit 7; ATP-dependant 

protein folding 
CCT7-A (rs81211019) Chronic high shedding compared to wild typeB 

MBL1:14 Mannan-binding lectin (MBL) A; collagenous lectin initiates 

complement system 

MBL1-A (rs320692131) More frequent in swine with S. TyphimuriumC 

MBL1-B (rs342809146) 
More frequent in diseased pigs with pneumonia, 

enteritis, septicemia, or PRRSVC 
MBL1-C (rs332455965) 

MBL1-E (rs325833203) 

MBL2:14 Mannan-binding lectin C; collagenous lectin initiates complement 

system 

MBL2-A (rs710235419) 

MBL2-B (rs80823244) 

Indel more frequent in swine with S. TyphimuriumC 

More frequent in swine with S. TyphimuriumC 

MBL2-F (rs341757289) No associations 

NOD1:18 Nucleotide binding oligomerization domain containing 1 and 2; 

cytosolic PRRs1 recognizing bacterial peptidoglycan and 

Salmonella T3SS2 proteins 

NOD1-A (rs346234629) Impaired iE-DAP3 induced activation of NF-κBD 

NOD1-B (G(2752)AD) 

NOD2:18 NOD2-B (A(2197)CE) Augmented response to MDP4 ligandE 

SLC11A1:15 Natural resistance associated macrophage protein-1; lysosomal 

nutrient sequestration  

SLC1-B (G(523)AF) Gene module upregulated in persistent shedders 

before and after infectionG SLC1-C (G(1728)AF) 

SFTPA1:14 Surfactant protein A; collagenous lectin involved in pathogen 

recognition (via sugar ligands), opsonisation, agglutination 
SFTPA1-C (rs338055477) 

More frequent in S. Typhimurium cases, K88+ E. 

coli and Streptococcus. SuisC 

TLR4:1 Toll-like receptor 4; extracellular PRR which detects 

lipopolysaccharide 

TLR4-A (rs80830544)  

TLR4-C (rs80787918) 

TLR4-F (rs80811682) 

TLR4-H (rs80955017*) 

Associated with Salmonella shedding and fecal 

countsH  

 

*Less frequent in pneumoniaC 

TLR5:10 Toll-like receptor 5; extracellular PRR detects bacterial flagella 
TLR5-B (rs81218851) 

Impaired recognition of S. Choleraesuis and S. 

Typhimurium flagellinJ 

GBP5:4 Guanylate binding protein-5; regulates inflammasome response to 

intracellular pathogens 
GBP5-A (rs340943904) 

Indel explains 15% of genetic variance in PRRSV5 

disease severityK 

FCN1:1 Ficolin-β; putative PRR recognizing fibrinogen-like domains 

(similar to human M-ficolin) 
FCNB-P (rs330993111)  No significant associationsC 

LGALS4:6 Galectin-4; crosslinking functions, interact with PRRs GAL4-A (rs81212951)  More frequent in diseased pigs with PCV-2C,6 

MASP2:6 MBL-serine peptidase-2; bind MBL to initiate lectin-induced 

complement pathway 
MASP2-A (C(460)T) 

More frequent in diseased pigs with pneumonia, 

enteritisC 

sPLA2-IID:6 Secretory phospholipase A2; involved in pro-inflammatory cascade SPL2D-U (rs691895550) Less frequent in pigs with E. coli, Strep. suisC 

SPL2D-P (rs712608352) More frequent in pigs with serositisC 

References: AUthe et al., 2011; BUthe et al., 2009; CKeirstead et al., 2011; DShinkai et al., 2015; EJozaki et al., 2009; FWu et al., 2007; GKommadath et al., 2014; 
HKich et al., 2014; JShinkai et al., 2011; KKoltes et al., 2014.  
1pattern recognition receptor; 2type 3 secretion system; 3γ-d-glutamyl-meso-diaminopimelic acid, a component of bacterial peptidoglycan; 4muramyl dipeptide, a 

component of bacterial peptidoglycan; 5porcine reproductive and respiratory syndrome virus; 6porcine circovirus type 2.   
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Table 13: Genotype frequencies in each diet group for Salmonella colonization at slaughter, shedding on farm, and average daily gain 

over the entire production period. 

Genotype frequency (%) 
  Salmonella colonization at slaughter Shedding on farm Average daily gain (birth to marketing) 
  High complexity Low complexity High complexity Low complexity High complexity Low complexity 
  n = 303 n = 278 n = 397 n = 396 n = 343 n = 339 
  Neg Pos Neg Pos 0 1 >1 0 1 >1 Low Med High Low Med High 
  n = 234 69 214 64 n = 236 92 42 248 91 57 n = 84 173 86 88 167 84 

MBL1-A CC 86 90 85 89 82 86 79 81 82 81 86 86 88 82 87 86 

 TC 13 10 14 11 18 13 21 18 15 19 13 13 12 16 13 14 

 TT 1 0 1 0 0 1 0 1 2 0 1 1 0 2 1 0 

NOD1-B AA 12 20 15 22 13 17 21 15 15 25 10 17 13 16 13 20 

 AG 46 49 44 53 47 46 55 49 42 58 52 45 47 49 52 42 

 GG 42 30 41 25 41 38 24 36 43 18 38 39 41 35 35 38 

SPL2D-U CC 75 70 69 59 78 65 62 75 65 44 79 72 65 72 63 61 

 CT 25 30 31 41 22 35 38 24 35 56 20 28 35 28 36 38 

 TT 0 0 0 0 0 0 0 1 0 0 1 0 0 0 1 1 

FCNB-P CC 3 3 5 9 3 3 2 4 2 9 5 2 2 7 4 5 

 GC 2 1 3 0 1 1 2 1 2 4 0 2 2 0 3 1 

 GG 91 91 89 86 91 90 88 92 91 82 85 93 90 91 89 88 

TLR4-C CC 62 67 62 69 58 72 52 59 67 60 69 65 51 58 65 62 

 TC 33 28 35 27 37 24 43 35 29 40 26 29 44 41 30 33 

 TT 5 6 4 5 5 4 5 6 4 0 5 5 5 1 5 5 

TLR4-H AA 3 3 2 2 3 1 10 2 3 0 2 3 6 1 2 4 

 GA 35 28 33 27 35 25 38 31 29 39 27 30 43 34 31 33 

 GG 62 70 64 72 63 74 52 66 68 61 70 67 51 65 67 63 

CCR1-A AA 24 20 23 19 20 23 33 20 21 28 35 17 27 28 20 20 

 GA 44 57 46 42 47 48 43 49 43 44 44 50 42 57 46 35 

 GG 32 23 31 39 33 29 24 31 36 28 21 33 31 15 34 45 

MBL2-A CC 15 16 16 16 14 17 21 16 15 16 24 11 16 23 14 6 

 CT 48 58 49 42 54 46 43 44 53 47 44 52 55 43 50 49 

 TT 37 26 35 42 32 37 36 40 32 37 32 37 29 34 36 45 

MBL2-F CC 77 84 76 83 76 83 81 78 78 79 75 80 85 76 78 85 

 TC 22 16 22 17 24 16 19 21 20 19 24 19 15 20 22 15 

 TT 1 0 1 0 0 1 0 1 2 2 1 1 0 3 1 0 
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Table 14: Haplotypes for the NOD1-A and NOD1-B genetic variants. 

Haplotype  Number of 

animals 

HC1 pigs with haplotype LC1 pigs with haplotype 

% n % n 

AAAA 0 0 0 0 0 

AAAG  0 0 0 0 0 

AAGG 208 23 97 27 111 

AGGG 406 50 205 49 201 

GGGG 200 26 104 24 96 

Total 814  406  408 

1HC = high complexity; LC = low complexity.   
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Table 15: Univariable analysis of genetic variants associated with lifetime Salmonella shedding 

and Salmonella colonization at slaughter. 

Salmonella shedding 

Gen var1 OR2 p-value 

MBL1-A 1.88 0.006 

SFTPA1-C 1.65 0.02 

MBL2-C 0.69 0.04 

MBL1-C 1.42 0.04 

TLR4-F 1.48 0.07 

GAL4-A 1.41 0.10 

TLR5-B 0.41 0.10 

TLR4-A 0.69 0.19 

Colonization at slaughter 

Gen var1 OR2 p-value 

NOD1-B 2.25 0.009 

MBL1-B 1.74 0.07 

SFTPA1-B 1.58 0.11 

CCT7-A 1.54 0.13 

MBL1-C 0.67 0.18 

1genetic variant 
2odds ratio  

After controlling for false discovery, the p-value required for significance was ≤ 0.006 and ≤ 0.009 for Salmonella 

shedding and colonization, respectively.  

Analysis performed on 809 and 583 pigs for lifetime shedding and colonization at slaughter, respectively.  
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Table 16: Univariable analysis for genetic variants associated with average daily gain at each 

stage of production.  

Pre-wean ADG Nursery ADG 

Gen var1 Co.2 p-value Gen var Co. p-value 

MASP-2 9 0.02 SPL2D-U 18 0.009 

CCT7-A -9 0.02 FCNB-P -32 0.01 

NOD1-B 7 0.08 SFTPA1-B 10 0.10 

SLC1-B -6 0.11 NOD1-A -11 0.11 

MBL2-F 7 0.13 
   

TLR4-F 7 0.13 
   

MBL1-C -6 0.14 
   

Grower ADG Finisher ADG 

Gen var Co. p-value Gen var Co. p-value 

CCR1-A -35 <0.001 MBL2-F -45 0.005 

TLR4-C 31 0.002 TLR4-H 34 0.008 

MBL2-A 23 0.01 CCR1-A -31 0.018 

TLR4-A 32 0.03 SPL2D-U 30 0.028 

TLR4-H 21 0.03 SLC1-C 27 0.04 

NOD2-B -17 0.08 MBL2-C 23 0.09 

SPL2-D 17 0.13 MBL1-E -21 0.11 

GAL4-A -17 0.16 NOD2-B 18 0.16 

CCT7-A -13 0.17 TLR4-F 21 0.19 

MBL1-A 18 0.19 
   

1genetic variant. 
2Coefficient is the estimated weight change for each variant allele present, in grams per day.   

Outcomes with similar superscripts were grouped together to control for false discovery. The p-value required for significance 

was ≤ 0.018 after controlling for false discovery.  

Analysis performed on 680 pigs for average daily gain (ADG).  
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Table 17: Mixed-effects multivariable logistic regression analysis for variants and Salmonella 

shedding across production stages. 

  
Odds 

ratio 

Standard 

error 

95% confidence 

interval 
p-value 

MBL1-A CC Referent    

 T Variant + 1.78 0.39 1.16,   2.74 <0.01 

Diet High complexity Referent    

 Low complexity 1.30 0.18 0.99,   1.70 0.06 

Cohort One Referent    

 Two 4.19 2.41 1.35, 12.96 0.01 

Season Fall Referent    

 Spring 0.57 0.58 0.08,   4.25 0.58 

 Summer 18.43 13.46 4.41, 77.09 <0.01 

 Winter 0.01 0.01 0.00,   0.06 <0.01 

Age (weeks)  1.10 0.04 1.02,   1.19 0.01 

Season*Age Spring*Age 0.94 0.07 0.80,   1.09 0.40 

 Summer*Age 0.75 0.04 0.67,   0.84 <0.01 

 Winter*Age 1.22 0.08 1.07,   1.38 <0.01 

Analysis on 809 pigs across 14 cohorts and 8 farms. 
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Table 18: Mixed-effects multivariable logistic regression analysis for association between 

variants and Salmonella colonization at slaughter. 

  
Odds 

ratio 

Standard 

error 

95% confidence 

interval 
p-value 

NOD1-B GG Referent    

 A Variant + 2.06 0.61 1.15, 3.69 0.02 

Diet High complexity Referent    

 Low complexity 0.80 0.21 0.48, 1.32 0.38 

Cohort One Referent    

 Two 0.15 0.05 0.07, 0.29 <0.01 

Age (weeks)  0.79 0.09 0.64, 0.99 0.04 

Analysis on 583 pigs across 13 cohorts and 7 farms. 

Diet was included in analysis because it was an exposure of interest and introduced experimentally.  
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Table 19: Mixed-effects multivariable linear regression analysis for average daily gain in the 

nursery, grower, and finisher periods. 

  Nursery period ADG 

  Coefficient 

(kg) 
Standard error 

95% confidence 

interval 
p-value 

SPL2D-U CC Referent    

 Var + 0.022 0.007 0.009,  0.036 <0.01 

FCNB-P GG Referent    

 Var + -0.027 0.012 -0.051, -0.003 0.03 

Diet1 HC Referent    

 LC -0.006 0.005 -0.015,  0.004 0.25 

Weight2 Weaning 0.019 0.002 0.015,  0.023 <0.01 

Cohort One Referent    

 Two -0.112 0.016 -0.144, -0.081 <0.01 

Season Fall Referent    

 Summer -0.018 0.015 -0.048,  0.013 0.25 

 Winter 0.082 0.014 0.054,  0.109 <0.01 

Feed type3  Corn/soy Referent    

 Mash 0.018 0.014 -0.010,  0.047 0.21 

 Pellet 0.001 0.016 -0.031,  0.032 0.97 

 Crumble 0.092 0.017 0.059,  0.124 <0.01 

  Grower period ADG 

  Coefficient 

(kg) 
Standard error 

95% confidence 

interval 
p-value 

TLR4-C CC Referent    

 Var + 0.028 0.009 0.012,  0.048 <0.01 

CCR1-A GG Referent    

 Var + -0.035 0.009 -0.053, -0.017 <0.01 

MBL2-A TT Referent    

 Var + 0.025 0.009 0.007,  0.042 0.01 

Diet HC Referent    

 LC 0.003 0.008 -0.012,  0.019 0.65 

Weight 
End of 

nursery 
0.009 0.001 0.007,  0.010 <0.01 

Sex Female Referent    

 Male 0.052 0.008 0.035,  0.067 <0.01 

Season Fall Referent    

 Spring -0.003 0.035 -0.071,  0.065 0.94 
 Summer -0.028 0.023 -0.073,  0.018 0.24 
 Winter -0.057 0.016 -0.087, -0.026 <0.01 
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Table 19 continued  

  Finisher period ADG 

  Coefficient 

(kg) 
Standard error 

95% confidence 

interval 
p-value 

CCR1-A GG Referent    

 Var + -0.028 0.012 -0.052, -0.005 0.02 

MBL2-F CC Referent    

 Var + -0.043 0.014 -0.067, -0.012 <0.01 

TLR4-H GG Referent    

 Var + -0.020 0.012 -0.003,  0.043 0.09 

Diet HC Referent    

 LC -0.002 0.010 -0.021,  0.017 0.83 

Weight 
End of 

grower 
0.004 0.001 0.003,  0.005 <0.01 

Sex Female Referent    

 Male 0.081 0.010 0.063,  0.101 <0.01 

Season4 Fall Referent    

  Spring 0.036 0.019 0.000,  0.073 0.05 

  Winter 0.151 0.021 0.110,  0.193 <0.01 

Analysis performed on 716 pigs across 14 cohorts and 8 farms (nursery period), 735 pigs across 14 cohorts and 8 

farms (grower period) and 677 pigs across 13 cohorts and 7 farms (finisher period). 
1HC = high complexity; LC = low complexity  
2The initial weight at the beginning of the production period was used as a covariate in analysis.  
3This refers to the type of feed used routinely in the barn. 
4Due to pigs being born in the summer season (Cohort One) or fall/winter season (Cohort Two), no finisher period 

visit occurred during the summer months (June 21st – September 21st). 
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Table 20: Mixed-effects multivariable analysis for variants associated with Salmonella shedding, 

colonization at slaughter, and average daily gain in the high complexity and low complexity diet 

group. 

   HC1 LC 

    Odds ratio p-value Odds ratio p-value 

Shedding MBL1-A 1.79 0.07 1.98 0.04 

Slaughter NOD1-B 2.22 0.07 1.98 0.10 

   HC LC 

ADG2   Coefficient p-value Coefficient p-value 

Nursery SPL2D-U 0.018 0.07 0.025 <0.01 

  FCNB-P -0.037 0.03 -0.021 0.20 

Grower CCR1-A -0.028 0.05 -0.045 <0.01 

  MBL2-A 0.028 0.04 0.024 0.03 

  TLR4-C 0.043 <0.01 0.011 0.34 

Finisher CCR1-A -0.005 0.75 -0.050 <0.01 

  MBL2-F -0.055 <0.01 -0.039 <0.05 

  TLR4-H 0.007 0.64 0.025 0.13 

Total CCR1-A -0.016 0.03 -0.028 <0.01 

  SPL2D-U 0.019 0.01 0.018 0.02 

  TLR4-H 0.015 0.03 0.011 0.18 

Only genetic variants have been shown, full variables omitted. 
1high complexity (HC; n = 415) and low complexity (LC; n = 417) diet group.  
2average daily gain. 
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GENERAL DISCUSSION 

 One of the first objectives of this research was to determine the impact of a low complexity, 

reduced animal protein diet on Salmonella shedding and colonization in pigs on commercial farms. 

It was found that pigs fed the low complexity diet had a greater tendency to shed Salmonella over 

the production period. This is likely due to the higher amount of protein bypassing the small 

intestine in the LC diet, which increases the availability of fermentable protein substrates in the 

hindgut. Hindgut protein fermentation has been shown previously to cause dysbiosis, as it favours 

pathogenic bacteria, and the products of bacterial protein fermentation can also cause inflammation 

(Pieper et al., 2016). The high complexity diet provides rich animal by-products which have 

superior digestibility and nutritional value (Cervantes-Pahm and Stein 2010) and have been shown 

to contribute to immune system development (Ruth and Field, 2013). Salmonella have an 

advantage over commensal bacteria in inflammatory environments, and if Salmonella are 

established at weaning, the bacteria may be interpreted by the host immune system as commensal 

due to a tolerogenic bias of pattern recognition receptors at weaning. A greater sample size and 

increased pathogen monitoring would be useful to better understand the effect of the LC diet in 

pigs on commercial farms. Future studies could investigate the effect of this diet on the intestines 

to determine the extent of inflammation, pathogen burden or immune function in the gut of pigs 

fed the low complexity diet compared to those on a standard commercial diet. 

The second objective was to characterize the longitudinal shedding patterns of commercial 

swine. The current study reports a higher proportion of pigs that shed repeatedly than previously 

reported in Danish and American herds, although comparable longitudinal studies are limited 

(Kranker et al., 2003; Funk et al., 2001). Subclinical carriers that shed Salmonella intermittently 

are a food safety concern since they can greatly increase shedding during times of stress, such as 

co-mingling or shipping, and can infect healthy pigs. This introduces infection into a clean pen or 

barn and can affect pig performance, but it is especially problematic during transportation to the 

slaughterhouse since Salmonella can be isolated from internal organs within hours of infection 

(Fedorka-Cray et al., 1995) and cross-contamination of carcasses can occur during processing. 

However, it is very important to serotype the isolates from repeat shedders to determine if the pig 

is truly a subclinical carrier or if it is facing a new infection. This would also help determine the 

importance of these findings for human health.  
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The majority of studies on Salmonella on swine farms are point-prevalence studies, and 

although these provide useful information, more knowledge about the longitudinal shedding 

patterns of swine raised on commercial farms is necessary for understanding the intervention 

points or risk factors that have the greatest impact. The current finding that Salmonella shedding 

increased with age and peaked at the finisher stage is contrary to field studies reporting that 

shedding peaked during nursery period and declined over time (Vigo et al., 2009; Kranker et al., 

2003). Previous authors have indicated that pigs can become re-infected at any time if there is 

sufficient exposure (Kranker et al., 2003) and that pigs infected later during production are more 

likely to be colonized at slaughter (Funk et al., 2001). Thus, future studies aimed at decreasing the 

level of Salmonella in finishing swine may be warranted. It is interesting to note that age had an 

opposite effect on farm than at slaughter with regards to risk. Although the current study was not 

designed to investigate this difference, it demonstrates the complexity of the interactions between 

host, pathogen and environment and reinforces the need for further research on how risk factors 

change across the life span. Finally, the lack of association between Salmonella shedding on-farm 

and internal colonization at slaughter in the current study was not unexpected. In fact, it adds to 

the growing body of literature on this topic (Ward et al., 2013; Hurd et al., 2004; Larsen et al., 

2003; Kranker et al., 2003). Future studies should investigate other times in the pigs’ life, which 

may better predict positivity at slaughter, including loading the truck or during lairage. 

Alternatively, serology could be investigated as a more accurate prediction of colonization at 

slaughter as it has stronger associations with slaughter positivity in Danish herds (Sorensen et al., 

2004). 

The final objective was to investigate the association of genetic variants in the innate 

immune system with three parameters: Salmonella shedding on-farm, Salmonella colonization at 

slaughter, and average daily gain. The current work has provided information on nine variants in 

candidate genes of the innate immune system, which may be useful in future genetic improvement 

programs seeking to improve herd health in commercial swine in Ontario. In addition, this work 

presents preliminary results that variants in the innate immune system could be manipulated to 

compensate for performance that would otherwise be lost by consuming a low complexity diet in 

a commercial setting where disease challenges are frequent. Although this study chose to focus on 

Salmonella for its importance in food safety and human health, there are a variety of other diseases 
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common to commercial farms that pigs were exposed to but whose outcomes were not measured. 

Thus, average daily gain was investigated as it can be impacted by disease, both clinical and 

subclinical, while also serving as a useful measure of animal production. The variants that were 

not significant in the current work may still be important in other diseases affecting swine.  

This study used the candidate gene approach with a small number of genes that had strong 

evidence for their role in Salmonella shedding or colonization, or evidence for a role in other 

important diseases. Since different variants can be inherited together, there may be linked variants 

that have some additional effect unmeasured by the current study. Conversely, there is substantial 

redundancy in the innate immune system, so some studied variants may not have appeared 

significant if they were present in an animal that possessed a highly functional immune system in 

other regards. As such, it may be important to expand the diseases or the variants studied. 

Variants with a strong association to Salmonella shedding, colonization, and average daily 

gain have been identified and are present in commercial swine herds. Salmonella is an important 

foodborne pathogen and represents a source of economic loss in the swine industry. Due to the 

rapid evolution of bacteria and the ubiquitous nature of Salmonella in the environment, improving 

the host immune system using genetic selection may be an effective method for mitigating 

Salmonella in Ontario swine farms. This research is an important early step in selecting for a more 

robust animal. Future work should include associating genetic variants to other aspects of the 

innate immune system including acute phase response proteins identified in serum, or antibody 

response to Salmonella. Finally, the impact of these variants on valued production traits including 

carcass quality and reproduction should be determined so as not to take steps backwards in the 

progress made by genetic improvement with regards to pig production. 

 Taken together, the work presented in this thesis can guide future studies investigating the 

best times and methods to mitigate Salmonella on Ontario swine farms, and offers information 

about the use of low complexity diets on commercial farms. These findings are important from a 

food safety perspective as well as an economic perspective. Reduced salmonellosis attributed to 

pork products will benefit the public, while reduction of Salmonella in swine will benefit animal 

welfare and the swine industry as a whole.  
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SUMMARY AND CONCLUSIONS 

1. Using mixed effects multivariable modeling, Salmonella shedding on the farm was found 

to increase with age (OR = 1.10; p = 0.01). This is contrary to many studies that report 

Salmonella shedding to be more prevalent in nursery or younger animals than older 

finishing pigs. As such, it may be important to investigate risk factors affecting pigs at the 

end of the production period and research effective interventions for this age of animal. 

 

2. Although fecal shedding was tested in several different ways, there was a lack of 

association between internal colonization at slaughter and fecal shedding on farm. This 

finding is consistent with the literature. This is a concern from a food safety perspective 

since none of the time points tested on farm were able to predict the status of a pig at 

slaughter. Different methods such as serology should be investigated to predict the 

presence of Salmonella at slaughter more precisely.  

 

3. Pigs fed a low complexity diet in the nursery stage had a greater tendency to shed 

Salmonella shedding over the production period (OR = 1.29, p = 0.07). An extension of 

the current study to increase the sample size would be useful. Future studies should 

continue to examine the impact of this diet on commercial farms by sampling other 

pathogens of importance to the swine industry. Total ileal digestibility studies with serial 

euthanasias would also be useful to determine the physiological effect of the diet on 

intestinal structure, pathogen burden and immune response.  

 

4. Genetic variants that have previously been associated with disease or an impaired immune 

response were present in commercial breeding stock in Ontario, with variant positive 

animals comprising at least 5% and as much as 65% of the population.  

 

5. A variant in MBL1 was associated with increased shedding, and a variant in NOD1 

increased the risk of Salmonella colonization at slaughter. SNVs in CCR1, MBL2, and 

FCN1 were associated with decreased average daily gain while 1 SNV in sPLA2-IID, 

TLR4, and 1 indel in MBL2 were associated with an increased average daily gain. These 
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results reinforce the value of these variants for genetic improvement programs aimed at 

breeding an animal robust to disease. Future work should expand the pathogens tested, 

verify the effect of these variants in a commercial setting, and test their effect on other 

production parameters including carcass quality and reproduction traits.  
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SUPPLEMENTARY MATERIALS 

Supplementary Table 1: Univariable analysis of Salmonella shedding across the production 

period. 

Farm variables  Odds ratio p-value 

No. animals in Farrowing barn 1.11 0.61 
 Nursery 0.98 0.64 
 Finisher 0.95 0.13 

Zinc use Nutritional Ref  
 Therapeutic  0.93 0.91 

Stocking density Finisher 0.34 0.28 
 Nursery 0.36 0.35 

All in all out Finisher 4.7 0.36 
 Farrowing 0.38 0.37 

Creep feed Yes Ref  
 Milk added 0.67 0.43 
 Special feeder 0.32 0.49 

Antibiotics No Ref  

 Yes 1.19 0.58 

Closed operation No Ref  

 Yes 0.53 0.58 

Sow variables  Odds ratio p-value 

No. stillborn  0.91 0.23 

Parity   1.07 0.35 

No. mummified  1.08 0.36 

Litter size  0.99 0.57 

Salmonella Negative Ref  
 Positive 0.71 0.43 

Pig variables  Odds ratio p-value 

Age (days)  1.01 <0.01 

Age (weeks)  1.06 <0.01 

Season Fall Ref  
 Spring 1.68 0.13 
 Summer 2.20 0.48 
 Winter 1.42 <0.01 

Diet High complexity Ref  
 Low complexity 1.30 0.06 

Sex Male 0.79 0.12 

Cohort Two 1.17 0.54 

Analysis performed on 809 pigs over 14 cohorts and 8 farms. 

  



 

 

99 

 

Supplementary Table 2: Univariable analysis of Salmonella status at slaughter. 

Farm variables  Odds ratio p-value 

Zinc use Nutritional Referent  

 Therapeutic  1.20 0.84 

Antibiotics No Referent  

 Yes 11.27 0.11 

Shipping distance  1.00 0.93 

Closed operation No Referent  

 Yes 1.75 0.67 

No. animals  Finisher 1.02 0.71 

Pig variables  Odds ratio p-value 

Age (days)  0.97 0.12 

Age (weeks)  0.83 0.12 

Season Fall Referent  

 Spring 0.19 <0.01 

 Winter 0.65 0.41 

Cohort One Referent  

 Two 0.16 <0.01 

Diet High complexity Referent  

 Low complexity 0.87 0.58 

Sex Female Referent  

 Male 1.31 0.30 

Exposure variable of interest Odds ratio p-value 

Pig positivity  No Referent  

 Yes 0.86 0.67 

Fecal count  1.16 0.42 

Positive versus 

negative at each 

visit 

Negative 
Referent 

(for each) 
 

1-4 days 5.23 0.11 

Weaning 1.40 0.45 

Nursery 1.59 0.29 

Grower 0.57 0.17 

Finisher 1.65 0.17 

Analysis performed on 583 pigs over 13 cohorts and 7 farms. 
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Supplementary Table 3: Pigs tested at each visit given diet group. 

Visit High complexity Low complexity Chi2 p-value 

1 – 4 days of age 204 205 0.66 

Weaning 392 392 0.82 

Nursery 368 379 0.11 

Grower 370 360 0.89 

Finisher 336 333 0.26 

Slaughter 304 279 0.98 
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Supplementary Figure 1: Farm management questionnaire. 

Part 1 – General farm information  

What type of operation are you (farrow-finish, wean-finish, etc.). 

Are you a closed herd? If not, what genetic material do you purchase?  

Number of sows on farm:  

Number of weaner pigs:  

Number of grow/finisher pigs:  

 

Approximate stocking density of nursery pens (or how many pigs per pen in nursery?):  

Approximate stocking density of finisher pens (or how many pigs per pen in finisher?):  

 

Part 2 – Biosecurity  

What is your farrowing schedule (weekly/batch):  

How would you describe pig flow in nursery (all-in-all-out/continuous): 

What is the pig flow in grow/finisher barn (all-in-all-out/continuous): 

 

Is your facility shower in and/or shower out?  

Is there a Danish entrance for the barn?  

What is the disinfectant used on your farm?  

Do you wash and clean between each batch of pigs in the farrow, nursery, and/or the finisher 

barns?  

Do you purposely and regularly use down-time between batches or only when disease is present? 

Do you use any other biosecurity features that may have been missed by our survey?  

 

Part 3 – Feed  

Feed supplier:  

Which antibiotics do you use in your feed (please provide concentration/prescription if known)? 

Do you use creep feed?  

Does your feed use dried blood plasma?  

Type of feed in grower/finisher stage (pellet, mash, liquid, corn/soy home mix…)  

 

Part 4 – Health information 

Please describe your piglet vaccination program.  

Please describe your sow vaccination program.  

Is your herd PRRSV positive or negative (last test date?)  

Have you had any outbreaks in the past year (Streptococcus suis, Salmonella, PEDV or other)?  

If so, was this confirmed by a laboratory or veterinarian, or was it suspected?  

What was the method of treatment?  
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Supplementary Table 4: Percent genotype frequencies for variants found in mannan-binding-lectin genes by diet group for Salmonella 

colonization at slaughter, shedding on farm, and average daily gain over the entire production period. 

Genotype frequency (%) 

  Salmonella colonization at slaughter Shedding on farm Average Daily Gain (gram; birth to marketing) 

  High complexity Low complexity High complexity Low complexity High complexity Low complexity 

  n = 303 n = 278 n = 397 n = 396 n = 343 n = 339 

  Neg Pos Neg Pos 0 1 >1 0 1 >1 Low Med High Low Med High 

  n = 234 69 214 64 n = 236 92 42 248 91 57 n = 84 173 86 88 167 84 

MBL1-A CC 86 90 85 89 82 86 79 81 82 81 86 86 88 82 87 86 

 TC 13 10 14 11 18 13 21 18 15 19 13 13 12 16 13 14 

 TT 1 0 1 0 0 1 0 1 2 0 1 1 0 2 1 0 

MBL1-B GG 75 61 73 56 75 68 62 75 65 67 73 72 72 72 68 73 

 GT 24 39 27 44 25 32 38 25 35 33 26 27 28 28 32 27 

 TT 1 0 0 0 1 0 0 0 0 0 1 1 0 0 0 0 

MBL1-C CC 62 70 57 69 59 66 57 57 56 61 57 65 66 57 60 63 

 TC 34 29 38 28 36 27 33 34 38 35 35 33 29 35 35 33 

 TT 4 1 5 3 6 7 10 9 5 4 8 2 5 8 4 4 

MBL1-E CC 68 74 66 72 64 75 83 67 71 81 70 73 64 66 74 63 

 CT 32 26 34 28 35 25 17 33 29 19 30 26 36 34 26 37 

 TT 1 0 0 0 1 0 0 1 0 0 0 1 0 0 1 0 

MBL2-A CC 15 16 16 16 14 17 21 16 15 16 24 11 16 23 14 6 

 CT 48 58 49 42 54 46 43 44 53 47 44 52 55 43 50 49 

 TT 37 26 35 42 32 37 36 40 32 37 32 37 29 34 36 45 

MBL2-B AA 1 1 2 0 0 3 0 1 3 4 2 1 0 5 1 1 

 GA 25 16 25 19 25 20 26 21 25 19 24 21 20 23 25 14 

 GG 74 83 73 81 75 77 74 78 71 77 74 78 80 73 75 85 

MBL2-C CC 24 23 24 23 22 28 29 23 26 23 35 20 26 28 24 15 

 CT 54 59 57 47 59 48 50 51 59 47 42 58 60 53 52 62 

 TT 21 17 19 30 19 25 21 26 14 30 23 23 14 18 24 23 

MBL2-F CC 77 84 76 83 76 83 81 78 78 79 75 80 85 76 78 85 

 TC 22 16 22 17 24 16 19 21 20 19 24 19 15 20 22 15 

 TT 1 0 1 0 0 1 0 1 2 2 1 1 0 3 1 0 
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Supplementary Table 5: Percent genotype frequencies for variants found in MBL-associated serine protease, collagenous lectin and 

galectin genes by diet group for Salmonella colonization at slaughter, shedding on farm, and average daily gain over the entire 

production period. 

Genotype frequency (%) 

  Salmonella colonization at slaughter Shedding on farm Average Daily Gain (gram; birth to marketing) 

  High complexity Low complexity High complexity Low complexity High complexity Low complexity 

  n = 303 n = 278 n = 397 n = 396 n = 343 n = 339 

  Neg Pos Neg Pos 0 1 >1 0 1 >1 Low Med High Low Med High 

  n = 234 69 214 64 n = 236 92 42 248 91 57 n = 84 173 86 88 167 84 

SFTPA1-B GG 61 46 56 45 60 54 57 58 51 54 61 58 57 52 54 54 

 GT 29 49 38 47 32 38 33 37 37 42 29 35 36 40 40 40 

 TT 9 4 7 8 8 8 10 5 12 4 11 7 7 8 5 6 

SFTPA1-C AA 26 22 28 25 30 21 26 30 32 18 29 21 28 33 22 26 

 TA 45 54 49 56 44 54 55 46 49 60 50 49 43 47 53 50 

 TT 28 25 22 19 26 24 19 23 19 23 21 29 29 20 24 24 

FCNB-P CC 3 3 5 9 3 3 2 4 2 9 5 2 2 7 4 5 

 GC 2 1 3 0 1 1 2 1 2 4 0 2 2 0 3 1 

 GG 91 91 89 86 91 90 88 92 91 82 85 93 90 91 89 88 

GAL4-A CC 83 81 84 72 85 77 83 86 75 79 88 80 87 81 83 82 

 CT 17 19 16 25 15 23 17 14 24 21 12 20 13 18 16 18 

 TT 0 0 0 3 0 0 0 0 1 0 0 0 0 1 1 0 

MASP-2 CC 39 36 33 44 40 38 38 37 51 28 37 43 30 45 35 32 

 TC 47 48 52 47 46 51 31 46 43 58 45 44 50 43 50 54 

 TT 14 16 14 8 13 11 31 15 7 12 17 12 20 11 13 13 
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Supplementary Table 6: Percent genotype frequencies for variants found in pattern recognition receptor genes by diet group for 

Salmonella colonization at slaughter, shedding on farm, and average daily gain over the entire production period. 

Genotype frequency (%) 

  Salmonella colonization at slaughter Shedding on farm Average Daily Gain (gram; birth to marketing) 

  High complexity Low complexity High complexity Low complexity High complexity Low complexity 

  n = 303 n = 278 n = 397 n = 396 n = 343 n = 339 

  Neg Pos Neg Pos 0 1 >1 0 1 >1 Low Med High Low Med High 

  n = 234 69 214 64 n = 236 92 42 248 91 57 n = 84 173 86 88 167 84 

TLR4-A GA 9 12 11 13 14 11 7 15 11 7 7 11 12 10 9 14 

 GG 91 88 89 88 86 89 93 85 89 93 93 89 88 90 91 86 

TLR4-C CC 62 67 62 69 58 72 52 59 67 60 69 65 51 58 65 62 

 TC 33 28 35 27 37 24 43 35 29 40 26 29 44 41 30 33 

 TT 5 6 4 5 5 4 5 6 4 0 5 5 5 1 5 5 

TLR4-F AA 0 0 1 0 0 0 0 1 1 0 0 0 1 0 1 1 

 TA 21 19 22 6 21 11 19 20 11 21 15 18 26 17 17 18 

 TT 79 81 77 94 78 89 81 79 88 79 85 82 73 83 81 81 

TLR4-H AA 3 3 2 2 3 1 10 2 3 0 2 3 6 1 2 4 

 GA 35 28 33 27 35 25 38 31 29 39 27 30 43 34 31 33 

 GG 62 70 64 72 63 74 52 66 68 61 70 67 51 65 67 63 

TLR5-B AA 99 100 97 98 98 99 100 98 98 96 100 98 100 99 96 96 

 AT 0 0 0 2 0 0 0 0 1 4 0 0 0 0 1 1 

 TT 1 0 3 0 2 2 0 2 1 0 0 2 0 1 2 2 

NOD1-A AA 0 0 0 0 0 0 0 0 1 0 0 1 0 0 1 0 

 GA 24 12 23 20 24 13 29 24 11 28 23 21 27 16 23 30 

 GG 76 88 77 80 75 87 71 76 88 72 77 79 73 84 77 70 

NOD1-B AA 12 20 15 22 13 17 21 15 15 25 10 17 13 16 13 20 

 AG 46 49 44 53 47 46 55 49 42 58 52 45 47 49 52 42 

 GG 42 30 41 25 41 38 24 36 43 18 38 39 41 35 35 38 

NOD2-B AA 59 67 69 63 62 63 50 69 73 46 63 58 56 68 65 64 

 CA 35 32 28 34 33 34 48 27 25 51 36 35 37 31 31 31 

 CC 6 1 4 3 6 3 2 4 2 4 1 7 7 1 4 5 
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Supplementary Table 7: Percent genotype frequencies for variants found in other genes by diet group for Salmonella colonization at 

slaughter, shedding on farm, and average daily gain over the entire production period. 

Genotype frequency (%) 

  Salmonella colonization at slaughter Shedding on farm Average Daily Gain (gram; birth to marketing) 

  High complexity Low complexity High complexity Low complexity High complexity Low complexity 

  n = 303 n = 278 n = 397 n = 396 n = 343 n = 339 

  Neg Pos Neg Pos 0 1 >1 0 1 >1 Low Med High Low Med High 

  n = 234 69 214 64 n = 236 92 42 248 91 57 n = 84 173 86 88 167 84 

CCR1-A AA 24 20 23 19 20 23 33 20 21 28 35 17 27 28 20 20 

 GA 44 57 46 42 47 48 43 49 43 44 44 50 42 57 46 35 

 GG 32 23 31 39 33 29 24 31 36 28 21 33 31 15 34 45 

CCT7-A AA 6 4 3 3 8 7 2 4 3 4 8 6 5 0 5 4 

 AG 38 36 36 61 37 35 43 39 41 44 37 42 37 42 41 44 

 GG 56 59 62 36 55 59 55 57 56 53 55 53 58 58 54 52 

GBP5-A AA 4 1 4 9 2 3 7 2 10 5 7 2 2 5 6 1 

 CA 29 32 35 30 27 34 29 27 35 28 36 29 22 34 32 30 

 CC 67 67 61 61 70 63 64 71 55 67 56 69 76 61 62 69 

SPL2D-U CC 75 70 69 59 78 65 62 75 65 44 79 72 65 72 63 61 

 CT 25 30 31 41 22 35 38 24 35 56 20 28 35 28 36 38 

 TT 0 0 0 0 0 0 0 1 0 0 1 0 0 0 1 1 

SPL2D-P GT 2 1 1 3 2 2 0 1 1 5 1 3 0 1 3 1 

 TT 98 99 99 97 98 98 100 99 99 95 99 97 100 99 97 99 

SLC1-B AA 2 6 3 8 2 5 10 4 4 2 6 2 5 5 2 4 

 GA 30 28 28 28 25 40 19 25 25 39 27 32 24 28 31 19 

 GG 68 67 70 64 73 54 71 71 70 60 67 66 71 67 67 77 

SLC1-C AA 3 6 3 3 3 3 7 1 1 14 5 3 3 2 4 4 

 GA 36 33 29 27 37 26 52 31 26 40 32 35 42 32 33 30 

 GG 62 61 68 70 60 71 40 68 73 46 63 62 55 66 63 67 
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Supplementary Table 8: Univariable analysis of the association between genetic variants and 

Salmonella shedding and colonization. 

Salmonella shedding on-farm Salmonella colonization at slaughter 
 Odds ratio p-value  Odds ratio p-value 

MBL1-A 1.88 <0.01 NOD1-B 2.25 <0.01 

SFTPA1-C 1.65 0.02 MBL1-B 1.74 0.07 

MBL2-C 0.69 0.04 MBL2-B 0.56 0.09 

MBL1-C 1.42 0.04 SFTPA1-B 1.58 0.11 

TLR4-F 1.48 0.07 CCT7-A 1.54 0.13 

GAL4-A 1.41 0.10 MBL1-C 0.67 0.18 

TLR5-B 0.41 0.10 NOD1-A 0.69 0.31 

MBL2-B 1.37 0.13 MBL2-F 0.69 0.32 

TLR4-A 0.69 0.19 TLR5-B 0.35 0.40 

TLR4-H 1.20 0.29 SLC1-B 0.80 0.45 

FCNB-P 1.36 0.34 MBL2-C 1.26 0.46 

SLC1-C 1.18 0.35 SPL2D-P 2.64 0.48 

SPL2D-P 1.81 0.37 SFTPA1-C 1.21 0.54 

MBL1-E 1.19 0.37 TLR4-A 1.31 0.56 

MBL2-A 1.16 0.37 GBP5-A 0.85 0.57 

MBL2-F 1.22 0.38 TLR4-H 0.87 0.64 

TLR4-C 1.13 0.52 MASP-2 0.90 0.71 

SFTPA1-B 0.90 0.53 SPL2D-U 1.11 0.74 

SLC1-B 0.91 0.55 NOD2-B 0.91 0.76 

NOD2-B 1.11 0.56 CCR1-A 1.09 0.79 

SPL2D-U 1.08 0.65 GAL4-A 1.08 0.83 

NOD1-B 1.06 0.74 TLR4-F 1.08 0.84 

NOD1-A 1.06 0.77 MBL2-A 0.96 0.90 

GBP5-A 1.05 0.77 MBL1-A 1.03 0.95 

MBL1-B 0.96 0.83 FCNB-P 1.03 0.96 

MASP-2 0.97 0.87 SLC1-C 0.98 0.96 

CCT7-A 0.99 0.96 TLR4-C 1.01 0.98 

CCR1-A 1.00 1.00 MBL1-E 1.00 1.00 
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Supplementary Table 9: Univariable analysis of the association between genetic variants and 

average daily gain in the pre-weaning, nursery, grower and finisher periods. 

Pre-wean period ADG Weaning period ADG 

Variable Coefficient p-value Variable Coefficient p-value 

Weight at birth 0.066 <0.01 Weaning weight 0.020 <0.01 

Sow Salmonella -0.038 <0.01 Cohort Two -0.037 <0.01 

Batch farrow 0.037 <0.01 Summer 0.039 <0.01 

No. of sows -6.3E-05 0.01 Spring 0.049 <0.01 

Spring -0.017 0.03 Creep feed 0.082 0.01 

Shower present 0.032 0.05 Salmonella at visit 3 -0.014 0.14 

No. farrowing rooms -0.005 0.06 Diet -0.006 0.22 

Litter size 0.001 0.16 Winter 0.025 0.33 

Cohort Two 0.009 0.19 Therapeutic zinc 0.014 0.49 

Winter -0.018 0.28 SPL2D-U 0.018 <0.01 

Summer 0.011 0.45 FCNB-P -0.032 0.01 

MASP-2 0.009 0.02 SFTPA1-B 0.010 0.10 

CCT7-A -0.009 0.02 NOD1A -0.011 0.11 

NOD1-B 0.007 0.08 MBL1-B 0.008 0.27 

SLC1-B -0.006 0.11 CCT7-A 0.007 0.28 

MBL2-F 0.007 0.13 SPL2D-P -0.023 0.30 

TLR4-F 0.007 0.13 TLR4-C -0.006 0.32 

MBL1-C -0.006 0.14 SLC1-B -0.006 0.33 

SFTPA1-C -0.006 0.22 TLR4-H -0.006 0.37 

MBL2-B 0.005 0.23 SFTPA1-C 0.007 0.39 

MBL2-C -0.004 0.27 MBL1-E 0.005 0.45 

CCR1-A -0.004 0.32 GBP5-A -0.005 0.46 

NOD2-B 0.004 0.36 NOD1-B 0.004 0.49 

MBL1-A 0.005 0.38 MBL2-A 0.004 0.51 

SPL2D-U -0.003 0.42 GAL4-A 0.005 0.57 

TLR4-A 0.005 0.44 MBL1-C -0.004 0.61 

TLR5-B 0.008 0.44 MBL2-C 0.003 0.62 

SLC1-C 0.003 0.45 MBL1-A 0.004 0.69 

GBP5-A 0.003 0.48 SLC1-C 0.002 0.72 

FCNB-P 0.004 0.57 TLR4-F -0.003 0.80 

NOD1-A 0.002 0.61 NOD2-B -0.002 0.86 

MBL1-B -0.002 0.63 TLR4-A 0.002 0.88 

TLR4-H 0.001 0.74 TLR5-B 0.003 0.89 

MBL2-A 0.001 0.75 MBL2-F 0.001 0.91 

MBL1-E -0.001 0.80 MASP-2 0.001 0.93 

SPL2D-P 0.003 0.85 CCR1-A -0.001 0.98 

TLR4-C 0.000 0.92 MBL2-B 0.000 1.00 

SFTPA1-B 0.000 0.93    
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Supplementary Table 9 continued  

Grower period ADG Finisher period ADG 

Variable Coefficient p-value Variable Coefficient p-value 

Initial weight 0.011 <0.01 Winter 0.168 <0.01 

Winter -0.061 <0.01 Male 0.088 <0.01 

Male 0.053 <0.01 Initial weight 0.004 <0.01 

All in all out 0.172 <0.01 Cohort Two 0.059 <0.01 

Antibiotics 0.172 <0.01 Therapeutic zinc -0.067 <0.01 

Cohort Two -0.037 <0.01 Spring 0.040 0.03 

Finisher size 0.002 0.064 Salmonella at visit 5 0.025 0.17 

Summer -0.024 0.328 All in all out -0.043 0.19 

Therapeutic zinc 0.005 0.647 Antibiotics -0.043 0.19 

Spring 0.005 0.885 MBL2-F -0.045 <0.01 

CCR1-A -0.035 <0.01 TLR4-H 0.034 0.01 

TLR4-C 0.031 <0.01 CCR1-A -0.031 0.02 

MBL2-A 0.023 0.01 MBL2-B -0.034 0.03 

TLR4-A 0.032 0.03 SPL2D-U 0.030 0.03 

TLR4-H 0.021 0.03 SLC1-C 0.027 0.04 

NOD2-B -0.017 0.08 MBL2-C 0.023 0.09 

SPL2D-U 0.017 0.13 MBL1-E -0.021 0.11 

GAL4-A -0.017 0.16 NOD2-B 0.018 0.16 

CCT7-A -0.013 0.17 TLR4-F 0.021 0.19 

MBL1-A 0.018 0.19 MBL2-A -0.014 0.27 

MBL1-E 0.011 0.29 NOD1-B 0.013 0.28 

SFTPA1-B -0.008 0.42 MASP-2 0.013 0.30 

MASP-2 0.008 0.42 GBP5-A -0.013 0.31 

MBL1-C 0.005 0.62 MBL1-A 0.018 0.31 

SLC1-C -0.004 0.65 TLR4-C 0.012 0.34 

MBL1-B -0.005 0.67 SPL2D-P -0.039 0.41 

GBP5-A -0.004 0.67 MBL1-B -0.010 0.49 

MBL2-F -0.004 0.72 SFTPA1-C -0.009 0.55 

MBL2-B -0.004 0.73 SLC1-B 0.007 0.59 

TLR4-F 0.004 0.73 SFTPA1-B -0.007 0.59 

TLR5-B 0.008 0.77 MBL1-C 0.005 0.73 

SLC1-B -0.003 0.78 NOD1-A 0.003 0.81 

NOD1A 0.003 0.81 TLR4-A -0.005 0.83 

SPL2D-P 0.006 0.86 TLR5-B 0.008 0.84 

NOD1-B -0.001 0.88 CCT7-A -0.002 0.85 

FCNB-P -0.003 0.89 GAL4-A -0.001 0.94 

SFTPA1-C -0.001 0.90 FB3P-1 0.001 0.97 

MBL2-C -0.001 0.94 
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Supplementary Table 10: Univariable analysis of the association between genetic variants and 

average daily gain over the entire production period. 

 Coefficient p-value 

Sex 0.043 <0.01 

All in/out 0.071 <0.01 

Antibiotics 0.071 <0.01 

No. of sows 0.007 0.02 

No. of nursery 0.002 0.07 

Therapeutic zinc -0.008 0.58 

Cohort Two -0.011 0.12 

Closed operation -0.035 0.15 

CCR1-A -0.020 <0.01 

SPL2D-U 0.021 <0.01 

MBL2-F -0.018 <0.01 

TLR4-H 0.014 0.01 

MBL2-B -0.017 0.01 

TLR4-C 0.012 0.04 

GBP5-A -0.012 0.04 

FCN1-B -0.021 0.07 

SLC1-C 0.008 0.16 

SPL2D-P -0.030 0.16 

MBL2-C 0.008 0.20 

TLR4-A 0.011 0.24 

MASP-2 0.006 0.28 

MBL1-A 0.009 0.29 

GAL4-A -0.006 0.40 

NOD1-B 0.005 0.41 

TLR4-F 0.005 0.47 

TLR5-B 0.009 0.59 

MBL1-E -0.003 0.63 

SFTPA1-C -0.002 0.72 

NOD1-A 0.001 0.82 

NOD2-B 0.001 0.83 

SFTPA1-B 0.001 0.86 

MBL1-B 0.001 0.90 

MBL1-C -0.001 0.91 

MBL2-A 0.001 0.92 

SLC1-B 0.000 0.93 

CCT7-A 0.000 0.99 
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Supplementary Table 11: Mixed-effects multivariable linear regression analysis for association 

between variants and average daily gain over the production period. 

  Coefficient 

(kg) 

Standard 

error 

95% confidence 

interval 
p-value 

CCR1-A GG Referent     

 Var + -0.021 0.005 -0.031, -0.010 <0.01 

SPL2D-U CC Referent     

 Var + 0.019 0.006 0.007,  0.030 <0.01 

TLR4-H GG Referent     

 Var + 0.013 0.005 0.003,  0.023 0.01 

Diet High complexity Referent     

 Low complexity 0.001 0.004 -0.009,  0.008 0.95 

Weight1 Weaning 0.022 0.002 0.018,  0.026 <0.01 

Weight2 Weaning -0.001 0.001 -0.002,  0.000 0.05 

Sex Female Referent     

 Male 0.042 0.004 0.033,  0.051 <0.01 

Cohort One Referent     

  Two -0.021 0.008 -0.036, -0.005 <0.01 

All in all 

out3 No Referent     

 Yes 0.077 0.031 0.016,  0.138 0.01 

Analysis performed on 680 pigs over 13 cohorts and 7 farms. 
1Centralized weight at weaning. 
2Centralized weight at weaning, squared. 
3All in all out during the finisher period. 

 


