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ABSTRACT 

 
The predisposition of weaned pigs to enteric pathogens may increase if high protein (HP) diets, 
particularly from plant based (PB) sources, are fed. Growth performance and immune status of 
diseased pigs may be improved by supplementation with functional amino acids (FAA), including 
Threonine (Thr), Methionine (Met) and Tryptophan (Trp). The beneficial effects of FAA 
supplementation may be more advantageous in susceptible categories such as low birth weight 
(LBW) pigs. Therefore, this thesis evaluated the independent effect of FAA supplementation in 
Salmonella Typhimurium (ST)-challenged pigs and its interaction with dietary protein content and 
source, and with pig birth weight. The impact of adaptation period to FAA before a ST challenge 
was also evaluated. A disease challenge study revealed improved growth performance and immune 
status of ST-challenged pigs fed diets with supplemented with FAA, specifically Thr, Met, and Trp 
at 120% of requirements for growth, regardless of dietary protein content (low protein; LP [16%] 
vs. HP [20%]). The beneficial effects of FAA were associated with improved intestinal health and 
antioxidant defense, despite a lack of effect on ST presence in lymphoid tissues. In a subsequent 
ST-challenge study, a longer adaptation period (i.e., 2 weeks) to the same FAA-supplemented diets 
further enhanced gut health and suppressed ST intestinal colonization, despite no effect on ST 
presence in lymphoid tissues. Furthermore, antioxidant defense measurements were improved by 
FAA intake, but not adaptation period, which may be attributed to the dynamic sulfur amino acid 
(SAA) metabolism. Using intestinal samples from the first two studies, a third study provided 
evidence that the effects of FAA supplementation in ST-challenged pigs previously reported may 
be associated with or mediated by intestinal alkaline phosphatase (IAP) activity. Interestingly, 
there was a lack of effect of FAA adaptation period on IAP activity, which may suggest that amino 
acid (AA) intake, rather than length of feeding, is more important to the regulation of antioxidant 
balance. To investigate possible carryover effects of FAA supplementation, two follow-up disease 
challenge studies were conducted. The first one showed that FAA supplementation during nursery 
(e.g., 31 d post-weaning) improved growth performance, suppressed ST shedding, and reduced 
bacterial translocation to spleen in pigs placed onto a common grower diet and subsequently 
challenged with ST. However, the positive effects were observed particularly in normal birth 
weight (NBW), but not LBW pigs, which had aggravated gastrointestinal dysfunction, oxidative 
stress, and systemic commitment of the immune system. In the second study, pigs previously fed 
a PB feeding program in the nursery period (e.g., 31 days) had increased susceptibility to a 
subsequent ST challenge, particularly with increased bacterial colonization in the intestine, 
shedding, and diarrhea, compared to pigs fed animal-based (AB) protein sources. Conversely, 
supplementing PB, but not AB, nursery diets with FAA attenuated the negative effects of the 
subsequent ST challenge, despite a lack of effect of FAA supplementation on systemic markers of 
acute-phase responses and antioxidant balance. In summary, FAA supplementation and adaptation 
period is a valuable strategy to improve growth performance and immune status of ST-challenged 
pigs. The positive effects are more pronounced in NBW pigs and PB diets, regardless of dietary 
protein content.  
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There are a multitude of factors affecting optimal growth performance of pigs in 

commercial herds, including high stocking densities (Fu et al., 2016), environmental temperature 

(Pearce et al., 2013), feed characteristics (Boumans et al., 2015), and exposure to pathogens 

(Pastorelli et al., 2012). The immediate post-weaning period is particularly challenging, as piglets 

face an abrupt switch to a cereal-based diet, which increases the chances for gastrointestinal 

disturbances and may predispose animals to immune-stimulating agents (Jha and Berrocoso, 2016). 

Among common pathogens during the post-weaning period, Salmonella and E. coli are particularly 

relevant, due to their negative impact on growth performance and gastrointestinal health in pigs 

(Heo et al., 2009; Boyer et al., 2015). Moreover, it is known that nursery diets with high protein 

(HP) content may aggravate the damage to the gastrointestinal tract in weaned piglets, mainly due 

to increased production of protein fermentation metabolites (e.g., sulfur compounds, N-nitroso 

compounds, ammonia, heterocyclic amines, organic acids), which may potentiate pathogenic 

bacteria proliferation (Htoo et al., 2007; Heo et al., 2009).  

In an attempt to improve gastrointestinal health (Fan et al., 2017), attenuate the proliferation 

of enteric pathogens (Kim et al., 2011), and reduce the incidence of post-weaning diarrhea in 

healthy (Heo et al., 2008) and enteric-challenged pigs (Heo et al., 2009), it has been recommended 

that low protein (LP) diets supplemented with essential amino acids (AA) to meet requirements 

for growth should be fed to pigs. Furthermore, feeding high quality diets through provision of 

complex, animal-based (AB) protein sources, for example, has been shown to support 

gastrointestinal development and immune status in pigs, which may attenuate the weaning 

transition (van Dijk et al., 2001; Yun et al., 2005; Jones et al., 2010). However, feeding complex, 

AB diets during nursery increases feed cost (Skinner et al., 2014), with the added concern that they 

do not always result in improved performance (Douglas et al., 2014a; Douglas et al., 2014b). For 

example, pigs fed plant based (PB) diets during the nursery phase had impaired growth 

performance but achieved similar performance to market weight when compared to pigs fed AB 

diets in the nursery (Wolter et al., 2003; Skinner et al., 2014; Collins et al., 2017). Interestingly, 

reduced performance and increased mortality was observed in pigs previously fed PB diets under 

an unexpected disease outbreak (Skinner et al., 2014), which suggests that PB ingredients may 

increase the risk of a poor immune response to subsequent disease challenges. 

Pigs exposed to disease, trauma, or inflammation experience a redirection of nutrients, 

which are canalized to support the activated immune system at the expense of growth (Reeds et al., 
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1994; Reeds and Jahoor, 2001). This is exemplified by an increased requirement for growth of 

individual AA, including threonine (Thr; Wellington et al., 2018), methionine (Met; Litvak et al., 

2013), and tryptophan (Trp; de Ridder et al., 2012), in pigs exposed to immune system stimulation. 

Recently, Le Floc’h et al. (2018) reviewed the several non-proteinogenic roles performed by AA 

in pigs, particularly associated with the maintenance of the intestinal mucosal barrier, regulation 

of the balance between antioxidants and prooxidants, and synthesis of molecules involved in the 

immune response. Therefore, it may be expected that supplementation with key functional AA 

(FAA) may attenuate the negative effects observed in pigs under immune system stimulation. It 

should be highlighted that FAA supplementation may become a valuable nutritional alternative for 

susceptible categories. For example, it is known that low birth weight (LBW) pigs have increased 

chance of being affected by gastrointestinal disturbances, such as poor gut maturation post-weaning 

(Michiels et al., 2013), dysfunction of the gut barrier (Tao et al., 2019), and impaired 

gastrointestinal development (Rodrigues et al., 2020). Furthermore, immune function is known to 

be compromised in LBW pigs compared to their heavier counterparts, including decreased 

infection resistance (Bæk et al., 2020), lower circulating immunoglobulin concentration (Nguyen, 

2013), and poor expression of intestinal lymphocytes (Prims et al., 2016). Therefore, pigs who 

suffered from intrauterine growth retardation may benefit from FAA supplementation.  

Therefore, the objective of this thesis was to investigate the effects of FAA (i.e., Thr, Met, 

and Trp) supplementation and adaptation period on growth performance and immune status of pigs 

challenged with Salmonella Typhimurium (ST). Further, interactive effects with dietary protein 

content, source, and pig birth weight were evaluated.  
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2.1 Introduction 

 

Early-life events can influence subsequent performance, health status, and well-being of 

pigs, which increases concern associated with stressful management strategies including the 

weaning transition. Indeed, around weaning, concomitant stressors such as nutritional management 

change and building of a new hierarchy dramatically reduce feed intake and growth rate 

(McCracken et al., 1995; Whang et al., 2000). This is aggravated by the suboptimal and immature 

development of digestive function at the time of weaning (de Lange et al., 2010; Kim et al., 2012). 

Furthermore, the immediate post-weaning period is characterized by increased susceptibility to 

pathogens, particularly due to damage to gastrointestinal health, which further negatively impacts 

performance and profitability. In this sense, the main goal of nutritionists is to provide high nutrient 

density to support gastrointestinal development, enhance voluntary feed intake, and growth 

performance of weaned pigs. This is generally achieved by feeding highly digestible, palatable 

ingredients and specialty feed additives. Additionally, in-feed antibiotics have been systematically 

included in nursery diets for growth promotion and disease prevention. However, consumer and 

regulatory restrictions have transitioned swine production to withdraw antibiotic use when used as 

growth promoter and recommended dramatic reductions when used as treatment. In this scenario, 

it is expected that nutrition will be at the forefront of minimizing costs, maintaining or promoting 

animal health, and improving pig resistance to infectious disease challenges. Of note, post-weaning 

complex (i.e., highly digestible and palatable) diets markedly increase feed costs during the nursery 

phase (Skinner et al., 2014; Koo et al., 2017), which opens a window of opportunity to reduce the 

overall cost of production, since the largest proportion of total cost in pork production is related to 

feed (Whittemore, 2006).  

It is important to highlight that improvements in pig performance and containment of feed 

costs particularly after weaning will be achieved by a combination of interventions (de Lange et 

al., 2010; Heo et al., 2013), such as: (1) pathogen control, (2) suppression of feed toxins, (3) 

stimulation of digestive capacity, and (4) improvement of nutritional value of low-quality 

ingredients. It is believed that such a multifactorial approach may address public and food safety 

concerns by decreasing reliance on complex, expensive ingredients, thus enhancing profitability 

and decreasing antibiotic interventions.  
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The future of swine nutrition will inevitably encompass understanding the effects of disease 

or stimulation of the immune system on nutrient metabolism, how nutrient supply may influence 

gastrointestinal development therefore supporting overall performance, and the specific non-

proteinogenic effects of nutrients such as amino acids, which can improve pig robustness. 

 

2.2 Salmonella enterica infection in pigs: a ‘one health’ concern 

 

According to the Code of Practice for the Care and Handling of Pigs (Devillers et al., 2012), 

all weaned pigs must be carefully monitored for 2 weeks post-weaning for their health status. 

Animal surveillance during this time is partly related to increased susceptibility of young pigs to a 

variety of harmful enteric pathogens, such as enterotoxigenic E. coli and Salmonella spp. Thought 

to have evolved from a common ancestor hundreds of years ago, Salmonella and E. coli are 

examples of bacteria from the Enterobacteriaceae family (Wray and Wray, 2000). The genus 

Salmonella enterica serotype Typhimurium is one of the most isolated serotypes in pigs and may 

be carried by subclinical animals for long periods of time, due to its survivability in mesenteric 

lymph nodes (Wang et al., 2007). From a one health perspective, several variants of Salmonella 

Typhimurium associated with pigs and pork have developed resistance to multiple antimicrobials 

during the recent years, spreading rapidly in animal and human populations and increasing the 

concern around its incidence (Butaye et al., 2006; Hauser et al., 2010; Hopkins et al., 2010). 

Consequently, Salmonella-contaminated meat has been addressed as one of the central origins of 

foodborne illness around the world, putting the pork value chain at risk (Thomas et al., 2015; 

Bonardi, 2017; Massara Brasileiro et al., 2017). At the slaughterhouse, intestine, tonsils, and lymph 

nodes are usually highly contaminated in Salmonella-positive carcasses and constitute a risk of 

cross contamination during processing (Swanenburg et al., 1999; Vieira‐Pinto et al., 2005).  

Salmonella spp. may enter the productive cycle at different levels and the transmission is 

mainly facilitated by low hygiene/biosecurity standards (Beloeil et al., 2007) and high stocking 

densities (Funk et al., 2001), speeding up within-pen and pen-to-pen contamination of feed and 

environment. The main route of infection for pigs (as well as humans) is oral, with other routes 

including short distance airborne transmission having less importance (Proux et al., 2001; Oliveira 

et al., 2006). Generally, to incite infection, infectious dose for humans and domesticated mammals 

normally must be higher than 106 colony forming units (CFU) (Mastroeni and Maskell, 2006). 
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However, other factors including the virulence of the strain, the immunocompetence of the affected 

individual, occurrence of previous exposure, as well as local protective factors may influence 

pathogenesis (Blaser and Newman, 1982; Rodriguez et al., 1986; MacLennan et al., 2004; Werber 

et al., 2005). 

After ingestion, Salmonella has a complex two-stage (pH homeostasis system and acid 

shock proteins) inducible acid tolerance system which allows the pathogen to survive during 

exposure to very low pH levels in the stomach (Foster, 1993; Portillo et al., 1993). Moreover, 

physical properties of feed and stress may potentiate the ability of Salmonella to reach the intestines 

(Waterman and Small, 1998; Acheson and Hohmann, 2001; Mikkelsen et al., 2004). After reaching 

the small intestine, Salmonella invades the intestinal mucosa by crossing the epithelial border 

(Schlumberger and Hardt, 2005) or via dendritic cells (Tam et al., 2008). The expression of key 

adhesins, which allow for Salmonella to attach to different surfaces, such as cells, mucus, and basal 

membranes, is considered one of the most important factors for the pathogenicity of the bacteria 

(Korhonen, 2007). Furthermore, the virulence of Salmonella is associated with its ability to invade 

cells, the expression of a complete lipopolysaccharide (LPS) coat and of the Vi antigen, and the 

production and excretion of invasin, which allows the bacteria to live and replicate intracellularly 

(Huang and DuPont, 2005). The pathogen is then taken up by mononuclear cells in the intestinal 

lymphoid tissue, which allows for dissemination through the lymphatic and/or hematogenous 

routes. The spreading of the pathogen is characterized by two phases: the first one is the 

asymptomatic incubation, during which Salmonella can replicate in reticuloendothelial cells and 

macrophages of lymph nodes, liver, spleen, and bone marrow. During the second, persistent, 

symptomatic phase, a threshold level of Salmonella is reached, and the pathogen is released into 

the blood, triggering secretion of cytokines by macrophages (MacLennan et al., 2004). Several 

serotypes are recognized to disseminate within a few hours to the above-mentioned organs in pigs 

(Loynachan et al., 2004) and this ability is thought to be even more important for the virulence of 

the pathogen than its ability to invade extra-intestinal tissues. In this sense, subclinical carriers of 

Salmonella become a dangerous source for dissemination, as the mechanisms through which pigs 

carry the pathogen for long periods are not well understood (Rl et al., 1991; Boyen et al., 2008) 

and they might only shed Salmonella under stressful situations (Isaacson et al., 1999; Marg et al., 

2001). 
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Classical symptomatology of Salmonella is associated with watery diarrhea due to 

enterocolitis, usually accompanied by fever, prostration and decreased feed intake, transient 

anorexia and persistent or intermittent shedding afterwards (Andrews and Griffiths, 2002). Casey 

et al. (2007) reported more than half of pigs inoculated with Salmonella showing from mild to 

watery diarrhea, which might be correlated with an altered immune response (lower levels of CD8+ 

γδ T cells) at the tissue and blood levels (Scharek-Tedin et al., 2013). 

 

 
Figure 2.1. Infection and re-infection dynamics of Salmonella enterica in pigs. Pigs are 

contaminated via fecal-oral transmission (a); Salmonella attaches to and invades intestinal 

epithelium (b); Salmonella replicates in extra-intestinal tissues and incites immune response (c); 

Subclinical animals carry the pathogen for long periods of time (d); Clinical signs associated with 

infection (e); Cross contamination during processing of pork (f). 
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Generally, the immune system is uniformly stimulated  in Salmonella-challenged pigs, with 

marked acute-phase response, as evidenced by reduction in serum albumin and increase in serum 

haptoglobin levels (Wellington et al., 2019). The febrile reaction is characterized by a sudden rise 

in body temperature after inoculation, reaching a peak around days 2 and 3 post-inoculation and 

not returning to the baseline levels after one-week post-inoculation (Turner et al., 2002; Gebru et 

al., 2010; Wellington et al., 2019). It should be noted that prolonged shedding is usually related to 

prolonged expression of inflammatory indicators (Wellington et al., 2019). Salmonella also shows 

protective responses when dealing with oxidative stress, particularly inhibiting the production of 

superoxide by phagocytes, and therefore suppressing the high levels of reactive oxygen 

intermediates, which allow for successful replication inside macrophages (Vazquez-Torres et al., 

2000; Gallois et al., 2001). 

 

2.3 Performance of diseased pigs: much more than decreased feed intake 

 

From a nutrient metabolism perspective, the primary concern of a stimulated immune 

system is that the production of several immune cells and recovery of damaged tissues has a clear 

nutrient cost for the host, which is exacerbated compared to a normal elimination of invading 

pathogens and maintenance of animal health (Schokker et al., 2015). For example, as reviewed by 

Le Floc’h et al. (2004), the efficiency of AA utilization and voluntary feed intake are notably 

reduced in animals exposed to immune stimulating agents, which possibly explains their impaired 

growth potential compared to healthy animals. Indeed, Williams et al. (1997ab) and Le Floc’h et 

al. (2009) exposed pigs to challenge models which triggered sub-clinical levels of disease and 

reported a reduction in lean tissue deposition and feed efficiency of around 20-30% and 10-20%, 

respectively. More recently, Jayaraman et al. (2015, 2017) showed that growing pigs housed in 

suboptimal conditions (i.e., facilities not cleaned and disinfected from the previous batch of pigs) 

had a reduction of around 20% and 25% in weight gain and feed intake, respectively, compared to 

pigs housed in a clean room that had been cleaned and disinfected from the previous batch, and 

that was cleaned once weekly.  

According to Reeds et al. (1994), the reduction in growth observed in immune stimulated 

individuals is explained by altered nutrient utilization and metabolism, where nutrients from body 

reserves are redirected towards the support of the immune system during, for example, pathogen 
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exposure. This redirection is primarily orchestrated by the release of pro-inflammatory cytokines 

mainly secreted from Th1 cells, CD4+ cells, macrophages, and dendritic cells. Cytokines have a 

direct effect on several tissues (e.g., liver, brain, muscle, and fat) resulting in depressed voluntary 

feed intake, growth, and muscle protein synthesis, increased muscle wasting, fever, negative 

nutrient balance, and lethargy (Dionissopoulos et al., 2006). This was clearly demonstrated by 

Dionissopoulos et al. (2006), who showed that sick pigs infused with an interleukin-1 receptor 

antagonist performed similarly and had plasma cytokines concentration comparable to healthy 

pigs. Even considering that, after immune system stimulation, there is a significant proportion of 

the reduced growth performance associated with decreased feed intake, there is also a notable 

decrease in nutrient utilization efficiency, as previously stated (Pastorelli et al., 2012; Rodrigues et 

al., 2021a). According to Kim et al. (2012a), in pigs under enteric disturbances, the losses 

associated with reduced intestinal barrier and digestive function, as well as increased mucin 

production will further aggravate the impairment in nutrient availability. Recently, Rodrigues et al. 

(2021) gathered data from multiple studies investigating the effects of immune stimulating agents 

(i.e., enteric and respiratory pathogen challenge, environmental stressor, LPS, or deterioration in 

sanitary condition) and stratified the reduction in growth performance between the depression in 

feed intake and the increase in maintenance nutrient requirements. The authors showed that, in LPS 

and enteric challenged pigs, the reduction in performance was equally associated with decreased 

feed intake and alterations in maintenance requirements. On the other hand, for pigs exposed to 

respiratory pathogens or suboptimal housing conditions, the change in maintenance requirements 

seemed to play a major role in performance response. Finally, in environmentally challenged pigs, 

the impaired performance was associated with decreased feed intake (i.e., altered feed efficiency). 

These findings indicate that challenge models will differentially reduce performance (e.g., 

decreased nutrient utilization, altered feed intake pattern) and this must be considered when 

designing nutritional strategies for immune stimulated pigs. Moreover, it should be noted that, in 

commercial herds, various sources of immune stimulation are present concomitantly, which may 

require a multifactorial approach to maintain reasonable pig performance. Indeed, Pluske et al. 

(2018) discussed different strategies which when combined may support the manipulation of the 

immune system to optimize performance in pigs, including combating the presence of immune 

stimulating agents (e.g., pathogens), breeding for robustness, preventing overt immune response 

for specific conditions, and maintaining adequate strategies for disease control while monitoring 
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performance. The growing pressure and need for more sustainable pig production will inevitably 

encompass a reduced reliance on in-feed antibiotics, which have a negative effect from a human 

health perspective, and an increased concern for the environment (Marquardt and Li, 2018). 

Manipulations to dietary macronutrients including dietary protein and AA may not only decrease 

the environmental nutrient load associated with pig production, but may also support a robust 

immune system and help pigs succeed in intensive, challenging commercial operations. Moreover, 

in the future, the determination of nutrient requirements to support an operant immune system will 

largely rely on estimations of changes in nutrient metabolism after pathogen exposure, and to which 

extent are weight gain and feed intake impacted. 

 

 
Figure 2.2. Partitioning of the reduction in growth in challenged and non-challenged pigs exposed 

to enteric (ENT) or respiratory (RES) pathogen, environmental (ENV), lipopolysaccharide (LPS), 

or sanitary condition (SAN) challenge, stratified in component associated with feed efficiency and 

component associated with maintenance requirement (adapted and modified from Rodrigues et al. 

(2021)). 
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2.4 What is the link between gastrointestinal health and overall immunity? 

 

The porcine gastrointestinal tract must perform several vital roles concomitantly, including 

maintaining the balance between pathogenic and commensal microorganisms, digesting, and 

absorbing dietary nutrients effectively, and acting as a signal organ for the overall regulation of the 

immune system. However, it is important to acknowledge that since the epithelial architecture is 

in constant renewal and that animals are exposed to a variety of external stressors (which impacts 

gut dynamics), the gut environment is highly dynamic and even relatively unstable (Gagliardi et 

al., 2018). On the other hand, early (e.g., around weaning) achievement of a balanced gut 

ecosystem, generally characterized by microbial composition, is pivotal for adequate organ 

development and long-term pig health (Trevisi et al., 2021). Indeed, piglets with a more diverse 

gut microbiota in early-life have been shown to have lower susceptibility to post-weaning diarrhea, 

which supports the overall health promoting effect through gut microbiota (Dou et al., 2017).  

There has been enormous interest in defining gut health for animals and human subjects, 

despite the lack of consensus regarding its meaning and etiology. For example, Kogut and 

Arsenault (2016) defined gut health as the ‘absence/prevention/avoidance of disease so that the 

animal is able to perform its physiological functions in order to withstand exogenous and 

endogenous stressors’. Similarly, Pluske et al. (2018) provided a more generalized definition for 

the term, as ‘a generalized condition of homeostasis in the gut, with respect to its overall structure 

and function’. Moreover, Celi et al. (2017) further incorporated diet, the structural and functional 

properties of gut barrier, and the interaction between host and microbiome into the pillars which 

characterize gut health. Finally, from a human health perspective, Bischoff (2011) defined gut 

health as ‘a state of physical and mental well-being in the absence of GI (gastrointestinal) 

complaints that require the consultation of a doctor, in the absence of indications of or risks for 

bowel disease and in the absence of confirmed bowel disease’. Overall, Bischoff (2011) elected 5 

main criteria which must be accounted for when defining gut health, being: 1) optimal digestion 

and absorption of nutrients, 2) absence of gastrointestinal disease, 3) diverse and stable intestinal 

microbiome, 4) operant immune system, and 5) status of well-being. Recently, evaluation of gut 

health parameters in pigs has been addressed in the presence of pathogens (e.g., Salmonella, 

enterotoxigenic E. coli (ETEC), Brachyspira) that trigger clinical or subclinical disease, and 
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mortality in commercial operations (Helm et al., 2020; Wellington et al., 2020; Li et al., 2019). 

However, it is important to consider that even in a presumably healthy state (e.g., absence of 

gastrointestinal disease) there are additional stressful situations that may compromise proper gut 

development and function. For example, it is well accepted that the weaning process triggers a 

marked reduction in voluntary feed intake that decreases nutrient availability for the developing 

gut, aggravating transition to solid feed intake (Dong and Pluske, 2007). Indeed, the functional and 

structural changes to the gastrointestinal tract observed in the immediate post-weaning period are 

accompanied by a damaged villous-crypt architecture (Spreeuwenberg et al., 2001; Pié et al., 2004), 

impaired gut barrier function (Camilleri et al., 2012; Moeser et al., 2017), and disrupted microbial 

composition (Fouhse et al., 2016; Gresse et al., 2017).  

The gut is a highly selective barrier primarily composed by a single layer of epithelial cells 

which isolates the lumen from the underlying tissues, mainly through the expression of 

transmembrane protein networks and the intestinal mucous layer (Wells et al., 2011). Among these, 

desmosomes, adherens junctions and tight junctions (i.e. occludin, claudins, junctional adhesion 

molecules) are the major regulators of transcellular and paracellular nutrient transport from the 

intestinal lumen, and of prevention of pathogen invasion and translocation (Groschwitz and Hogan, 

2009). Discussed in more detail below, the production of mucins by goblet cells and the presence 

of transmembrane mucins at the apical membrane of the enterocyte are pivotal for the adequate 

maintenance of gut barrier function (Dharmani et al., 2009). This is considered the first component 

of gut barrier function, characterized by a mucin layer anchored to a gel-forming unit between 

transmembrane mucins and secreted mucin. The resulting mucus layer is composed of a dense 

fraction adhered to the epithelium that is mainly responsible for preventing pathogen invasion and 

is rich in secreted defense proteins (i.e., antimicrobial peptides and secretory IgA), and a loosely 

adhered, outer layer (Hooper, 2009; Broom and Kogut, 2018). Several studies have shown 

increased mucin production in animals subjected to disease challenge, suggesting its role in 

supporting the gut (Faure et al., 2007; Dharmani et al., 2009; Wellington et al., 2020). Finally, 

peristalsis is known to support pathogen removal, further potentiating the mucus layer action in 

preventing the contact between luminal treats and underlying epithelium (Johansson et al., 2011; 

Faderl et al., 2015).  

In addition to the physical barrier role of the gut, this organ possesses the apparatus for 

identification of microbe-associated molecular patterns (MAMP), which are specific chemical 
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structures (e.g., LPS, flagellin) present in bacterial, viral, and fungal particles but absent in 

mammalian cells, allowing for an effective identification of potential pathogens (Medzhitov, 

2007). In the gut, for example, this is made possible by the presence of Pattern Recognition 

Receptors (PRR) on epithelial cells that stimulate inflammatory cytokines and/or viral defense 

mediators in response to recognition of MAMPs. The cytokines and mediators of the immune 

system then activate a local and, in some situations, systemic inflammatory response leading to 

fever, prostration, synthesis of acute-phase proteins (e.g., haptoglobin, C-reactive protein, 

albumin), leukocyte proliferation, higher blood flow, and infiltration of immune cells to the site of 

recognition (Medzhitov, 2007). Alongside antigen recognition and incitation of inflammatory 

response, immune cells (e.g., macrophages and dendritic cells) perform the crucial role of antigen-

presenting cells (APC) which activate T and B cell populations leading to increased production of 

antigen (pathogen)-specific cytotoxic T cells and immunoglobulins (Goerdt and Orfanos, 1999). 

Activated B and T cells may become memory cells, which remain circulating in affected tissues 

after resolution and pathogen clearance and usually produce a more effective and accelerated 

response when the animal is subsequently exposed to the same antigen (O’Leary et al., 2006). 

 

2.5 The modulation of gastrointestinal environment by dietary protein content and source 

 

Fermentation of protein in the gastrointestinal tract generates different compounds 

including branched-chain fatty acids (BCFA), ammonia, phenolic and indolic compounds, 

biogenic amines, hydrogen sulfide, and nitric oxide (NO). These metabolites can have a significant 

negative impact on gut health of pigs, poultry, and humans (Gilbert et al., 2018). The distal parts 

of the gastrointestinal tract, specifically the cecum and colon, harbour a very diverse, dense 

microbiota with high activity in pigs (Allison et al., 1979; Jensen and Jørgensen, 1994; Jensen and 

Jørgensen, 1994), and the proliferation of pathogenic bacteria may be suppressed by manipulating 

(reducing) the amount of fermentable substrates reaching the large intestine (Htoo et al., 2007). 

Feeding pigs HP diets, particularly in the immediate post-weaning period, has been shown to 

increase the production of toxic compounds of fermentation, which may damage the intestinal 

mucosa (Visek, 1984; Rist et al., 2013), leading to epithelial atrophy (Lin and Visek, 1991) and 

predispose pigs to enteric pathogens (Heo et al., 2010a; Pollock et al., 2019). Indeed, pigs fed HP 

diets have poorer fecal scores (Pieper et al., 2016) that may be a consequence of increased 
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proliferation of enteric pathogens (Heo et al., 2009; Heo et al., 2015). Collectively, there is a 

marked contribution of plant fermentable protein sources to the occurrence of postweaning diarrhea 

in pigs, attributed to the overt production of fermentation metabolites, and discussed in detail 

below.  

Among the different metabolites, ammonia is the most studied, and with the most notable 

negative effects for the gastrointestinal tract. Produced by either deamination of AA (Smith and 

Macfarlane, 1997) or hydrolysis of urea (Moran and Jackson, 1990), ammonia is commonly 

increased in fecal contents when HP diets are fed (Cummings et al., 1979; Geypens et al., 1997; 

Heo et al., 2008). In piglets, an increased protein intake has been shown to elevate ammonia 

concentrations in different segments of the gastrointestinal tract (Bikker et al., 2006; Nyachoti et 

al., 2006; Heo et al., 2010b). However, feeding HP diets may differentially affect ammonia 

concentration measured in different segments. For example, pigs fed 25.6 % dietary protein had 

ammonia concentration of 12.1 mM in the distal colon at 3 weeks after weaning (Pieper et al., 

2014), while pigs fed 24.9 % dietary protein had ammonia concentration of 21.0 mM in the mid-

colon at 1 week after weaning (Bikker et al., 2006). Phenolic and indolic compounds are the major 

products of aromatic AA (AAA; i.e., tyrosine, tryptophan, and phenylalanine) fermentation (Smith 

and Macfarlane, 1997). Specifically, Trp fermentation generates indole and skatole (Windey et al., 

2012). In HP-fed piglets, the indole concentration in the distal colon was increased (Pieper et al., 

2014). Interestingly, beneficial effects have been attributed to indole production, particularly in the 

colon, as Bansal et al. (2010) exposed intestinal epithelial colonic cells to indolic compounds and 

reported increased transepithelial resistance and expression of genes associated with strengthening 

the mucosal barrier. On the other hand, phenolic compounds, the products of Tyrosine (Tyr) 

fermentation (Windey et al., 2012), have been shown to decrease gastrointestinal health, by 

reducing cell viability in colonic epithelial cells and decreasing transepithelial resistance and 

increasing permeability to mannitol in Caco-2 cells (Pedersen et al., 2002; Hughes et al., 2008). 

Similar to indolic, phenolic compounds concentration has also been shown to increase in the distal 

colon of piglets fed HP diets (Pieper et al., 2014). Of note, another important fermentation 

metabolite, which is derived from Tyr, is p-cresol (Windey et al., 2012), a phenolic compound with 

increased concentration in digesta of HP-fed piglets (Pieper et al., 2014) and feces of HP-fed rats 

(Toden et al., 2006). Colonic microbiota protein fermentation also produces polyamines as 

metabolites, which include putrescine, spermidine, and spermine (Larqué et al., 2007). Polyamines 
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have been generally associated with positive effects on intestinal mucosal development (Löser et 

al., 1999), and intestinal absorption capacity in calves and piglets (Grant et al., 1989; Grant et al., 

1990). On the other hand, bacterial putrescine may be detrimental to gut health, by decreasing 

monocarboxylate transporter 1 expression in colonic tissue of piglets (Tudela et al., 2015). This 

suggests that putrescine may downregulate the expression of this butyrate transporter, therefore 

suppressing energy availability to the colonocytes. Interestingly, putrescine and spermidine 

concentrations were increased in the proximal colon of piglets fed a HP diet (Pieper et al., 2012).  

Overall, the reduction of dietary protein content with adequate provision of essential AA to 

meet requirements for growth (van Milgen and Dourmad, 2015) is a possible nutritional strategy 

to improve gastrointestinal health (Fan et al., 2017) and suppress the replication of enteric 

pathogens (Kim et al., 2011) and consequent post-weaning diarrhea in diseased (Heo et al., 2009) 

and healthy (Heo et al., 2008) pigs. However, it should be highlighted that plant fermentable protein 

sources, rather than animal protein sources, seem to be more detrimental to growth performance, 

nutrient digestibility and gut development in pigs (Makkink et al., 1994; Yun et al., 2005; Jones et 

al., 2010). Finally, as above-mentioned, specific metabolites from protein fermentation have roles 

on gut physiology and are only detrimental under specific conditions, for example, when HP diets 

are fed. 

 

2.6 Amino acids: the duality in being sources for body protein deposition and the immune 

system 

 

There is a significant redirection of AA towards the immune system at the expense of 

growth, which characterizes the altered protein and AA metabolism and utilization during or after 

any traumatic state (Reeds et al., 1994). Lean tissue gain and whole body development are further 

impaired by the reduction in feed intake commonly observed in animals exposed to immune-

stimulating agents, which decreases exogenous supply of AA (Quiniou et al., 1996; Reeds and 

Jahoor, 2001; Le Naou et al., 2012). Therefore, it is reasonable to infer that any subject exposed to 

overt stimulation of the immune system will experience a mobilization of endogenous AA sources, 

most commonly muscle tissue which contains the largest pool (Reeds et al., 1994). However, as 

clearly shown by Reeds et al. (1994), the accelerated production of proteins involved in immune 

defense (i.e., acute-phase proteins, immunoglobulins, and other critical components of the immune 
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response) requires a specific profile of AA that is markedly different from the profile of muscle 

protein, resulting in an inevitable disproportionate utilization of specific AA and aggravation of 

whole-body AA oxidation (Reeds et al., 1994; Klasing, 2007). Indeed, van der Meer et al. (2020) 

housed pigs in low or high sanitary conditions to mimic a chronic, low grade stimulation of the 

immune system and reported that deteriorating sanitary conditions reduced the incremental protein 

efficiency by 20% units. This finding demonstrates the considerable protein stores that must be 

mobilized to meet immune system requirements and the associated decreased efficiency for muscle 

protein deposition. For example, for every 1 g of acute-phase protein produced, there is the need 

of mobilization of 6 g of muscle protein to meet cysteine (Cys) requirements (Rakhshandeh and de 

Lange, 2011). Furthermore, in this scenario, the efficiency that AA are reutilized for muscle protein 

synthesis may be limited (Reeds and Jahoor, 2001), indicating that formulating diets to support the 

immune system must encompass either supplementation of AA above current requirements, altered 

AA profiles, or a combination of both. The end goal of these nutritional strategies is to maintain 

growth performance under situations of immune system stimulation and/or attenuate the above-

mentioned negative effects on body protein deposition. Among the AA, SAA, AAA, and Thr have 

received a lot of attention due to their particular role as precursors for synthesis of several 

components associated with the immune system (Reeds et al., 1994; Reeds and Jahoor, 2001; 

Klasing, 2007), discussed in detail below. More recently, this was confirmed by a series of studies 

showing an increased requirement for growth for Met and Cys (Litvak et al., 2013; Rakhshandeh 

et al., 2014), Trp (Le Floc’h et al., 2009; de Ridder et al., 2012), and Thr (Jayaraman et al., 2015; 

Wellington et al., 2018) in pigs subjected to immune system stimulation. The future of swine 

nutrition and health will encompass the determination of AA requirements for outcome variables 

beyond growth performance measures (i.e., average daily gain, feed efficiency). This shift will 

need to consider the functional roles of AA in supporting nutrition and health, including the 

maintenance of the intestinal mucosal barrier and the regulation of antioxidant defenses, among 

many others (Wu, 2013; Le Floc’h et al., 2018). It should be highlighted that while growth 

performance measures may not be altered following supplementation of AA, immune status, 

gastrointestinal health and overall robustness may be improved (Klasing, 1988; Defa et al., 1999; 

Wang et al., 2006). The remainder of this chapter is dedicated to discussing the positive effects of 

SAA, AAA, and Thr in promoting pig health.  



17 
 

2.6.1 Sulfur amino acids (SAA): potent regulators of antioxidant capacity 
 

The 4 amino acids classified as SAA are Met, Cys, homocysteine, and taurine but only Met 

and Cys are incorporated into proteins. There is consistent evidence showing how the metabolism 

of Met and Cys are intimately related in pigs (Shoveller et al., 2004; Lewis, 2009) and also the 

intrinsic role of SAA in maintaining adequate immune response at organ, non-specific, humoral, 

and cellular levels. Specifically, Met is directly involved in cell proliferation acting as a methyl 

donor (particularly immune cells) and as a substrate to produce polyamines, choline, carnitine, and 

acute-phase proteins (Hunter and Grimble, 1994; Lu, 2000; Métayer et al., 2008). Moreover, 

adequate Met intake has been shown to be critical for optimal small intestinal protein synthesis and 

mucosal integrity in postweaning piglets (Chen et al., 2014a) as well as to regulate redox 

homeostasis, irreversible modifications in protein structure, and the negative effects of 

pathogenesis, and the aging process (Oien and Moskovitz, 2007).  

The most notable role of Met and Cys associated with immune system stimulation is serving 

as a substrate to produce glutathione and taurine, which are major cellular antioxidants involved in 

the prevention of irreversible protein damaging process during pathogenesis (Wu et al., 2004; Oien 

and Moskovitz, 2007; Wang et al., 2009). Furthermore, both glutathione and taurine maintain gut 

barrier functioning and the production of acute-phase proteins by increasing cell proliferation, 

another critical component for the maintenance of an operant immune response (Redmond et al., 

1998; Wu et al., 2004). Collectively, it is reasonable to infer that immune system stimulation will 

increase the demands for glutathione production, which will, in turn, increase the requirements for 

SAA in pigs (Rakhshandeh et al., 2010a; Litvak et al., 2013). This is exemplified by increased Cys 

flux and catabolism with higher glutathione synthesis in rats subjected to septic shock (Malmezat 

et al., 2000b). Interestingly, previous studies have shown that the gastrointestinal tract possesses 

the apparatus to successfully recover Met from homocysteine (transmethylation) and interconvert 

Cys and homocysteine (transsulfuration) (Mudd et al., 1965; Finkelstein, 2000). For example, 

Riedijk et al. (2007) showed that the gut accounts for approximately 1/4 of whole-body 

transsulfuration, mostly associated with the utilization of Met for Cys synthesis. Therefore, in a 

healthy state, Met pool is likely preserved for protein synthesis, while, in a diseased state, there is 

an expected higher Met transsulfuration to support increased Cys demand for glutathione 

production (Malmezat et al., 2000b; Vitvitsky et al., 2003). 
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It has been demonstrated by Rakhshandeh et al. (2010) that immune system stimulation 

redirects SAA to non-protein pools (e.g., glutathione) that was exemplified by a reduced 

nitrogen:sulfur-balance. In a subsequent study, the authors showed an increased maintenance 

requirement for SAA following immune system stimulation, despite a lack of effect on the 

efficiency of utilization of SAA for whole-body protein deposition (Rakhshandeh et al., 2014). 

Indeed, different challenge models, including bacterial LPS (Kim et al., 2012b), enteric infection 

(Capozzalo et al., 2017b; Capozzalo et al., 2017a), and deterioration of sanitary condition (van der 

Meer et al., 2016; Kahindi et al., 2017) have been shown to increase requirements for Met and Cys. 

It should be noted that the higher demand for SAA is mostly associated with an increased 

requirement of Met, as demonstrated by immune system stimulation dramatically demanding more 

Met, despite no difference in Met to total SAA ratio (i.e., Met:Met+Cys) (Litvak et al., 2013). This 

is supported by higher rates of transmethylation and transsulfuration following immune system 

stimulation (Yu et al., 1993; Malmezat et al., 2000b). Indeed, Cys availability for glutathione and 

acute-phase proteins production is suppressed, considering the high instability of Met, which 

promptly oxidizes to Cys (Anderson and Meister, 1987; Hunter and Grimble, 1994). Thus, the 

provision of Met following immune system incitation is presumably sufficient to support the higher 

demands for SAA.  

 

2.6.2 Aromatic amino acids (AAA): beyond acute-phase protein synthesis 
 

Aromatic AA (AAA), which have a common side group with an aromatic ring structure, 

are comprised of: Trp, phenylalanine (Phe), and Tyr. Aromatic AA constitute less than 10% of 

proteins, with Trp being the rarest and largest of the 20 different AA in proteins (Boutet et al., 

2016). As previously described for Met, different acute-phase proteins including C-reactive 

protein, haptoglobin, and amyloid A have a high AAA content (i.e., Phe, Tyr, and Trp), which 

points to their dramatic contribution during disease or traumatic state. Alongside its role in acute-

phase proteins production, Trp is particularly involved in the regulation of appetite. This is most 

likely explained by either 1) Trp being one of the precursors for the synthesis of serotonin, which 

regulates stress response and voluntary feed intake, or 2) Trp modulating insulin sensitivity and 

ghrelin secretion (Le Floc’h and Seve, 2007). Indeed, supplemental Trp reduced the severity of 

immune system stimulation in pigs through improvements in feed intake (Capozzalo et al., 2015). 
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During inflammation, pigs (Lindberg and Clowes, 1981; Melchior et al., 2004), mice (Saito et al., 

1992), and human subjects (Pfefferkorn, 1984; Brown et al., 1991) experience decreases in plasma 

Trp concentration. This may be associated with the previously mentioned higher demand for 

incorporation into acute-phase proteins, and/or to a higher Trp catabolism (Floc’h et al., 2012). 

Indeed, during immune system stimulation, the requirements for Trp are increased by +7% (de 

Ridder et al., 2012). This is in agreement with a 4% increase in Trp:Lys requirement in pigs housed 

in low compared to pigs housed in high sanitary conditions (Balachandar Jayaraman et al., 2017), 

which was confirmed by an improved growth performance with greater Trp intake in pigs under 

deterioration of sanitary condition (Le Floc’h et al., 2009; Capozzalo et al., 2015). Trevisi et al. 

(2009) and Capozzalo et al. (2015) also reported improvements in growth performance in enteric-

challenged pigs fed additional dietary Trp.  

Notably, Trp is one of the precursors for the production of kynurenine, a Trp metabolite 

which binds to the aryl hydrocarbon receptor (AHR) in several immune cell types, leading to 

immune suppression (Kötzner et al., 2020). Specifically, Trp upregulates indoleamine 2,3-

dioxygenase (IDO) (Popov and Schultze, 2008), a rate-limiting enzyme for the catabolism of Trp 

to kynurenine, which is induced by interferon-γ (MacKenzie et al., 1998) and by inflammation in 

pigs (Melchior et al., 2005; Le Floc’h et al., 2008). Subsequently, kynurenine is utilized as a 

substrate for the production of different metabolites including quinolinic acid, niacin, and 

nicotinamide (Floc’h et al., 2012). Interestingly, Trp is also a precursor for melatonin synthesis, 

which possesses antioxidant roles in a joint action with two end-products of the kynurenine 

pathway, 3-hydroxyanthranilic acid and 3-hydroxykynurenine (Christen et al., 1990; Goda et al., 

1999; Le Floc’h and Seve, 2007).  

Recently, an excellent review by Gao et al. (2020) discussed the direct and indirect 

influence of the gut microbiota on the host Trp metabolism. Indeed, while the majority of ingested 

Trp is absorbed in the small intestine, the amount reaching distal parts of the gut may be degraded 

by different communities of commensal microbes (Kałużna-Czaplińska et al., 2019). For example, 

commensal bacteria harbor Trp decarboxylases which are able to degrade Trp and generate 

tryptamine, a monoamine structurally similar to serotonin (Agus et al., 2018). This is demonstrated 

by reduced tryptamine in the gut (Marcobal et al., 2013) and increased blood Trp (Clarke et al., 

2013) in germ-free compared to conventional mice, indicating a clear modulation of 

gastrointestinal Trp degradation by the microbiota. There is also potential for a microbially-
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mediated formation of indole compounds from Trp, since several Gram-negative and Gram-

positive bacterial species (i.e., Escherichia coli, Clostridium sp., and Bacteroides sp. have the 

enzyme tryptophanase (TnaA) (Smith and Macfarlane, 1996; Lee and Lee, 2010; Agus et al., 

2018).  Interestingly, Messori et al. (2013) investigated the intestinal bacterial diversity in healthy 

piglets differing in susceptibility to ETEC and fed increasing dietary Trp content and reported that 

supplemental Trp partially reversed the decreased bacterial diversity in ETEC-susceptible pigs. 

Likewise, dietary Trp supplementation decreased abundances of Clostridium sensu stricto and 

Streptococcus, increased the abundances of Lactobacillus and Clostridium XI, and stimulated the 

production of secretory immunoglobulin A (sIgA) and porcine β-defensins 2 and 3 in the jejunum 

(Liang et al., 2019).   

 

2.6.3 Threonine (Thr): building blocks for the intestinal barrier 
 

Threonine (Thr), as for SAA and AAA, is highly incorporated into acute-phase proteins 

(i.e., fibrinogen, α1-acid glycoprotein, and α1-anti trypsin) among other immune molecules but is 

mainly associated with the immune response as a building block for intestinal mucins (Faure et al., 

2007; Munasinghe et al., 2017). Specifically, Thr along with serine (Ser), is highly incorporated 

into the central backbone of Mucin-2 (MUC2), a major, glycosylated glycoprotein constituent of 

intestinal mucus produced by goblet cells (Montagne et al., 2004). Interestingly, it has been 

estimated that approximately 16% of total AA in mucins is represented by Thr (Lien et al., 1997) 

and that Thr uptake is a limiting step for adequate mucin production, particularly in young pigs 

(Law et al., 2007). As recently reviewed by Tang et al. (2021), MUC2 performs the dual function 

of physical barrier and immune system regulation, directly interacting with gastrointestinal 

epithelium, microbes, and the host immune system to maintain adequate gut homeostasis. 

Moreover, not only mucin secretion but also goblet cell differentiation is dependent on dietary Thr 

content (Faure et al., 2005; Law et al., 2007). For example, supplementation of Thr, above 

requirements for growth, increased goblet cell density and upregulated MUC2 mRNA expression 

in laying hens and broilers (Azzam et al., 2012; Chen et al., 2017). Recently, Zhang et al. (2019) 

reported that dietary Thr modulated the expression of genes associated with the Notch-Hes1-Math1 

pathway, which affects goblet cell differentiation (Stanger et al., 2005) and may explain the 

increased MUC2 synthesis.  
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Research conducted in multiple species has shown that stressful conditions and intestinal 

disease markedly increase Thr intestinal requirement due to the higher demand for mucin 

production (Azzam et al., 2011; Star et al., 2012; Chen et al., 2018; Wellington et al., 2020), which 

suggests that inflammation will generally increase Thr requirement. Indeed, in pigs, suboptimal 

(0.37%) dietary Thr content significantly decreased the amount of intestinal mucin secreted 

compared to adequate Thr content (0.89%) (Wang et al., 2010). Likewise, adequate dietary Thr 

content sustained mucin synthesis, gut function, and integrity of nonspecific defenses of the gut 

wall in piglets (Law et al., 2007). This is consistent with improved intestinal morphology and 

immune status in Escherichia coli-challenged weaned piglets fed diets supplemented with Thr (Ren 

et al., 2014). 

In addition to its importance in maintaining gut integrity through supporting mucin 

synthesis, immunoglobulin has a high Thr content (Tenenhouse and Deutsch, 1966) which is 

consistent with enhanced serum IgG content in healthy (Cuaron et al., 1984; Hsu et al., 2001) and 

immune challenged pigs (Defa et al., 1999; Wang et al., 2006) fed diets with increased dietary Thr 

content. For example, Defa et al. (1999) fed increased dietary Thr content to growing pigs injected 

with either Bovine Serum Albumin (BSA) or Swine Fever Attenuated Vaccine (SFAV) and 

reported a linear increase not only in IgG concentration but also anti-BSA antibody with 

supplemental Thr. Interestingly, the Thr requirement to optimize immune status (i.e., plasma IgG 

concentration) was higher than the requirement for optimal growth performance in pigs (Defa et 

al., 1999; Wang et al., 2006). Furthermore, diets supplemented with Thr increased jejunal 

concetrations of IgG and interleukin-1β in ETEC-challenged pigs (Ren et al., 2014), as well as anti-

K88 IgA in ETEC-susceptible pigs (Trevisi et al., 2015). This is in line with findings from Mao et 

al. (2014) where 21 d-old piglets challenged with Pseudorabies live vaccine showed attenuated 

increase in serum interferon (IFN)-γ, and relative mRNA abundance of toll-like receptor (TLR) 3, 

7 and 9 when fed diets supplemented with Thr. More recently, Wellington et al. (2018) reported 

that protein deposition increased linearly as dietary Thr content increased in pigs injected with LPS. 

The increased requirement for protein deposition in pigs under immune system stimulation is most 

likely attributed to an increased maintenance Thr requirement rather than to a decreased Thr 

utilization efficiency for whole-body protein synthesis (X. Wang et al., 2007; McGilvray et al., 

2019). Nonetheless, different studies which subjected pigs to deterioration of sanitary conditions 

(Jayaraman et al., 2015), Salmonella Typhimurium (Wellington et al., 2019) or ETEC (Trevisi et 
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al., 2015), reported that Thr supplementation above requirements for growth was effective in 

improving growth performance.  

In summary, there is clear evidence showing altered nutrient, particularly AA, metabolism 

in pigs under stimulation of the immune system. In several situations, including enteric pathogen 

challenge and systemic infections, the reduced feed intake may further aggravate exogenous supply 

of nutrients. Recently, functional roles of AA, especially Thr, Met, and Trp in maintaining gut 

barrier integrity and functionality, attenuating oxidative stress, and serving as substrates for 

immune molecules have been investigated and indicate that diet formulation for diseased pigs will 

need to consider altered AA inclusion, profile, or a combination of both.  
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CHAPTER 3 

RESEARCH RATIONALE HYPOTHESES AND OBJECTIVES 
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3.1 Research Rationale 

 

The weaning process exposes piglets to a variety of challenges, including an abrupt switch 

from a milk-based to a cereal-based diet, mixing with unfamiliar pigs, and environmental changes 

(McCracken et al., 1995; Puppe et al., 1997; D’Eath, 2005). Combined, those challenges may result 

in gastrointestinal health disturbances and aggravate predisposition to pathogens and stressors (Jha 

and Berrocoso, 2016). Exposure to enteric pathogens post-weaning, including Salmonella and 

Escherichia coli, exerts a clear negative effect on the gastrointestinal architecture and growth 

performance of piglets, which further deteriorates the weaning scenario (Heo et al., 2009; Boyer et 

al., 2015). The weaning transition may be attenuated by feeding high quality diets (i.e. with higher 

inclusion of AB sources) and/or by reducing the dietary protein content. Studies have demonstrated 

that complex AB diets fed post-weaning improved gastrointestinal development and attenuated an 

overt immune response in piglets (van Dijk et al., 2001; Yun et al., 2005; Jones et al., 2010). 

Likewise, feeding LP diets with appropriate supplementation of essential AA to meet requirements 

for growth (van Milgen and Dourmad, 2015) has been shown to support gastrointestinal health 

(Fan et al., 2017), decrease predisposition to enteric disturbances (Kim et al., 2011) , and attenuate 

post-weaning diarrhea in healthy (Heo et al., 2008) and enteric challenged pigs (Heo et al., 2009). 

However, when the immune system is stimulated (e.g., enteric disease challenge) it is expected that 

nutrients will be redistributed from growth towards the support of the immune system (Reeds et 

al., 1994; Reeds and Jahoor, 2001). In this sense, the requirements of individual AA, including Met 

(Litvak et al., 2013), Thr (Wellington et al., 2018), and Trp (de Ridder et al., 2012), are increased 

in pig subjected to immune system stimulation. This will inevitably result in AA imbalance and 

disproportionate use of specific AA to support the immune system, leading to higher whole-body 

AA catabolism and decreased body protein growth (Reeds et al., 1994; Klasing, 2007). However, 

studies focusing on the combined effects of different AA, and the interactive effects with diet 

composition are lacking. Recently, the non-proteinogenic effects of AA, generally characterized as 

functional roles, particularly associated with the maintenance of intestinal mucosal barrier, 

regulation of antioxidant defenses, and synthesis of immune molecules have been highly discussed 

in pigs (Wu, 2010; Wu, 2013; Le Floc’h et al., 2018), suggesting that their supplementation may 

enhance animal robustness. Moreover, AA supplementation may support overall health of more 

susceptible categories such as LBW pigs, which are known to have delayed post-weaning gut 
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maturation (Michiels et al., 2013), impaired gut barrier function (Tao et al., 2019), and slowed 

gastrointestinal development (Rodrigues et al., 2020). Understanding the role that nutrition has in 

supporting overall health will be critical in the immediate future, primarily due to the increased 

effort to suppress in-feed antibiotic usage in livestock production. Moreover, sustainable swine 

production systems will largely rely on co-products in the future, which will directly impact diet 

nutrient composition. Therefore, the objectives of the studies presented in this thesis were to 

investigate the effects of FAA supplementation and adaptation period on the ability of pigs to cope 

with an enteric challenge model. Interactive effects between FAA supplementation and pig birth 

weight category, and dietary protein content and source were also evaluated.  

 

3.2 Research Hypotheses 

 

1. Supplementation with FAA will improve performance and immune status in pigs inoculated 

with ST and/or fed a HP diet (Chapter 4). 

2. A longer period of feeding FAA-supplemented diets to piglets would maximize the benefits 

on growth performance and immune status in ST-challenged pigs (Chapter 5). 

3. The positive effects of feeding FAA to ST-challenged pigs will be associated with increased 

IAP activity (Chapter 6). 

4. Low birth weight pigs will have increased susceptibility to ST challenge, which will be 

counteracted by the supplementation with FAA (Chapter 7). 

5. Removal of AB ingredients in nursery diets will impair gut development and decrease pig 

robustness, increasing susceptibility to ST challenge. Functional amino acid 

supplementation will improve animal response to ST challenge in pigs fed a PB nursery 

diet (Chapter 8). 

  

3.3 Research Objectives 

 

1. To determine whether supplementation with FAA will improve growth performance and 

immune status of ST-challenged weaned pigs and whether the effect of FAA is dependent 

on dietary protein content (Chapter 4). 
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2. To determine if adaptation period to the supplementation with FAA will impact growth 

performance and immune status of weaned pigs subsequently challenged with ST (Chapter 

5).  

3. To determine the effects of FAA supplementation and adaptation period on IAP activity in 

ST-challenged pigs (Chapter 6). 

4. To determine the effects of birth weight category on the susceptibility of pigs to ST 

challenge during the grower phase and how this is influenced by the supplementation with 

FAA during the nursery phase (Chapter 7). 

5. To determine the effects of nursery PB or AB diets supplemented or not with FAA on 

growth performance and immune status of weaned pigs subsequently challenged with ST 

(Chapter 8). 
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CHAPTER 4 

FUNCTIONAL AMINO ACID SUPPLEMENTATION, REGARDLESS OF DIETARY 

PROTEIN CONTENT, IMPROVES GROWTH PERFORMANCE AND IMMUNE 

STATUS OF WEANED PIGS CHALLENGED WITH SALMONELLA TYPHIMURIUM 

 

 

 

A modified version of this material presented here is published in the Journal of Animal Science, 

99 (2); 1-13; 2021. Copyright © 2021 Oxford University Press. 
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4.1 Abstract 

 

Increased dietary protein may increase susceptibility of weaned pigs to enteric pathogens. 

Dietary supplementation with functional amino acids (FAA) may improve growth performance of 

pigs during disease challenge. The objective of this study was to evaluate the interactive effects of 

dietary protein content and FAA supplementation above requirements for growth on performance 

and immune response of weaned pigs challenged with Salmonella. Sixty-four mixed-sex weanling 

pigs (13.9 ± 0.82 kg) were randomly assigned to dietary treatments in a 2 × 2 factorial arrangement 

with low (LP) or high protein (HP) content and basal (AA-) or functional amino acid profile (AA+; 

Thr, Met, and Trp at 120% of requirements) as factors. After a 7-d adaptation period, pigs were 

inoculated with either a sterile saline solution (CT) or saline solution containing Salmonella 

Typhimurium var. Copenhagen (ST; 3.3 x 109 CFU/mL). Growth performance, body temperature, 

fecal score, acute-phase proteins, oxidant/antioxidant balance, score for ST shedding in feces and 

intestinal colonization, fecal and digesta myeloperoxidase (MPO), and plasma urea nitrogen 

(PUN) were measured pre- and post-inoculation. There were no dietary effects on any measures 

pre-inoculation or post-CT inoculation (P > 0.05). Inoculation with ST increased body temperature 

and fecal score (P < 0.05), serum haptoglobin, plasma superoxide dismutase (SOD), 

malondialdehyde (MDA), PUN, and fecal MPO, and decreased serum albumin and plasma reduced 

glutathione (GSH):oxidized glutathione (GSSG) compared to CT pigs (P < 0.05). ST-inoculation 

reduced average daily gain (ADG) and feed intake (ADFI) vs. CT pigs (P < 0.05) but was increased 

by AA+ compared to AA- in ST pigs (P < 0.05). Serum albumin and GSH:GSSG were increased 

while haptoglobin and SOD were decreased in ST-inoculated pigs fed AA+ vs. AA- (P < 0.05). 

Plasma urea nitrogen was higher in HP vs. LP-fed pigs post-inoculation (P < 0.05). Score for ST 

shedding in feces was increased in ST-inoculated pigs on d 1 and 2 post-inoculation and declined 

by d 6 (P < 0.05) in all pigs while overall score for ST shedding in feces was reduced in AA+ vs. 

AA- pigs (P < 0.05). Counts of ST in cecal digesta were higher in HP vs. LP-fed pigs and ST counts 

in colon were lower in AA+ compared to AA- fed pigs (P < 0.05). Fecal and digesta MPO was 

reduced in ST pigs fed AA+ vs. AA- (P < 0.05). These results demonstrate a positive effect of FAA 

supplementation, with minimal effects of dietary protein, on performance and immune status in 

weaned pigs challenged with Salmonella. 
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4.2 Introduction 

 

The difference between growth potential and achieved performance in commercial herds is 

due to a number of factors, including heat stress (Pearce et al., 2013), stocking density (Fu et al., 

2016), feed characteristics (Boumans et al., 2015), and disease challenge (Pastorelli et al., 2012). 

The weaned piglet is particularly susceptible to a variety of challenges arising from an abrupt 

change from a milk-based to a cereal-based diet, potentially resulting in gastrointestinal health 

issues and exposure to immune and other stressors (Jha and Berrocoso, 2016). In particular, 

exposure to pathogens, such as Salmonella and E. coli, may potentiate the negative effects of 

weaning on growth performance and inflammatory response in the gastrointestinal tract (Heo et 

al., 2009; Boyer et al., 2015). In addition, high protein content in nursery diets may exacerbate 

these negative effects on piglet gastrointestinal health due to the potential for increased production 

of protein fermentation metabolites (e.g., sulfur compounds, N-nitroso compounds, ammonia, 

heterocyclic amines, organic acids) and increased proliferation of pathogenic bacteria (Htoo et al., 

2007; Heo et al., 2009). As a result, current recommendations are to feed reduced protein diets with 

sufficient supplementation of essential amino acids (AA) to meet requirements for growth (van 

Milgen and Dourmad, 2015). This has been shown to improve gastrointestinal health (Fan et al., 

2017) and reduce predisposition to enteric pathogens (Kim et al., 2011) as well as the incidence of 

post-weaning diarrhea in challenged (Heo et al., 2009) and unchallenged (Heo et al., 2008) pigs. 

It is well documented that during periods of immune stimulation (e.g., enteric disease 

challenge) there is a redistribution of nutrients from growth to immune system support (Reeds et 

al., 1994; Reeds and Jahoor, 2001). Under such situations, studies have shown that there is an 

increase in requirements of individual AA for growth, including Thr (Wellington et al., 2018), Met 

(Litvak et al., 2013), and Trp (de Ridder et al., 2012). More recently, ‘functional’ roles of AA in 

supporting the immune system, maintaining the intestinal mucosal barrier, regulating the 

antioxidant defense, and synthesizing immune molecules have received greater attention (Le 

Floc’h et al., 2018). It has been suggested, therefore, that supplementation with key functional AA 

(FAA) may mitigate the negative effects of stressors. It has previously been reported that both the 

dietary protein content and the supplementation of Met, Thr, and Trp modulate the immune status 

of grower pigs under poor sanitary conditions (van der Meer et al., 2016). It is not known whether 
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supplementation with FAA will improve growth performance, gut health, and immune status 

during the post-weaning period. 

The objective of the present study was to determine if supplementation of FAA will improve 

growth performance and immune status of Salmonella-challenged weaned pigs and whether the 

effect of FAA is dependent on dietary protein content. It was hypothesized that supplementation 

with FAA would improve performance and immune status in pigs inoculated with Salmonella 

and/or fed a high protein diet.  

 

4.3 Material and Methods 

 

The experimental protocol was approved by the University of Saskatchewan’s Animal 

Research Ethics Board (AUP #20190003) and followed the Canadian Council on Animal Care 

guidelines (CCAC, 2009). 

 

4.3.1 Animals, housing, and diets 
 

A total of 64 mixed-sex weanling pigs (Camborough Plus × C3378; PIC Canada Ltd.) of 

13.9 ± 0.82 kg initial body weight (BW) were obtained from the Prairie Swine Centre, Inc. 

(Saskatoon, SK) and transported to the Animal Care Unit of the Western College of Veterinary 

Medicine (Saskatoon, SK). The pigs were placed on trial in 2 blocks using 2 experimental rooms 

for each block. In each experimental room (25 °C ambient temperature), pigs were housed 

individually on solid floors lined with rubber mats. Pigs were randomly assigned to 1 of 8  

treatments in a 2 × 2 × 2 factorial arrangement in a randomized complete block design (n = 8 

pigs/treatment) for 14 d, which consisted of a 7 d adaptation period (no inoculation) and 7 d post-

inoculation period. Dietary treatments consisted of a low [LP; 16% crude protein (CP)] or high 

(HP; 20% CP) protein diet with either a basal (AA-) or functional (AA+) AA profile. Diets were 

corn- wheat- barley- soybean meal-based and were formulated using the reported nutrient content 

and analyzed AA content of ingredients to meet or exceed nutrient requirements for 11 to 25 kg 

pigs according to NRC (2012) and AMINODat 5.0 (Evonik, 2016) (Table 4.1 and 4.2). 
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The HP diets were formulated by partly replacing corn in the LP diet with soybean meal. 

The AA- profile met the standardized ileal digestible (SID) AA requirements according to NRC 

(2012) and the AA+ profile contained Thr, Met, and Trp at 120% of requirements. Pigs were fed 

ad libitum and had unrestricted access to water. 

 

4.3.2 Inoculation, rectal swab protocol, and fecal sampling 
 

On d 0 of the inoculation period (d 8 of the experiment), after being confirmed negative for 

the inoculated pathogen, half of the pigs (n = 32) were orally inoculated twice within 4 h, each time 

with 1 mL of sterile saline solution (n = 32; CT) or a solution containing 3.3 × 109 CFU/mL of  

Salmonella enterica subsp. enterica (S.) serovar Typhimurium var. Copenhagen (n = 32; ST)  

selected for antibiotic resistance to Nalidixic acid and Novobiocin (Nal+/ Nov+) (Pieper et al., 

2009; Wellington et al., 2019). In each block, all ST pigs and all CT pigs were housed in separate 

rooms and treatment/room was switched between blocks. On d 2 pre-inoculation and d 1, 2, 4, and 

6 post-inoculation, rectal swabs were obtained from individual pigs, diluted 1:10 in buffered 

peptone water (BPW), and cultured on brilliant green agar (BG agar) plates containing 30 μg/mL 

Nalidixic acid and 50 μg/mL Novobiocin (Nal+/ Nov+). Further, for pigs inoculated with ST, 1 

mL of the dilution was enriched in 4 mL of selenite-cysteine broth (30 μg/mL Nal+/50 μg/mL 

Nov+) and incubated overnight at 37 °C and later 200 μL was cultured on BG agar plates (30 

μg/mL Nal+/50 μg/mL Nov+). Colony counts were recorded on all plates after incubation for 24 h 

at 37 °C. A scoring system was used for each plate to assign fecal shedding scores (Wellington et 

al., 2019). Plates prepared from swabs with colony counts > 30 were given a score of 3. Plates 

positive for antibiotic-resistant ST but with colony counts < 30 were given a score of 2. A score of 

1 was assigned to swabs that were negative for antibiotic resistant ST after direct plating but 

positive after enrichment. Swabs negative for antibiotic resistant ST after direct plating and on 

enrichment were given a score of zero. On d 2 pre-inoculation and d 4 post-inoculation, fecal 

samples were obtained from individual pigs for analysis of myeloperoxidase (MPO) activity as a 

pro-inflammatory biomarker according to adapted methodology from Bloomer (2018). Briefly, 

fecal samples were stored at -80 °C, allowed to thaw and diluted (1:1) before centrifugation twice 

at 1,150 ×g for 10 min at 4 °C. For each sample, 750 μL of the resulting supernatant was transferred 

to 2 mL polypropylene microcentrifuge tubes and centrifuged again at 7,000 ×g for 10 min at room 
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temperature. The samples were then assayed for determination of MPO activity using a 

colorimetric assay kit according to the manufacturer’s instruction (ab105136; Abcam, Cambridge, 

MA). 

 

4.3.3 Growth performance 
 

Individual pig BW and feed intake was obtained on d -7, 0, and 7 of the study for calculation 

of pre- and post-inoculation average daily gain (ADG), average daily feed intake (ADFI), and 

gain:feed (G:F). 

 

4.3.4 Rectal temperature and fecal score 
 

Rectal temperature and fecal score were obtained from all pigs over a period of 7 d (d -1 

pre-inoculation and daily post-inoculation until d 6). Rectal temperatures were obtained using a 

digital thermometer (Life Brand, ON, Canada). A scoring system was used to assign fecal scores, 

with normal consistency feces given a score of 0, semisolid feces without blood given a score of 1, 

watery feces without blood given a score of 2, and blood-tinged feces given a score of 3. 

 

4.3.5 Blood sampling and analysis 
 

Blood samples were obtained at 0900 h from all pigs before inoculation (d 0) and on d 4 

and 7 post-inoculation via jugular vein puncture into 10 mL heparin coated vacutainer tubes (BD, 

Mississauga, ON, Canada) or tubes containing no additive. Blood samples collected into additive-

free tubes were allowed to clot. Serum and plasma were obtained by centrifugation at 2,500 ×g at 

4 °C for 15 min and stored at −20 °C for subsequent analysis. Serum albumin was analyzed by 

bromocresol green method using a Cobas C 311 (Roche Diagnostics, Laval, QC, Canada) 

according to Doumas et al. (1971). Serum haptoglobin was analyzed in the Animal Health 

Laboratory at the University of Guelph (Guelph, ON) on a Roche Cobas 6000 c501 analyzer 

according to the method described by Makimura and Suzuki (1982). Plasma content of superoxide 

dismutase (SOD, ab65354), malondialdehyde (MDA, ab118970), reduced glutathione:oxidized 

glutathione (GSH:GSSG, ab138881), and urea nitrogen (PUN, ab83362) were determined 

according to the manufacturer’s instructions (Abcam, Cambridge, MA) of the respective kits. 
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4.3.6 Digesta and tissue collection and analysis 
 

On d 7 post-inoculation, ST pigs (n = 32) were euthanized by penetrating captive bolt 

followed by exsanguination. Subsequently, mesenteric lymph nodes (MLN) and spleen were 

sampled under aseptic conditions into sterile tubes containing 20 mL BPW, weighed, and 

homogenized followed by plating of 200 μL of the dilution on Nal+/ Nov+ BG agar plates. Further, 

1 mL was diluted in 4 mL selenite-cysteine broth (Nal+/Nov+) for enrichment overnight at 37 °C 

with shaking, after which 200 μL was plated and incubated. Intestinal digesta samples (~1 g) were 

obtained from the ileum, cecum, and colon and each diluted in 4 mL BPW and kept at 4 °C. The 

digesta samples were serially diluted to 10–7 and 200 μL of each dilution was plated on BG agar 

(Nal+/Nov+) and cultured at 37 °C for 24 h after which colonies were counted on each plate, with 

colony counts of 30 to 300 used in the calculation of colony forming units per gram digesta 

(CFU/g). Digesta (ileum, cecum, and colon) MPO activity was measured using a colorimetric kit 

(ab105136, Abcam; Cambridge, MA) according to the same methodology described above for fecal 

samples. 

 

4.3.7 Statistical analysis 
 

Data were tested for normality using the UNIVARIATE procedure of SAS (version 9.4, 

SAS Institute Inc., Cary, NC) and the Shapiro-Wilk test and the studentized residual was used to 

identify outliers (>3 standard deviations from the mean). Outliers were identified and removed 

from the dataset of growth performance (n=2), ST quantification in intestinal contents (n=3), SOD 

(n=3), MDA (n=3), fecal (n=4) and digesta (n=2) MPO, and PUN (n=1) for final statistical analysis 

with removed data considered unrelated to experimental treatment. Data were analyzed using the 

MIXED procedure of SAS as a randomized complete block design (RCBD) with a 2 × 2 × 2 

factorial arrangement of treatments. The factors were a) dietary CP content (low vs. high), b) FAA 

supplementation (AA- vs. AA+), and c) challenge (CH) (CT vs. ST). Data including only ST pigs 

was analyzed as a RCBD with a 2 × 2 factorial arrangement with factors of dietary CP content and 

FAA supplementation. These factors and their interactions were included as fixed effects and block 

as a random effect variable. For data collected over time, day (pre- and post-inoculation) was 

included in the analysis as a repeated effect [i.e., acute-phase response, oxidant/antioxidant 

balance, and PUN (d 4 and 7 post-inoculation); Salmonella shedding score in feces (d 1, 2, 4, and 
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6 post-inoculation); and fecal MPO (d 4 post-inoculation)]. For digesta Salmonella quantification 

and MPO data, section of the intestine (ileum, cecum, and colon) was also included as a fixed 

effect. Differences between means were determined using the Tukey post-hoc test and considered 

significant at P < 0.05.  A trend towards significance was considered at P < 0.10. 

 

4.4 Results 

 

4.4.1 Rectal temperature and fecal score 
 

Rectal temperature and fecal score of CT and ST pigs is shown in Figure 4.1. Inoculation 

with ST increased rectal temperature within 24 h, which remained elevated for the duration of the 

study compared to the pre-inoculation measurement and temperature of CT pigs throughout the 

study (P < 0.05).  There was no effect of inoculation on rectal temperature of CT pigs (P > 0.10). 

Fecal score was negatively affected in ST pigs during the first 5 d post-inoculation (P < 0.05). 

There was no effect of inoculation in CT pigs (P > 0.10). There was no effect of dietary treatment 

on rectal temperature or fecal score in either CT or ST pigs (P > 0.10).  

 

4.4.2 Salmonella scoring for shedding in feces and colonization 
 

Pigs inoculated with saline (CT) remained negative for Salmonella throughout the study 

and ST pigs were negative prior to inoculation. Salmonella shedding score in feces in inoculated 

pigs was quantified on d 1, 2, 4, and 6 post-inoculation (Figure 4.2). Fecal ST shedding score was 

increased on d 1 and 2 post-inoculation and declined by d 6 regardless of dietary treatment (P < 

0.05). Pigs fed AA+ diets showed decreased overall ST shedding score in feces compared to AA- 

(P < 0.05). There was no effect of CP content on fecal ST score (P > 0.10). Table 4.3 shows ST 

quantification in ileum, cecum, and colon digesta of inoculated pigs. The ST counts in cecal digesta 

were increased in HP-fed pigs compared to LP-fed pigs and ST counts in colon were reduced in 

AA+ pigs compared to AA- pigs (P < 0.05). Ileal counts of ST were not affected by dietary 

treatment and there was no effect of section on quantification (P > 0.10). Figure 4.3 shows the 

presence of the inoculated ST in the MLN and spleen of inoculated pigs. There was no effect of 

dietary treatment on the presence of the inoculated ST in the spleen and MLN (P > 0.10). For 

spleen, the number of pigs showing score 0 was 6, 6, 4, and 4; score 1 was 0, 1, 1, and 1; and score 
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2 was 2, 1, 3, and 3 for LPAA-, LPAA+, HPAA-, and HPAA+ pigs, respectively. No pigs showed 

score 3 for spleen. For MLN, the number of pigs showing score 0 was 0, 1, 0, and 1; score 1 was 

4, 3, 3, and 1; score 2 was 2, 2, 2, and 5; and score 3 was 2, 2, 3, and 1 for LPAA-, LPAA+, HPAA-

, and HPAA+ pigs, respectively. 

 

4.4.3 Growth performance 
 

Growth performance data for pre- and post-inoculation is presented in Table 4.4. There 

were no dietary treatment effects on growth performance during the pre-inoculation period (P > 

0.10). There was no effect of FAA supplementation or CP content on post-inoculation performance 

of CT pigs (P > 0.10). Both ADG and ADFI were reduced post-inoculation in ST compared to CT 

pigs (P < 0.05). Salmonella-inoculated pigs fed AA+ diets had greater ADG (P < 0.05) and tended 

to have increased G:F compared to ST pigs fed AA- diets (P < 0.10). There was no effect of CP 

content and no significant interactive effect among dietary treatments on post-inoculation growth 

performance of ST pigs (P > 0.10).  
 

4.4.4 Blood parameters 
 

Serum indicators of acute-phase response (albumin and haptoglobin), plasma indicators of 

oxidant/antioxidant balance (SOD and MDA, GSH, GSSG, GSH:GSSG), and PUN are shown in 

Table 4.5 with probabilities corresponding to treatments effects shown in Table 4.6.  

Inoculation with ST reduced albumin (P < 0.05), which were increased by feeding the AA+ 

profile (P < 0.05). There was no effect of day on albumin for CT pigs (P > 0.10), while it was 

decreased in ST pigs on d 7 (P < 0.05). Inoculation with ST increased haptoglobin, which was 

reduced in pigs fed AA+ diets (P < 0.05). The ST pigs fed AA- diets showed the highest 

haptoglobin, CT pigs fed AA+ diets the lowest, and ST pigs fed AA+ and CT pigs fed AA- diets 

were intermediate (P < 0.05). Additionally, haptoglobin in ST pigs peaked at d 4 and returned to 

baseline at d 7 while CT pigs showed progressively decreasing haptoglobin from d 0 to 7 (P < 

0.05). No significant 3- or 4-way interactions for serum albumin and haptoglobin were observed 

(P > 0.10).  

The ST pigs showed increased overall SOD, which were decreased in pigs receiving the 

AA+ diet (P < 0.05). The ST pigs had higher SOD at d 4, returning to baseline at d 7 (P < 0.05). 
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Moreover, ST pigs fed AA+ diets had SOD comparable to CT pigs, regardless of FAA 

supplementation (P > 0.10), and these concentrations were all lower than in ST pigs fed AA- diets 

(P < 0.05). The ST pigs had increased overall MDA compared to CT pigs (P < 0.05) and had higher 

MDA at d 4 which had not decreased by d 7 (P < 0.05). Plasma GSH:GSSG was reduced by d 4 in 

ST compared to CT pigs, which remained lower at d 7, as a result of reduced plasma GSH and 

increased plasma GSSG (P < 0.05). Overall plasma GSH:GSSG was increased in pigs fed AA+ 

compared to AA- diets, mainly due to greater GSH (P < 0.05). There was an interaction between 

ST inoculation and CP content, such that feeding the HP diet increased PUN in the ST inoculated 

pigs only (P < 0.05).  

 

4.4.5 Fecal and digesta myeloperoxidase (MPO) 
 

Fecal MPO of pigs is shown in Figure 4.4. The ST inoculated pigs had greater fecal MPO 

(P < 0.05) compared to CT pigs. ST pigs had higher fecal MPO at d 4, returning to pre-inoculation 

at d 7 (P < 0.05). Myeloperoxidase of pigs inoculated with ST were also analyzed in digesta 

samples (Figure 4.5). Myeloperoxidase was highest in ileal, lowest in colonic, and intermediate in 

cecal digesta, regardless of dietary treatment (P < 0.05). Pigs fed AA+ diets showed reduced MPO 

in digesta compared to AA- regardless of section (P < 0.05). There was a trend for increased MPO 

in digesta samples of HP pigs compared to LP pigs, regardless of section (P < 0.10). 
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Table 4.1. Ingredient and nutrient composition of experimental diets (as-fed basis) 

 

 Low protein High protein 
Ingredients, % AA- AA+ AA- AA+ 
Corn 54.53 54.18 36.41 35.91 
Wheat 13.00 13.00 13.00 13.00 
Barley 17.50 17.50 17.50 17.50 
Soybean meal, 46% CP 7.50 7.50 26.50 26.50 
Canola oil - - 3.00 3.00 
L-Lys HCl1 1.13 1.13 0.55 0.55 
DL-Met1 0.33 0.48 0.17 0.31 
L-Trp1 0.10 0.15 - 0.05 
L-Thr1 0.42 0.57 - 0.31 
L-Arg1 0.55 0.55 - - 
L-Leu1 0.43 0.43 - - 
L-Iso1 0.32 0.32 - - 
L-Val1 0.33 0.33 0.02 0.02 
L-His1 0.18 0.18 - - 
L-Phe1 0.57 0.57 - - 
Salt 0.35 0.35 0.35 0.35 
Vitamin/Mineral Premix2 0.20 0.20 0.20 0.20 
Limestone 1.38 1.38 1.32 1.32 
Monocalcium phosphate 1.18 1.18 0.98 0.98 
Calculated nutrient content3     
DM, % 87.07 87.12 84.52 84.57 
CP, % 16.36 16.57 20.26 20.48 
ME, kcal/kg 3259 3264 3343 3347 
NE, kcal/kg 2510 2514 2507 2510 
SID Lys:CP, %:% 0.08 0.08 0.06 0.06 
Amino acids, % SID     
Arg 1.16 1.16 1.16 1.16 
His 0.45 0.45 0.45 0.45 
Ile 0.72 0.72 0.72 0.72 
Leu 1.40 1.40 1.40 1.40 
Lys 1.28 1.28 1.28 1.28 
Met+Cys 0.70 0.85 0.70 0.85 
Phe+Tyr 0.86 0.86 1.08 1.08 
Thr 0.76 0.91 0.76 0.91 
Trp 0.20 0.25 0.20 0.25 
Val 0.81 0.81 0.81 0.81 

AA-, Basal amino acid profile; AA+, Functional amino acid profile (Thr, Met, and Trp at 120% of 
requirements for growth); SID, Standardized ileal digestible.1L-Lys HCl, Archer Daniels Midland Company 
(Decatur IL, USA); DL-Met, Evonik Operations GmbH (Hanau-Wolfgang, Germany); L-Trp, L-Thr, and 
L-Val, Jefo Nutrition Inc. (Saint-Hyacinthe, QC, Canada); all other AA, ACP Chemicals, Inc. (St. Leonard, 
QC, Canada). 2Supplied per kg of complete diet: vitamin A, 6,000 IU; vitamin D, 9.3 mg; vitamin E, 35 IU; 
menadione, 2.5 mg; vitamin B12, 0.02 mg; thiamine, 1.00 mg; biotin, 0.10 mg; niacin, 20 mg; riboflavin, 4 
mg; pantothenate, 12 mg; folic acid, 0.50 mg; pyridoxine, 5.0 mg; Fe,75 mg; Zn, 75 mg; Mg, 20 mg;  Cu, 
10 mg; Se, 0.15 mg, and I, 0.50 mg. 3Nutrient content of diets based on estimated nutrient contents of 
ingredients according to NRC (2012) and analyzed AA content according to Evonik Operations GmbH.
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Table 4.2. Analyzed nutrient content of experimental diets (as-fed basis) 

 

 Low protein High protein 
Item, % AA- AA+ AA- AA+ 
Dry matter 88.5 89.1 88.8 88.9 
Crude protein 16.6 16.6 19.3 19.8 
Total amino acids1     
Arg 1.18 (1.21) 1.22 (1.21) 1.08 (1.24) 1.17 (1.24) 
His 0.49 (0.49) 0.49 (0.49) 0.45 (0.49) 0.48 (0.49) 
Ile 0.77 (0.77) 0.83 (0.77) 0.74 (0.81) 0.78 (0.81) 
Leu 1.53 (1.51) 1.44 (1.51) 1.40 (1.57) 1.47 (1.57) 
Lys 1.38 (1.36) 1.48 (1.36) 1.36 (1.41) 1.47 (1.41) 
Met+Cys 0.74 (0.76) 0.88 (0.90) 0.72 (0.79) 0.87 (0.93) 
Phe+Tyr 1.14 (1.51) 0.98 (1.51) 0.91 (1.57) 1.17 (1.57) 
Thr 0.87 (0.83) 0.98 (0.97) 0.83 (0.85) 0.99 (1.01) 
Trp 0.22 (0.22) 0.29 (0.27) 0.23 (0.23) 0.26 (0.28) 
Val 0.85 (0.88) 0.84 (0.88) 0.85 (0.92) 0.87 (0.92) 

AA-, Basal amino acid profile; AA+, Functional amino acid profile (Thr, Met, and Trp at 120% of 
requirements for growth). 
1Analyzed values of total amino acids with calculated values in parenthesis. 
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Table 4.3. Salmonella Typhimurium var. Copenhagen quantification in intestinal contents (Log10 CFU/g; d 7 post-inoculation) of 

Salmonella-inoculated pigs fed diets differing in functional amino acid and protein content1  

 
 Low protein  High protein  P-value2 
Item AA- AA+  AA- AA+ SEM CP AA 
Ileum 2.54 2.32  2.69 2.42 0.37 NS NS 
Cecum 2.30 2.17  2.75 2.81 0.24 0.03 NS 
Colon 2.87 2.01  2.36 2.15 0.24 NS 0.03 

AA-, Basal amino acid profile; AA+, Functional amino acid profile (Thr, Met, and Trp at 120% of requirements for growth); SEM, Standard error 
of the mean. 
1Values are least squares means; n=8 pigs/treatment. 
2CP, effect of crude protein content; AA, effect of amino acid profile. The interaction CP × AA was not statistically significant (NS) and there was 
no effect of section (ileum, cecum, colon) (P > 0.10). 
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Table 4.4. Pre- and post-inoculation growth performance of control (CT) and Salmonella-inoculated (ST) pigs fed diets differing in 

functional amino acid and protein content1 

 
 CT  ST  
 Low protein High protein  Low protein High protein  
Item AA- AA+ AA- AA+  AA- AA+ AA- AA+ SEM 
       Initial BW (d -7), kg 13.96 13.93 13.93 13.94  13.98 13.96 13.95 13.90 0.31 
       Inoculation BW (d 0), kg 16.92 17.33 17.08 17.18  17.14 17.15 17.18 17.22 0.97 
       Final BW (d 7), kg 20.92av 21.36ax 21.18av 21.24ax  19.22bv 20.36bx 19.28bv 20.40bx 1.31 
Pre-inoculation period (day -7-0)           
       Average daily gain, kg 0.423 0.486 0.450 0.463  0.451 0.456 0.461 0.474 0.05 
       Average daily feed intake, kg 0.580 0.602 0.563 0.636  0.614 0.646 0.632 0.648 0.05 
       Gain:Feed, kg/kg 0.72 0.80 0.79 0.72  0.73 0.70 0.73 0.73 0.10 
Post-inoculation period (day 0-7)           
       Average daily gain, kg 0.571a 0.576a 0.586a 0.580a  0.297bv 0.459bx 0.300bv 0.456bx 0.06 
       Average daily feed intake, kg 0.880a 0.906a 0.916a 0.936a  0.738b 0.673b 0.744b 0.686b 0.08 
       Gain:Feed, kg/kg 0.64 0.63 0.63 0.62  0.40y 0.68z 0.40y 0.66z 0.13 

AA-, Basal amino acid profile; AA+, Functional amino acid profile (Thr, Met, and Trp at 120% of requirements for growth); SEM, Standard error 
of the mean. 
1Values are least squares means; n=8 pigs/treatment. Main or interactive effects not presented were not statistically significant for any of the 
parameters measured.  
a,bMeans within a row with different superscripts differ (CT vs ST) (P < 0.05). 
v,xMeans within a row with different superscripts differ (AA- vs AA+) (P < 0.05). 
y,zMeans within a row with different superscripts tend to differ (AA- vs AA+) (P < 0.10). 
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Table 4.5. Pre- and post-inoculation blood parameters of control (CT) and Salmonella-inoculated (ST) pigs fed diets differing in functional 

amino acid and protein content1   

 
 CT  ST  
 Low protein High protein  Low protein High protein  
Item AA- AA+ AA- AA+  AA- AA+ AA- AA+ SEM 
Serum albumin, g/L           
       Pre-inoculation (d 0) 39.12 35.13 37.12 39.87  33.95 36.12 35.62 36.12 2.31 
       Post-inoculation (d 4) 37.12 37.75 36.12 39.75  37.52 37.00 33.12 37.62  
       Post-inoculation (d 7) 34.50 39.62 38.12 33.87  35.66 30.12 29.25 37.12  
Serum haptoglobin, g/L           
       Pre-inoculation (d 0) 1.95 1.83 1.95 1.75  1.71 1.58 1.64 1.78 0.33 
       Post-inoculation (d 4) 1.47 1.24 1.28 1.00  2.10 2.10 2.31 2.24  
       Post-inoculation (d 7) 1.25 0.73 1.23 0.88  1.57 0.89 1.55 1.22  
Plasma superoxide dismutase, mU/mL           
       Pre-inoculation (d 0) 53.9 52.6 52.0 53.5  49.8 49.2 51.4 53.8 2.51 
       Post-inoculation (d 4) 51.9 52.5 48.5 48.5  63.5 51.4 63.0 54.3  
       Post-inoculation (d 7) 54.0 53.0 53.1 51.6  60.7 50.5 60.5 50.4  
Plasma malondialdehyde, nmol/mL           
       Pre-inoculation (d 0) 0.67 0.54 0.51 0.48  0.51 0.63 0.55 0.65 0.20 
       Post-inoculation (d 4) 0.59 0.59 0.76 0.60  1.68 1.05 1.27 1.04  
       Post-inoculation (d 7) 0.52 0.40 0.62 0.63  1.13 0.87 1.13 0.98  
Reduced glutathione (GSH), μM           
       Pre-inoculation (d 0) 3.78 3.63 3.35 3.67  3.17 3.61 3.95 3.35 0.51 
       Post-inoculation (d 4) 3.09 4.75 2.54 4.22  1.95 2.35 2.18 2.58  
       Post-inoculation (d 7) 3.33 3.96 3.35 3.29  1.73 2.40 1.96 2.19  
Oxidized glutathione (GSSG), μM           
       Pre-inoculation (d 0) 1.34 1.62 1.90 1.73  1.99 1.63 1.25 1.84 0.34 
       Post-inoculation (d 4) 2.21 1.46 2.47 1.69  5.57 5.24 5.56 4.98  
       Post-inoculation (d 7) 1.71 1.52 1.75 1.82  4.85 4.32 4.82 4.64  
GSH:GSSG           
       Pre-inoculation (d 0) 2.82 2.24 1.76 2.12  1.59 2.21 3.16 1.82 0.81 
       Post-inoculation (d 4) 1.40 3.25 1.03 2.50  0.35 0.45 0.39 0.52  
       Post-inoculation (d 7) 1.95 2.61 1.91 1.81  0.36 0.56 0.41 0.47  
Plasma urea nitrogen, mmol/L           
       Pre-inoculation (d 0) 3.66 3.49 2.94 3.67  4.07 3.66 3.60 4.15 0.44 
       Post-inoculation (d 4) 3.70 3.33 3.51 3.28  3.58 3.63 4.79 5.41  
       Post-inoculation (d 7) 3.37 2.94 2.75 3.91  3.28 4.38 4.26 5.07  

AA-, Basal amino acid profile; AA+, Functional amino acid profile (Thr, Met, and Trp at 120% of requirements for growth); SEM, Standard error of the 
mean. 
1Values are least squares means; n=8 pigs/treatment. Probability values are presented in Table 6. 
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Table 4.6. Significance of main and interactive effects of challenge (CH), dietary crude protein (CP) content, amino acid (AA) profile, 

and day for pre- and post-inoculation blood parameters1  

 
Item CH AA CP Day CH × AA CH × CP AA × CP CH × Day AA × Day 
Serum albumin <0.01 NS NS NS 0.03 0.06 NS 0.03 NS 
Serum haptoglobin <0.01 0.04 NS <0.01 <0.01 NS NS <0.01 NS 
Plasma superoxide dismutase  <0.01 <0.01 NS NS <0.01 NS NS <0.01 0.06 
Plasma malondialdehyde  <0.01 NS NS <0.01 NS NS NS 0.01 NS 
Plasma urea nitrogen  <0.01 0.04 0.09 NS NS 0.01 0.06 NS NS 
Reduced glutathione (GSH) <0.01 0.02 NS <0.01 NS NS NS 0.04 NS 
Oxidized glutathione (GSSG) <0.01 0.09 NS <0.01 NS NS NS <0.01 NS 
GSH:GSSG  0.02 0.04 NS <0.01 NS NS NS 0.05 NS 

1Interactive effects not presented were not statistically significant for any of the parameters measured. 
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Figure 4.1. Rectal temperature and fecal score of pigs inoculated with saline (CT) or Salmonella 

Typhimurium var. Copenhagen (ST) (indicated by arrow). Normal consistency feces were given a 

score of 0, semisolid feces without blood were given a score of 1, watery feces without blood were 

given a score of 2 and blood-tinged feces were given a score of 3. Within days, points with different 

superscripts differ (P < 0.05). No significant (P > 0.10) effects of dietary treatments on rectal 

temperature and fecal score were observed. Values are least squares means; n=32 pigs/treatment.    
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Figure 4.2. Post-inoculation scoring for shedding in feces of Salmonella Typhimurium var. 

Copenhagen in pigs fed a basal (AA-) or functional amino acid profile (AA+; Thr, Met and Trp 

120% of requirements for growth). A score for shedding in feces of 3 was assigned to plates 

positive for the inoculated ST with counts > 30 and plates positive but with counts < 30 were given 

a score for shedding in feces of 2. A score for shedding in feces of 1 was assigned to plates that 

were only positive after enrichment and plates negative after enrichment were scored zero. 

Probability values corresponding to main effects of, and interactions among, dietary crude protein 

(CP) content, amino acid (AA) profile, and day not shown in graph were not statistically significant 

(P > 0.10). Values are least squares means; n=16 pigs/treatment. 
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Figure 4.3. Salmonella Typhimurium var. Copenhagen translocation to the mesenteric lymph 

nodes (MLN) and spleen in pigs fed high- or low-protein diets with basal (AA-) or functional amino 

acid profile (AA+; Thr, Met and Trp at 120% of requirements for growth). A score of 3 was 

assigned to plates positive for the inoculated ST with counts > 30 and plates positive but with 

counts < 30 were given a score of 2. A score of 1 was assigned to plates that were only positive 

after enrichment and plates negative after enrichment were scored zero. No significant (P > 0.10) 

effects of dietary treatments on bacteria translocation in either MLN or spleen were observed. 

Values are least squares means; n=8 pigs/treatment. 
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Figure 4.4. Pre- (d 0) and post-inoculation (d 4) fecal myeloperoxidase (MPO) in control (CT) and 

Salmonella-inoculated pigs (ST) fed a basal (AA-) or functional amino acid (AA) profile (AA+; 

Thr, Met and Trp at 120% of requirements for growth). Probability values corresponding to main 

effects of, and interactions among, challenge (CH), dietary crude protein (CP) content, and AA 

profile not shown in graph were not statistically significant (P > 0.10). Values are least squares 

means; n=16 pigs/treatment. 
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Figure 4.5. Post-inoculation (d 7) ileal (a), cecal (b) and colonic (c) digesta myeloperoxidase 

(MPO) in Salmonella-inoculated pigs fed high- or low-protein diets with basal (AA-) or functional 

amino acid (AA) profile (AA+; Thr, Met and Trp at 120% of requirements for growth). Probability 

values corresponding to main effects of, and interactions among, dietary crude protein (CP) 

content, AA profile, and section (ileum, cecum, colon) not shown in graph were not statistically 

significant (P > 0.10). Values are least squares means; n=8 pigs/treatment. 
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4.5 Discussion 

 

The objective of the present study was to determine if growth performance and immune 

status of weanling pigs would be improved by supplementation of specific FAA (i.e., Thr, Met, 

Trp) at 120% of requirements for growth (NRC, 2012) when inoculated with an enteric pathogen 

or fed an HP diet. High protein content in nursery diets may increase the production of protein 

fermentation metabolites and potentiate the proliferation of pathogenic bacteria (Htoo et al., 2007; 

Heo et al., 2009). Furthermore, immune stimulation increases requirements of Thr (Wellington et 

al., 2018), Met (Litvak et al., 2013), and Trp (de Ridder et al., 2012) for growth. Recently, both the 

dietary protein content and the supplementation of Met, Thr, and Trp have been shown to modulate 

the immune status of grower pigs under poor sanitary conditions (van der Meer et al., 2016).  

 

4.5.1 Response of pigs to saline or Salmonella inoculation 
 

Prior to ST inoculation, there was no effect of dietary CP or FAA content on pig growth 

performance or any indicators of health. Moreover, there was no effect of dietary treatment on post-

inoculation performance or indicators of health in pigs inoculated with saline. This confirms that 

diets were properly formulated to meet or exceed nutrient requirements for this age and weight 

range of pigs.       

After inoculation, ST pigs had increased rectal temperature and deterioration in fecal score 

compared to CT pigs. In addition, ST pigs showed decreased serum albumin and plasma 

GSH:GSSG, while showing increased concentrations of serum haptoglobin, and plasma SOD and 

MDA. Furthermore, fecal MPO was increased in ST compared to CT pigs. Rectal swabs collected 

throughout the post-inoculation period revealed a progressively lower, but still present, bacterial 

shedding in feces following inoculation, which correlates with serum and plasma indicators. Our 

fecal score results are in agreement with previous studies using the same scoring system and similar 

ST inoculation dose in pigs. Burkey et al. (2004) orally inoculated 6.8 kg piglets with 1.33 x 109 

CFU/mL and reported scoring for shedding ranging from 1-3 until d 7 post-inoculation. Likewise, 

our recent study showed fecal scores ranging from 2-3 until d 6 post-ST inoculation (2.30 x 109 

CFU/mL) in 22.6 kg pigs (Wellington et al., 2019). Moreover, presence of ST in digesta samples 

(ileum, cecum, and colon) and translocation to lymphoid tissues (MLN and spleen) were detected 
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on d 7 post-inoculation. Collectively, these results confirm a successful and uniform stimulation of 

immune system of pigs by ST, which is mainly characterized by diarrhea (Correa-Matos et al., 

2003) and fever (Gebru et al., 2010), activation of acute-phase response (Wellington et al., 2019), 

disturbance to the antioxidant balance (Lv et al., 2020), and poor gut health (Barba-Vidal et al., 

2017).  

Inoculation with ST resulted in a 35% reduction in growth and 22% reduction in ADFI as 

well as increased PUN. These findings are in agreement with Price et al. (2010) who inoculated 

post-weaned piglets with 109 CFU of ST and observed a reduction of 42% and 26% in ADG and 

ADFI, respectively, 7 d post-inoculation compared to a control group. Conversely, Bruno et al. 

(2013) inoculated 5 kg piglets with a lower concentration (1×105 CFU of ST) and reported no 

difference in growth (210 g/d vs 210 g/d) or ADFI (320 g/d vs 320 g/d) after 7 d post-inoculation 

when compared to a control group, which indicates that growth and feed intake impairment due to 

ST inoculation is dose-dependent. Overall, our findings corroborate the anorectic and reduced 

growth response to disease challenge (Wichterman et al., 1980; Fink and Heard, 1990; Balaji et al., 

2000; Burkey et al., 2004) which can be related to both a reduction in feed intake as well as reduced 

nutrient utilization efficiency (Coma et al., 1995; Pastorelli et al., 2012). Taken together, these 

results demonstrate successful disease challenge in the current study.   

 

4.5.2 Effects of dietary protein content on parameters of growth performance, immune system 

stimulation, and intestinal inflammation in Salmonella-challenged pigs 

 

No interactive effects were observed between dietary treatment factors, therefore, the 

effects of dietary CP content and FAA profile are discussed independently. Dietary components, 

such as dietary protein, can have an impact on immune status and gut health. In the post-weaning 

period, high dietary protein can predispose pigs to post-weaning diarrhea and proliferation of 

enteric pathogens (Rist et al., 2013). The lack of effect of dietary protein content on growth 

performance in the post-inoculation period was unexpected, as it was hypothesized that this would 

increase proliferation of pathogenic bacteria and production of harmful metabolites, having an 

overall negative impact on gut health (Wellock et al., 2007; Wellock et al., 2008; Opapeju et al., 

2009) and nutrient utilization (Heo et al., 2010b).  



50 
 

The cecum is the primary site of microbial fermentation of undigested protein in pigs (Htoo 

et al., 2007), and lowering the dietary CP content reduces the availability of fermentable substrates 

to intestinal microbes, mitigating growth of pathogenic bacteria (Rist et al., 2013). Toxic 

compounds of protein fermentation could impair mucosal development (Visek, 1984; Lin and 

Visek, 1991), leading to villus atrophy (Nousiainen, 1991) and consequently diarrhea (Heo et al., 

2008). In the present study, the observed increase in ST count in cecal digesta when pigs were fed 

the HP diet is in agreement with the concept that high dietary crude protein content can contribute 

to proliferation of pathogenic bacteria (Heo et al., 2009). This is further supported by the increased 

PUN and tendency for greater digesta MPO observed in the present study in HP vs. LP-fed pigs, 

indicating that higher dietary CP content may have reduced gut barrier function likely mediated by  

production of harmful microbial metabolites. Interestingly, feeding HP diets did not result in 

greater ST shedding score in feces and did not further increase the severity of diarrhea, which 

suggests that the negative effects of dietary CP may have been limited in the current study. The 

limited effect of CP is further supported by the lack of effect on indicators of pig health, specifically 

plasma acute-phase protein and antioxidant balance.  

These results are contrary to previous studies indicating that high protein diets impaired 

overall health of pigs. For example, after E. coli challenge, weaned piglets fed 25.1% CP showed 

looser faeces compared to piglets fed 19.2% CP (Heo et al., 2010a). Likewise, pigs fed 22.5% CP 

had shorter villi and reduced villus height:crypt depth 3 d after an enteric challenge compared to 

pigs fed 17.6% CP (Opapeju et al., 2009). It should be noted that the above-mentioned studies 

investigated higher CP contents than in the present study. Moreover, recent findings suggest that 

ileal microbiota diversity in pigs is dramatically impacted by higher dietary protein levels and E. 

coli exposure, and the effects are exacerbated when both factors are combined (e.g., E. coli-

challenged pigs fed HP diets; Pollock et al. (2019)). It has been suggested that feeding high protein 

diets increase proliferation of saccharo-proteolytic microbes, which preferentially gain energy from 

carbohydrate fermentation but are able switch to protein fermentation when the 

protein:carbohydrate ratio increases in digesta (Roy, 1969; Abe et al., 1995; Nollet et al., 1999). 

Indeed, there is evidence of Salmonella being highly competitive for carbohydrates as a carbon 

source (Martín-Peláez et al., 2008), which is supported by increased severity of infection by 

Salmonella in mice fed different carbohydrate sources (Petersen et al., 2009). Also, this is also 

consistent with recent findings from our research group where growing pigs showed reduced ADG 
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after but not before Salmonella challenge when fed a high vs low fiber diet (Wellington et al., 

2019). Thus, it is possible that the response to dietary CP content may be related to the type of 

enteric pathogen present and may have less impact with Salmonella challenge. Moreover, it should 

be noted that the negative effects of HP diets in previous studies were observed in younger pigs 

post-weaning (Heo et al., 2009; Opapeju et al., 2009; Song et al., 2010). Indeed, Heo et al. (2008) 

suggested that the immediate post-weaning period (e.g., 5-7 d after weaning) is the critical window 

where dietary CP should be reduced to minimize diarrhea incidence, which is an earlier period than 

investigated in the present study. Finally, despite not being evaluated here, plant, non-digestible, 

presumably fermentable protein sources, as used in the present study, are known to impair growth 

performance, nutrient digestibility and gut structure when compared to animal protein sources 

(Makkink et al., 1994; Yun et al., 2005; Jones et al., 2010) which could be another factor 

contributing to the variation among studies. 

 

4.5.3 Effects of FAA supplementation on parameters of growth performance, immune system 

stimulation, and intestinal inflammation in Salmonella-challenged pigs 

 

It has been shown that immune stimulation increases requirements for some AA for growth, 

including Met and Cys (Litvak et al., 2013; Rakhshandeh et al., 2014), Thr (Jayaraman et al., 2015; 

Wellington et al., 2018), and Trp (Le Floc’h et al., 2009; de Ridder et al., 2012), suggesting that 

supplementation with these AA may improve performance in disease challenged pigs. Indeed, 

using the same inoculation model, we reported previously that supplementing dietary Thr at 20% 

above requirements for growth improved growth performance of 22 kg pigs (Wellington et al., 

2019). Therefore, in the current study we supplied Met, Thr, and Trp at 120% of NRC (2012) 

requirements and examined the impact on performance measures and key indicators of immune 

status and gut health in pigs fed low or high protein diets and inoculated with an enteric pathogen.  

The increased ADG and tendency for improved feed efficiency in AA+ fed pigs after 

inoculation with ST compared to those fed AA- diets confirms our hypothesis that supplementation 

with key FAA supports improved growth and nutrient utilization in pigs exposed to an enteric 

pathogen challenge. This is in line with findings from Capozzalo et al. (2017) and Wellington et 

al. (2020) in which it was shown that supplementation with Trp/Met or Thr attenuated gut 

inflammation and improved protein utilisation and performance in E. coli and Salmonella-
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challenged pigs, respectively. Moreover, van der Meer et al. (2016) reported improved performance 

of growing pigs housed in low sanitary conditions when fed Met, Thr, and Trp at 120% of 

requirements. Further support for an altered AA profile during disease challenge is provided by the 

observation that the positive effects of AA+ diets on ADG and feed efficiency of ST-inoculated 

pigs were achieved without a concurrent increase in ADFI. This is in line with results of a meta-

analysis performed by Pastorelli et al. (2012) in which it was shown that 74% of the reduction in 

growth due to enteric pathogen challenge was due to feed efficiency (i.e., nutrient utilization) and 

not due to the decrease in feed intake.  

Serum haptoglobin and albumin are a positive and negative acute-phase proteins, 

respectively, generally regarded as key biomarkers for health status of pigs (Le Floc’h et al., 2009; 

Kampman-van de Hoek et al., 2016). Under situations of poor health, altered nutrient utilization 

and metabolism redirect dietary and body reserves nutrients to support the immune system and 

excessive demands for AA may be expected for the synthesis of acute-phase proteins (Reeds et al., 

1994). In the current study, haptoglobin was increased while albumin was decreased after the 

enteric infection, which agrees with previous findings (Dritz et al., 1996; Turner et al., 2000; 

Wellington et al., 2019). The overall reduction in haptoglobin and increase in albumin content in 

AA+ fed compared to AA- fed pigs suggests that supplementation of FAA may have attenuated 

the inflammatory response in these pigs. Indeed, further evidence for this is provided by the reduced 

colonization of the inoculated Salmonella in the distal gut (i.e., colon) as well as reduced overall 

score for ST shedding in AA+ compared to AA- pigs. Moreover, the reduced MPO content in 

digesta and tendency for reduced MPO content in fecal samples of pigs fed AA+ indicates reduced 

intestinal inflammation (Kansagra et al., 2003; Young et al., 2012) with FAA supplementation. 

Indeed, our previous work showed improved intestinal barrier function in Salmonella-challenged 

pigs fed diets with supplemental Thr (Wellington et al., 2020). Likewise, Chen et al. (2018) 

reported an attenuation of the inflammatory response and improved intestinal barrier function in 

broiler chickens injected with E. coli lipopolysaccharide when supplemented with Thr, suggesting 

that attenuation in the immune response may be due to improved intestinal health. Interestingly, a 

reduction in serum haptoglobin has not been observed in previous studies which provided Thr, 

Met+Cys, or Trp individually (Rakhshandeh et al., 2014; B. Jayaraman et al., 2017; Wellington et 

al., 2019), suggesting that attenuation of acute-phase response in enteric challenged pigs might be 

dependent on provision of a combination of these AA. Translocation of ST to lymphoid tissues 
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(MLN and spleen) was detected on d 7 post-inoculation, however, there was no effect of FAA 

supplementation. This could be associated with ST remaining in a latent state in surrounding 

lymphoid tissues even after gut barrier was re-established and some degree of recovery of the 

disease was observed (Bellido-Carreras et al., 2019). 

Disruption of the intestinal barrier and overall immune system stimulation may also trigger 

oxidative stress (Circu and Aw, 2012), with reactive oxygen species released as a consequence of 

the inflammatory reaction (Oz et al., 2007). It is well known that the antioxidant capacity of 

enterocytes is compromised in the presence of Salmonella, which makes them more susceptible to 

oxidative damage (Mehta et al., 1998). We measured SOD and MDA as enzymatic and GSH and 

GSSG as non-enzymatic antioxidants. Increased plasma SOD and MDA in ST compared to CT 

pigs confirms disruption of antioxidant balance, as plasma SOD is a systemic indicator of an 

activated intestinal mucosa to oxidative stress (Dincer et al., 2007), while higher plasma MDA has 

been associated with intestinal neutrophil activity, atrophy, and metaplasia (Siregar et al., 2018). 

Reduced plasma SOD in Salmonella-inoculated pigs fed AA+ vs AA- supports an attenuation of 

ST damage to the gastrointestinal tract and is consistent with reduced score for ST shedding in 

feces, lower ST colonization in colon, and attenuated acute-phase response in pigs fed AA+ 

compared to AA- diets. Indeed, increasing dietary Trp content attenuated the alterations in plasma 

and hepatic SOD and MDA in piglets intraperitoneally injected with diquat (Mao et al., 2014b). 

Likewise, cisplatin-induced intestinal damage was suppressed in rats supplemented with D-Met 

mainly through antioxidative effects (Wu et al., 2019). Glutathione (GSH) is an important cellular 

antioxidant which eliminates peroxides, being converted to its oxidized (disulfide) form (GSSG). 

Under normal conditions there is an increased proportion in GSH relative to GSSG, while under 

oxidative stress the proportion of prooxidants exceeds the proportion of antioxidants and the 

GSH:GSSG ratio is reduced (Jones, 2002). In the present study, Salmonella inoculation 

significantly decreased plasma GSH and increased GSSG, resulting in a reduced GSH:GSSG, 

indicating increased use of GSH to mitigate the effects of pathogen challenge. Production of GSH 

has been largely associated with the increase in estimated sulfur amino acid (SAA) requirements 

in pigs under immune stimulation (Rakhshandeh et al., 2010; Rakhshandeh and de Lange, 2010). 

Furthermore, Riedijk et al. (2007) and Shoveller et al. (2003) demonstrated the importance of SAA 

as key precursors for maintenance of cell redox status via GSH synthesis, which is pivotal for 

epithelial cell proliferation. Previous evidence indicated that immune system stimulation increases 
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the utilization of Cys for the production of GSH (Malmezat et al., 2000a), with an increase in Cys 

requirement being met, in part, with Met supplementation (Lu, 2009). In this sense, AA+-fed pigs 

showing increased GSH, which elevated GSH:GSSG, regardless of CH and CP, suggests an 

improved antioxidant system compared to AA- pigs. This indicates that the increased availability 

of Met in AA+ diets supported GSH synthesis. Indeed, Chen et al. (2014) reported higher GSH and 

lower GSSG concentration in plasma, duodenum, and jejunum of post-weaning piglets fed diets 

supplemented with Met. Overall, these results support the hypothesis that supplementation of key 

FAA is necessary to support the immune response of pigs to pathogen challenge, and specifically 

result in increased antioxidant defense mechanisms (Stipanuk et al., 2002; Stipanuk, 2004).   

 

4.6 Conclusions 

 

Taken together, our results clearly show that diet supplementation with key FAA, 

specifically Thr, Met, and Trp, above estimated requirements for growth improves growth 

performance and immune status of pigs, regardless of dietary protein content. Our data further 

suggest that the positive effects of these FAA are due to beneficial effects on intestinal health and 

antioxidant defense systems, attenuating the overt immune response, even with no impact on 

Salmonella presence in lymphoid tissues.  
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CHAPTER 5 

A LONGER ADAPTATION PERIOD TO A FUNCTIONAL AMINO ACID-

SUPPLEMENTED DIET IMPROVES GROWTH PERFORMANCE AND IMMUNE 

STATUS OF SALMONELLA TYPHIMURIUM-CHALLENGED PIGS 
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5.1 Abstract 

 

We recently showed that functional amino acid (FAA) supplementation improves growth 

performance and immune status of Salmonella Typhimurium (ST)-challenged pigs. It is not known 

if ST-challenged pigs will benefit from a longer adaptation period to FAA. The objective of this 

study was to evaluate the effects of adaptation period to diets containing FAA above requirements 

for growth on performance and immune response of weaned pigs subsequently challenged with 

ST. Thirty-two mixed-sex weanling pigs (11.6 ± 0.3 kg) were randomly assigned to 1 of 4 dietary 

treatments, being a basal amino acid (AA) profile (AA-) fed throughout the experimental period 

(FAA-) or a functional AA profile (AA+; Thr, Met, and Trp at 120% of requirements) fed only in 

the post-inoculation (FAA+0), for 1 wk pre- and post-inoculation (FAA+1), or throughout the 

experimental period (FAA+2). After a 14-d adaptation period, pigs were inoculated with ST (2.15 

x 109 CFU/mL). Growth performance, body temperature, fecal score, acute-phase proteins, 

oxidant/antioxidant balance, score for ST shedding in feces and intestinal colonization, and fecal 

and digesta myeloperoxidase (MPO) were measured pre- and post-inoculation. Post-inoculation 

body temperature and fecal score, serum haptoglobin, plasma superoxide dismutase (SOD), 

malondialdehyde (MDA), and fecal MPO were increased while serum albumin and plasma reduced 

glutathione (GSH):oxidized glutathione (GSSG) were reduced compared to pre-inoculation (P < 

0.05). Average daily gain and G:F were greater in FAA+2 pigs compared to FAA- pigs (P < 0.05). 

Serum albumin was higher in FAA+2 and FAA+1 compared to FAA+0 and FAA- pigs (P < 0.05) 

while FAA+2 pigs had lower haptoglobin compared to FAA- (P < 0.05). Plasma SOD was 

increased and GSH:GSSG was decreased in FAA- pigs compared to the other treatments (P < 0.05). 

Score for ST shedding in feces was progressively lower from d 1 to 6 regardless of treatment (P < 

0.05) and was lower in FAA+2 pigs compared to FAA- and FAA+0 (P < 0.05). Counts of ST in 

colon digesta were higher in FAA- and FAA+0 pigs compared to FAA+2 (P < 0.05). Fecal and 

colonic digesta MPO were lower in FAA+2 and FAA+1 pigs compared to FAA- (P < 0.05). These 

results demonstrate a positive effect of a longer adaptation period to FAA-supplemented diets on 

performance and immune status of weaned pigs challenged with Salmonella. 
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5.2 Introduction 

 

Enteric pathogen exposure, including Salmonella and E. coli infection, leads to a dramatic 

decrease in growth performance in pigs (Rodrigues et al., 2021a), which is most likely the result 

of the direct damage to the gastrointestinal tract (Heo et al., 2009; Boyer et al., 2015). The post-

weaned pig is particularly susceptible to these negative effects due to the gastrointestinal health 

issues and immune system disturbance associated with weaning transition (Jha and Berrocoso, 

2016). Nutritional strategies aimed at attenuating the stressful condition faced by the weanling pig 

will be at the forefront not only by increasing growth but also by supporting gastrointestinal and 

overall health (Kim et al., 2012a). 

The requirements for individual amino acids (AA) for growth, including Thr (Wellington 

et al., 2018), Met (Litvak et al., 2013), and Trp (de Ridder et al., 2012), are increased during 

situations of immune system stimulation. More recently, a higher demand for immune system 

support, maintenance of the intestinal mucosal barrier, and regulation of antioxidant defense has 

been linked with the increased requirements of AA, which characterize their ‘functional’ roles 

beyond protein synthesis (Le Floc’h et al., 2018). For example, Wang et al. (2010) showed that a 

higher Thr intake is important for adequate maintenance of gut barrier function in healthy piglets. 

Likewise, a Trp-supplemented diet altered gut microbial composition and diversity, improving 

intestinal mucosal barrier function and lowering the expression of gut inflammatory cytokines in 

healthy weaned piglets (Liang et al., 2018). Finally, Chen et al. (2014) reported that an increased 

Met intake in postweaning healthy pigs was required for optimal protein synthesis and mucosal 

integrity in the small intestine. It may be expected, therefore, that supplementation with key 

functional AA (FAA) may improve gut health and support the immune system development of 

presumably healthy, weaned pigs and better prepare them for potential subsequent immune system 

stimulation.  

We have recently reported that weaned pigs fed FAA-supplemented diets, including Thr, 

Trp, and Met, for 1 week pre- and post-Salmonella inoculation had greater performance and 

immune status compared to pigs fed a basal AA profile (Rodrigues et al., 2021b). The positive 

effects were mainly associated with attenuation of acute-phase response and improvements in the 

antioxidant balance. In the majority of studies, the effects of disease challenge on AA requirements 

and/or the effect of supplemental AA have been examined at the time of challenge or following a 
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standard dietary adaptation. It is not known whether a longer adaptation period to FAA-

supplemented diets will further improve growth performance, gut health, and immune status of 

Salmonella-challenged weaned pigs. 

The objective of the present study was to determine if adaptation period to the 

supplementation of FAA will impact growth performance and immune status of weaned pigs 

subsequently challenged with Salmonella. It was hypothesized that a longer adaptation to a FAA-

supplemented diet would maximize the benefits previously reported, therefore improving 

performance and immune status in pigs inoculated with Salmonella.  

 

5.3 Material and Methods 

 

The experimental protocol was approved by the University of Saskatchewan’s Animal 

Research Ethics Board (AUP #20190003) and followed the Canadian Council on Animal Care 

guidelines (CCAC, 2009). 

 

5.3.1 Animals, housing, and diets 
 

 A total of 32 mixed-sex weanling pigs (Camborough Plus × C3378; PIC Canada Ltd.) of 

11.6 ± 0.3 kg initial body weight (BW) were obtained from the Prairie Swine Centre, Inc. 

(Saskatoon, SK) and transported to the Animal Care Unit of the Western College of Veterinary 

Medicine (Saskatoon, SK). The pigs were placed on trial in 2 blocks using 2 experimental rooms. 

In each experimental room (25 °C ambient temperature), pigs were housed individually on solid 

floors lined with rubber mats. Pigs were randomly assigned to 1 of 4 treatments in a randomized 

complete block design (n = 8 pigs/treatment) for 21 d, which consisted of a 14-d pre-

inoculation/adaptation period and 7 d post-inoculation period. Dietary treatments consisted of a 

basal AA profile (AA-) fed throughout the experimental period (FAA-), or a functional AA profile 

(AA+) fed either post-inoculation (FAA+0), for 1 wk pre-inoculation and post-inoculation 

(FAA+1), or throughout the experimental period (FAA+2). Diets were corn- wheat- barley- 

soybean meal-based and were formulated using the reported nutrient content and analyzed AA 

content of ingredients to meet or exceed nutrient requirements for 11 to 25 kg pigs according to 

NRC (2012) and AMINODat 5.0 (Evonik, 2016) (Table 5.1 and 5.2). The AA- profile met the 
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standardized ileal digestible (SID) AA requirements according to NRC (2012) and the AA+ profile 

contained Thr, Met, and Trp at 120% of requirements as previously reported (Rodrigues et al., 

2021b). Pigs were fed ad libitum and had unrestricted access to water. 

 

5.3.2 Inoculation, rectal swab protocol, and fecal sampling 
  

On d 0 of the inoculation period (d 15 of the experiment), after being confirmed negative 

for the inoculated pathogen, all pigs (n = 32) were orally inoculated twice within 4 h, each time 

with 1 mL of a solution containing 2.15 × 109 CFU/mL of  Salmonella enterica subsp. enterica (S.) 

serovar Typhimurium var. Copenhagen (ST)  selected for antibiotic resistance to Nalidixic acid 

and Novobiocin (Nal+/ Nov+) (Wellington et al., 2019; Rodrigues et al., 2021b). On d -2 pre-

inoculation and d 1, 2, 4, and 6 post-inoculation, rectal swabs were obtained from individual pigs, 

diluted 1:10 in buffered peptone water (BPW), and cultured on brilliant green agar (BG agar) 

plates containing 30 μg/mL Nalidixic acid and 50 μg/mL Novobiocin (Nal+/ Nov+). Further, 1 mL 

of the dilution was enriched in 4 mL of selenite-cysteine broth (30 μg/mL Nal+/50 μg/mL Nov+) 

and incubated overnight at 37 °C and later 200 μL was cultured on BG agar plates (30 μg/mL 

Nal+/50 μg/mL Nov+). Colony counts were recorded on all plates after incubation for 24 h at 37 

°C. A scoring system was used for each plate to assign fecal shedding scores (Wellington et al., 

2019; Rodrigues et al., 2021b). Plates prepared from swabs with colony counts > 30 were given a 

score of 3. Plates positive for antibiotic-resistant ST but with colony counts < 30 were given a score 

of 2. A score of 1 was assigned to swabs that were negative for antibiotic resistant ST after direct 

plating but positive after enrichment. Swabs negative for antibiotic resistant ST after direct plating 

and on enrichment were given a score of zero. On d 0 pre-inoculation and d 4 post-inoculation, 

fecal samples were obtained from individual pigs for analysis of myeloperoxidase (MPO) activity 

as a pro-inflammatory biomarker according to adapted methodology from Bloomer (2018). Briefly, 

fecal samples were stored at -80 °C, allowed to thaw and diluted (1:1) before centrifugation twice 

at 1,150 ×g for 10 min at 4 °C. For each sample, 750 μL of the resulting supernatant was transferred 

to 2 mL polypropylene microcentrifuge tubes and centrifuged again at 7,000 ×g for 10 min at room 

temperature. The samples were then assayed for determination of MPO activity using a 

colorimetric assay kit according to the manufacturer’s instruction (ab105136; Abcam, Cambridge, 

MA). 
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5.3.3 Growth performance 
  

Individual pig BW and feed intake were obtained on d -14 and -7 pre-inoculation and on d 

0 and 7 post-inoculation for calculation of pre- (wk 1 and 2) and post-inoculation average daily 

gain (ADG), average daily feed intake (ADFI), and gain:feed (G:F).  

 

5.3.4 Rectal temperature and fecal score 
 

Rectal temperature and fecal score were obtained from all pigs on d -1 pre-inoculation and 

daily post-inoculation until d 6. Rectal temperatures were obtained using a digital thermometer 

(Life Brand, ON, Canada). A scoring system was used to assign fecal scores, with normal 

consistency feces given a score of 0, semisolid feces without blood given a score of 1, watery feces 

without blood given a score of 2, and blood-tinged feces given a score of 3. 

 

5.3.5 Blood sampling and analysis 
 

Blood samples were obtained at 0900 h from all pigs before inoculation (d 0) and on d 4 

and 7 post-inoculation via jugular vein puncture into 10 mL heparin coated vacutainer tubes (BD, 

Mississauga, ON, Canada) or tubes containing no additive. Blood samples collected into additive-

free tubes were allowed to clot. Serum and plasma were obtained by centrifugation at 2,500 × g at 

4 °C for 15 min and stored at −20 °C for subsequent analysis. Serum albumin was analyzed by 

bromocresol green method using a Cobas C 311 (Roche Diagnostics, Laval, QC, Canada) 

according to Doumas et al. (1971). Serum haptoglobin was analyzed in the Animal Health 

Laboratory at the University of Guelph (Guelph, ON) on a Roche Cobas 6000 c501 analyzer 

according to the method described by Makimura and Suzuki (1982). Plasma content of superoxide 

dismutase (SOD, ab65354), malondialdehyde (MDA, ab118970), and reduced 

glutathione:oxidized glutathione (GSH:GSSG, ab138881) were determined according to the 

manufacturer’s instructions (Abcam, Cambridge, MA) of the respective kits. 
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5.3.6 Digesta and tissue collection and analysis 
 

On d 7 post-inoculation, all pigs (n = 32) were euthanized by penetrating captive bolt 

followed by exsanguination. Subsequently, liver, mesenteric lymph nodes (MLN), and spleen were 

sampled under aseptic conditions into sterile tubes containing 20 mL BPW, weighed, and 

homogenized followed by plating of 200 μL of the dilution on Nal+/ Nov+ BG agar plates. Further, 

1 mL was diluted in 4 mL selenite-cysteine broth (Nal+/Nov+) for enrichment overnight at 37 °C 

with shaking, after which 200 μL was plated and incubated. Intestinal digesta samples (~1 g) were 

obtained from the ileum, cecum, and colon and each diluted in 4 mL BPW and kept at 4 °C. The 

digesta samples were serially diluted to 10–7 and 200 μL of each dilution was plated on BG agar 

(Nal+/Nov+) and cultured at 37 °C for 24 h after which colonies were counted on each plate, with 

colony counts of 30 to 300 used in the calculation of colony forming units per gram digesta 

(CFU/g). Ileal, cecal, and colonic digesta MPO activity was measured using a colorimetric kit 

(ab105136, Abcam; Cambridge, MA) according to the same methodology described above for fecal 

samples.  

 

5.3.7 Statistical analysis 
 

Data were tested for normality using the UNIVARIATE procedure of SAS (version 9.4, 

SAS Institute Inc., Cary, NC) and the Shapiro-Wilk test and the studentized residual was used to 

identify outliers (>3 standard deviations from the mean). Data were analyzed using the MIXED 

procedure of SAS as a randomized complete block design (RCBD). Treatments (FAA-, FAA+0, 

FAA+1, and FAA+2) were included as fixed effects and block as a random effect variable. For 

data collected over time, day (pre- and post-inoculation) was included in the analysis as a repeated 

effect [i.e., acute-phase response and oxidant/antioxidant balance (d 4 and 7 post-inoculation); 

Salmonella shedding score in feces (d 1, 2, 4, and 6 post-inoculation); and fecal MPO (d 4 post-

inoculation)]. Differences between means were determined using the Tukey post-hoc test and 

considered significant at P ≤ 0.05. A trend towards significance was considered at P < 0.10. 
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5.4 Results 

 

5.4.1 Rectal temperature and fecal score 
 

Rectal temperature and fecal score are shown in Figure 5.1. Inoculation with ST increased 

rectal temperature within 24 h, which remained higher during the first 4 d post-inoculation (P < 

0.05). Likewise, inoculation with ST negatively affected fecal score within 24 h, which remained 

worse for the duration of the study compared to the pre-inoculation score (P < 0.05). There was no 

effect of dietary treatment on rectal temperature or fecal score (P > 0.10).  

 

5.4.2 Salmonella scoring for shedding in feces and colonization 
 

Pigs were negative for Salmonella prior to inoculation. Salmonella shedding score in feces 

was quantified on d 1, 2, 4, and 6 post-inoculation (Figure 5.2). Overall shedding was lower in 

FAA+2 pigs, higher in FAA- and FAA+0 pigs, and intermediate in FAA+1 pigs (P < 0.05). 

Shedding was progressively lower from d 1 to 6, regardless of treatment (P < 0.05). Table 5.3 

shows ST quantification in ileum, cecum, and colon digesta. Counts of ST in colon were reduced 

in FAA+2 pigs, increased in both FAA- and FAA+0 pigs, and intermediate in FAA+1 pigs (P < 

0.05). Ileal and cecal counts of ST were not affected by dietary treatment (P > 0.10). Figure 5.3 

shows the presence of the inoculated ST in the liver, MLN, and spleen. There was no effect of 

dietary treatment on the presence of the inoculated ST in the liver, spleen, and MLN (P > 0.10).  

 

5.4.3 Growth performance 
 

Growth performance data for pre- and post-inoculation is presented in Table 5.4. There 

were no dietary treatment effects on growth performance during the pre-inoculation period (P > 

0.10). In the post-inoculation period, pigs fed FAA+2 diets had greater ADG and G:F (P < 0.05) 

compared to pigs fed FAA- diets, with FAA+0 and FAA+1 pigs being intermediate (P < 0.05).  
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5.4.4 Blood parameters 
 

Serum indicators of acute-phase response (albumin and haptoglobin) and plasma indicators 

of oxidant/antioxidant balance (SOD, MDA, GSH, GSSG, and GSH:GSSG) are shown in Table 

5.5. Albumin decreased at 4 d post-inoculation and remained decreased at d 7 post-inoculation (P 

< 0.05). Haptoglobin peaked at d 4 post-inoculation and decreased at d 7 post-inoculation (P < 

0.05). Overall, albumin was higher in FAA+2 and FAA+1 pigs compared to FAA+0 and FAA- 

pigs (P < 0.05). Furthermore, FAA+2 pigs had the lowest overall haptoglobin, FAA- the highest, 

with FAA+0 and FAA+1 being intermediate (P < 0.05). Superoxide dismutase peaked at d 4 post-

inoculation and decreased at d 7 post-inoculation (P < 0.05). Overall, SOD was increased in FAA- 

pigs compared to the other treatments (P < 0.05). Malondialdehyde peaked at d 4 post-inoculation 

returning to baseline content at d 7 post-inoculation (P < 0.05). There was no effect of dietary 

treatments on MDA content (P > 0.10). Plasma GSH:GSSG was reduced by d 4 post-inoculation, 

which remained lower at d 7 post-inoculation, as a result of reduced plasma GSH and increased 

plasma GSSG (P < 0.05). Overall plasma GSH:GSSG was decreased in pigs fed FAA- compared 

to the other treatments, mainly due to lower GSH (P < 0.05).  

 

5.4.5 Fecal and digesta myeloperoxidase (MPO) 
 

Fecal MPO of pigs is shown in Figure 5.4. Fecal MPO was increased post-inoculation 

compared to pre-inoculation (P < 0.05). Overall fecal MPO was increased in FAA- pigs, decreased 

in FAA+1 and FAA+2 pigs, being intermediate in FAA+0 pigs (P < 0.05). Myeloperoxidase was 

also analyzed in digesta samples (Table 5.6). Pigs fed FAA+2 diets tended to show reduced MPO 

in cecal digesta compared to FAA- (P < 0.10). Pigs fed FAA+2 and FAA-1 diets showed reduced 

MPO in colon digesta compared to FAA- and FAA+0 pigs (P < 0.05).  
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Table 5.1 Ingredient and nutrient composition of experimental diets (as-fed basis) 

 
   Diets 
Ingredients, %  AA- AA+ 
Corn   50.34 50.02 
Wheat   13.00 13.00 
Barley   17.50 17.50 
Soybean meal  13.00 13.00 
L-Lys HCl1  0.97 0.97 
DL-Met1   0.32 0.46 
L-Trp1   0.07 0.10 
L-Thr1   0.40 0.55 
L-Leu1   0.22 0.22 
L-Iso1   0.20 0.20 
L-Val1   0.29 0.29 
L-His1   0.13 0.13 
L-Phe1   0.25 0.25 
Salt   0.35 0.35 
Vitamin/Mineral Premix2 0.40 0.40 
Limestone  1.38 1.38 
Monocalcium phospahate 1.18 1.18 
Calculated nutrient content3   
DM, %   87.64 87.68 
CP, %   16.06 16.26 
ME, kcal/kg  3,221 3,225 
NE, kcal/kg  2,452 2,455 
Amino acids, % SID   
Arg   0.73 0.73 
His   0.43 0.43 
Ile   0.66 0.66 
Leu   1.28 1.28 
Lys   1.28 1.28 
Met+Cys   0.72 0.86 
Phe+Tyr   1.20 1.20 
Thr   0.80 0.96 
Trp   0.21 0.25 
Val   0.83 0.83 

AA-, Basal amino acid profile; AA+, Functional amino acid profile (Thr, Met, and Trp at 120% of 
requirements for growth); SID, Standardized ileal digestible. 
1L-Lys HCl, Archer Daniels Midland Company (Decatur IL, USA); DL-Met, Evonik Operations GmbH 
(Mobile AL, USA); L-Trp, L-Thr, and L-Val, Jefo Nutrition Inc. (Saint-Hyacinthe, QC, Canada); all other 
AA, ACP Chemicals, Inc. (St. Leonard, QC, Canada). 2Supplied per kg of complete diet: vitamin A, 6,000 
IU; vitamin D, 9.3 mg; vitamin E, 35 IU; menadione, 2.5 mg; vitamin B12, 0.02 mg; thiamine, 1.00 mg; 
biotin, 0.10 mg; niacin, 20 mg; riboflavin, 4 mg; pantothenate, 12 mg; folic acid, 0.50 mg; pyridoxine, 5.0 
mg; Fe,75 mg; Zn, 75 mg; Mg, 20 mg;  Cu, 10 mg; Se, 0.15 mg, and I, 0.50 mg.  3Nutrient content of diets 
based on estimated nutrient contents of ingredients according to NRC (2012) and analyzed AA content 
according to Evonik Operations GmbH.  
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 Table 5.2. Analyzed nutrient content of experimental diets (as-fed basis) 
 

  Diets 
Nutrients, % AA- AA+ 
Dry matter 88.19 88.39 
Crude protein 16.3 16.6 
Total amino acids1   
Arg  0.78 (0.80) 0.78 (0.80) 
His  0.45 (0.48) 0.48 (0.48) 
Ile  0.71 (0.74) 0.74 (0.74) 
Leu  1.42 (1.43) 1.44 (1.43) 
Lys  1.31 (1.37) 1.39 (1.37) 
Met+Cys  0.73 (0.79) 0.91 (0.94) 
Phe  0.91 (0.93) 0.93 (0.93) 
Thr  0.82 (0.89) 0.98 (1.04) 
Trp  0.24 (0.23) 0.27 (0.27) 
Val  0.92 (0.93) 0.94 (0.93) 

AA-, Basal amino acid profile; AA+, Functional amino acid profile (Thr, Met, and Trp at 120% of 
requirements for growth). 
1Analyzed values of total amino acids with calculated values in parenthesis. 
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Table 5.3. Salmonella Typhimurium quantification in intestinal contents (Log10 CFU/g; d 7 post-

inoculation) of Salmonella-inoculated pigs1  

 
Item FAA- FAA+0 FAA+1 FAA+2 SEM P-value 
Ileum 5.47 4.61 4.95 3.92 1.273 0.78 
Cecum 4.55 4.09 3.98 3.79 0.434 0.63 
Colon 6.28a 6.03a 4.42ab 3.32b 0.517 <0.01 

FAA-, pigs fed a basal amino acid (AA) profile (AA-) throughout the experimental period. FAA+0, pigs 
fed a functional AA profile (AA+; Thr, Met, and Trp at 120% of requirements) post-inoculation. FAA+1, 
pigs fed AA+ for 1 wk pre- and post-inoculation. FAA+2, pigs fed AA+ throughout the experimental period. 
SEM, Standard error of the mean. 
1Values are least squares means; n=8 pigs/treatment. 
a–bMeans within a row with different superscripts differ (P ≤ 0.05). 
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Table 5.4. Pre- and post-inoculation growth performance of Salmonella-inoculated pigs1 

 
Item FAA- FAA+0 FAA+1 FAA+2 SEM P-value 
       Pre-inoculation wk 1 BW (d -14), kg 11.74 11.63 11.63 11.73 0.346 0.98 
       Pre-inoculation wk 2 BW (d -7), kg 13.77 13.37 13.65 13.70 0.465 0.87 
       Inoculation BW (d 0), kg 16.85 16.34 16.74 17.40 0.701 0.71 
       Final BW (d 7), kg 18.33 18.62 19.55 20.59 1.093 0.26 
Pre-inoculation wk 1 period (day -14 to -7)       
       Average daily gain, kg 0.290 0.248 0.289 0.281 0.032 0.79 
       Average daily feed intake, kg 0.446 0.381 0.405 0.407 0.049 0.75 
       Gain:Feed, kg/kg 0.65 0.65 0.71 0.69 0.089 0.73 
Pre-inoculation wk 2 period (day -7 to 0)       
       Average daily gain, kg 0.440 0.424 0.441 0.529 0.061 0.59 
       Average daily feed intake, kg 0.778 0.750 0.740 0.801 0.042 0.92 
       Gain:Feed, kg/kg 0.57 0.57 0.60 0.66 0.088 0.49 
Post-inoculation period (day 0 to 7)       
       Average daily gain, kg 0.211b 0.326ab 0.401ab 0.456a 0.059 0.01 
       Average daily feed intake, kg 0.720 0.705 0.763 0.727 0.052 0.87 
       Gain:Feed, kg/kg 0.29b 0.46ab 0.53ab 0.63a 0.099 0.02 

FAA-, pigs fed a basal amino acid (AA) profile (AA-) throughout the experimental period. FAA+0, pigs 
fed a functional AA profile (AA+; Thr, Met, and Trp at 120% of requirements) post-inoculation. FAA+1, 
pigs fed AA+ for 1 wk pre- and post-inoculation. FAA+2, pigs fed AA+ throughout the experimental period. 
SEM, Standard error of the mean. 
1Values are least squares means; n=8 pigs/treatment  
a–bMeans within a row with different superscripts differ (P ≤ 0.05). 
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Table 5.5. Pre- and post-inoculation blood parameters of Salmonella-inoculated pigs1  

 
 Treatment  P-value 

Item FAA- FAA+0 FAA+1 FAA+2 SEM Trt Day Trt × Day 

Serum albumin, g/L         

       Pre-inoculation (d 0) 34.88 34.00 35.87 36.25 1.242 <0.01 <0.01 0.07 

       Post-inoculation (d 4) 28.63 30.00 35.00 36.12     

       Post-inoculation (d 7) 25.50 27.13 33.00 33.38     

Serum haptoglobin, g/L         

       Pre-inoculation (d 0) 0.96 0.71 0.80 0.50 0.191 <0.01 <0.01 0.55 

       Post-inoculation (d 4) 2.09 1.89 1.30 1.17     

       Post-inoculation (d 7) 1.57 1.35 1.09 1.02     

Plasma superoxide dismutase, mU/mL         

       Pre-inoculation (d 0) 30.92 24.67 28.47 27.83 6.953 0.01 <0.01 0.67 

       Post-inoculation (d 4) 71.11 56.54 54.46 55.73     

       Post-inoculation (d 7) 60.51 40.62 39.80 39.51     

Plasma malondialdehyde, nmol/mL         

       Pre-inoculation (d 0) 0.41  0.43  0.49  0.46  0.072  0.63  <0.01  0.22  

       Post-inoculation (d 4) 0.57  0.62  0.58  0.49      

       Post-inoculation (d 7) 0.41  0.41  0.49  0.37     

Reduced glutathione (GSH), μM         

       Pre-inoculation (d 0) 4.83  5.28  5.40  5.87  0.745  0.02  <0.01  0.40 

       Post-inoculation (d 4) 1.39  3.62  3.62  3.88     

       Post-inoculation (d 7) 0.71  3.76  3.73  3.58     

Oxidized glutathione (GSSG), μM         

       Pre-inoculation (d 0) 0.85  1.03  1.06  1.10  0.066  0.56  0.04  0.78 

       Post-inoculation (d 4) 1.63  1.42  1.48  1.67     

       Post-inoculation (d 7) 1.02  0.98  0.83  0.91      

GSH:GSSG         

       Pre-inoculation (d 0) 5.65  5.13  5.10  5.34  1.097  0.03  <0.01  0.11 

       Post-inoculation (d 4) 0.85  2.55  2.44  2.33     

       Post-inoculation (d 7) 0.70  3.83  4.49  3.93     

FAA-, pigs fed a basal amino acid (AA) profile (AA-) throughout the experimental period. FAA+0, pigs fed a functional AA profile (AA+; Thr, Met, 

and Trp at 120% of requirements) post-inoculation. FAA+1, pigs fed AA+ for 1 wk pre- and post-inoculation. FAA+2, pigs fed AA+ throughout the 

experimental period. SEM, Standard error of the mean. 
1
Values are least squares means; n=8 pigs/treatment.
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Table 5.6. Myeloperoxidase concentration in intestinal contents (µU/mL; d 7 post-inoculation) of 

Salmonella-inoculated pigs1  

 
Item FAA- FAA+0 FAA+1 FAA+2 SEM P-value 
Ileum 4.51 4.88 5.01 4.52 1.03 0.98 
Cecum 6.15 3.13 3.07 2.71 1.08 0.07 
Colon 5.04a 3.83a 1.95b 1.93b 0.92 0.04 

FAA-, pigs fed a basal amino acid (AA) profile (AA-) throughout the experimental period. FAA+0, pigs 
fed a functional AA profile (AA+; Thr, Met, and Trp at 120% of requirements) post-inoculation. FAA+1, 
pigs fed AA+ for 1 wk pre- and post-inoculation. FAA+2, pigs fed AA+ throughout the experimental period. 
SEM, Standard error of the mean. 
1Values are least squares means; n=8 pigs/treatment. 
a–bMeans within a row with different superscripts differ (P ≤ 0.05). 
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Figure 5.1. Rectal temperature and fecal score of pigs inoculated with Salmonella Typhimurium 

(indicated by arrow). Normal consistency feces were given a score of 0, semisolid feces without 

blood were given a score of 1, watery feces without blood were given a score of 2 and blood-tinged 

feces were given a score of 3. No significant (P > 0.10) effects of treatments on rectal temperature 

and fecal score were observed. Values are least squares means; n=32 pigs. 
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Figure 5.2. Post-inoculation fecal shedding of Salmonella Typhimurium in pigs fed a basal amino 

acid (AA) profile (AA-) throughout the experimental period (FAA-) or a functional AA profile 

(AA+; Thr, Met, and Trp at 120% of requirements) fed either post-inoculation (FAA+0), for 1 wk 

pre- and post-inoculation (FAA+1), or throughout the experimental period (FAA+2). A shedding 

score of 3 was assigned to plates positive for the inoculated ST with counts > 30 and plates positive 

but with counts < 30 were given shedding score of 2. A shedding score of 1 was assigned to plates 

that were only positive after enrichment and plates negative after enrichment were scored zero. 

Overall shedding was lower in FAA+2 pigs, higher in FAA- and FAA+0 pigs, and intermediate in 

FAA+1 pigs (P < 0.01). Shedding was progressively lower from day 1 to day 6, regardless of 

treatments (P < 0.01). Values are least squares means; n=8 pigs/treatment. 
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Figure 5.3. Salmonella Typhimurium translocation to the mesenteric lymph nodes (MLN), spleen 

and liver in pigs fed a basal amino acid (AA) profile (AA-) throughout the experimental period 

(FAA-) or a functional AA profile (AA+; Thr, Met, and Trp at 120% of requirements) fed either 

post-inoculation (FAA+0), for 1 wk pre- and post-inoculation (FAA+1), or throughout the 

experimental period (FAA+2). A score of 3 was assigned to plates positive for the inoculated ST 

with counts > 30 and plates positive but with counts < 30 were given shedding score of 2. A score 

of 1 was assigned to plates that were only positive after enrichment and plates negative after 

enrichment were scored zero. No significant (P > 0.10) effects of treatments on bacteria 

translocation in either MLN, spleen or liver were observed. Values are least squares means; n=8 

pigs/treatment. 
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Figure 5.4. Pre- (d 0) and post-inoculation (d 4) fecal myeloperoxidase in pigs fed a basal amino 

acid (AA) profile (AA-) throughout the experimental period (FAA-) or a functional AA profile 

(AA+; Thr, Met, and Trp at 120% of requirements) fed either post-inoculation (FAA+0), for 1 wk 

pre- and post-inoculation (FAA+1), or throughout the experimental period (FAA+2). Overall 

myeloperoxidase was lower in FAA+2 and FAA+1 pigs, higher in FAA-, and intermediate in 

FAA+0 pigs (P = 0.01). Myeloperoxidase was increased post-inoculation compared to pre-

inoculation, regardless of treatment (P = 0.01). Values are least squares means; n=8 pigs/treatment. 
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5.5 Discussion 

 

We reported previously that feeding growing pigs a Thr-supplemented diet (20% above 

requirements for growth) improved performance during ST challenge (Wellington et al., 2019). 

More recently, we observed an attenuation of acute-phase response, improvement of 

oxidant/antioxidant balance, and enhancement in growth response of weanling pigs fed a mixture 

of Thr, Trp, and Met under the same challenge model (Rodrigues et al., 2021b). These studies 

confirmed previous evidence that immune stimulation increases AA requirements for growth, 

including Met and Cys (Litvak et al., 2013; Rakhshandeh et al., 2014), Thr (Jayaraman et al., 2015; 

Wellington et al., 2018), and Trp (Le Floc’h et al., 2009; de Ridder et al., 2012). However, previous 

studies have generally supplemented AA after or around challenge initiation. It may be expected 

that adapting pigs to FAA-supplemented diets for a longer period will better prepare them to cope 

with an enteric challenge. This may be hypothesized due to the functional roles performed by AA, 

as substrates for immune proteins, maintaining the intestinal barrier, and regulating the antioxidant 

defense (Le Floc’h et al., 2018). Therefore, in the current study we supplied Met, Thr, and Trp at 

120% of NRC (2012) requirements for different periods of time prior to inoculation with an enteric 

pathogen and examined the impact on performance measures and key indicators of immune status 

and gut health in pigs. 

 

5.5.1 Response to Salmonella inoculation 
 

Prior to ST inoculation, there was no effect of treatments on pig growth performance. This 

confirms that diets were properly formulated to meet or exceed nutrient requirements for this age 

and weight range of pigs and confirms the lack of effect of FAA supplementation above 

requirements on pre-Salmonella inoculation growth performance (Rodrigues et al., 2021b).  

After ST inoculation, there was a rise in rectal temperature and deterioration in fecal score 

compared to pre-inoculation measurements. Moreover, ST inoculation decreased serum albumin 

and plasma GSH:GSSG while increasing serum haptoglobin and plasma SOD and MDA. Further, 

post-inoculation fecal MPO was increased compared to the pre-inoculation measurement. Bacterial 

shedding in feces decreased progressively after inoculation but was still present after 6 d, which 

correlates with activation of acute-phase response and disturbance to the oxidant/antioxidant 
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balance. Finally, presence of ST in digesta samples (ileum, cecum, and colon) and translocation to 

lymphoid tissues (MLN, spleen, and liver) were detected on d 7 post-inoculation. Our findings 

emphasize clear responses to ST inoculation, including diarrhea (Correa-Matos et al., 2003) and 

fever (Gebru et al., 2010), activation of acute-phase response (Wellington et al., 2019), disturbance 

of the antioxidant balance (Lv et al., 2020), and poor gut health (Barba-Vidal et al., 2017). Taken 

together, they are in agreement with our previous findings (Rodrigues et al., 2021b) and confirm a 

successful and uniform stimulation of immune system of pigs by ST.   

 

5.5.2 Effects of FAA adaptation period on parameters of growth performance, immune system 

stimulation, and intestinal inflammation in Salmonella-challenged pigs 

 

We observed an increased ADG and improved feed efficiency in FAA+2 pigs after 

inoculation with ST compared to FAA- pigs, with FAA+1 and FAA+0 showing intermediate 

results. Here, we confirmed our hypothesis that a longer adaptation period to FAA potentiated the 

previously reported benefits of key FAA on growth and nutrient utilization in pigs exposed to an 

enteric pathogen challenge. This is in line with reduced overall MPO content in FAA+2 and FAA+1 

pigs, which indicates that FAA supplementation may have supported gastrointestinal development 

and health in the present study, improving the ability of pigs to cope with the subsequent 

Salmonella challenge. Indeed, it has been shown that increased intake of Thr (Koo et al., 2020a), 

Met (Shen et al., 2014), or Trp (Liang et al., 2019) improved gut health in unchallenged pigs. For 

example, adequate maintenance of gut barrier function was associated with supplemental Thr 

intake (Wang et al., 2010). Likewise, intestinal mucosal barrier function was improved in Trp-

supplemented pigs, mainly through changes in gut microbial composition and diversity, lowering 

the expression of gut inflammatory cytokines (Liang et al., 2018). Moreover, intestinal protein 

synthesis and mucosal integrity were enhanced by a higher Met intake in postweaning pigs (Chen 

et al., 2014). This finding also correlates with FAA+2 pigs showing reduced ST score for shedding 

and ST counts in colon compared to FAA+0 and FAA- pigs. Further support for an extended 

adaptation to FAA-supplemented diets prior to disease challenge is provided by the positive effects 

of a longer adaptation period to AA+ diets on ADG and feed efficiency of ST-inoculated pigs, 

which were achieved without a concurrent increase in ADFI. This agrees with our previous study 

(Rodrigues et al., 2021b) and with a meta-analysis performed by our research group (Rodrigues et 
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al., 2021a) and by Pastorelli et al. (2012) in which it was shown that the major portion of the 

reduction in growth due to enteric pathogen challenge was due to feed efficiency (i.e., nutrient 

utilization) and not due to the decrease in feed intake.  

Serum haptoglobin and albumin, which are a positive and negative acute-phase proteins, 

respectively, and have been directly associated with the health status of pigs (Le Floc’h et al., 2009; 

Kampman-van de Hoek et al., 2016). The synthesis of acute-phase proteins is generally increased 

under immune stimulation and the altered nutrient utilization and metabolism lead to a higher 

demand for AA as substrates (Reeds et al., 1994). In the current study, post-inoculation haptoglobin 

was increased while albumin was decreased compared to the pre-inoculation measurements, which 

is in line with previous findings (Turner et al., 2000; Wellington et al., 2019; Rodrigues et al., 

2021b). The overall increase in albumin in FAA+2 and FAA+1 and decrease in haptoglobin in 

FAA+2 compared to the other treatments strengthens the evidence that a longer adaptation period 

to FAA is necessary to ameliorate the inflammatory response in these pigs. Attenuation of acute-

phase response was accompanied by reduced colonization of the inoculated Salmonella in the distal 

gut (i.e., colon) in FAA+2 and FAA+1 pigs and reduced overall score for ST shedding in FAA+2 

pigs compared to FAA- and FAA+0 pigs. This may be explained by the reduced fecal and colonic 

digesta MPO in FAA+2 and FAA+1 pigs compared to FAA-, indicating decreased intestinal 

inflammation (Kansagra et al., 2003; Young et al., 2012) with longer adaptation period to FAA 

supplementation. The positive effects of a longer adaptation period to FAA on performance, ST 

shedding and colonization, and acute-phase response, without any effects on translocation of ST to 

lymphoid tissues (MLN, spleen, and liver), agrees with our previous findings (Rodrigues et al., 

2021b). This suggests a certain degree of containment of ST infection in the gut on one hand, with 

ST remaining in a latent state in surrounding lymphoid tissues on the other hand (Bellido-Carreras 

et al., 2019). 

One of the main mechanisms through which Salmonella exploits the enterocytes, is by 

compromising their antioxidant capacity subsequently increasing their susceptibility to the 

resulting oxidative stress of infection (Mehta et al., 1998). Oxidative stress is mainly triggered by 

the disruption of the intestinal barrier and overall immune system stimulation (Circu and Aw, 

2012), with reactive oxygen species being released due to the inflammatory reaction (Oz et al., 

2007). Our findings showing increased post-inoculation SOD and MDA, which are enzymatic 

antioxidants, are in line with our previous findings using the same inoculation model (Rodrigues 
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et al., 2021b). Furthermore, they suggest an activation of intestinal mucosa to oxidative stress 

(increased plasma SOD; Dincer et al., 2007) and an increased intestinal neutrophil activity, atrophy, 

and metaplasia (increased plasma MDA; Siregar et al., 2018) due to ST inoculation. Glutathione 

(GSH) is a non-enzymatic cellular antioxidant which is converted to its oxidized (disulfide) form 

(GSSG) when removing peroxides of oxidative stress. The increased proportion of GSH relative to 

GSSG pre-inoculation and the switch to decreased GSH and increased GSSG post-inoculation, 

resulting in a reduced GSH:GSSG, are in line with our previous findings (Rodrigues et al., 2021b) 

and indicate a higher demand of GSH to mitigate the negative effects of infection (Jones, 2002). In 

the present study, plasma SOD was increased while GSH:GSSG was decreased in FAA- pigs 

compared to the other treatments. This suggests that antioxidant balance was positively affected by 

FAA supplementation but not by a longer adaptation period. Indeed, positive effects in antioxidant 

defense systems have been associated with a higher Trp (Mao et al., 2014) and Met (Wu et al., 

2019) intake. Furthermore, immune system stimulation is known to increase demands for GSH 

production  for the maintenance of cell redox status (Shoveller et al. (2003), which leads to higher 

sulfur amino acid (SAA) requirements in pigs (Rakhshandeh et al., 2010; Rakhshandeh and de 

Lange, 2010). It has been also shown that cysteine flux associated with glutathione synthesis and 

cysteine catabolism was dramatically increased during infection in rats (Malmezat et al., 2000b). 

Moreover, it is known that the gut possesses the apparatus for significant transmethylation 

(recovery of methionine from homocysteine) and transsulfuration (interconversion of cysteine and 

homocysteine) (Mudd et al., 1965; Finkelstein, 2000). This is in agreement with the evidence 

showing that the gut represents approximately 25% of whole-body transsulfuration and that a third 

of all methionine used by the gut was used for cysteine synthesis (Riedijk et al., 2007). Therefore, 

despite not being measured in intestinal tissue, it is reasonable to infer that, during the pre-

inoculation period, the methionine pool was conserved for protein synthesis, while, during post-

inoculation oxidative stress there was an increase in methionine transsulfuration to meet the 

increased cysteine demand for glutathione synthesis (Malmezat et al., 2000b; Vitvitsky et al., 

2003). This might explain the positive effect of FAA supplementation on antioxidant parameters 

without positive effects of a longer adaptation and suggests a metabolic requirement for, specially, 

methionine and cysteine by the gut under enteric infection. Given the positive effect of a longer 

adaptation to FAA on the attenuation of acute-phase response accompanied by reduced Salmonella 

colonization and shedding, our results indicate that the unchallenged pig utilizes supplemental 
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amino acids for gastrointestinal development as previously reported (Shen et al., 2014; Liang et 

al., 2019; Koo et al., 2020), and that a higher Met intake may be more advantageous under oxidative 

stress compared to a presumably healthy state (Luo and Levine, 2009) as evidenced by the lack of 

effects of a longer adaptation to FAA.  

 

5.6 Conclusions 

 

Collectively, our results show that a longer adaptation to diets supplemented with key FAA, 

specifically Thr, Met, and Trp, above estimated requirements for growth improves growth 

performance and immune status of pigs, mainly through improvements in gut health and ST 

colonization, despite the lack of effect on Salmonella presence in lymphoid tissues. Our data further 

suggest that the antioxidant defense systems are improved by FAA intake but not adaptation period, 

which may be attributed to the dynamism of sulfur amino acid metabolism.  
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CHAPTER 6 

ILEAL ALKALINE PHOSPHATASE IS UPREGULATED FOLLOWING FUNCTIONAL 

AMINO ACID SUPPLEMENTATION IN SALMONELLA TYPHIMURIUM-

CHALLENGED PIGS 

 

 

A modified version of this material presented here is accepted for publication in the Journal of 

Animal Science, 2021. Copyright © 2021 Oxford University Press. 
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6.1 Abstract 

 

We recently showed that functional amino acid (FAA) supplementation improves growth 

performance and immune status of Salmonella Typhimurium (ST)-challenged pigs which was 

further improved by a longer adaptation period. It is expected that the effects are associated with 

increased activity of intestinal alkaline phosphatase (IAP). The objective of this study was to 

evaluate the effects of FAA supplementation and adaptation period on the ileal, cecal, and colonic 

activity of IAP in weaned pigs challenged with ST. In Exp. 1, 32 mixed-sex weanling pigs were 

randomly assigned to dietary treatments in a 2 × 2 factorial arrangement with low (LP) or high 

protein (HP) content and basal (FAA–) or FAA profile (FAA+; Thr, Met, and Trp at 120% of 

requirements) as factors. In Exp. 2, a total of 32 mixed-sex weanling pigs were randomly assigned 

to 1 of 4 dietary treatments, being FAA- fed throughout the experimental period (FAA−) or a FAA 

profile fed only in the post-inoculation (FAA+0), for 1 wk pre- and post-inoculation (FAA+1), or 

throughout the experimental period (FAA+2). In Exp. 1 and 2, after a 7- and 14-d adaptation period, 

respectively, pigs were inoculated with saline solution containing ST (3.3 and 2.2 × 109 CFU/mL, 

respectively). Plasma alkaline phosphatase was measured on d 0 and 7 post-inoculation in Exp. 1, 

and IAP (ileum, cecum, and colon) was measured in Exp. 1 and 2. Correlations among ileal IAP 

and serum albumin and haptoglobin, plasma superoxide dismutase (SOD), malondialdehyde 

(MDA), and reduced:oxidized glutathione (GSH:GSSG), ileal myeloperoxidase (MPO), ST 

shedding and ileal colonization, and post-inoculation average daily gain (ADG), feed intake 

(ADFI), and gain:feed (G:F) were also analyzed. In Exp. 1, plasma alkaline phosphatase was 

decreased with ST inoculation and overall content was increased in LP-FAA+ compared to LP-

FAA- (P < 0.05). Moreover, ileal IAP was increased in FAA+ compared to FAA- pigs in both 

studies (P < 0.05) regardless of adaptation time (P > 0.05). Intestinal alkaline phosphatase was 

positively correlated with MDA and ADFI and negatively correlated with SOD and ST shedding 

in Exp. 1 (P < 0.05). These results demonstrate a positive effect of FAA supplementation, but not 

adaptation period, on ileal alkaline phosphatase activity in Salmonella-challenged pigs, which may 

be associated with improvements in antioxidant balance. 
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6.2 Introduction 

 

Intestinal alkaline phosphatase (IAP) is a brush border enzyme associated with positive 

effects on gastrointestinal health, including recognition and detoxification of microbial patterns, 

inhibition of intestinal inflammation, and modulation of composition and function of gut 

microbiota (Lallès, 2010; Lallès, 2014). Intestinal inflammation downregulates the expression of 

IAP in pigs, which may predispose them to higher susceptibility to enteric pathogens and growth-

check (Lackeyram et al., 2010). Conversely, increased IAP activity may limit the translocation of 

pathogenic gut bacteria to surrounding lymphoid tissues (Lallès, 2014).  

It has been recommended that pigs should be fed reduced dietary crude protein (CP) content 

with supplementation of essential amino acids (AA) aiming to improve gastrointestinal health (Fan 

et al., 2017) and reduce susceptibility to enteric pathogens (Kim et al., 2011). Moreover, AA have 

been shown to perform several functional roles, particularly in supporting gut health and 

development (Wang et al., 2010; Chen et al., 2014a; Liang et al., 2018), which may be associated 

with improved IAP activity. For example, 6-week-old rats fed Met-supplemented diets (300 

mg/kg/day) showed attenuated cisplatin-induced mucositis associated with a higher IAP expression 

(Wu et al., 2019). In pigs, Capozzalo (2015) reported enhanced ileal IAP expression in pigs fed 

additional Trp (0.24 vs. 0.16 standardized ileal digestible (SID) ratio of Trp to Lys) under 

enterotoxigenic Escherichia coli (ETEC) challenge.  

We recently reported that pigs fed functional AA (FAA; Thr, Met, and Trp at 120% of 

requirements) were better equipped to cope with a Salmonella challenge (Rodrigues et al., 2021b), 

and the benefits were greater when pigs were fed FAA for a longer period pre-challenge (Rodrigues 

et al., 2021c). Since the positive effects were associated with improved gut health and reduced 

pathogen colonization, we hypothesized that they may be mediated by or associated with increased 

IAP activity. The objective of this study was to determine the effects of FAA supplementation and 

adaptation period on IAP activity in Salmonella-challenged pigs. 
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6.3 Material and Methods 

 

The experimental protocol was approved by the University of Saskatchewan’s Animal 

Research Ethics Board (AUP #20190003) and followed the Canadian Council on Animal Care 

guidelines (CCAC, 2009). 

 

6.3.1 Animals, housing, inoculation protocol, and diets (Exp. 1) 
 

  Detailed information on animals, housing, inoculation protocol, and diets can be found in 

Rodrigues et al. (2021a). Briefly, 32 mixed-sex weanling (weaning age: 25 d) pigs (13.9 ± 0.76 kg) 

were placed on trial in 2 blocks using 2 experimental rooms for each block. In each experimental 

room, pigs were housed individually and randomly assigned to 1 of 4 treatments in a 2 × 2 factorial 

arrangement in a randomized complete block design (RCBD; n = 8 pigs/treatment) for 14 d. 

Dietary treatments consisted of a low (LP) or high protein (HP) content and basal (FAA–) or 

functional AA profile (FAA+; Thr, Met, and Trp at 120% of requirements) as factors. After a 7-d 

adaptation period and being confirmed negative for the inoculated pathogen, pigs were inoculated 

with solution containing Salmonella enterica serovar Typhimurium var. Copenhagen (ST; 3.3 × 

109 CFU/mL) selected for antibiotic resistance to Nalidixic acid and Novobiocin (Nal+/ Nov+) 

(Pieper et al., 2009; Wellington et al., 2019). Pigs were fed ad libitum and had unrestricted access 

to water throughout the experiment and were monitored for 7 d post-inoculation.  

 

6.3.2 Animals, housing, inoculation protocol, and diets (Exp. 2) 
  

Detailed information on animals, housing, inoculation protocol, and diets can be found in 

Rodrigues et al. (2021b). Briefly, 32 mixed-sex weanling (weaning age: 25 d) pigs (11.6 ± 0.30 kg) 

were placed on trial in 2 blocks using 2 experimental rooms for each block. In each experimental 

room, pigs were housed individually and randomly assigned to 1 of 4 treatments in an RCBD (n = 

8 pigs/treatment) for 21 d. Treatments consisted of FAA- fed throughout the experimental period 

(FAA-) FAA+ fed only in the post-inoculation (FAA+0), for 1 wk pre- and post-inoculation 

(FAA+1), or throughout the experimental period (FAA+2). After a 14-d adaptation period and 

being confirmed negative for the inoculated pathogen, pigs were inoculated with ST (2.2 × 109 
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CFU/mL). Pigs were fed ad libitum and had unrestricted access to water throughout the experiment 

and were monitored for 7 d post-inoculation.  

 

6.3.3 Sampling (blood, intestinal tissue, and digesta), and plasma and intestinal alkaline 

phosphatase (IAP) analysis 

 

In Exp. 1, blood samples were obtained at 0900 h from all pigs before inoculation and on d 

7 post-inoculation via jugular vein puncture into 10 mL heparin coated vacutainer tubes (BD, 

Mississauga, ON, Canada) or tubes containing no additive. Blood samples collected into additive-

free tubes were allowed to clot. Serum and plasma were obtained by centrifugation at 2,500 × g at 

4 °C for 15 min and stored at −20 °C for subsequent analysis. Moreover, on d 7 post-inoculation, 

all pigs in Exp. 1 and 2 were euthanized by penetrating captive bolt followed by exsanguination. 

Intestinal tissue (ileum, cecum, and colon) was sampled, snap-frozen in liquid nitrogen, and stored 

at − 80 °C. Finally, in Exp. 1 and 2, intestinal digesta samples (~1 g) were obtained from the ileum, 

cecum, and colon and stored at − 80 °C. 

Plasma alkaline phosphatase and IAP activity were measured using the Quantichrom ALP 

assay kit (DALP-250, Gentaur, Bioassay systems, Hayward, CA). For plasma samples, 50 μL of 

sample was added to a 150 μL working solution containing magnesium acetate, p-nitrophenyl 

phosphate and assay buffer in a 96 well plate. The optical density at 405 nm was measured at time 

0 and after 4 min using a Synergy 4 microplate reader (Bio-Tek) and alkaline phosphatase activity 

was calculated according to the manufacturer’s instructions. For intestine (ileum, cecum, and 

colon) samples, protein was extracted using potassium phosphate buffer (PPB) and the protein 

concentration was determined using BCA assay (Pierce, Rockford, IL). Then, 50 μL of sample was 

analyzed according to the same methodology described above. 

 

6.3.4 Growth performance, serum acute-phase response, plasma oxidant/antioxidant balance, 

and Salmonella shedding and colonization measurements for correlation analysis  

  

Detailed methodology for growth performance, serum acute-phase response, plasma 

oxidant/antioxidant balance, and ST shedding and intestinal colonization analysis data is provided 

in Rodrigues et al. (2021ab). Briefly, individual pig body weight (BW) and feed intake were 
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obtained on d 0 and 7 post-inoculation for calculation of post-inoculation average daily gain 

(ADG), average daily feed intake (ADFI), and gain:feed (G:F). Serum albumin was analyzed 

according to Doumas et al. (1971) and serum haptoglobin was analyzed according to Makimura 

and Suzuki (1982). Plasma superoxide dismutase (SOD, ab65354), malondialdehyde (MDA, 

ab118970), and reduced glutathione:oxidized glutathione (GSH:GSSG, ab138881) were 

determined according to the manufacturer’s instructions (Abcam, Cambridge, MA) of the 

respective kits. Myeloperoxidase (MPO) activity was measured according to adapted methodology 

from Bloomer et al. (2018) using a colorimetric assay kit according to the manufacturer’s 

instruction (ab105136; Abcam, Cambridge, MA). Rectal swabs were obtained from individual pigs 

on d 1, 2, 4, and 6 post-inoculation, after pigs being confirmed negative for the inoculated pathogen. 

Swabs were diluted and plated before and after enrichment with selenite cysteine broth in brilliant 

green agar plates containing 30 μg/mL Nalidixic acid and 50 μg/mL Novobiocin (Nal+/ Nov+). 

Colony counts were recorded on all plates after incubation for 24 h at 37 °C. Fecal ST shedding 

scores were defined for each plate according to methodology described by Wellington et al. (2019). 

A score of 3 was given to plates with colony counts higher than 30, a score of 2 was given to plates 

with colony counts lower than 30, a score of 1 was given to plates negative for ST before 

enrichment but positive after enrichment, and a score of zero was given to plates negative for ST 

after enrichment. Individual scores on d 1, 2, 4, and 6 were averaged for correlation analysis. 

Approximately 1 g of ileal digesta samples were obtained from individual pigs, serially diluted to 

10–7 and 200 μL of each dilution was plated on BG agar (Nal+/Nov+) and cultured at 37 °C for 24 

h after which colonies were counted on each plate, with colony counts of 30 to 300 used in the 

calculation of colony forming units per gram digesta (CFU/g). To investigate the relationship 

between IAP activity, post-inoculation growth performance (e.g., ADG, ADFI, G:F), acute-phase 

response, oxidant/antioxidant balance, and ST shedding and ileal colonization, we calculated 

Pearson’s correlation coefficients between ileal IAP, and each parameter described above. Readers 

are directed to Rodrigues et al. (2021ab) for detailed data of the parameters measured. 

 

6.3.5 Statistical analysis 
 

Data were tested for normality using the UNIVARIATE procedure of SAS (version 9.4, 

SAS Institute Inc., Cary, NC) and the Shapiro-Wilk test and the studentized residual was used to 
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identify outliers (>3 standard deviations from the mean). In Exp. 1, data were analyzed using the 

MIXED procedure of SAS as a RCBD with a 2 × 2 factorial arrangement of treatments. The factors 

were (a) dietary CP content (low vs. high) and (b) FAA supplementation (FAA– vs. FAA+). These 

factors and their interactions were included as fixed effects and block as a random effect variable. 

For plasma alkaline phosphatase, day (pre- and post-inoculation) was included in the analysis as a 

repeated effect. In Exp. 2, data were analyzed using the MIXED procedure of SAS as a RCBD. 

Treatments (FAA-, FAA+0, FAA+1, and FAA+2) were included as fixed effects and block as a 

random effect variable. For Exp. 1 and 2, correlation coefficients between IAP and albumin, 

haptoglobin, SOD, MDA, GSH:GSSG, and MPO, and P values of correlations were reported. 

Differences between means were determined using the Tukey post-hoc test and considered 

significant at P ≤ 0.05. A trend towards significance was considered at P < 0.10. 

 

6.4 Results  

 

6.4.1 Plasma alkaline phosphatase (Exp. 1) 
 

Plasma alkaline phosphatase was decreased (d 0 vs. d 7; 152.0 ± 9.4 vs 67.6 ± 10.0 IU/L) 

post-inoculation with ST (P < 0.05). Overall, pigs fed LP-FAA+ had increased plasma alkaline 

phosphatase activity compared to pigs fed LP-FAA- (151.8 ± 14.4 vs 82.2 ± 13.8 IU/L) with HP-

FAA- (100.8 ± 13.4 IU/L) and HP-FAA+ (104.2 ± 13.8 IU/L) pigs being intermediate (P < 0.05). 

 

6.4.2 Intestinal alkaline phosphatase (IAP) (Exp. 1 and 2) 
 

Intestinal alkaline phosphatase (IAP) results for Exp. 1 and 2 are shown in Figure 6.1. In 

Exp. 1, pigs fed FAA+ had greater IAP activity in ileum tissue compared to pigs fed FAA- 

regardless of dietary CP content (P < 0.05). There was no effect of FAA supplementation or dietary 

CP content on IAP activity in cecum and colon tissues (P > 0.10). In Exp. 2, FAA- pigs had lower 

IAP activity in ileum tissue compared to FAA+0, FAA+1, and FAA+2 pigs (P < 0.05). Likewise, 

there was no effect of treatments on IAP activity in cecum and colon tissues (P > 0.10). 
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6.4.3 Correlation analysis with serum acute-phase response, and plasma oxidant/antioxidant 

balance measurements (Exp. 1 and 2) 

 

Pearson correlation analysis between ileal IAP and growth performance, serum acute-phase 

response, plasma oxidant/antioxidant balance, and ST shedding and ileal colonization 

measurements for Exp. 1 and 2 are shown in Figure 6.2. In Exp. 1, IAP was positively correlated 

with MDA (r = 0.47, P < 0.05) and ADFI (r = 0.51, P < 0.05) and negatively correlated with SOD 

(r = -0.41, P < 0.05) and ST shedding (r = -0.43, P < 0.05). Albumin was negatively correlated 

with haptoglobin (r = -0.49, P < 0.05) and ADG (r = -0.49, P < 0.05), and tended to be negatively 

correlated with G:F (r = -0.39, P < 0.10). Haptoglobin was negatively correlated with SOD (r = -

0.42, P < 0.05). Superoxide dismutase was positively correlated with ST shedding (r = 0.56, P < 

0.05) and ileal colonization (r = 0.53, P < 0.05), negatively correlated with MDA (r = -0.92, P < 

0.05) and G:F (r = -0.57, P < 0.05), and tended to be negatively correlated with ADFI (r = -0.35, P 

< 0.10). Malondialdehyde was positively correlated with G:F (r = 0.44, P < 0.05) and negatively 

correlated with ST shedding (r = -0.49, P < 0.05) and ileal colonization (r = -0.56, P < 0.05). 

Myeloperoxidase tended to be negatively correlated with G:F (r = -0.36, P < 0.10). Salmonella 

shedding was negatively correlated ADFI (r = -0.54, P < 0.05) and G:F (r = -0.50, P < 0.05), and 

tended to be negatively correlated with ADG (r = -0.36, P < 0.10). Salmonella ileal colonization 

and ADG were negatively (r = -0.51, P < 0.05) and positively (r = 0.92, P < 0.05) correlated with 

G:F, respectively. In Exp. 2, haptoglobin tended to be negatively correlated with albumin (r = -

0.39, P < 0.10). Superoxide dismutase tended to be negatively correlated with MDA (r = -0.40, P 

< 0.10), ADFI (r = -0.41, P < 0.10), and G:F (r = -0.40, P < 0.10). Malondialdehyde tended to be 

positively corelated with GSH:GSSG (r = 0.40, P < 0.10) and G:F (r = 0.37, P < 0.10). 

Reduced:oxidized glutathione tended to be negatively correlated with ST shedding (r = -0.39, P < 

0.10). Myeloperoxidase tended to be positively correlated with ST ileal colonization (r = 0.40, P < 

0.10). Salmonella shedding was positively correlated with G:F (r = 0.48, P < 0.05) and negatively 

correlated with ST ileal colonization (r = -0.62, P < 0.05). Salmonella ileal colonization was 

negatively correlated with G:F (r = -0.76, P < 0.05) and tended to be negatively correlated with 

ADG (r = -0.37, P < 0.10). Average daily gain was positively correlated with ADFI (r = 0.91, P < 

0.05).   
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Figure 6.1. Alkaline phosphatase (AP) activity in intestine tissue (ileum, cecum, and colon) of Salmonella-challenged pigs in Expt. 1 

and 2. In Exp. 1, pigs were fed a low (LP) or high protein (HP) content with a basal amino acid (AA) (FAA–) or functional AA (FAA) 

profile (FAA+; Thr, Met, and Trp at 120% of requirements) as factors. In Exp. 2, pigs were fed FAA- throughout the experimental period 

(FAA-) or a FAA profile (FAA+) either post-inoculation (FAA+0), for 1 wk pre- and post-inoculation (FAA+1), or throughout the 

experimental period (FAA+2). Within intestinal section, bars with different letters differ significantly (P < 0.05). Values are least squares 

means; n=8 pigs/treatment. 
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Figure 6.2. Correlation matrix among intestinal alkaline phosphatase (IAP), serum albumin (ALB) 

and haptoglobin (HAP), plasma superoxide dismutase (SOD), malondialdehyde (MDA), and 

reduced:oxidized glutathione (GSH:GSSG), ileal myeloperoxidase (MPO), Salmonella shedding 

and (SHEDDING) ileal colonization (ILEAL COL), average daily gain (ADG), average daily feed 

intake (ADFI), and gain:feed (G:F) in Salmonella-challenged pigs in Expt. 1 (A) and 2 (B). In Exp. 

1, pigs were fed a low (LP) or high protein (HP) content with a basal amino acid (AA) (FAA–) or 

functional AA (FAA) profile (FAA+; Thr, Met, and Trp at 120% of requirements) as factors. In 

Exp. 2, pigs were fed FAA- throughout the experimental period (FAA-) or a FAA profile (FAA+) 

either post-inoculation (FAA+0), for 1 wk pre- and post-inoculation (FAA+1), or throughout the 

experimental period (FAA+2). Values are the Pearson correlation coefficient (r value); n=32 pigs. 

Bold values are statistically significant (P < 0.05) and underlined values tend to be statistically 

significant (P < 0.10). 
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6.5 Discussion 

 

Intestinal alkaline phosphatase is a brush border enzyme locally produced in large amounts 

by enterocytes and is capable of regulating the inflammatory response at tissue and systemic level 

(Lallès, 2019). The IAP mode of action involves 4 main pathways: 1) dephosphorylation of 

microbial and pro-inflammatory compounds, 2) maintenance of intestinal surface pH, 3) regulation 

of intestinal absorption of calcium, phosphorus, and lipids, and 4) control of gut microbial 

composition and functionality (Lallès, 2010; Buchet et al., 2013; Lallès, 2019). Recently, we 

reported that Salmonella Typhimurium-challenged pigs fed a mixture of Thr, Trp, and Met above 

requirements for growth had attenuated acute-phase response, improved oxidant/antioxidant 

balance, and greater performance (Rodrigues et al., 2021b). More recently, we showed that a longer 

adaptation period (e.g., 2 weeks) to the same mixture potentiated the previous benefits, mainly 

through reduction in fecal and digesta myeloperoxidase content, and reducing Salmonella 

colonization (Rodrigues et al., 2021c). Interestingly, FAA supplementation and longer adaptation 

period also led to attenuated acute-phase response and improved antioxidant balance in ST-

challenged pigs (Rodrigues et al., 2021ab). Therefore, we hypothesized that the tissue-specific 

(e.g., gastrointestinal) and systemic, positive effects of FAA supplementation in pigs inoculated 

with ST (Rodrigues et al., 2021ab) would be associated with increased IAP activity. 

We measured plasma alkaline phosphatase to determine the systemic commitment triggered 

by ST inoculation. It should be highlighted that IAP was not measured in control, healthy pigs as 

a baseline for the effects of ST inoculation, which is a limitation of the present study. While the 

majority of circulating alkaline phosphatase originates from the liver and not the gut (i.e., lack of 

correlation between both), it has been consistently shown that IAP not only attenuates systemic 

inflammation but also that circulating alkaline phosphatase is an effective biomarker of 

inflammatory conditions (Lallès, 2010; Lallès, 2014; Lallès, 2019). Therefore, the 44% decrease 

in plasma alkaline phosphatase activity at 7 d post-inoculation compared to the baseline values may 

indicate increased alkaline phosphatase turnover and suggests effective systemic commitment of 

the immune system by ST inoculation. Indeed, ST is a highly invasive pathogen which reaches the 

intestinal mucosa by crossing the epithelial border (Schlumberger and Hardt, 2005) or via dendritic 

cells (Tam et al., 2008) and is able to disseminate to lymphoid organs, leading to systemic infection 

(Loynachan et al., 2004). Classical symptomatology includes diarrhea (Correa-Matos et al., 2003) 
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and fever (Gebru et al., 2010), activation of acute-phase response (Wellington et al., 2019), 

disturbance of the antioxidant balance (Lv et al., 2020), and poor gut health (Barba-Vidal et al., 

2017). Interestingly, overall plasma alkaline phosphatase was higher in pigs fed LP-FAA+ pigs 

compared to LP-FAA- only. This implies that the supplementation with FAA improved alkaline 

phosphatase activity, but this was dependent on the protein level in the diet. Some AA, including 

Phe, which are increased in high compared to low protein diets, are known to be potent IAP 

inhibitors (Fishman and Ghosh, 1967). This could be a possible reason for the lack of effect of 

FAA supplementation on systemic alkaline phosphatase activity in pigs fed HP diets. Conversely, 

deficiency in AA may also decrease alkaline phosphatase activity, most likely through slower 

intestinal epithelial growth (Montagne et al., 1999; Montoya et al., 2006a; Montoya et al., 2006b). 

Since diets were formulated to meet requirements and no signal of deficiency was observed 

(Rodrigues et al., 2021b; Rodrigues et al., 2021c), the results are unexpected and should merit 

further investigation. To strengthen the lack of reasoning, there was no effect of dietary protein 

content on the activity of IAP in ileum, cecum, or colon in the present study, with positive effects 

being restricted to FAA-supplemented diets in ileum only, as discussed below. Nonetheless, as 

reviewed by Lallès (2010), several dietary components including protein content modulate IAP 

expression and activity and may indirectly impact on the intestinal homeostasis.  

It is believed that IAP is one of the most important governors of the balance between diet, 

inflammation, and intestinal microbiota, which are all directly associated with metabolic 

disturbances (Lallès, 2014). Specifically, IAP activity is thought to be intrinsically related to 

identification and clearance of pathogen-associated molecular patterns, suppression of intestinal 

inflammation and modulation of gastrointestinal microbiota composition and functionality. Since 

there is recent evidence showing the role of dietary interventions on IAP activity in health and 

disease (Lallès, 2014; Lallès, 2019), it may be expected that FAA supplementation may potentiate 

the pivotal role performed by IAP in attenuating the negative effects of gastrointestinal damage. 

Intestinal alkaline phosphatase is highly expressed by duodenal enterocytes (Narisawa et al., 2003) 

with a progressively reduced expression towards the distal gastrointestinal tract (Tuin et al., 2009; 

Molnár et al., 2012). Indeed, in the present study, despite not statistically tested, IAP activity in 

ileal samples (7.64 ± 1.55 mU/mg protein) was higher than in cecal (4.10 ± 1.27 mU/mg protein) 

and colonic samples (3.38 ± 1.76 mU/mg protein). Interestingly, FAA supplementation upregulated 

ileal, but not cecal or colonic, alkaline phosphatase activity. This is a remarkable finding of the 
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present study, as IAP is thought to play a pivotal role in the equilibrium between intestinal barrier 

function and translocation of bacterial pathogen-associated microbial patterns (Whitehead, 2009). 

It has been shown that the ability of Salmonella to successfully colonize the gut lies on 

modifications of ileal mucosa microbiota composition and functionality (Argüello et al., 2018). 

Therefore, an upregulation of ileal IAP in pigs fed FAA+ diets may be one of the explanations for 

their improved growth performance and immune status when inoculated with Salmonella, even 

considering the lack of effect of supplementation on bacterial translocation (Rodrigues et al., 

2021c; Rodrigues et al., 2021b). Our findings are also in agreement with Wu et al. (2019) who 

supplemented rats with D-Met following cisplatin-induced intestinal mucositis. The authors 

reported that the supplementation improved small intestinal IAP activity, which was associated 

with decreased intestinal damage and enhanced growth of beneficial bacteria (Lachnospiraceae 

and Lactobacillus). Likewise, Capozzalo (2015) fed ETEC-challenged pigs diets with or without 

antimicrobial compounds (e.g., lincomycin, spectomycin, and zinc oxide) with low or high Trp 

content (0.16 or 0.24 as ratios of Trp to Lys). The authors showed that high Trp-supplemented pigs 

had similar gut integrity to pigs fed antimicrobial compounds, as revealed by increased IAP activity 

on d 11 post-infection. It should be reiterated that we are unable to provide IAP activity in intestinal 

sections of non-challenged pigs, since all the pigs from both studies (Rodrigues et al., 2021ab) were 

inoculated with ST. However, in both studies, the beneficial effects of FAA supplementation in 

ST-inoculated pigs were achieved without a concomitant increase in ADFI. This confirms recent 

evidence of meta-analytical approaches (Pastorelli et al., 2012; Rodrigues et al., 2021c) which 

showed that a significant fraction of the reduction in growth due to enteric pathogen challenge was 

associated with decreased nutrient utilization and not with decreased feed intake. Moreover, this 

indicates that increased IAP activity is likely associated with functional roles of AA and not simply 

due to an increase in AA intake, even considering the positive correlation between IAP and ADFI 

observed in Exp. 1 of the present study. The lack of effect of FAA supplementation on cecal and 

colonic IAP activity may be due to evidence showing a tissue-nonspecific alkaline phosphatase 

(TNAP) and not IAP being the highly expressed isoform of alkaline phosphatase in distal parts of 

the gut (Martínez-Augustin et al., 2010).  

Surprisingly, there was no effect of a longer adaptation period on IAP activity in ileal 

samples, which suggests that the AA intake is more important to IAP activity than length of 

feeding. It has been shown for AA such as Gln, that increased intake improves IAP activity (Lallès, 
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2014), which is most likely associated with accelerated production of the cellular antioxidant 

glutathione and consequent attenuated oxidative stress (Prabhu et al., 2003). We have shown 

recently that the antioxidant balance in Salmonella-challenged pigs was improved by FAA 

supplementation (Rodrigues et al., 2021b) but not adaptation period (Rodrigues et al., 2021c). This 

is in line with positive effects in antioxidant defense systems associated with increased Trp (Mao 

et al., 2014b) or Met (Wu et al., 2019) intake. Indeed, it is expected a higher rate of Met 

transsulfuration to accommodate the increased Cys requirements for glutathione synthesis 

(Malmezat et al., 2000b; Vitvitsky et al., 2003) in our Salmonella-challenged pigs. This might 

explain the lack of effect of FAA adaptation period on antioxidant balance and indicates a 

metabolic prioritization of, specially, Met and Cys by the gut under enteric infection. Thus, our 

findings provide additional indication that IAP activity is intimately related to the ability of the gut 

to maintain an adequate oxidant/antioxidant balance (Medina et al., 2004). Additional support for 

this relationship lies in the positive correlation between IAP and MDA in Exp. 1, and negative 

correlation between IAP and both SOD and ST shedding in Exp. 2. Activation of intestinal mucosa 

to oxidative stress, which may be associated with intestinal neutrophil activity, atrophy, and 

metaplasia, has been shown to increase plasma SOD (as an adaptive mechanism) and MDA (Dincer 

et al., 2007; Siregar et al., 2018). The inverse relationship between IAP and both SOD and ST 

shedding and the direct relationship between IAP and MDA may reflect a more well-balanced 

intestinal environment which leads to 1) attenuated production of scavengers to counteract the 

oxidative stress (Lih-Brody et al., 1996), and 2) increased production of angiogenic and 

immunomodulatory agents to attenuate the inflammatory response (Langlois and Delanghe, 1996), 

which possibly suppresses pathogen shedding. Interestingly, these correlational findings are in line 

with a recent review (Lallès, 2019), which reported different protective effects of IAP against 

pathogens, through mechanisms still unknown and that merit further investigation. 

 

6.6 Conclusions 

 

Collectively, our findings shed light on IAP modulation by diet and its relationship with 

systemic homeostasis (Lallès, 2010; Lallès, 2014; Lallès, 2019). We provide evidence that the 

positive effects of FAA-supplementation in Salmonella-challenged pigs (Rodrigues et al., 2021b) 

may be mediated by or associated with increased ileal IAP activity. The lack of effect of FAA 
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adaptation period on IAP activity may be explained by antioxidant balance being more associated 

with AA intake than length of feeding.  
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CHAPTER 7 

FUNCTIONAL AMINO ACID SUPPLEMENTATION POST-WEANING MITIGATES 

THE RESPONSE OF NORMAL BIRTH WEIGHT, BUT NOT LOW BIRTH WEIGHT, 

PIGS TO A SUBSEQUENT SALMONELLA CHALLENGE 
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7.1 Abstract 

 

Low birth weight (LBW) pigs have impaired gut and overall health. It is not known whether 

functional amino acid (FAA) supplementation attenuates the effects of disease-challenge in LBW 

pigs. The objective was to determine the effects of birth weight and FAA supplementation during 

the post-weaning period in Salmonella-challenged pigs. Thirty-two LBW (1.08 ± 0.11 kg) and 

normal birth weight (NBW; 1.58 ± 0.11 kg) pigs were assigned to a nursery feeding program at 

weaning (25 d) for 31 days in a 2 × 2 factorial arrangement. Factors were birth weight category 

(LBW vs. NBW) and basal (FAA–) or supplemented FAA profile (FAA+; Thr, Met, and Trp at 

120% of requirements). At d 31, pigs were placed onto a common grower diet and, after a 7-d 

adaptation period, were inoculated with Salmonella Typhimurium (ST; 2.2 × 109 colony forming 

units/mL) and monitored for 7 d post-inoculation. Growth performance, rectal temperature, fecal 

score, indicators of gut health, ST shedding score in feces, intestinal ST colonization and 

translocation, and blood parameters of acute-phase response and antioxidant balance were 

measured pre- and post-inoculation. Inoculation with ST increased temperature and fecal score, 

and overall temperature was higher in LBW compared to NBW pigs (P < 0.05). Post-inoculation 

(d 7) reduced:oxidized glutathione was increased in NBW compared to LBW pigs (P < 0.05). 

Salmonella shedding and translocation to spleen were lower in NBW-FAA+ compared to NBW-

FAA- pigs (P < 0.05). Post-inoculation average daily gain was higher in NBW-FAA+ (P < 0.05) 

compared to the other groups. Post-inoculation haptoglobin, superoxide dismutase, and colonic 

myeloperoxidase were increased in LBW-FAA- pigs (P < 0.05). Ileal alkaline phosphatase was 

decreased in LBW compared to NBW (P < 0.05). Functional AA supplementation mitigated the 

effect of Salmonella infection in NBW, but not LBW pigs. 
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7.2 Introduction 

 

The constant genetic selection for increased litter size in pigs has resulted in a higher 

proportion of piglets born with low birth weights (LBW; Beaulieu et al. (2010); Baxter et al. 

(2013); Rutherford et al. (2013)). The primary negative consequence of LBW for the swine industry 

is a reduction in body weight at the end of nursery (Rodrigues et al., 2020) and finishing phases 

(Rehfeldt and Kuhn, 2006). The growth lag observed in LBW pigs is generally associated with 

reduced feed intake, which decreases nutrient supply for pre- and post-weaning growth (Dong and 

Pluske, 2007; Vos et al., 2014), and is often exacerbated by competition for resources with heavier 

littermates (Douglas et al., 2014a). However, additional nutrient supply does not necessarily 

improve performance in LBW pigs (Vos et al., 2014), which suggests that alterations to 

physiological response may impair the response to nutrient intake in LBW compared to normal 

birth weight (NBW) pigs. In a recent study, Huang et al. (2020) showed that LBW leads to 

intestinal malfunctioning and microbiota dysbiosis, which may be associated with deficiencies in 

nutrient metabolism and increased intestinal inflammation in pigs. 

The positive effects of dietary amino acids (AA) on overall health, recently regarded as 

‘functional’ roles, are mainly associated with improvements in intestinal mucosal barrier, 

antioxidant defense, and immune molecule synthesis (Le Floc’h et al., 2018). Of note, it is well 

documented that LBW increases the risk for development of several dysfunctions in the porcine 

gastrointestinal tract, including delayed post-weaning gut maturation (Michiels et al., 2013), 

deteriorated epithelial barrier function (Tao et al., 2019), and slowed whole-organ development 

(Rodrigues et al., 2020). Moreover, piglets lighter at birth showed reduced immune competence 

and infection resistance (Bæk et al., 2020), lower serum immunoglobulin concentrations (Nguyen, 

2013), and lower expression of intestinal lymphocytes (Prims et al., 2016). In this sense, it may be 

expected that supplementation with key functional AA (FAA) may mitigate the negative effects of 

intrauterine growth retardation. We have previously reported improved immune status and growth 

performance in weaned pigs challenged with Salmonella Typhimurium fed diets supplemented 

with Met, Thr, and Trp above requirements for growth (Rodrigues et al., 2021b). More recently, 

we have shown that a longer adaptation period (e.g., 2 weeks) to diets supplemented with FAA 

potentiated the previously reported improvements, mainly through enhanced gut health and 

reduced Salmonella colonization (Rodrigues et al., 2021c). It is not known whether Salmonella 
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challenge will aggravate the impaired post-weaning growth performance, gut health, and immune 

status of LBW compared to NBW pigs and whether this could be ameliorated by FAA 

supplementation. 

The objective of the present study was to determine the effects of birth weight category 

(BWC) on the susceptibility of pigs to an enteric challenge during the grower phase and how this 

is influenced by the supplementation with FAA during the nursery phase. It was hypothesized that 

supplementation with FAA would support a robust immune system, improve growth performance, 

and decrease disease susceptibility of LBW piglets. 

 

7.3 Material and Methods 

 

The experimental protocol was approved by the University of Saskatchewan’s Animal 

Research Ethics Board (AUP #20190003) and followed the Canadian Council on Animal Care 

guidelines (CCAC, 2009). 

 

7.3.1 Pre-weaning animal housing 
 

A total of 16 sows (Camborough Plus × C3378; PIC Canada Ltd.) were housed in farrowing 

crates at the Prairie Swine Centre, Saskatoon, SK, over 2 blocks. Sows were moved into farrowing 

crates ∼5 d before their expected farrow date, fed a standard commercial lactation diet 

(Masterfeeds) meeting the nutrient requirements for lactating sows (NRC, 2012) and were fed 

according to a standard feeding curve. All piglets in the litter were individually weighed and 

identified as NBW or LBW based on BWC as previously established in this population of pigs 

(Beaulieu et al., 2010; Rodrigues et al., 2020), with piglets of 0.9 kg < 1.3 kg initial body weight 

(BW) considered LBW and piglets 1.4 kg < 1.8 kg initial BW considered NBW. A total of 32 

mixed-sex, gender-balanced piglets (LBW=16; NBW=16) with BW closest to group average were 

selected and males were castrated. Standard production procedures were performed for all piglets 

(e.g., tail docking, ear notching for identification, iron supplementation). Within 48 h of farrowing, 

piglets were cross-fostered between sows, if needed, in order to equalize litter size to 12–14 

piglets/litter. All piglets were allowed unrestricted access to the sow and no additional feed was 

provided to the piglets before weaning.  
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7.3.2 Post-weaning animal housing, diets, and feeding 
 

After weaning (~25 d of age), piglets were transported to the Animal Care Unit of the 

Western College of Veterinary Medicine (Saskatoon, SK). The pigs were placed on trial in 2 blocks 

using 2 experimental rooms. In each experimental room (25 °C ambient temperature), pigs were 

housed individually on solid floors lined with rubber mats. Pigs were randomly assigned, within 

each BWC, to 1 of 2 treatments in a randomized complete block design (RCBD) (n = 8 

pigs/treatment) for 45 d, consisting of a 38-d adaptation period (no inoculation) and 7 d post-

inoculation period. Pigs were fed the experimental dietary treatments from d 0 to 31 post-weaning 

(Phase I, 10 d; Phase II, 21 d). Experimental diets were corn- wheat- barley- soybean meal-based 

with a basal (FAA-) or functional (FAA+) AA profile. Diets were formulated using the reported 

nutrient content and analyzed AA content of ingredients to meet or exceed nutrient requirements 

according to NRC (2012) and AMINODat 5.0 (Evonik, 2016) (Table 7.1 and 7.2). The FAA- 

profile met the standardized ileal digestible (SID) AA requirements according to NRC (2012) and 

the FAA+ profile contained Thr, Met, and Trp at 120% of requirements for growth. After being 

fed the experimental dietary treatments, pigs were placed onto a common grower diet for 14 d (7 d 

pre- and 7 d post-inoculation) formulated using the reported nutrient content and analyzed AA 

content of ingredients to meet or exceed nutrient requirements according to NRC (2012) and 

AMINODat 5.0 (Evonik, 2016) (Table 7.1 and 7.2). Pigs were fed ad libitum and had unrestricted 

access to water for the duration of the study. 

 

7.3.3 Inoculation, rectal swab protocol, and fecal sampling 
 

All pigs were confirmed negative for the inoculated pathogen on d 63 of the experiment (d 

0 of the inoculation period) and then were orally inoculated (two 1-mL inoculations within 4 h) 

with a solution containing 2.16 × 109 CFU/mL Salmonella enterica subsp. enterica serovar 

Typhimurium var. Copenhagen (ST) selected for antibiotic resistance to Nalidixic acid (Nal+) and 

Novobiocin (Nov+) (Pieper et al., 2009; Wellington et al., 2019). Rectal swabs were collected from 

individual pigs on d 2 pre-inoculation and d 1, 2, 4, and 6 post-inoculation, diluted 1:10 in buffered 

peptone water (BPW), and cultured on brilliant green agar (BG agar) plates containing 30 μg/mL 

Nal+ and 50 μg/mL Nov+ (Wellington et al., 2019). One mL of the dilution was enriched in 4 mL 

of selenite-cysteine broth (30 μg/mL Nal+/50 μg/mL Nov+) and incubated overnight at 37 °C and 
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later 200 μL was cultured on BG agar plates (30 μg/mL Nal+/50 μg/mL Nov+) (Wellington et al., 

2019). Fecal shedding scores were defined after analyzing each plate according to a scoring system 

previously described (Wellington et al., 2019; Rodrigues et al., 2021b; Rodrigues et al., 2021c). 

Briefly, colony counts were recorded on all plates after incubation for 24 h at 37 °C. Plates prepared 

from swabs with colony counts > 30 were given a score of 3. Plates positive for antibiotic-resistant 

ST but with colony counts < 30 were given a score of 2. A score of 1 was assigned to swabs negative 

for antibiotic resistant ST after direct plating but positive after enrichment. Swabs negative for 

antibiotic resistant ST after direct plating and on enrichment were given a score of zero. On d 2 

pre-inoculation and d 4 post-inoculation, fecal samples were obtained from individual pigs for 

analysis of myeloperoxidase (MPO) activity as a pro-inflammatory biomarker according to 

adapted methodology from Bloomer (2018). Briefly, fecal samples were stored at -80 °C, allowed 

to thaw and diluted (1:1) before centrifugation twice at 1,150 ×g for 10 min at 4 °C. For each 

sample, 750 μL of the resulting supernatant was transferred to 2 mL polypropylene microcentrifuge 

tubes and centrifuged again at 7,000 ×g for 10 min at room temperature. The samples were then 

assayed in duplicate for determination of MPO activity using a colorimetric assay kit according to 

the manufacturer’s instruction (ab105136; Abcam, Cambridge, MA). 

 

7.3.4 Growth performance 
 

Individual BW of all piglets in the litter were recorded at d 0 and 25 for calculation of pre-

weaning average daily gain (ADG). Individual pig BW and feed intake were recorded on d 0, 10, 

31, 38, and 45 post-weaning (days 25, 35, 56, 63, and 70 of the study) for calculation of post-

weaning and pre- and post-inoculation with Salmonella ADG, average daily feed intake (ADFI), 

and feed efficiency [gain:feed (G:F)]. 

 

7.3.5 Rectal temperature and fecal score 
 

Rectal temperature and fecal score were obtained from all pigs over a period of 7 d (d -1 

pre-inoculation and daily post-inoculation until d 6). Rectal temperatures were obtained using a 

digital thermometer (Life Brand, ON, Canada). A scoring system was used to assign fecal scores, 

with normal consistency feces given a score of 0, semisolid feces without blood given a score of 1, 

watery feces without blood given a score of 2, and blood-tinged feces given a score of 3. 
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7.3.6 Blood sampling and analysis 
 

Blood samples were obtained at 0900 h from all pigs before inoculation (d 0) and on d 4 

and 7 post-inoculation via jugular vein puncture into 10 mL heparin coated vacutainer tubes (BD, 

Mississauga, ON, Canada) or tubes containing no additive. Blood samples collected into additive-

free tubes were allowed to clot. Serum and plasma were obtained by centrifugation at 2,500 ×g at 

4 °C for 15 min and stored at −20 °C for subsequent analysis. All samples were analyzed in 

duplicate for the parameters described below. Serum albumin was analyzed by bromocresol green 

method using a Cobas C 311 (Roche Diagnostics, Laval, QC, Canada) according to Doumas et al. 

(1971). Serum haptoglobin was analyzed in the Animal Health Laboratory at the University of 

Guelph (Guelph, ON) on a Roche Cobas 6000 c501 analyzer according to the method described by 

Makimura and Suzuki (1982). Plasma content of superoxide dismutase (SOD, ab65354; Abcam, 

Cambridge, MA), reduced glutathione:oxidized glutathione (GSH:GSSG, ab138881; Abcam, 

Cambridge, MA), and alkaline phosphatase (DALP-250, Gentaur, Bioassay systems, Hayward, 

CA), as well as serum antioxidant capacity (SAC, CS0790; Sigma Aldrich, Oakville, Canada) were 

determined according to the manufacturer’s instructions of the respective kits. 

 

7.3.7 Digesta and tissue collection and analysis 
 

All pigs were euthanized on d 7 post-inoculation, by penetrating captive bolt followed by 

exsanguination. Mesenteric lymph nodes (MLN), liver, and spleen were subsequently removed 

using aseptic techniques, placed into sterile tubes containing 20 mL BPW, weighed, and 

homogenized followed by plating of 200 μL of the dilution on Nal+/ Nov+ BG agar plates 

(Wellington et al., 2019). One-mL of the content was was diluted (1:5) in selenite-cysteine broth 

(Nal+/Nov+) for enrichment overnight at 37 °C with shaking, after which 200 μL were plated and 

incubated (Wellington et al., 2019). Approximately 1 g of ileal, cecal, and colonic digesta samples 

were collected and analyzed according to methodology described by Wellington et al. (2019). 

Briefly, digesta samples were diluted (1:5) in BPW and kept at 4 °C. Subsequently, the digesta 

samples were serially diluted to 10–7 and 200 μL of each dilution were plated on BG agar 

(Nal+/Nov+) and cultured at 37 °C for 24 h after which colonies were counted on each plate, with 

colony counts of 30 to 300 used in the calculation of CFU per gram digesta. Furthermore, MPO 

activity was analyzed in duplicate using a colorimetric kit (ab105136, Abcam; Cambridge, MA) in 
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ileal, cecal, and colonic digesta samples according to methodology from Bloomer (2018) 

previously described for fecal samples. 

Intestinal tissue (ileum) was sampled, snap-frozen in liquid nitrogen, and stored at − 80 °C 

for intestinal alkaline phosphatase analysis. Briefly, protein was extracted using potassium 

phosphate buffer (PPB) and the protein concentration was determined using BCA assay (Pierce, 

Rockford, IL). Then, 50 μL of sample was added to a 150 μL working solution containing 

magnesium acetate, p-nitrophenyl phosphate and assay buffer in a 96 well plate (in duplicate) using 

the Quantichrom ALP assay kit (DALP-250, Gentaur, Bioassay systems, Hayward, CA).  

 

7.3.8 Statistical analysis 
 

Data was tested for normality using the UNIVARIATE procedure of SAS (version 9.4, SAS 

Institute Inc., Cary, NC) and the Shapiro-Wilk test and the studentized residual were used to 

identify outliers (>3 standard deviations from the mean). Pre-weaning growth performance data 

was analyzed using the MIXED procedure of SAS as a nested design, blocked by farrowing date 

(week) and with pig-within-sow as the experimental unit. The model included fixed effect of BWC 

and pig-within-sow as a random effect. Post-weaning data was analyzed using the MIXED 

procedure of SAS as a RCBD with a 2 × 2 factorial arrangement of treatments. The factors were a) 

BWC (LBW vs. NBW) and b) FAA supplementation (FAA- vs. FAA+). These factors and their 

interactions were included as fixed effects and block as a random effect variable. For data collected 

over time, day (pre- and post-inoculation) was included in the analysis as a repeated effect [i.e., 

acute-phase response and oxidant/antioxidant balance (d 4 and 7 post-inoculation); Salmonella 

shedding score in feces (d 1, 2, 4, and 6 post-inoculation); and fecal MPO (d 4 post-inoculation)]. 

Body weight was included as a covariate in all statistical analysis and only retained when 

significant. Differences between means was determined using the Tukey post-hoc test and 

considered significant at P < 0.05. A trend towards significance was considered at P < 0.10. The 

intra- and inter-assay coefficients of variation for blood parameters, fecal and digesta MPO, and 

ileal alkaline phosphatase were 1.32% and 7.33%, respectively. 

 

7.4 Results 
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7.4.1 Pre-inoculation growth performance 
 

Figure 7.1 presents pre-weaning (d 0–25) growth performance for LBW and NBW piglets. 

Low birth weight pigs had reduced BW compared with NBW pigs at birth and weaning (P < 0.05). 

Moreover, growth rate (ADG) was lower for LBW pigs than for NBW pigs during d 0–25 (P < 

0.05). Post-weaning (Table 7.3), LBW pigs were lighter at the beginning of Phase I, Phase II, and 

pre-inoculation (P < 0.05) and tended to show decreased pre-inoculation ADG (P < 0.10) compared 

to NBW pigs. Normal birth weight pigs fed FAA+ had greater ADFI compared to NBW fed FAA- 

during Phase I (d 0-10), with LBW being intermediate regardless of FAA supplementation (P < 

0.05). 

 

7.4.2 Rectal temperature and fecal score 
 

Rectal temperature and fecal score are shown in Figure 7.2. Inoculation with ST increased 

rectal temperature within 24 h, which remained elevated during the first 3 d post-inoculation (P < 

0.05). Moreover, overall rectal temperature was higher in LBW compared to NBW pigs (P < 0.05). 

There was no effect of FAA supplementation on rectal temperature (P > 0.10). Inoculation with ST 

also negatively affected fecal score within 24 h, which was most deteriorated at d 3 post-inoculation 

and did not recover to the baseline until d 6 post-inoculation (P < 0.05). There was no effect of 

BWC or FAA supplementation on fecal score (P > 0.10).  

 

7.4.3 Salmonella scoring for shedding in feces and colonization 
 

All pigs were confirmed negative for Salmonella prior to inoculation. Salmonella shedding 

score in feces was quantified on d 1, 2, 4, and 6 post-inoculation (Figure 7.3). Shedding was 

progressively lower from d 1 to 6, regardless of treatment (P < 0.05). Moreover, overall shedding 

was reduced in NBW pigs fed FAA+ compared to NBW pigs fed FAA- (P < 0.05). Table 7.4 

shows ST quantification in ileum, cecum, and colon digesta. There was no effect of BWC, FAA or 

their interaction on the counts of ST in ileum, cecum, or colon (P > 0.10). Table 7.5 shows the 

presence of the inoculated ST in the liver, MLN, and spleen. Translocation of ST to spleen was 

reduced by FAA+ in NBW pigs only (P < 0.05) and there was no effect of FAA supplementation 

or BWC on the presence of the inoculated ST in the liver and MLN (P > 0.10).  
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7.4.4 Post-inoculation growth performance 
 

Growth performance data for post-inoculation is presented in Table 7.3. Low birth weight 

pigs were lighter at inoculation and 7 d post-inoculation regardless of FAA supplementation (P < 

0.05). Pigs fed FAA+ tended to be heavier than pigs fed FAA- regardless of BWC (P < 0.10). Post-

inoculation ADG was increased in NBW fed FAA+ compared to the other groups (P < 0.05). There 

was no effect of FAA supplementation, BWC, or their interactions on post-inoculation ADFI and 

G:F (P > 0.10). 

 

7.4.5 Blood parameters 
 

Indicators of acute-phase response (albumin and haptoglobin) and of oxidant/antioxidant 

balance (SAC, SOD, GSH, GSSG, and GSH:GSSG) are shown in Table 7.6 with probabilities 

corresponding to treatment effects shown in Table 7.7. Serum albumin decreased at 4 d post-

inoculation and remained decreased at d 7 post-inoculation (P < 0.05), regardless of BWC and 

FAA. Haptoglobin peaked at d 4 post-inoculation and decreased to intermediate levels at d 7 post-

inoculation (P < 0.05). At d 4 post-inoculation, haptoglobin content was increased in LBW pigs 

fed FAA- compared to the other groups (P < 0.05). Serum antioxidant capacity decreased at 4 d 

post-inoculation and remained decreased at d 7 post-inoculation (P < 0.05). Pigs fed FAA+, 

regardless of BWC, had greater overall SAC compared to pigs fed FAA- (P < 0.05). Superoxide 

dismutase peaked at d 4 post-inoculation and decreased to intermediate levels at d 7 post-

inoculation (P < 0.05). At d 4 post-inoculation, SOD was decreased in pigs fed FAA+ compared to 

LBW pigs fed FAA- (P < 0.05). Plasma GSH was reduced by d 4 post-inoculation, which remained 

lower at d 7 post-inoculation (P < 0.05). Plasma GSSG was increased by d 4 post-inoculation and 

returned to baseline levels at d 7 post-inoculation (P < 0.05). At d 7 post-inoculation, NBW pigs 

had greater GSH:GSSG compared to LBW pigs regardless of FAA supplementation (P < 0.05). 

Plasma alkaline phosphatase was decreased post-inoculation (d4) compared to the pre-inoculation 

measurement regardless of BWC and FAA supplementation (P < 0.05) (Fig. 4) 
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7.4.6 Fecal and digesta myeloperoxidase (MPO) 
 

Fecal MPO of pigs is shown in Figure 7.4 and digesta MPO is presented in Table 7.8. 

Fecal MPO was increased post-inoculation compared to pre-inoculation (P < 0.05) regardless of 

BWC and FAA supplementation. Cecal MPO was reduced in NBW pigs fed FAA+ compared to 

pigs fed FAA-, regardless of BWC (P < 0.05). Moreover, colonic MPO was increased in LBW pigs 

fed FAA- compared to the other groups (P < 0.05).  

 

7.4.7 Ileal alkaline phosphatase 
 

Ileal alkaline phosphatase of pigs is shown in Figure 7.5. Ileal alkaline phosphatase was 

decreased in LBW compared to NBW pigs, regardless of FAA supplementation (P < 0.05). 
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Table 7.1. Ingredient and nutrient composition of experimental diets (as-fed basis)1 

 
 Phase I Phase II Grower  FAA- FAA+ FAA- FAA+ 

Corn 28.76 28.40 38.58     38.24 39.58 
Soybean meal, 46% CP 25.00 25.00 25.00 25.00 25.00 
Wheat 15.00 15.00 15.00 15.00 15.00 
Barley 15.00 15.00 15.00 15.00 15.00 
Whey 10.00 10.00 - - - 
Soybean oil 2.00 2.00 2.00 2.00 2.00 
L-Lys HCl 0.61 0.61 0.61     0.61         0.36 
DL-Met 0.22 0.37 0.20 0.34 0.11 
L-Thr 0.19 0.36 0.20 0.36 0.10 
L-Trp - 0.04 - 0.04 - 
L-Val 0.10 0.10 0.07 0.07 - 
L-His 0.05 0.05 0.03 0.03 - 
Salt 0.35 0.35 0.35 0.35 0.35 
Vitamin/Mineral Premix2 0.40 0.40 0.40 0.40 0.20 
Limestone 1.22 1.22 1.32 1.32 1.20 
Monocalcium phosphate 1.10 1.10 1.24 1.24 1.10 
Calculated nutrient content3      
DM, % 86.69 86.73 85.74 85.78 85.63 
CP, % 19.72 19.94 19.33 19.53 18.95 
ME, kcal/kg 3294 3298 3284 3289 3293 
NE, kcal/kg 2463 2467 2457 2460 2465 
Amino acids, % SID      
Lys 1.35 1.35 1.28 1.28 1.09 
Met+Cys 0.74 0.89 0.70 0.84 0.62 
Thr 0.79 0.95 0.76 0.91 0.66 
Trp 0.22 0.26 0.20 0.24 0.20 
Arg 1.07 1.07 1.03 1.03 0.83 
His 0.46 0.46 0.43 0.43 0.38 
Iso 0.71 0.71 0.65 0.65 0.57 
Leu 1.36 1.36 1.28 1.28 1.13 
Phe+Tyr 1.31 1.31 1.26 1.26 1.06 
Val 0.86 0.86 0.81 0.81 0.71 

FAA-, Basal amino acid profile; FAA+, Functional amino acid profile (Thr, Met, and Trp at 120% of 
requirements for growth); SID, Standardized ileal digestible. Phase I: Diets fed from d 0 until d 10 post-
weaning; Phase II: Diets fed from d 11 until d 31 post-weaning; Grower: Diet fed during the pre- and post-
inoculation periods. 
1L-Lys HCl, Archer Daniels Midland Company (Decatur IL, USA); DL-Met, Evonik Operations GmbH 
(Mobile AL, USA); L-Trp, L-Thr, and L-Val, Jefo Nutrition Inc. (Saint-Hyacinthe, QC, Canada); all other 
AA, ACP Chemicals, Inc. (St. Leonard, QC, Canada). 
2Supplied per kg of complete diet: vitamin A, 6,000 IU; vitamin D, 9.3 mg; vitamin E, 35 IU; menadione, 
2.5 mg; vitamin B12, 0.02 mg; thiamine, 1.00 mg; biotin, 0.10 mg; niacin, 20 mg; riboflavin, 4 mg; 
pantothenate, 12 mg; folic acid, 0.50 mg; pyridoxine, 5.0 mg; Fe,75 mg; Zn, 75 mg; Mg, 20 mg; Cu, 10 mg; 
Se, 0.15 mg, and I, 0.50 mg.  
3Nutrient content of diets based on estimated nutrient contents of ingredients according to NRC (2012) and 
analyzed AA content according to Evonik Operations GmbH.  
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Table 7.2. Analyzed nutrient content of experimental diets (as-fed basis) 

 
 Phase I Phase II Grower  FAA- FAA+ FAA- FAA+ 

Dry matter 88.51 88.18 88.22 88.33 87.65 
Crude protein 18.3 18.7 17.9 18.3 15.3 
Total amino acids1      
Arg 1.03 (1.16) 1.07 (1.16) 1.06 (1.11) 1.06 (1.11) 0.85 (0.90) 
His 0.44 (0.52) 0.44 (0.52) 0.44 (0.49) 0.44 (0.49) 0.37 (0.43) 
Ile 0.73 (0.80) 0.75 (0.80) 0.69 (0.74) 0.70 (0.74) 0.60 (0.65) 
Leu 1.39 (1.55) 1.43 (1.55) 1.36 (1.47) 1.36 (1.47) 1.18 (1.29) 
Lys 1.39 (1.48) 1.40 (1.48) 1.27 (1.40) 1.27 (1.40) 1.11 (1.20) 
Met+Cys 0.70 (0.83) 0.83 (0.98) 0.69 (0.79) 0.82 (0.93) 0.63 (0.71) 
Phe 0.81 (0.92) 0.84 (0.92) 0.82 (0.89) 0.83 (0.89) 0.70 (0.75) 
Thr 0.81 (0.91) 0.97 (1.07) 0.82 (0.86) 0.93 (1.01) 0.71 (0.76) 
Trp 0.22 (0.24) 0.25 (0.28) 0.22 (0.23) 0.25 (0.27) 0.20 (0.21) 
Val 0.88 (0.98) 0.92 (0.98) 0.88 (0.93) 0.89 (0.93) 0.77 (0.82) 

FAA-, Basal amino acid profile; FAA+, Functional amino acid profile (Thr, Met, and Trp at 120% of 
requirements for growth). 
1Analyzed values of total amino acids with calculated values in parenthesis. 
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Table 7.3. Pre- and post-inoculation growth performance of low and normal birth weight pigs inoculated with Salmonella1 

 
 Low birth weight Normal birth weight 

SEM 
P-value 

Item FAA- FAA+ FAA- FAA+ BWC FAA BWC×FAA 
Phase I (day 0 to 10)         
       Initial body weight, kg 6.79 6.98 8.24 8.72 0.347 <0.01 0.64 0.27 
       Average daily gain, kg 0.246 0.249 0.287 0.313 0.044 0.45 0.22 0.16 
       Average daily feed intake, kg 0.386ab 0.405ab 0.361b 0.446a 0.025 0.73 0.21 0.05 
       Gain:Feed, kg/kg 0.64 0.62 0.79 0.70 0.093 0.28 0.86 0.89 
Phase II (day 10 to 31)         
       Initial body weight, kg 9.25 9.47 11.11 11.85 0.605 <0.01 0.44 0.68 
       Average daily gain, kg 0.382 0.400 0.360 0.403 0.036 0.80 0.41 0.72 
       Average daily feed intake, kg 0.699 0.721 0.780 0.773 0.050 0.20 0.88 0.79 
       Gain:Feed, kg/kg 0.55 0.55 0.46 0.52 0.043 0.17 0.36 0.63 
Pre-inoculation (day 31 to 38)         
       Initial body weight, kg 17.27 17.87 18.67 20.31 0.460 0.05 0.70 0.15 
       Average daily gain, kg 0.416 0.529 0.718 0.784 0.157 0.07 0.56 0.88 
       Average daily feed intake, kg 0.854 0.914 0.926 1.099 0.106 0.21 0.26 0.58 
       Gain:Feed, kg/kg 0.49 0.58 0.78 0.71 0.153 0.55 0.71 0.35 
Post-inoculation (day 38 to 45)         
       Initial body weight, kg 20.18 21.57 23.70 25.80 0.967 0.01 0.63 0.16 
       Average daily gain, kg 0.436b 0.446b 0.477b 0.565a 0.034 0.33 0.08 0.03 
       Average daily feed intake, kg 0.831 0.913 0.938 1.065 0.146 0.55 0.31 0.34 
       Gain:Feed, kg/kg 0.52 0.49 0.51 0.53 0.038 0.43 0.76 0.82 
       Final body weight, kg 23.23 24.69 27.04 29.76 0.841 0.03 0.07 0.48 

FAA-, Basal amino acid profile; FAA+, Functional amino acid profile (Thr, Met, and Trp at 120% of requirements for growth). SEM, standard error 
of the mean. BWC, birth weight category.  
1Values are least squares means; n=8 pigs/treatment. 
a–bMeans within a row with different superscripts differ (P ≤ 0.05). 
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Table 7.4. Salmonella Typhimurium var. Copenhagen quantification in intestinal contents (Log10 CFU/g; d 7 post-inoculation) of 

Salmonella-inoculated low and normal birth weight pigs fed nursery diets differing in functional amino acid content1 

 
 Low birth weight Normal birth weight  P-value 
Item FAA- FAA+ FAA- FAA+ SEM BWC FAA BWC×FAA 
Ileum 1.78 2.11 2.28 2.26 0.405 0.11 0.44 0.37 
Cecum 2.26 1.85 1.87 1.74 0.347 0.30 0.27 0.56 
Colon 1.79 1.81 1.82 2.00 0.247 0.65 0.66 0.73 

FAA-, Basal amino acid profile; FAA+, Functional amino acid profile (Thr, Met, and Trp at 120% of requirements for growth). SEM, standard error 
of the mean. BWC, birth weight category.  
1Values are least squares means; n=8 pigs/treatment. 
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Table 7.5. Salmonella Typhimurium var. Copenhagen translocation to the mesenteric lymph nodes, spleen, and liver in low and normal 

birth weight pigs1 

 
 Low birth weight Normal birth weight  P-value 
Item FAA- FAA+ FAA- FAA+ SEM BWC FAA BWC×FAA 
Mesenteric lymph nodes 1.75 2.00 1.86 1.75 0.312 0.81 0.81 0.54 
Spleen 1.88ab 2.00ab 2.46a 1.25b 0.341 0.74 0.23 0.01 
Liver 2.00 1.88 2.22 2.25 0.580 0.29 0.87 0.77 

FAA-, Basal amino acid profile; FAA+, Functional amino acid profile (Thr, Met, and Trp at 120% of requirements for growth). SEM, standard error 
of the mean. BWC, birth weight category.  
1Values are least squares means; n=8 pigs/treatment. 
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Table 7.6. Pre- and post-inoculation blood parameters of Salmonella-inoculated low and normal 

birth weight pigs1 

 
 Low birth weight Normal birth weight  
Item FAA- FAA+ FAA- FAA+ SEM 
Serum albumin, g/L      
       Pre-inoculation (d 0) 33.75 32.75 33.37 38.29 4.064 
       Post-inoculation (d 4) 29.38 27.13 29.75 33.43  
       Post-inoculation (d 7) 28.63 26.75 27.25 27.29  
Serum haptoglobin, g/L      
       Pre-inoculation (d 0) 0.48 0.36 0.33 0.49 0.121 
       Post-inoculation (d 4) 1.01a 0.65b 0.73b 0.68b  
       Post-inoculation (d 7) 0.54 0.54 0.53 0.55  
Serum antioxidant capacity, mM      
       Pre-inoculation (d 0) 0.33 0.36 0.36 0.43 0.099 
       Post-inoculation (d 4) 0.19 0.31 0.23 0.34  
       Post-inoculation (d 7) 0.18 0.21 0.20 0.21  
Plasma superoxide dismutase, mU/mL      
       Pre-inoculation (d 0) 49.53 41.79 39.38 44.31 7.654 
       Post-inoculation (d 4) 93.32a 53.09b 76.58ab 67.81b  
       Post-inoculation (d 7) 65.17 77.37 55.92 66.54  
Reduced glutathione (GSH), μM      
       Pre-inoculation (d 0) 3.65 4.19 3.14 3.77 0.489 
       Post-inoculation (d 4) 2.05 1.41 1.98 1.69  
       Post-inoculation (d 7) 0.89 1.04 1.62 1.21  
Oxidized glutathione (GSSG), μM      
       Pre-inoculation (d 0) 0.67 0.70 0.58 0.68 0.234 
       Post-inoculation (d 4) 1.57 1.17 1.21 1.36  
       Post-inoculation (d 7) 0.61 0.56 0.61 0.52  
GSH:GSSG      
       Pre-inoculation (d 0) 5.45 5.98 5.41 5.54 0.289 
       Post-inoculation (d 4) 1.31 1.21 1.64 1.24  
       Post-inoculation (d 7) 1.46 1.86 2.66 2.33  

FAA-, Basal amino acid profile; FAA+, Functional amino acid profile (Thr, Met, and Trp at 120% of 
requirements for growth). SEM, standard error of the mean. BWC, birth weight category.  
1Values are least squares means; n=8 pigs/treatment. 
a–bMeans within a row with different superscripts differ (P ≤ 0.05). 
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Table 7.7. Significance of main and interactive effects of birth weight category (BWC), functional amino acid (FAA) profile, and day 

for pre- and post-inoculation blood parameters1  

 
Item FAA Day BWC × Day FAA × Day  BWC × FAA × Day 
Serum albumin NS 0.05 NS NS NS 
Serum haptoglobin NS 0.02 NS NS 0.03 
Serum antioxidant capacity  0.05 0.04 NS NS NS 
Plasma superoxide dismutase  NS <0.01 NS 0.03 0.04 
Reduced glutathione (GSH) NS <0.01 NS NS NS 
Oxidized glutathione (GSSG) NS <0.01 NS NS NS 
GSH:GSSG  NS 0.02 0.04 NS NS 

1Interactive effects not presented were not statistically significant (NS) for any of the parameters measured. 
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Table 7.8. Myeloperoxidase in intestinal contents (µU/mL; d 7 post-inoculation) of Salmonella-

inoculated low and normal birth weight pigs1 

 
 Low birth weight Normal birth weight  P-value 
Item FAA- FAA+ FAA- FAA+ SEM BWC FAA BWC×FAA 
Ileum 4.08 4.07 4.96 2.77 1.318 0.88 0.45 0.45 
Cecum 3.52a 3.19ab 3.39a 1.31b 0.586 0.11 0.07 0.03 
Colon 4.30a 2.18b 2.44b 2.79b 0.603 0.43 0.27 0.02 

FAA-, Basal amino acid profile; FAA+, Functional amino acid profile (Thr, Met, and Trp at 120% of 
requirements for growth). SEM, standard error of the mean. BWC, birth weight category.  
1Values are least squares means; n=8 pigs/treatment. 
a–bMeans within a row with different superscripts differ (P ≤ 0.05). 
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Figure 7.1. Birth and weaning weights, and pre-weaning average daily gain (ADG) were reduced 

in low compared to normal birth weight pigs (P < 0.05). Values are least squares means; n=16 

pigs/treatment. 
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Figure 7.2. Rectal temperature (A) of low and normal birth weight pigs inoculated with Salmonella 

Typhimurium var. Copenhagen (ST) (indicated by arrow). Overall, rectal temperature was 

increased in low compared to normal birth weight pigs (P < 0.05). Within days, points with 

different superscripts differ (P < 0.05). Values are least squares means; n=16 pigs/treatment. Fecal 

score (B) of pigs inoculated with Salmonella Typhimurium var. Copenhagen (ST) (indicated by 

arrow). Normal consistency feces were given a score of 0, semisolid feces without blood were 

given a score of 1, watery feces without blood were given a score of 2 and blood-tinged feces were 

given a score of 3. Within days, points with different superscripts differ (P < 0.05). No significant 

(P > 0.10) effects of dietary treatments or birth weight category on fecal score were observed. 

Values are least squares means; n=32 pigs. 
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Figure 7.3. Post-inoculation scoring for shedding in feces of Salmonella Typhimurium var. 

Copenhagen in low and normal birth weight growing pigs fed a basal (FAA-) or functional amino 

acid nursery feeding program (FAA+; Thr, Met and Trp 120% of requirements for growth). A score 

for shedding in feces of 3 was assigned to plates positive for the inoculated ST with counts > 30 

and plates positive but with counts < 30 were given a score for shedding in feces of 2. A score for 

shedding in feces of 1 was assigned to plates that were only positive after enrichment and plates 

negative after enrichment were scored zero. Values are least squares means; n=8 pigs/treatment. 
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Figure 7.4. Pre- (d 0) and post-inoculation (d 4) fecal myeloperoxidase in low and normal birth 

weight Salmonella-inoculated pigs. Myeloperoxidase was increased post-inoculation compared to 

pre-inoculation, regardless of treatment (P < 0.01). Values are least squares means; n=32 pigs. 
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Figure 7.5. Pre- (d 0) and post-inoculation (d 4) plasma alkaline phosphatase (A), and ileal alkaline 

phosphatase (d7; B) in low and normal birth weight Salmonella-inoculated pigs. Plasma alkaline 

phosphatase was decreased post-inoculation compared to pre-inoculation, regardless of treatment 

(P < 0.05). Values are least squares means; n=32 pigs. Ileal alkaline phosphatase was decreased in 

low birth weight compared to normal birth weight pigs, regardless of dietary treatments (P < 0.05). 

Values are least squares means; n=16 pigs/treatment. 
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7.5. Discussion 

 

There has been consistent evidence in the literature showing functional roles of AA, which 

is progressively challenging the notion that they are simply building blocks for muscle protein 

deposition in pigs (Wu, 2010; Wu, 2013; Le Floc’h et al., 2018). This is demonstrated by an 

increased requirement of Met and Cys (Litvak et al., 2013; Rakhshandeh et al., 2014), Thr 

(Jayaraman et al., 2015; Wellington et al., 2018), and Trp (Le Floc’h et al., 2009; de Ridder et al., 

2012) when pigs are subjected to immune system stimulation. Indeed, we have previously shown 

that Salmonella Typhimurium-inoculated pigs had an attenuated acute-phase response, improved 

antioxidant balance, reduced pathogen shedding, and greater growth performance when fed a 

mixture of Met, Thr, and Trp at 120% of NRC (2012) requirements for 7 d pre- and post-

inoculation, regardless of dietary protein content (Rodrigues et al., 2021b). Interestingly, when the 

adaptation period to the same mixture was increased to 14 d, the previously reported benefits were 

further enhanced, particularly in improving growth performance and reducing Salmonella shedding 

(Rodrigues et al., 2021c). It is well known that LBW predisposes pigs to a variety of disorders, 

including reduced gastrointestinal capacity (Lynegaard et al., 2020), impaired long-term growth 

performance (Lanferdini et al., 2018), disturbed nutrient metabolism and intestinal homeostasis 

(Huang et al., 2020), and suboptimal hindgut epithelial barrier function (Tao et al., 2019). It may 

be expected that LBW will increase the susceptibility of pigs to a later-in-life challenge with 

Salmonella and that adapting them to FAA-supplemented diets during nursery will attenuate the 

negative effects. Therefore, in the current study, we selected LBW and NBW pigs using a 

population-based model developed and validated by our research group (Beaulieu et al., 2010; 

Rodrigues et al., 2020). Pigs were then supplied with Met, Thr, and Trp at 120% of NRC (2012) 

requirements during nursery phase (e.g., 31 d) and the carry over effects of dietary treatments on 

growth performance and immune status were investigated by placing pigs onto a common grower 

diet and monitoring them for 7 d pre- and 7 d post-inoculation with Salmonella. 

 

7.5.1 Evidence for increased susceptibility of low-birth-weight pigs to Salmonella inoculation 
 

During the pre-weaning phase and post-weaning, prior to ST inoculation, LBW pigs were 

lighter than NBW pigs which is consistent with our previously established model (Rodrigues et al., 
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2020) and corroborates with previous literature reporting slower growth performance and increased 

days to market in LBW pigs (Rehfeldt and Kuhn, 2006; Rodrigues et al., 2020). Surprisingly, post-

weaning feed intake was greater in NBW pigs fed FAA+ diets compared to NBW pigs fed FAA- 

diets in Phase I only (0-10 d post- weaning). Indeed, Henry et al. (1992) reported that supplemental 

Trp intake increased voluntary feed intake in pigs, which was recently corroborated in Trp-

supplemented weanling pigs that were either healthy (Trevisi et al., 2010) or orally challenged with 

Escherichia coli K88 (Trevisi et al., 2009). Improvements in feed intake associated with Trp 

supplementation are positively correlated with hypothalamic serotonin concentration (Henry et al., 

1992) due to an upregulation of 5-HT transporters in the brain (Young and Teff, 1989). Since it has 

been shown that 5-HT expression is markedly decreased in LBW rats (Himpel et al., 2006), it may 

be inferred from our findings that supplemental Trp intake may have improved feed intake in the 

immediate post-weaning phase, however, this is dependent on BWC. Nonetheless, the same effect 

was not observed during subsequent phases and merits future investigation. Also, there was no 

effect of FAA supplementation on pig growth performance during Phase II and pre-inoculation 

phase, which confirms that diets were properly formulated to meet or exceed nutrient requirements 

for this age and weight range of pigs, despite the differences in BW across LBW and NBW pigs. 

This result provides additional evidence of a lack of effect of FAA supplementation above 

requirements on pre-Salmonella inoculation growth performance (Rodrigues et al., 2021b; 

Rodrigues et al., 2021c).  

We hypothesized that LBW pigs would be more susceptible to the detrimental effects of 

Salmonella challenge compared to NBW. Indeed, after ST inoculation, there was a rise in rectal 

temperature, which was overall higher in LBW compared to NBW pigs. This indicates a higher 

systemic commitment of the immune system in LBW pigs, since the febrile response is directly 

associated with the release of pro-inflammatory cytokines on the local site of infection (Medzhitov, 

2007). Moreover, plasma GSH:GSSG was decreased by ST inoculation, being higher in NBW 

compared to LBW at d 7 post-inoculation. Our findings confirm previous evidence of a clear 

imbalance of the oxidant/antioxidant balance in Salmonella-inoculated pigs which is characterized 

by the non-enzymatic cellular antioxidant GSH being overtly converted to its oxidized (disulfide) 

form GSSG (Rodrigues et al., 2021b; Rodrigues et al., 2021c). This indicates an increased 

requirement of GSH to mitigate the negative effects of infection (Jones, 2002). The increased 

proportion of GSH relative to GSSG at d 7 post-inoculation in NBW compared to LBW pigs 
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suggests an improved recovery of the antioxidant defense systems in the former compared to the 

latter and agrees with previous evidence showing LBW as a predisposing factor for oxidative stress 

(Cai et al., 2019; Soni et al., 2019; Tao et al., 2019). Furthermore, ileal alkaline phosphatase was 

upregulated in NBW compared to LBW pigs. Intestinal alkaline phosphatase is an enzyme directly 

involved in the balance between intestinal barrier function and translocation of pathogenic bacteria 

across the intestinal epithelium (Whitehead, 2009). Also, Salmonella is known to exploit the ileal 

mucosa microbiota composition and functionality to colonize the gut (Argüello et al., 2018). 

Therefore, the upregulation of ileal alkaline phosphatase in NBW compared to LBW pigs may 

suggest aggravation of the intestinal disturbance caused by Salmonella in LBW pigs, which is in 

line with a higher systemic commitment of the immune system and increased oxidative stress. 

Indeed, Ayuso et al. (2021) reported a higher expression of intestinal alkaline phosphatase in NBW 

compared to LBW pigs, which was directly associated with the maturity level of the gut. This 

difference may be attributed to a lower milk ingestion/absorption in LBW pigs (despite not 

measured in the present study) which downregulates alkaline phosphatase activity early-in-life 

(Lackeyram et al., 2010) and may have been aggravated by Salmonella challenge. The lack of 

effect of FAA supplementation on intestinal alkaline phosphatase conflicts with previous findings 

in pigs. For example, Wu et al. (2019) reported an upregulation of intestinal alkaline phosphatase 

combined with decreased intestinal damage and growth of potentially beneficial microorganisms 

(e.g., Lachnospiraceae and Lactobacillus) in rats under cisplatin-induced intestinal mucositis fed 

D-methionine. Similarly, enterotoxigenic Escherichia coli-challenged pigs fed high Trp content 

(0.24 Trp:Lys) had increased intestinal alkaline phosphatase content on d 11 post-infection 

compared to pigs fed low Trp content (0.16 Trp:Lys) (Capozzalo, 2015). Since those studies 

supplemented AA after challenge initiation, as opposed to the supplementation before challenge 

initiation of the present study, the lack of effect of FAA may indicate that higher AA intake is 

required to optimize alkaline phosphatase activity in the challenged gut. The present study also 

provides evidence of that LBW pigs have increased acute-phase response and imbalanced 

antioxidant defense (e.g., higher post-inoculation haptoglobin and SOD), as well as impaired 

colonic gut health (e.g., higher MPO content) when fed diets not supplemented with FAA during 

the nursery phase. Moreover, translocation of ST to spleen, bacterial shedding in feces, and cecal 

ST colonization were not mitigated by FAA supplementation in LBW pigs. These findings, 

discussed in detail below, may corroborate with an increased disease susceptibility of LBW pigs 
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which, notably, may not be mitigated by nutritional interventions. On the other hand, the 

deterioration in fecal score, and decrease in serum albumin, plasma alkaline phosphatase and SAC 

were all triggered by ST inoculation regardless of BWC. Further, the rise in post-inoculation fecal 

MPO was detected on d 7 post-inoculation regardless of BWC. Finally, there was a lack of effect 

of BWC on post-inoculation ADG, ADFI, or G:F. Collectively, our findings indicate successful 

and uniform stimulation of the immune system by ST inoculation, characterized by diarrhea 

(Correa-Matos et al., 2003), activation of acute-phase response (Wellington et al., 2019) and poor 

gut health (Barba-Vidal et al., 2017) as previously reported by our research group using the same 

inoculation model (Rodrigues et al., 2021c; Rodrigues et al., 2021b). Of note, oxidative stress 

measurements, systemic commitment of the immune system, and enteric disturbances may be more 

pronounced in LBW compared to NBW pigs, which should receive attention in future studies.   

 

7.5.2 Nursery functional amino acid supplementation improves the ability of normal, but not 

low birth weight pigs, to cope with Salmonella inoculation 

 

Positive effects of FAA supplementation in our previous studies using the same inoculation 

model were observed when FAAs were either supplemented before or after Salmonella inoculation 

(Rodrigues et al., 2021b; Rodrigues et al., 2021c). Here, we aimed to investigate whether a FAA-

supplemented nursery feeding program would sustain the previously beneficial effects when LBW 

and NBW pigs were inoculated with ST in the grower phase. We observed greater ADG in NBW 

pigs fed FAA+ diets after inoculation with ST compared to the other groups. This result is contrary 

to our hypothesis that FAA-supplemented diets would be more beneficial to LBW compared to 

NBW subsequently inoculated with ST. Also, this is a remarkable finding of the present study, 

where the positive effects on performance were achieved even after removal of FAA-supplemented 

diets, but only in NBW pigs. Further support to this finding is provided by improved ADG in NBW 

pigs fed FAA+ without concomitant effects on feed intake, which confirms a significant component 

of change in nutrient utilization due to enteric challenge (Rodrigues et al., 2021a) and suggests an 

improved ability of NBW pigs to respond to additional nutrient intake. Indeed, it has been shown 

that LBW pigs do not necessarily respond to supplemental inclusion of nutrients (Vos et al., 2014), 

suggesting that their impaired growth potential may be due to suboptimal physiological responses 

to nutrient intake, which may be potentiated during immune system stimulation. Interestingly, we 
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recently showed, using the same BWC selection model (Wellington et al., 2021), that LBW pigs 

have decreased expression of key intestinal AA transporters compared to NBW pigs. Therefore, it 

may be inferred that supplementing their diets with FAA above requirements for growth may have 

not triggered the same positive effects as in NBW pigs, especially during enteric infection where 

intestinal AA uptake is presumably higher (Baracos, 2004).  

Despite the lack of effect of FAA supplementation on post-inoculation growth performance 

of LBW pigs, the present study provides some evidence that these pigs may respond to the 

supplemented AA in a certain way. This is demonstrated by an increased haptoglobin and SOD 

content at d 4 post-inoculation, with concomitant higher colonic MPO at d 7 post-inoculation in 

LBW pigs fed FAA- diets compared to the other groups. We measured serum haptoglobin as a 

positive acute-phase protein to characterize the health status of NBW and LBW pigs inoculated 

with ST (Le Floc’h et al., 2009; Kampman-van de Hoek et al., 2016). In the current study, ST 

inoculation increased haptoglobin compared to the pre-inoculation measurements, which is in line 

with previous studies (Turner et al., 2000; Abudabos et al., 2017; Rodrigues et al., 2021b). The 

post-inoculation (d 4) higher haptoglobin content in LBW pigs fed FAA- diets confirms that their 

health status may be more impacted compared to NBW after ST inoculation, as exemplified by 

fever, impaired antioxidant balance and increased translocation to spleen. Since albumin decrease 

was attenuated by FAA supplementation after ST inoculation in our previous studies (Rodrigues et 

al., 2021b; Rodrigues et al., 2021c), it may be inferred that the attenuation in acute-phase response 

may be dependent on AA intake at the time of infection. Moreover, greater SOD in LBW pigs fed 

FAA- diets endorses our findings showing aggravated oxidative stress (Cai et al., 2019; Soni et al., 

2019; Tao et al., 2019) in this category (e.g., reduced GSH:GSSG). Attenuation of acute-phase 

response in NBW pigs fed FAA+ was accompanied by reduced overall score for ST shedding 

compared to NBW pigs fed FAA-. This is additional evidence for the inability of supplemental 

FAA to improve intestinal homeostasis in LBW pigs, even considering that colonic MPO content 

was reduced in LBW pigs fed FAA+ diets. Finally, the decreased post-inoculation SAC suggests 

that Salmonella effectively decreased the efficiency of antioxidant systems and immune system 

(Sofic et al., 2002). Interestingly, the decrease in SAC triggered by ST was counteracted by FAA+ 

diets, regardless of BWC. This is an important finding of the present study, as antioxidant capacity 

of LBW pigs may be compromised post-weaning (Michiels et al., 2013) and FAA supplementation 

apparently combats this, regardless of BWC. It should be reiterated that, since FAA were not 
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supplemented after pathogen inoculation, the present study provides significant indication of non-

proteinogenic effects of AA in supporting intestinal growth and development.  

The present study also presents clear additional evidence of a lack of response of LBW pigs 

to FAA supplementation, when compared to NBW pigs. For example, cecal MPO was reduced in 

NBW pigs fed FAA+ compared to pigs fed FAA-, regardless of BWC. Notably, NBW, but not 

LBW pigs, fed FAA+ diets had reduced ST shedding in feces. Individual health status has been 

recognized as one of the most important risk factors for increased and prolonged Salmonella 

shedding in pigs (Pires et al., 2014). Since LBW pigs showed increased febrile response, disturbed 

oxidant/antioxidant balance (i.e., decreased post-inoculation GSH:GSSG), and decreased intestinal 

homeostasis (e.g., downregulation of ileal alkaline phosphatase) in the present study, it may be 

speculated that their health status was more negatively affected, which prevented suppression of 

ST shedding by FAA+ diets. This is further supported by the higher post-inoculation plasma 

haptoglobin SOD, and colonic MPO concentrations in LBW pigs fed FAA- diets. Furthermore, 

translocation of ST to spleen was attenuated by FAA+ diets in NBW but not in LBW pigs. This is 

another notable finding of the present study, since FAA+ diets fed for 7 (Rodrigues et al., 2021b) 

or 14 d (Rodrigues et al., 2021c) prior to and after inoculation did not impact on ST translocation 

to lymphoid tissues which suggested containment of pathogen infection in the gut, without 

preventing ST presence in surrounding lymphoid tissues (Bellido-Carreras et al., 2019). Salmonella 

harbors more than 80 virulence genes mainly located in the pathogenicity island-1 (SPI-1) and 

responsible for its ability to invade intestinal epithelium (Valdez et al., 2009), leading to 

intracellular multiplication, translocation to lymphoid tissues, and systemic infection (Yang et al., 

2014). The decrease in ST presence in spleen of NBW pigs, even after removal of dietary 

treatments, represents another major indication of impaired intestinal FAA uptake in LBW pigs, 

and may explain their increased acute-phase response, impaired gut health, and increased oxidative 

stress. Furthermore, the carryover effect of diets in NBW pigs represents an effective utilization of 

supplemental AA by the gastrointestinal tract for its development and function, as previously 

reported (Shen et al., 2014; Liang et al., 2019; Koo et al., 2020a).  

Salmonella is well known for exploiting the arrangement of enterocytes, decreasing their 

antioxidant capacity and making them more susceptible to the resulting oxidative stress of infection 

(Mehta et al., 1998). Oxidative stress is the result of disturbance of the intestinal barrier function 

and overall immune system stimulation (Circu and Aw, 2012), with reactive oxygen species 
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released after the incitation of inflammatory reactions (Oz et al., 2007). In the present study, plasma 

GSH:GSSG was not influenced by dietary treatments. The demand for GSH is increased during 

stimulation of immune system to maintain adequate redox status (Shoveller et al., 2003), which 

dramatically increases the requirements for sulfur amino acids (SAA) in pigs (Rakhshandeh et al., 

2010b). This is consistent with a higher Cys flux in infected rats to normalize GSH synthesis and 

increased Cys catabolism (Malmezat et al., 2000b). Moreover, the gut is able to independently 

recovery Met from homocysteine (i.e., transmethylation) and convert homocysteine to cysteine 

(i.e., transsulfuration) (Mudd et al., 1965; Finkelstein, 2000). In fact, the gut may account for 

approximately 1/4 of whole-body transsulfuration, with a significant amount of Met being used for 

Cys synthesis (Riedijk et al., 2007). The lack of effect of FAA supplementation on GSH:GSSG 

confirms our previous evidence showing that FAA supplementation (Rodrigues et al., 2021b), but 

not adaptation period (Rodrigues et al., 2021c), improved GSH homeostasis. Therefore, it is 

reasonable to conclude that the gut requires more Met and Cys under enteric infection. Also, during 

the pre-inoculation phase, the Met pool may be conserved for protein synthesis, which probably 

switches after inoculation, where an increased Met transsulfuration is required to meet the 

increased Cys demand for GSH synthesis (Malmezat et al., 2000b; Vitvitsky et al., 2003). 

Combining the results of the present study, with our two previous studies (Rodrigues et al., 2021b; 

Rodrigues et al., 2021c), it is recommended that Met intake should be adjusted (increased) under 

oxidative stress compared to a healthy state (Luo and Levine, 2009). 

 

7.6 Conclusions  

 

Collectively, supplementation of nursery diets with FAA, specifically with Thr, Met, and 

Trp, above estimated requirements for growth improved growth performance, reduced pathogen 

shedding and suppressed bacterial translocation to lymphoid tissues when pigs were subsequently 

challenged with Salmonella. However, the beneficial effects of FAA were dependent on birth 

weight category, with normal birth weight pigs benefiting more from supplementation compared 

to low birth weight, which were more susceptible to the gastrointestinal disturbance, oxidative 

stress, and systemic commitment of the immune system. 

 



125 
 

7.7 Acknowledgements 

 

Funding for this project was provided by Swine Innovation Porc (1794), Evonik Operations 

GmbH, and Mitacs (IT12203). The Prairie Swine Centre receives general program funding from 

the Government of Saskatchewan, Saskatchewan Pork Development Board, Alberta Pork, 

Manitoba Pork, and Ontario Pork. The authors acknowledge the assistance of the staff and students 

at the Prairie Swine Centre, the Animal Care Unit at the Western College of Veterinary Medicine 

(University of Saskatchewan), and the Canadian Feed Research Centre. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



126 
 

CHAPTER 8 

FUNCTIONAL AMINO ACIDS SUPPLEMENTATION ATTENUATES THE 

NEGATIVE EFFECTS OF PLANT-BASED NURSERY DIETS ON THE RESPONSE OF 

PIGS TO A SUBSEQUENT SALMONELLA TYPHIMURIUM CHALLENGE 
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8.1 Abstract 

 

Supplementation with functional amino acids (FAA) attenuates the effects of Salmonella 

challenge in pigs. Feeding plant based (PB) diets may be detrimental in disease-challenged pigs. 

The objective of the present study was to determine the effects of nursery dietary protein source 

and FAA supplementation in Salmonella Typhimurium (ST)-challenged pigs. Thirty-two mixed-

sex weanling pigs (8.7 ± 0.23 kg) were randomly assigned to a 2-phase nursery feeding program 

for 31 d (Phase I: 10 d, Phase II: 21 d) in a 2 × 2 factorial arrangement. Factors were dietary protein 

source (PB vs. animal-based [AB]) and basal (FAA–) or supplemented FAA profile (FAA+; Thr, 

Met, and Trp at 120% of requirements). Pigs were subsequently placed onto a common basal 

grower diet and, after a 7-d adaptation period, were inoculated with saline solution containing ST 

(3.0 × 109 CFU/mL) and monitored for 7 d post-inoculation. Growth performance, rectal 

temperature, fecal score, gut health, ST shedding score in feces, intestinal colonization and 

translocation, and blood parameters of acute-phase response and antioxidant balance, were 

measured pre- and post-inoculation. Nursery fecal score was improved in AB-FAA+ pigs (P < 

0.05) and post-inoculation fecal score was worse in PB compared to AB pigs (P < 0.05), regardless 

of FAA supplementation. Overall ST shedding and cecal and colonic ST colonization were reduced 

in AB compared to PB pigs (P < 0.05). Cecal myeloperoxidase was reduced in AB pigs compared 

to PB pigs (P < 0.05). Translocation of ST to spleen was decreased by FAA+ (P < 0.05), regardless 

of dietary protein source. Post-inoculation, AB pigs had greater average daily gain compared to 

PB-FAA- (P < 0.05). Pigs fed AB-FAA- showed increased average daily feed intake compared to 

PB-FAA- pigs (P < 0.05) and feed efficiency was increased in AB-FAA+ compared to PB-FAA- 

pigs (P < 0.05). Feeding PB ingredients in nursery diets increased susceptibility of growing pigs to 

an enteric challenge, which may indicate poorer gut health. Moreover, FAA supplementation 

partially attenuated the negative effects of PB diets on the response of pigs to ST challenge. 
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8.2 Introduction 

 

There is evidence suggesting that the negative effects of weaning transition may be 

attenuated when high quality diets (i.e., inclusion of animal-based (AB) protein sources) are fed to 

pigs, mainly through improvements in gastrointestinal development and immune status (van Dijk 

et al., 2001; Yun et al., 2005; Jones et al., 2010). Conversely, the effects of inclusion of AB protein 

sources in the post-weaning phase have been controversial, as the provision of high-quality diets 

does not always result in improved performance (Douglas et al., 2014a; Douglas et al., 2014b) and 

results in additional cost (Skinner et al., 2014). Moreover, there is reduced societal acceptance of 

feeding livestock diets containing AB ingredients. Of note, previous studies found that while 

growth performance in the nursery was compromised with provision of plant based (PB) diets, 

overall growth performance to market weight was not different compared to those pigs that 

received AB proteins in the nursery (Wolter et al., 2003; Skinner et al., 2014; Collins et al., 2017). 

Interestingly, in the study by Skinner et al. (Skinner et al., 2014), reduced growth performance and 

increased mortality was observed in pigs fed PB diets when an unexpected disease challenge 

occurred. This indicates that while growth performance was not affected by diet, pigs fed a PB vs. 

AB diets in the nursery may be more susceptible to subsequent disease challenges.  

There is strong evidence showing an increased amino acid (AA) requirement in immune 

stimulated pigs, including requirements for Thr (Wellington et al., 2018), Met (Litvak et al., 2013), 

and Trp (de Ridder et al., 2012). The positive effects of AA supplementation in disease-challenged 

pigs are generally explained by improvements in immune system support, maintenance of the 

intestinal mucosal barrier, regulation of antioxidant defenses, and synthesis of immune molecules 

(Le Floc’h et al., 2018). Amino acids with roles beyond protein synthesis are characterized as 

functional AA (FAA). Recently, we have shown that weaned pigs challenged with Salmonella 

Typhimurium had improved growth performance and immune status when fed diets supplemented 

with an FAA profile which included Thr, Trp, and Met above requirements for growth (Rodrigues 

et al., 2021b). Interestingly, when FAA were fed for a longer period prior to Salmonella challenge 

the previously positive effects were enhanced, mainly through reducing pathogen colonization in 

the gut (Rodrigues et al., 2021c). We have also shown that provision of FAA in the nursery 

continued to show benefits in pigs in a subsequent disease challenge after removal of the additional 

FAA, suggesting FAA supplementation may improve development of weaned piglets. 
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There have been no further studies to verify the effects of inclusion of AB protein sources 

in nursery diets on piglet susceptibility to disease challenge. More fully understanding the impact 

of nursery diet on long-term health will become especially important as many ‘raised without 

antibiotics’ programs require the removal of AB ingredients from diet formulations. Indeed, Koo 

et al. (Koo et al., 2020a) reported that simple, plant-based diets supplemented with Thr at 115% of 

NRC (Council et al., 2012) requirements improved gut integrity in healthy pigs in comparison to 

diets with 100% of NRC requirements, suggesting that supplemental AA intake in pigs fed simple 

diets may be an alternative for enhancing gut health.   

The objective of the present study is to determine the effects of provision of PB or AB diets 

supplemented or not with FAA in the nursery period on growth performance and immune status of 

weaned pigs subsequently challenged with Salmonella. We hypothesized that removal of AB 

ingredients in nursery diets would impair gut development and decrease pig robustness, increasing 

susceptibility to Salmonella challenge. We further hypothesized that FAA supplementation will 

improve animal response to Salmonella challenge, regardless of dietary proteins source. 

 

8.3 Material and Methods 

 

All study procedures were approved by the Animal Research Ethics Board of the University 

of Saskatchewan (Animal Use Protocol #20190003) and followed the Canadian Council of Animal 

Care guidelines for the care and use of farm animals in research.  

 

8.3.1 Animals, housing, and diets 
 

A total of 32 mixed-sex weanling pigs (Camborough Plus × C3378; PIC Canada Ltd.) of 

8.7 ± 0.2 kg initial body weight (BW) were obtained from the Prairie Swine Centre, Inc. 

(Saskatoon, SK) and transported to the Animal Care Unit of the Western College of Veterinary 

Medicine (Saskatoon, SK). The pigs were placed on trial in 2 blocks using 2 experimental rooms. 

In each experimental room (25 °C ambient temperature), pigs were housed individually on solid 

floors lined with rubber mats. Pigs were randomly assigned to 1 of 4 treatments in a randomized 

complete block design (RCBD) (n = 8 pigs/treatment) with factorial arrangement of treatments for 

45 d, consisting of a 38-d adaptation period (no inoculation) and 7 d post-inoculation period. Pigs 
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were fed the experimental dietary treatments, which consisted of a PB or AB diet with either a 

basal (FAA-) or a functional (FAA+) AA profile, for 31 d (Phase I, 10 d; Phase II, 21 d). Plant 

based diets were wheat- barley- canola meal-based and AB diets were meat meal- fish meal- blood 

meal-based. Diets were formulated using the reported nutrient content and analyzed AA content of 

ingredients to meet or exceed nutrient requirements for 7 to 11 and 11 to 25 kg pigs according to 

NRC (Council et al., 2012) and AMINODat 5.0 (Pompeu et al., 2017) (Table 8.1 and 8.2). The 

FAA- profile met the standardized ileal digestible (SID) AA requirements according to NRC 

(Council et al., 2012) and the FAA+ profile contained Thr, Met, and Trp at 120% of requirements. 

After being fed the experimental dietary treatments, pigs were placed onto a common grower diet 

for 14 d (7 d pre- and 7 d post-inoculation) formulated using the reported nutrient content and 

analyzed AA content of ingredients to meet or exceed nutrient requirements according to NRC 

(Council et al., 2012) and AMINODat 5.0 (Pompeu et al., 2017) (Table 8.1 and 8.2). Pigs were fed 

ad libitum and had unrestricted access to water. 

 

8.3.2 Inoculation and rectal swab protocol 
 

On d 0 of the inoculation period (d 38 of the experiment), after being confirmed negative 

for the inoculated pathogen, all pigs (n = 32) were orally inoculated twice within 4 h, each time 

with 1 mL of a solution containing 3.05 × 109 colony forming units (CFU)/mL of  Salmonella 

enterica subsp. enterica (S.) serovar Typhimurium var. Copenhagen (ST)  selected for antibiotic 

resistance to Nalidixic acid and Novobiocin (Nal+/ Nov+) (Pieper et al., 2009; Wellington et al., 

2019). On d -2 pre-inoculation and d 1, 2, 4, and 6 post-inoculation, rectal swabs were obtained 

from individual pigs, diluted 1:10 in buffered peptone water (BPW), and cultured on brilliant green 

agar (BG agar) plates containing 30 μg/mL Nalidixic acid and 50 μg/mL Novobiocin (Nal+/ 

Nov+). Further, 1 mL of the dilution was enriched in 4 mL of selenite-cysteine broth (30 μg/mL 

Nal+/50 μg/mL Nov+) and incubated overnight at 37 °C and later 200 μL was cultured on BG agar 

plates (30 μg/mL Nal+/50 μg/mL Nov+). Colony counts were recorded on all plates after 

incubation for 24 h at 37 °C. A scoring system was used for each plate to assign fecal shedding 

scores (Wellington et al., 2019). Plates prepared from swabs with colony counts > 30 were given a 

score of 3. Plates positive for antibiotic-resistant ST but with colony counts < 30 were given a score 

of 2. A score of 1 was assigned to swabs that were negative for antibiotic resistant ST after direct 
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plating but positive after enrichment. Swabs negative for antibiotic resistant ST after direct plating 

and on enrichment were given a score of zero.  

 

8.3.3 Growth performance 
 

Individual pig BW and feed intake were obtained on d 0, 10, 31, 38, and 45 for calculation 

of pre- (Phase I, Phase II, and Pre-Inoculation) and post-inoculation average daily gain (ADG), 

average daily feed intake (ADFI), and gain:feed (G:F).  

 

8.3.4 Rectal temperature and fecal score 
 

Rectal temperature was obtained using a digital thermometer (Life Brand, ON, Canada) 

from all pigs on d -1 pre-inoculation and daily post-inoculation until d 6. Fecal score was obtained 

from all pigs from d 1 of the study until d 6 post-inoculation. A scoring system was used to assign 

fecal scores, with normal consistency feces given a score of 0, semisolid feces without blood given 

a score of 1, watery feces without blood given a score of 2, and blood-tinged feces given a score 

of 3.  

  

8.3.5 Fecal sampling and analysis 
 

On d 0 pre-inoculation and d 4 post-inoculation, fecal samples were obtained from 

individual pigs for analysis of myeloperoxidase (MPO) activity as a pro-inflammatory biomarker 

according to adapted methodology from Bloomer (Bloomer et al., 2019). Briefly, fecal samples 

were stored at -80 °C, allowed to thaw and diluted (1:1) before centrifugation twice at 1,150 ×g for 

10 min at 4 °C. For each sample, 750 μL of the resulting supernatant was transferred to 2 mL 

polypropylene microcentrifuge tubes and centrifuged again at 7,000 ×g for 10 min at room 

temperature. The samples were then assayed for determination of MPO activity using a 

colorimetric assay kit according to the manufacturer’s instruction (ab105136; Abcam, Cambridge, 

MA). 
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8.3.6 Blood sampling and analysis 
 

Blood samples were obtained at 0900 h from all pigs before inoculation (d 0) and on d 4 

and 7 post-inoculation via jugular vein puncture into 10 mL heparin coated vacutainer tubes (BD, 

Mississauga, ON, Canada) or tubes containing no additive. Blood samples collected into additive-

free tubes were allowed to clot. Serum and plasma were obtained by centrifugation at 2,500 × g at 

4 °C for 15 min and stored at −20 °C for subsequent analysis. Serum albumin was analyzed by 

bromocresol green method using a Cobas C 311 (Roche Diagnostics, Laval, QC, Canada) 

according to Doumas et al. (Doumas et al., 1971). Serum haptoglobin was analyzed in the Animal 

Health Laboratory at the University of Guelph (Guelph, ON) on a Roche Cobas 6000 c501 analyzer 

according to the method described by Makimura and Suzuki (Makimura and Suzuki, 1982). Plasma 

content of superoxide dismutase (SOD, ab65354; Abcam, Cambridge, MA), reduced 

glutathione:oxidized glutathione (GSH:GSSG, ab138881; Abcam, Cambridge, MA), and alkaline 

phosphatase (DALP-250, Gentaur, Bioassay systems, Hayward, CA), as well as serum antioxidant 

capacity (SAC, CS0790; Sigma Aldrich, Oakville, Canada) were determined according to the 

manufacturer’s instructions of the respective kits. 

 

8.3.7 Digesta and tissue collection and analysis 
 

On d 7 post-inoculation, all pigs (n = 32) were euthanized by penetrating captive bolt 

followed by exsanguination. Subsequently, liver, mesenteric lymph nodes (MLN), and spleen were 

sampled under aseptic conditions into sterile tubes containing 20 mL BPW, weighed, and 

homogenized followed by plating of 200 μL of the dilution on Nal+/ Nov+ BG agar plates. Further, 

1 mL was diluted in 4 mL selenite-cysteine broth (Nal+/Nov+) for enrichment overnight at 37 °C 

with shaking, after which 200 μL was plated and incubated. Intestinal digesta samples (~1 g) were 

obtained from the ileum, cecum, and colon and each diluted in 4 mL BPW and kept at 4 °C. The 

digesta samples were serially diluted to 10–7 and 200 μL of each dilution was plated on BG agar 

(Nal+/Nov+) and cultured at 37 °C for 24 h after which colonies were counted on each plate, with 

colony counts of 30 to 300 used in the calculation of colony forming units per gram digesta 

(CFU/g). Ileal, cecal, and colonic digesta MPO activity was measured using a colorimetric kit 

(ab105136, Abcam; Cambridge, MA) according to the same methodology described above for fecal 

samples.  
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Intestinal tissue (ileum, cecum, and colon) was sampled, snap-frozen in liquid nitrogen, and 

stored at − 80 °C for intestinal alkaline phosphatase analysis. Briefly, protein was extracted using 

potassium phosphate buffer (PPB) and the protein concentration was determined using BCA assay 

(Pierce, Rockford, IL). Then, 50 μL of sample was added to a 150 μL working solution containing 

magnesium acetate, p-nitrophenyl phosphate and assay buffer in a 96 well plate using the 

Quantichrom ALP assay kit (DALP-250, Gentaur, Bioassay systems, Hayward, CA).  

 

8.3.8 Statistical analysis 
 

Data were tested for normality using the UNIVARIATE procedure of SAS (version 9.4, 

SAS Institute Inc., Cary, NC) and the Shapiro-Wilk test and the studentized residual was used to 

identify outliers (>3 standard deviations from the mean). Data were analyzed using the MIXED 

procedure of SAS as an RCBD with a 2 × 2 factorial arrangement of treatments. The factors were 

a) protein source (AB vs. PB) and b) FAA supplementation (FAA- vs. FAA+). These factors and 

their interactions were included as fixed effects and block was included as a random effect variable. 

For data collected over time, day (pre- and post-inoculation) was included in the analysis as a 

repeated effect [i.e., acute-phase response and oxidant/antioxidant balance (d 4 and 7 post-

inoculation); Salmonella shedding score in feces (d 1, 2, 4, and 6 post-inoculation); and fecal MPO 

(d 4 post-inoculation)]. Differences between means were determined using the Tukey post-hoc test 

and considered significant at P ≤ 0.05. A trend towards significance was considered at P < 0.10. 

 

8.4 Results 

 

8.4.1 Rectal temperature and fecal score 
 

Figure 8.1 shows nursery fecal score. Nursery fecal score was worse on d 8, 9, and 13 

regardless of dietary treatment (P < 0.05). Overall, nursery fecal score was improved in AB-FAA+ 

pigs compared to the other groups (P < 0.05). Rectal temperature and fecal score during ST 

challenge are shown in Figure 8.2. Inoculation with ST increased rectal temperature within 24 h, 

which remained higher during the first 3 d post-inoculation (P < 0.05). Moreover, overall rectal 

temperature tended to be reduced in FAA+ compared to FAA- pigs, regardless of protein source 

(P < 0.10). Inoculation with ST also negatively affected fecal score within 24 h, which was highest 
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at d 1, 2, and 3 post-inoculation and only recovered to baseline on d 6 post-inoculation (P < 0.05). 

Moreover, overall fecal score was negatively impacted in PB- compared to AB-fed pigs (P < 0.05).  

 

8.4.2 Salmonella scoring for shedding in feces and colonization 
 

All pigs were negative for ST prior to inoculation. Salmonella shedding score in feces was 

quantified on d 1, 2, 4, and 6 post-inoculation (Figure 8.3). Shedding was progressively lower from 

d 1 to 6, regardless of treatment (P < 0.05). Moreover, overall shedding was reduced in AB pigs 

compared to PB pigs, regardless of FAA supplementation (P < 0.05). Table 8.3 shows ST 

quantification in ileum, cecum, and colon digesta. Pigs fed FAA+ tended to have reduced ST 

colonization in ileum (P < 0.10), regardless of protein source, and pigs fed AB had decreased ST 

colonization in cecum and colon (P < 0.05), regardless of FAA supplementation. Table 8.4 shows 

the presence of the inoculated ST in the liver, MLN, and spleen. Translocation of ST to spleen was 

reduced by FAA+, regardless of protein source (P < 0.05), however, there was no effect of FAA 

supplementation or protein source on the presence of the inoculated ST in the liver and MLN (P > 

0.10).  

 

8.4.3 Growth performance 
 

Pre- and post-inoculation growth performance data is presented in Table 8.5. There was no 

effect of protein source or FAA supplementation on pre-inoculation growth performance (P > 

0.10). Post-inoculation, AB-fed pigs had greater ADG compared to PB-FAA- (P < 0.05). Also, 

AB-FAA- pigs showed increased ADFI compared to PB-FAA- pigs (P < 0.05). Moreover, G:F was 

increased in AB-FAA+ compared to PB-FAA- pigs (P < 0.05). 

 

8.4.4 Blood parameters 
 

Indicators of acute-phase response (albumin and haptoglobin) and of oxidant/antioxidant 

balance (SAC, SOD, GSH, GSSG, and GSH:GSSG) are shown in Table 8.6. Serum albumin 

decreased at 4 d post-inoculation and returned to baseline at d 7 post-inoculation (P < 0.05) 

regardless of protein source and FAA. Overall, albumin tended to increase in FAA+ compared to 

FAA- pigs, regardless of protein source (P < 0.10). Haptoglobin peaked at d 4 post-inoculation and 
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decreased to baseline levels at d 7 post-inoculation (P < 0.05). Serum antioxidant capacity 

decreased at 4 d post-inoculation and remained decreased at d 7 post-inoculation (P < 0.05). 

Superoxide dismutase peaked at d 4 post-inoculation and decreased to intermediate levels at d 7 

post-inoculation (P < 0.05). Salmonella inoculation decreased GSH:GSSG at d 4, which returned 

to intermediate levels at d 7 post-inoculation, due to a decrease in GSH and increase in GSSG at d 

4 (P < 0.05). There was no effect of protein source or FAA supplementation on haptoglobin, SAC, 

SOD, GSH, GSSG or GSH:GSSG (P > 0.10). Plasma alkaline phosphatase was decreased post-

inoculation (d4) compared to the pre-inoculation measurement, regardless of protein source and 

FAA supplementation (P < 0.05) (Figure 8.4). 

 

8.4.5 Fecal and digesta myeloperoxidase (MPO) 
 

Fecal MPO of pigs is shown in Figure 8.5 and digesta MPO is shown in Table 8.7. Fecal 

MPO was increased post-inoculation compared to pre-inoculation (P < 0.05), regardless of protein 

source and FAA supplementation. Pigs fed FAA+ diets tended to have reduced ileal MPO 

compared to pigs fed FAA- regardless of protein source (P < 0.05). Cecal MPO was reduced in AB 

pigs compared to PB pigs regardless of FAA supplementation (P < 0.05). There was no effect of 

protein source or FAA supplementation on colonic MPO content (P > 0.10). 

 

8.4.6 Intestinal alkaline phosphatase 
 

Intestinal alkaline phosphatase of pigs is shown in Figure 8.6. There was no effect of 

protein source, FAA supplementation, or their interaction on ileal, cecal, or colonic alkaline 

phosphatase (P > 0.10). 
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Table 8.1. Ingredient and nutrient composition of experimental diets (as-fed basis)1 

 
 Phase I Phase II  
 Plant based Animal based Plant based Animal based  
 FAA- FAA+ FAA- FAA+ FAA- FAA+ FAA- FAA+ Grower 

Corn 27.67 27.31 61.27 60.92 34.94 34.59 71.58 71.22 48.95 
Wheat 13.00 13.00 - - 15.00 15.00 - - 15.00 
Barley 13.00 13.00 - - 15.00 15.00 - - 15.00 
Canola meal 10.00 10.00 - - 10.00 10.00 - - - 
Meat meal - - 4.00 4.00 - - 3.00 3.00 - 
Fish meal - - 5.00 5.00 - - 4.00 4.00 - 
Blood meal - - 1.00 1.00 - - 1.00 1.00 - 
Whey protein 10.00 10.00 10.00 10.00 - - - - - 
Soybean oil 2.50 2.50 - - 2.50 2.50 - - 1.00 
Soybean meal, 46% CP 20.00 20.00 17.00 17.00 18.50 18.50 18.00 18.00 16.00 
Salt 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35 
Limestone 1.12 1.12 0.02 0.02 1.22 1.22 0.42 0.42 1.20 
Monocalcium phosphate 1.00 1.00 - - 1.10 1.10 0.30 0.30 1.10 
Vitamin/Mineral Premix2 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.20 
L-Lys HCl 0.57 0.57 0.49 0.49 0.61 0.61 0.52 0.52 0.62 
DL-Met 0.14 0.30 0.18 0.33 0.12 0.27 0.16 0.31 0.16 
L-Thr 0.17 0.33 0.16 0.32 0.18 0.34 0.17 0.33 0.21 
L-Trp - 0.04 0.03 0.07 0.01 0.05 0.03 0.08 0.03 
L-Val 0.08 0.08 0.05 0.05 0.07 0.07 0.05 0.05 0.11 
L-Arg - - 0.01 0.01 - - - - - 
L-Iso - - 0.03 0.03 - - 0.02 0.02 0.05 
L-His - - 0.01 0.01 - - - - 0.02 
Calculated nutrient content3          
DM, % 86.32 86.36 89.26 89.31 85.33 85.37 88.19 88.23 86.57 
CP, % 20.89 21.10 21.14 21.36 20.16 20.38 20.16 20.38 16.54 
ME, kcal/kg 3315 3320 3350 3355 3298 3303 3326 3331 3273 
NE, kcal/kg 2462 2465 2508 2512 2451 2454 2490 2494 2479 
Amino acids, % SID          
Lys 1.35 1.35 1.35 1.35 1.28 1.28 1.28 1.28 1.09 
Met+Cys 0.74 0.89 0.74 0.89 0.70 0.84 0.70 0.84 0.62 
Thr 0.79 0.95 0.79 0.95 0.75 0.90 0.75 0.90 0.66 
Trp 0.22 0.26 0.22 0.26 0.21 0.25 0.21 0.25 0.19 

FAA-, Basal amino acid profile; FAA+, Functional amino acid profile (Thr, Met, and Trp at 120% of requirements for growth); SID, Standardized 
ileal digestible. Phase I: Diets fed from d 0 until d 10 post-weaning; Phase II: Diets fed from d 11 until d 31 post-weaning; Grower: Diet fed during 
the pre- and post-inoculation periods. 
1L-Lys HCl, Archer Daniels Midland Company (Decatur IL, USA); DL-Met, Evonik Operations GmbH (Mobile AL, USA); L-Trp, L-Thr, and L-
Val, Jefo Nutrition Inc. (Saint-Hyacinthe, QC, Canada); all other AA, ACP Chemicals, Inc. (St. Leonard, QC, Canada). 
2Supplied per kg of complete diet: vitamin A, 6,000 IU; vitamin D, 9.3 mg; vitamin E, 35 IU; menadione, 2.5 mg; vitamin B12, 0.02 mg; thiamine, 
1.00 mg; biotin, 0.10 mg; niacin, 20 mg; riboflavin, 4 mg; pantothenate, 12 mg; folic acid, 0.50 mg; pyridoxine, 5.0 mg; Fe,75 mg; Zn, 75 mg; Mg, 
20 mg; Cu, 10 mg; Se, 0.15 mg, and I, 0.50 mg.  
3Nutrient content of diets based on estimated nutrient contents of ingredients according to NRC (2012) and analyzed AA content according to Evonik 

Operations GmbH.
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Table 8.2. Analyzed nutrient content of experimental diets (%, as-fed basis) 

 
 Phase I Phase II  
 Plant based Animal based Plant based Animal based  
 FAA- FAA+ FAA- FAA+ FAA- FAA+ FAA- FAA+ Grower 

Dry matter 88.51 87.57 87.65 87.12 89.05 88.62 89.65 89.78 87.32 
Crude protein 20.5 20.2 21.7 21.9 19.1 20.4 20.3 20.2 15.6 
Total amino acids1          
Arg 1.13 (1.18) 1.10 (1.18) 1.13 (1.17) 1.17 (1.17) 1.14 (1.19) 1.17 (1.19) 1.10 (1.18) 1.16 (1.18) 0.87 (0.96) 
His 0.45 (0.53) 0.46 (0.53) 0.50 (0.53) 0.50 (0.53) 0.45 (0.50) 0.45 (0.50) 0.45 (0.50) 0.49 (0.50) 0.35 (0.43) 
Ile 0.82 (0.82) 0.84 (0.82) 0.89 (0.82) 0.89 (0.82) 0.76 (0.78) 0.76 (0.78) 0.78 (0.77) 0.81 (0.77) 0.63 (0.67) 
Leu 1.46 (1.59) 1.49 (1.59) 1.71 (1.75) 1.74 (1.75) 1.44 (1.59) 1.44 (1.59) 1.63 (1.69) 1.70 (1.69) 1.21 (1.36) 
Lys 1.27 (1.50) 1.28 (1.50) 1.54 (1.50) 1.37 (1.50) 1.34 (1.43) 1.36 (1.43) 1.49 (1.43) 1.50 (1.43) 1.02 (1.20) 
Met+Cys 0.49 (0.84) 0.57 (0.99) 0.54 (0.84) 0.71 (0.99) 0.45 (0.80) 0.57 (0.94) 0.53 (0.80) 0.68 (0.94) 0.41 (0.71) 
Phe 1.09 (0.91) 1.24 (0.91) 1.24 (0.91) 1.15 (0.91) 1.09 (0.92) 1.12 (0.92) 1.07 (0.90) 1.10 (0.90) 0.85 (0.79) 
Thr 0.65 (0.93) 0.78 (1.09) 0.79 (0.93) 0.89 (1.09) 0.75 (0.90) 0.84 (1.05) 0.78 (0.90) 0.89 (1.05) 0.58 (0.77) 
Trp 0.25 (0.25) 0.27 (0.29) 0.08 (0.25) 0.10 (0.29) 0.24 (0.24) 0.28 (0.28) 0.07 (0.24) 0.12 (0.28) 0.20 (0.21) 
Val 0.98 (1.01) 1.01 (1.01) 1.08 (1.01) 1.07 (1.01) 0.96 (0.95) 0.97 (0.95) 1.00 (0.95) 1.05 (0.95) 0.78 (0.83) 

FAA-, Basal amino acid profile; FAA+, Functional amino acid profile (Thr, Met, and Trp at 120% of requirements for growth). 
1Analyzed values of total amino acids with calculated values in parenthesis. 
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Table 8.3. Salmonella Typhimurium var. Copenhagen quantification in intestinal contents (Log10 

CFU/g; d 7 post-inoculation) of Salmonella-inoculated pigs fed plant or animal-based nursery diets 

with or without functional amino acids supplementation1 

 
 Plant based Animal based  P-value 
Item FAA- FAA+ FAA- FAA+ SEM PS FAA PS×FAA 
Ileum 3.49 2.87 3.36 2.13 0.625 0.41 0.09 0.56 
Cecum 2.73 2.27 1.89 1.49 0.389 0.03 0.24 0.93 
Colon 2.67 2.99 2.17 1.93 0.345 0.04 0.90 0.45 

FAA-, Basal amino acid profile; FAA+, Functional amino acid profile (Thr, Met, and Trp at 120% of 
requirements for growth). SEM, standard error of the mean. PS, protein source.  
1Values are least squares means; n=8 pigs/treatment. 
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Table 8.4. Salmonella Typhimurium var. Copenhagen translocation to the mesenteric lymph nodes, spleen, and liver in pigs fed plant or 

animal-based nursery diets with or without functional amino acids supplementation1 

 
 Plant based Animal based  P-value 
Item FAA- FAA+ FAA- FAA+ SEM PS FAA PS×FAA 
Mesenteric lymph nodes 1.00 1.13 0.88 0.75 0.261 0.34 1.00 0.64 
Spleen 1.63 1.00 1.38 0.75 0.360 0.41 0.04 1.00 
Liver 1.63 1.13 1.25 1.00 0.442 0.36 0.17 0.64 

FAA-, Basal amino acid profile; FAA+, Functional amino acid profile (Thr, Met, and Trp at 120% of requirements for growth). SEM, standard error 
of the mean. PS, protein source.  
1Values are least squares means; n=8 pigs/treatment. 
a–bMeans within a row with different superscripts differ (P ≤ 0.05). 
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Table 8.5. Pre- and post-inoculation growth performance of pigs fed plant or animal-based nursery diets with or without functional 

amino acids supplementation1 

 
 Plant based Animal based 

SEM 
P-value 

Item FAA- FAA+ FAA- FAA+ PS FAA PS×FAA 
Phase I (day 0 to 10)         
       Initial body weight, kg 8.73 8.73 8.72 8.73 0.129 0.87 0.93 1.00 
       Average daily gain, kg 0.209 0.208 0.198 0.176 0.116 0.17 0.54 0.38 
       Average daily feed intake, kg 0.358 0.367 0.374 0.325 0.114 0.56 0.24 0.46 
       Gain:Feed, kg/kg 0.58 0.57 0.53 0.54 0.061 0.61 0.84 0.66 
Phase II (day 10 to 31)         
       Initial body weight, kg 10.82 10.81 10.70 10.49 0.718 0.66 0.74 0.68 
       Average daily gain, kg 0.490 0.492 0.474 0.467 0.045 0.31 0.51 0.62 
       Average daily feed intake, kg 0.803 0.793 0.769 0.722 0.109 0.18 0.47 0.21 
       Gain:Feed, kg/kg 0.61 0.62 0.62 0.65 0.035 0.52 0.76 0.40 
Pre-inoculation (day 31 to 38)         
       Initial body weight, kg 21.11 21.14 20.65 20.30 1.882 0.68 0.48 0.96 
       Average daily gain, kg 0.789 0.800 0.789 0.741 0.046 0.40 0.93 0.31 
       Average daily feed intake, kg 1.320 1.360 1.290 1.275 0.072 0.54 0.88 0.92 
       Gain:Feed, kg/kg 0.60 0.59 0.61 0.58 0.035 0.53 0.62 0.62 
Post-inoculation (day 38 to 45)         
       Initial body weight, kg 26.63 26.74 26.17 25.49 2.342 0.63 0.77 0.86 
       Average daily gain, kg 0.516b 0.605ab 0.726a 0.716a 0.065 0.60 0.40 0.04 
       Average daily feed intake, kg 1.173b 1.315ab 1.452a 1.325ab 0.084 0.35 0.74 0.04 
       Gain:Feed, kg/kg 0.44b 0.46ab 0.50ab 0.54a 0.047 0.49 0.59 0.05 
       Final body weight, kg 30.34 30.98 31.25 30.50 1.371 0.74 0.98 0.44 

FAA-, Basal amino acid profile; FAA+, Functional amino acid profile (Thr, Met, and Trp at 120% of requirements for growth). SEM, standard error 
of the mean. PS, protein source.  
1Values are least squares means; n=8 pigs/treatment. 
a–bMeans within a row with different superscripts differ (P ≤ 0.05). 
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Table 8.6. Pre- and post-inoculation blood parameters of Salmonella-inoculated pigs fed plant or animal-based nursery diets with or 

without functional amino acids supplementation1 

 
 Plant based Animal based  P-value 
Item FAA- FAA+ FAA- FAA+ SEM PS FAA Day 
Serum albumin, g/L         
       Pre-inoculation (d 0) 29.89 31.88 32.00 36.13 6.207 0.66 0.09 <0.01 
       Post-inoculation (d 4) 17.43 27.25 15.43 19.67     
       Post-inoculation (d 7) 23.00 36.71 35.75 36.00     
Serum haptoglobin, g/L         
       Pre-inoculation (d 0) 0.57 1.07 0.44 0.45 0.340 0.11 0.87 <0.01 
       Post-inoculation (d 4) 1.46 1.04 1.10 1.19     
       Post-inoculation (d 7) 1.04 0.75 0.79 0.78     
Serum antioxidant capacity, mM         
       Pre-inoculation (d 0) 0.36 0.38 0.41 0.35 0.029 0.55 0.14 <0.01 
       Post-inoculation (d 4) 0.28 0.25 0.26 0.22     
       Post-inoculation (d 7) 0.23 0.23 0.22 0.21     
Plasma superoxide dismutase, mU/mL         
       Pre-inoculation (d 0) 28.26 27.50 27.43 31.45 7.532 0.67 0.88 <0.01 
       Post-inoculation (d 4) 86.31 78.24 74.97 79.10     
       Post-inoculation (d 7) 40.58 44.99 40.72 40.88     
Reduced glutathione (GSH), μM         
       Pre-inoculation (d 0) 6.31 5.96 5.28 6.23 0.489 0.20 0.86 <0.01 
       Post-inoculation (d 4) 2.50 2.58 2.77 2.59     
       Post-inoculation (d 7) 4.34 4.85 4.41 4.62     
Oxidized glutathione (GSSG), μM         
       Pre-inoculation (d 0) 0.63 0.60 0.61 0.57 0.606 0.55 0.70 <0.01 
       Post-inoculation (d 4) 1.33 1.39 1.38 1.42     
       Post-inoculation (d 7) 1.04 1.04 1.02 0.90     
GSH:GSSG         
       Pre-inoculation (d 0) 10.02 9.93 8.66 10.93 0.608 0.48 0.15 <0.01 
       Post-inoculation (d 4) 1.88 1.86 2.00 1.82     
       Post-inoculation (d 7) 4.17 4.66 4.32 5.13     

FAA-, Basal amino acid profile; FAA+, Functional amino acid profile (Thr, Met, and Trp at 120% of requirements for growth). SEM, standard error 
of the mean. PS, protein source. 1Values are least squares means; n=8 pigs/treatment. 
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Table 8.7. Myeloperoxidase in intestinal contents (µU/mL; d 7 post-inoculation) of Salmonella-inoculated pigs fed plant or animal-

based nursery diets with or without functional amino acids supplementation1 

 
 Plant based Animal based  P-value 
Item FAA- FAA+ FAA- FAA+ SEM PS FAA PS×FAA 
Ileum 4.56 2.77 4.38 2.95 0.964 0.99 0.09 0.85 
Cecum 2.64 2.65 2.00 1.83 0.372 0.05 0.82 0.80 
Colon 2.24 2.41 2.51 2.63 0.225 0.27 0.51 0.90 

FAA-, Basal amino acid profile; FAA+, Functional amino acid profile (Thr, Met, and Trp at 120% of requirements for growth). SEM, standard error 
of the mean. PS, protein source.  
1Values are least squares means; n=8 pigs/treatment. 
a–bMeans within a row with different superscripts differ (P ≤ 0.05). 
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Figure 8.1. Nursery fecal score was increased on d 8, 9, and 13, regardless of dietary treatments (P < 0.05). Overall nursery fecal score 

was reduced in pigs fed AB-FAA+ diets (P < 0.05). Normal consistency feces were given a score of 0, semisolid feces without blood 

were given a score of 1, watery feces without blood were given a score of 2 and blood-tinged feces were given a score of 3. Values are 

least squares means; n=8 pigs/treatment.   
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Figure 8.2. Rectal temperature (A) of Salmonella-inoculated pigs (indicated by arrow) fed a basal 

(FAA-) or functional amino acid nursery feeding program (FAA+; Thr, Met and Trp 120% of 

requirements for growth). Overall, rectal temperature tended to decrease in pigs fed FAA+ 

compared to FAA- (P < 0.10). Within days, points with different superscripts differ (P < 0.05). 

Values are least squares means; n=16 pigs/treatment. Fecal score (B) of Salmonella-inoculated pigs 

(indicated by arrow) fed protein based (PB) or animal-based (AB) diets during nursery. Normal 

consistency feces were given a score of 0, semisolid feces without blood were given a score of 1, 

watery feces without blood were given a score of 2 and blood-tinged feces were given a score of 

3. Overall, fecal score increased in pigs fed PB compared to AB (P < 0.05). Within days, points 

with different superscripts differ (P < 0.05). Values are least squares means; n=16 pigs/treatment. 
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Figure 8.3. Post-inoculation scoring for shedding in feces of Salmonella Typhimurium var. 

Copenhagen in pigs fed protein based (PB) or animal-based (AB) diets during nursery. A score for 

shedding in feces of 3 was assigned to plates positive for the inoculated ST with counts > 30 and 

plates positive but with counts < 30 were given a score for shedding in feces of 2. A score for 

shedding in feces of 1 was assigned to plates that were only positive after enrichment and plates 

negative after enrichment were scored zero. Overall, scoring for shedding in feces increased in pigs 

fed PB compared to AB and progressively decreased from d 1 to 6 (P < 0.05). Values are least 

squares means; n=16 pigs/treatment. 
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Figure 8.4. Pre- (d 0) and post-inoculation (d 4) plasma alkaline phosphatase (A) in Salmonella-

inoculated pigs. Plasma alkaline phosphatase was decreased post-inoculation compared to pre-

inoculation, regardless of treatment (P < 0.05). Values are least squares means; n=32 pigs.  
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Figure 8.5. Pre- (d 0) and post-inoculation (d 4) fecal myeloperoxidase in Salmonella-inoculated 

pigs fed protein based (PB) or animal-based (AB) diets during nursery. Myeloperoxidase was 

increased post-inoculation compared to pre-inoculation, regardless of treatment (P < 0.01). Values 

are least squares means; n=32 pigs. 
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Figure 8.6. Post-inoculation (d7) ileal (A), cecal (B), and colonic (C) alkaline phosphatase in 

Salmonella-inoculated pigs fed plant or animal-based diets with basal (FAA-) or functional amino 

acid nursery feeding program (FAA+; Thr, Met and Trp 120% of requirements for growth). There 

was no effect of protein source, FAA supplementation or their interaction on intestinal alkaline 

phpsphatase (P > 0.10). Values are least squares means; n=8 pigs/treatment. 
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8.5 Discussion 

 

The cost of diets is highest in the nursery phase of production, due to inclusion of highly 

digestible, usually more expensive ingredients aimed at improving nutrient availability and 

reducing effects of anti-nutritional factors (Skinner et al., 2014). However, the inclusion of 

(particularly) AB ingredients has been questioned, since their provision does not necessarily result 

in improved growth performance in the post-weaning period (Beaulieu et al., 2010; Douglas et al., 

2014a; Douglas et al., 2014b) as well as reduced societal acceptance of use of AB ingredients in 

livestock diets. Of note, several studies showed that, while growth performance was negatively 

affected by feeding PB diets during nursery phase, there was no difference in overall growth 

performance to slaughter weight between pigs fed PB vs. AB diets during nursery (4–6). 

Interestingly, in the study conducted by Skinner et al. (Skinner et al., 2014), an unexpected disease 

challenge (i.e. Streptococcus suis infection in the nursery and Erysipelothrix rhusiopathiae 

infection during the grower-finisher period) caused elevated mortality in pigs fed simple compared 

to complex diets, which suggests that PB diets may increase susceptibility of pigs to subsequent 

disease challenges. We recently demonstrated that feeding Met, Thr, and Trp above NRC (Council 

et al., 2012) requirements for growth for 7 d pre- and post-inoculation improved growth 

performance and attenuated the acute-phase response and oxidative stress of weanling pigs in 

response to a Salmonella Typhimurium inoculation (Rodrigues et al., 2021b). Interestingly, 

bacterial shedding was further suppressed and growth performance improved when the adaptation 

period to the FAA-supplemented diet was increased to 14 d (Rodrigues et al., 2021c) and this 

benefit was maintained during a subsequent disease challenge after FAA supplementation had been 

removed. These studies clearly confirmed the previously reported increased requirement of Met 

and Cys (Litvak et al., 2013; Rakhshandeh et al., 2014), Thr (Jayaraman et al., 2015; Wellington 

et al., 2018), and Trp (Le Floc’h et al., 2009; de Ridder et al., 2012) in pigs under immune system 

stimulation, and indicated the functional roles performed by these AA beyond muscle protein 

deposition (Le Floc’h et al., 2018). In this sense, it may be expected that a PB nursery feeding 

program will increase susceptibility of pigs to a subsequent Salmonella challenge and that 

supplementing diets with FAA above requirements will counteract the negative effects. Therefore, 

in the present study, pigs were fed AB or PB nursery diets (e.g., 31 d) with or without 

supplementation of Met, Thr, and Trp at 120% of NRC (Council et al., 2012) requirements. 
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Subsequently, pigs were fed a common grower diet for 7 d pre- and 7 d post-inoculation with 

Salmonella to investigate whether the nursery feeding program would show any impact on growth 

performance and immune status of diseased pigs. 

During the entire pre-inoculation period (Phase I, Phase II, and pre-inoculation phase) there 

was no effect of FAA-supplementation or protein source on pig growth performance. This is a clear 

indication that dietary nutrient content successfully met or exceeded nutrient content for this weight 

and age of pigs. Additionally, we corroborated results of our two previous studies in which we also 

reported a lack of effect of FAA supplementation above requirements on growth performance 

measures during the pre-Salmonella inoculation period (Rodrigues et al., 2021b; Rodrigues et al., 

2021c). Conversely, our findings go against studies showing that pigs fed PB diets had impaired 

growth performance compared to pigs fed AB diets (Wolter et al., 2003; Yun et al., 2005). Indeed, 

a consistent decrease in growth performance was shown by Koo et al. (Koo et al., 2020b) in pigs 

fed a simple diet (plant-based) compared to complex (animal-based) diet, which was attributed to 

a lower energy content of the simple diet. The lack of negative effect of PB diets on growth 

performance in the present study may be due to diets being formulated on  an SID Lys:NE basis, 

which likely reduced the potential effect of reduced digestibility in PB diets (Marçal et al., 2019). 

 

8.5.1 Plant based nursery diets aggravated the negative effects of Salmonella inoculation 
 

We recorded overall nursery fecal score (i.e., 31 d post-weaning), which was worse on d 8, 

9, and 13 post-weaning, corresponding to the two weeks after weaning generally assumed to be the 

most critical for incidence of post-weaning diarrhea in pigs (Kelly et al., 1990; Nabuurs, 1998; Dou 

et al., 2017). Despite the lack of effect of dietary treatments on growth performance measures 

during the entire pre-inoculation period, we reported an improved nursery fecal score in pigs fed 

AB-FAA+ diets. This suggests that FAA supplementation performed synergistically with AB diets 

in attenuating post-weaning diarrhea. Indeed, there is evidence showing that increased Thr (Zhang 

et al., 2019), Met (Shen et al., 2014), or Trp (Liang et al., 2019) intake improves gut health in pigs, 

which may attenuate the incidence of persistent diarrhea. Moreover, feeding simple, PB diets 

during the nursery period has been shown to negatively impact fecal score of pigs, particularly due 

to the increased content of antinutritional factors (Engle, 1994; Kim et al., 2010; Song et al., 2010), 

which was not minimized by feeding FAA in the present study. After ST inoculation, we confirmed 
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our hypothesis that PB diets would increase the susceptibility of pigs to an enteric challenge. Post-

inoculation fecal score was markedly higher in PB-fed compared to AB-fed pigs. This was 

associated with an increased ST colonization in cecal and colonic digesta, ST fecal shedding, and 

MPO content in cecal digesta of PB-fed pigs. The distal sections of the gastrointestinal tract (i.e., 

cecum and colon) are the primary sites of microbial activity in pigs (Allison et al., 1979; Jensen 

and Jørgensen, 1994; Htoo et al., 2007) and reducing the availability of fermentable substrates may 

suppress growth of pathogenic bacteria (Rist et al., 2013). Since the inclusion of plant-based protein 

ingredients was markedly increased in PB diets, the toxic compounds of their fermentation may 

have impaired intestinal mucosal development (Visek, 1984; Lin and Visek, 1991), triggering 

epithelial atrophy (Nousiainen, 1991) and predisposing pigs to a higher ST colonization and 

impaired gut health. This is also confirmed by the deteriorated fecal score of PB pigs during 

nursery, which was not attenuated by feeding FAA. The observed increased ST count in cecal and 

colonic digesta is in agreement with our previous study in pigs fed a PB, high protein diet in 

comparison to a low protein diet (Rodrigues et al., 2021b). These results also suggest plant-based 

protein sources may promote proliferation of pathogenic bacteria (Heo et al., 2009), even after 

removal of dietary treatments as in the present study. This is further supported by the elevated cecal 

digesta MPO observed in the present study in PB vs. AB-fed pigs, indicating that the presence of 

PB sources may have impaired gut barrier function, potentially due to an increased production of 

harmful microbial metabolites. Interestingly, feeding PB diets resulted in greater ST shedding score 

in feces and increased the severity of diarrhea, which was not observed in our previous study when 

a PB, high protein diet was compared to a low protein diet in ST inoculated pigs (Rodrigues et al., 

2021b). This is a remarkable finding of the present study, which indicates that protein source, rather 

than protein level, is a major contributor to the negative effects of protein on gut health, even when 

diets are not fed concomitantly to disease challenge. Nonetheless, ST inoculation produced a clear 

decrease in plasma alkaline phosphatase, an activation of acute-phase response (e.g., increased 

haptoglobin and decreased albumin) and an imbalance to the antioxidant defense systems (e.g., 

increase in SOD and decrease in SAC and GSH:GSSG), which confirms previous findings 

(Wellington et al., 2019; Lv et al., 2020; Rodrigues et al., 2021b; Rodrigues et al., 2021c) and were 

observed regardless of dietary treatment in the present study. This indicates that the negative effects 

of dietary protein sources in the nursery stage and during a subsequent enteric challenge may be 

confined to the gastrointestinal tract.  
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8.5.2 Functional amino acids supplementation mitigated the negative effects of plant-based 

nursery diets on the response of pigs to Salmonella, despite no effects observed on systemic 

markers of acute-phase response and antioxidant balance 

 

In Rodrigues et al. (2021a; 2021b), we reported beneficial effects of supplementing FAA 

before and after inoculation with Salmonella and it is not known if any of the positive impact would 

be sustained when pigs are removed from FAA-supplemented diets, placed onto a common diet, 

and inoculated with the pathogen. Moreover, the relationship between FAA supplementation and 

dietary protein source in nursery diets remains unexplored, especially in pigs subsequently exposed 

to immune system stimulation. In the present study, after ST inoculation, AB-fed pigs had greater 

ADG compared to PB-FAA- pigs with PB-FAA+ being intermediate, which indicates a clear 

attenuation of the negative effects of PB by FAA supplementation during a subsequent enteric 

infection. Indeed, Koo et al. (Koo et al., 2020a) reported increased intestinal inflammation in pigs 

fed simple, PB diets compared to complex diets, possibly explained by the higher presence of 

antigenic compounds in the former compared to the latter. Interestingly, when 115% Thr was 

supplemented to the simple diets, there were improvements in gastrointestinal integrity (e.g., villus 

height, goblet cell density, tight junction protein expression) which were not observed when Thr 

was included in complex diets. Therefore, since supplemental Thr (Zhang et al., 2019), Met (Shen 

et al., 2014), and Trp (Liang et al., 2019) intakes have been shown to improve gut health in pigs, 

our findings showing improved growth performance in PB, but not AB pigs, supplemented with 

FAA may indicate higher intestinal AA uptake to mitigate the negative effects of PB diets. It should 

be highlighted that the positive effects were achieved even after removal of dietary treatments, 

which clearly indicates a carryover effect of FAA supplementation in PB diets. Interestingly, ADFI 

was increased in AB-FAA- compared to PB-FAA- pigs, which resulted in an improved G:F in AB-

FAA+ compared to PB-FAA- pigs. Plant-based protein ingredients, including soybean meal, 

wheat, and barley, which have been included in PB diets in the present study, have been shown to 

contain antinutritional factors (McNab and Smithard, 1992; Mukherjee et al., 2016; Samtiya et al., 

2020). Specifically, the reduced diet tolerance in piglets fed high concentrations of antinutritional 

factor is a consequence of increased crypt cell production, decreased absorptive capacity and villus 

atrophy and together leads to a marked reduction in voluntary feed intake (Torrallardona and 
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Roura, 2009). Finally, due to greater ADG in AB-fed pigs without concomitant increase in ADFI, 

combined with decreased ADG in PB-FAA- pigs compared to AB-fed pigs, G:F was improved in 

AB-FAA+ pigs compared to PB-FAA-pigs only. These findings provide further evidence that 

enteric disease not only markedly decreases feed intake but also impacts feed efficiency (i.e., 

nutrient utilization) (Pastorelli et al., 2012; Rodrigues et al., 2021a) and that, possibly due to the 

reduced antinutritional factors content, efficiency of nutrient utilization may be maximized in AB-

fed disease pigs supplemented with FAA. Again, the benefits reported in the present study were 

achieved without feeding experimental diets after disease-challenge, which is a major advancement 

in nutrition for health support in pigs. It should be highlighted that FAA supplementation during 

the nursery period significantly reduced ST translocation to spleen, associated with a marked 

tendency for reduction in overall rectal temperature. This may be associated with greater 

containment of ST infection in the gut due to supplemental Thr, Met and Trp intake, which 

suppresses the movement of ST to surrounding lymphoid tissues and attenuates systemic infection 

(Bellido-Carreras et al., 2019). This may be an additional indication of the mechanisms through 

which FAA improve performance of diseased pigs, despite the lack of effect on systemic markers 

of acute-phase response and antioxidant balance as discussed below.  

Despite the mitigating effects of FAA in PB-fed pigs during a subsequent Salmonella 

challenge and the potential positive effects of FAA on systemic containment of infection, there was 

no effect of dietary treatments on systemic markers of acute-phase response and antioxidant 

balance in the present study. Moreover, this is confirmed by a lack of effect of dietary treatments 

on intestinal (ileum, cecum, and colon) alkaline phosphatase post-inoculation, an enzyme 

consistently associated with systemic homeostasis (Lallès, 2010; Lallès, 2014; Lallès, 2019). We 

observed an increase in haptoglobin (positive acute-phase protein) and a decrease in albumin 

(negative acute-phase protein) concentrations post-inoculation, which indicate poor health status 

of pigs (Le Floc’h et al., 2009; Kampman-van de Hoek et al., 2016). These findings are in 

agreement with our previous findings using the same inoculation model (Wellington et al., 2019; 

Rodrigues et al., 2021c; Rodrigues et al., 2021b). We reported previously that FAA 

supplementation increased overall albumin and decreased overall haptoglobin concentrations, 

despite the disturbance triggered by Salmonella inoculation (Rodrigues et al., 2021b). These effects 

were potentiated when FAA were supplemented for a longer period prior to Salmonella inoculation 

(Rodrigues et al., 2021c). In the present study, the lack of effect of FAA on the attenuation of acute-
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phase response was accompanied by a lack of effect on Salmonella colonization in the gut, on the 

score for ST shedding in feces, and on MPO content in digesta and fecal samples. Conversely, as 

previously mentioned, ST translocation to spleen was markedly decreased by FAA 

supplementation during nursery, which is a major indication of containment of systemic spread of 

infection. Therefore, it may be inferred from the present results that FAA will ameliorate the 

inflammatory response in diseased pigs differently when fed prior to or after challenge initiation. 

Furthermore, we observed an increased SOD and decreased SAC concentration post-inoculation, 

which is in line with our previous findings in Salmonella-inoculated pigs (Rodrigues et al., 2021b; 

Rodrigues et al., 2021c). Specifically, increased SOD indicates a compensating mechanism to the 

activation of intestinal mucosa to oxidative stress (Dincer et al., 2007) and decreased SAC suggests 

a marked suppression of systemic antioxidant systems (Sofic et al., 2002) possibly associated with 

systemic spread of Salmonella. Since we previously reported a positive effect of FAA 

supplementation (Rodrigues et al., 2021b) and adaptation period (Rodrigues et al., 2021c) on SOD 

content in Salmonella-inoculated pigs, which were not achieved in the present study, we provide 

additional evidence that systemic containment of infection by FAA may be more pronounced when 

they are fed after infection. However, it should be noted here that a decreased ST translocation to 

spleen in FAA-supplemented pigs observed in the present study is an indication of attenuation of 

systemic effects of infection, which should receive attention in future approaches and may be 

associated with improved performance in pigs fed PB-FAA+ diets post-inoculation. Finally, GSH 

is a major cellular antioxidant responsible for removing peroxides during oxidative stress when it 

is converted to GSSG, its oxidized (disulfide) form. Post-inoculation, as expected, GSH:GSSG was 

decreased as a reflection of increased GSH utilization to mitigate oxidative stress (Jones, 2002; 

Shoveller et al., 2003), and confirms our previous findings using the same inoculation model 

(Rodrigues et al., 2021b; Rodrigues et al., 2021c). Since a higher demand for GSH production leads 

to increased sulfur amino acid (SAA) requirements in pigs (Rakhshandeh et al., 2010b) and that 

the gut is able to independently recover Met from homocysteine and interconvert Cys and 

homocysteine (Mudd et al., 1965; Finkelstein, 2000), it may be inferred that a higher Met intake 

will positively influence GSH:GSSG only after inoculation, and not before as in the present study. 

This is consistent with our previous findings, where GSH:GSSG was improved by FAA 

supplementation (Rodrigues et al., 2021b) but not adaptation period (Rodrigues et al., 2021c) in 

Salmonella-inoculated pigs.  
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8.6 Conclusions 

 

Taken together, our findings show that a plant-based feeding program in the nursery period 

predisposed pigs to a subsequent enteric challenge, mainly through increased Salmonella intestinal 

colonization and fecal shedding, and deteriorated fecal score. Further, when plant-based diets were 

supplemented with FAA, specifically with Thr, Met, and Trp, above estimated requirements for 

growth, the negative effects of Salmonella on growth performance were attenuated, despite no 

effect on systemic markers of acute-phase response and antioxidant balance. This, combined with 

a lack of effect of FAA supplementation in animal-based diets during a subsequent Salmonella 

challenge, indicates that FAA may be a valuable strategy to mitigate the enteric disturbances caused 

by plant-based nursery diets.   
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9.1 General Overview 

 

The immediate post-weaning period is characterized by a sudden dietary, environmental, 

and sanitary transition. There is growing interest in reducing antibiotic usage in livestock 

production, due to societal, environmental, and health perspectives, and this may be achieved 

through alternative dietary solutions. From the dietary standpoint, high protein (HP) diets have 

been fed to newly weaned pigs when there is scarce availability of crystalline amino acids (AA), 

and have been associated with the occurrence of postweaning diarrhea (Heo et al., 2009; Heo et 

al., 2010a; Heo et al., 2015). Despite a lack of consensus on the mechanisms through which 

increased protein intake triggers intestinal disturbances, it is believed that fermentation of dietary 

protein in the distal part of the gut leads to toxic and pro-inflammatory effects (Windey et al., 2012; 

Diether and Willing, 2019). Of note, there are negative and positive effects reported of the 

formation of fermentation metabolites, including short-chain fatty acids, branched-chain fatty 

acids, ammonia, phenolic and indolic compounds, biogenic amines, hydrogen sulfide, and nitric 

oxide, which are not well understood, and possibly explains conflicting results among studies 

(Gilbert et al., 2018). As an attempt to decrease feed cost in the nursery phase (Skinner et al., 2014), 

while maintaining reasonable performance and health (Jones et al., 2010; Douglas et al., 2014a), 

plant-based (PB) ingredients have been included, which brings additional concern to the negative 

effects of protein fermentation in the gut of the weaned pig. Moreover, PB diets may predispose 

pigs to the negative effects of disease, which may aggravate weaning transition, markedly 

characterized by an increased susceptibility to pathogens (Skinner et al., 2014). 

While nursery low protein (LP) diets have been recommended to decrease the 

gastrointestinal disturbances of protein fermentation (Heo et al., 2013), stimulation of the immune 

system, which is a common occurrence in the immediate post-weaning phase, profoundly changes 

protein and AA metabolism (Reeds et al., 1994). Specifically, AA are redirected to support the 

immune system at the expense of growth, with the added concern of decreased feed intake, which 

limits exogenous supply and aggravates the impaired lean tissue gain (Quiniou et al., 1996; Reeds 

and Jahoor, 2001; Le Naou et al., 2012). Furthermore, while muscle protein becomes the main AA 

source after immune system stimulation, there is a significant difference in AA profile between 

these endogenous sources and that of proteins involved in the immune response, which leads to a 

dramatic whole-body AA catabolism and reduction in body protein growth (Reeds et al., 1994; 
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Klasing, 2007). Therefore, it is expected that provision of supplemental AA and/or altered AA 

profile may be required to improve the immune response and maintain pig growth performance. 

Indeed, the requirements of threonine (Thr) (Wellington et al., 2018), methionine (Met) (Litvak et 

al., 2013), and tryptophan (Trp) (de Ridder et al., 2012) for growth were increased in pigs subjected 

to immune system stimulation. Recently, the diverse roles performed by AA in supporting the 

intestinal mucosal barrier, orchestrating the antioxidant defense, and serving as substrates for the 

synthesis of immune molecules have led to the terminology functional AA (FAA). This may be of 

particular interest in susceptible categories such as low birth weight (LBW) pigs, which have 

slowed post-weaning gut maturation (Michiels et al., 2013), impaired epithelial barrier function 

(Tao et al., 2019), and compromised whole-organ development (Rodrigues et al., 2020).  

As such, the studies presented in this thesis focused on investigating the independent and 

interactive effects of dietary protein content and source and FAA (Thr, Trp, and Met) 

supplementation on growth performance and immune status in Salmonella Typhimurium (ST)-

challenged pigs. We also evaluated the effects of a longer period of adaptation to FAA-

supplemented diets in pigs subsequently challenged with ST. Finally, the interactive effects 

between FAA supplementation during nursery and pig birth weight were investigated during a 

subsequent ST challenge.  

 

9.2 Investigating the effects of dietary protein content and source, and their interaction with 

functional amino acids supplementation, in Salmonella Typhimurium-challenged pigs 

 

Two independent experiments were conducted to investigate the effects of dietary protein 

content or source, and their interaction with FAA supplementation in ST-challenged pigs. In the 

first experiment (Chapter 4), weanling pigs were assigned to a low (LP) or high protein (HP) diet 

with basal (AA-) or functional amino acid profile (AA+; Thr, Met, and Trp at 120% of 

requirements). Pigs were adapted to diets for 7 d and inoculated with either a sterile saline solution 

(CT) or saline solution containing Salmonella Typhimurium var. Copenhagen (ST). We observed 

no dietary effects on any parameters measured pre-inoculation or post-CT inoculation. As 

expected, inoculation with ST led to fever, diarrhea, impaired gut health, activation of acute-phase 

response, and disturbed antioxidant balance. Interestingly, FAA supplementation counteracted 

negative effects of ST inoculation. Average daily gain and serum albumin were increased, while 
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haptoglobin and superoxide dismutase (SOD) were decreased by AA+ compared to AA- in ST 

pigs. Moreover, overall ST shedding score in feces and fecal and digesta myeloperoxidase (MPO) 

were reduced in AA+ vs. AA- pigs. On the other hand, there were minimal effects of dietary protein 

content observed. Plasma urea nitrogen was higher in HP vs. LP-fed pigs post-inoculation and 

counts of ST in cecal digesta were higher in HP vs. LP-fed pigs. 

In the second experiment (Chapter 8), weanling pigs were assigned to a 2-phase nursery 

feeding program for 31 d (Phase I: 10 d, Phase II: 21 d) with dietary protein source (PB vs. animal-

based [AB]) and basal (FAA–) or supplemented FAA profile (FAA+; Thr, Met, and Trp at 120% 

of requirements) as factors. After fed the experimental diets, pigs were placed onto a common basal 

grower diet and monitored for 7 d pre- and 7 d post-inoculation with ST. There was a marked 

negative effect of PB diets in ST-challenged pigs. Pigs fed AB-FAA+ had improved nursery fecal 

score and post-inoculation fecal score was deteriorated in PB compared to AB pigs. Pigs fed PB 

also had increased overall ST shedding and cecal and colonic ST colonization, and cecal MPO. 

Interestingly, FAA supplementation attenuated the negative effects of PB diets on post-inoculation 

growth performance. Pigs fed AB pigs had greater ADG compared to PB-FAA-. Moreover, pigs 

fed AB-FAA- had greater ADFI compared to PB-FAA- pigs, which increased feed efficiency in 

AB-FAA+ compared to PB-FAA- pigs. This was accompanied by decreased translocation of ST 

to spleen in FAA+ compared to FAA- pigs. 

We reported in both experiments that there was no effect of dietary treatments on pig growth 

performance during pre-inoculation period (7 d in Chapter 4, 38 d in Chapter 8) or during the post-

inoculation period (7 d in Chapter 4) in CT pigs. This provides evidence that nutrient content of 

diets was adequate to meet or exceed nutrient requirements for the weight and age range of pigs 

and that FAA supplementation above requirements does not seem to trigger positive effects on 

growth in presumably healthy pigs. Moreover, since diets were formulated on an SID Lys:NE basis, 

the reduced digestibility of PB diets compared to AB diets (Chapter 8) may have been attenuated 

and did not produce negative effects during the pre-inoculation period. Post-inoculation, the results 

from Chapter 4 and 8 indicate that PB diets increase the proliferation of enteric pathogens in the 

gut, even if dietary treatments are not fed concomitantly to inoculation (Chapter 8; Heo et al. 

(2009)). Moreover, these studies provide interesting evidence that increased ST shedding score and 

aggravated diarrhea was a consequence of protein source (PB; Chapter 8) but not content (HP; 

Chapter 4). This is a clear demonstration that PB ingredient inclusion, rather than simply protein 
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content, contributes to the disturbance in gastrointestinal environment, particularly if disease 

challenged is faced subsequently. Of note, there was a lack of effect of dietary protein content 

(Chapter 4) and source (Chapter 8) on key markers of acute-phase response and antioxidant balance 

which indicates that the detrimental effects may be confined to the gastrointestinal tract.  

In Chapter 4, there was a marked improvement in health status of pigs fed FAA-

supplemented diets under ST challenge. This was exemplified by improved ADG, increased 

albumin and GSH:GSSG, decreased haptoglobin, SOD, ST colonic colonization and shedding 

score. In Chapter 8, we hypothesized that the positive effects would be sustained in pigs fed for a 

longer period before challenge (7 d vs. 38 d) and subsequently challenged with ST, as opposed to 

Chapter 4. Since increased Thr (Zhang et al., 2019), Met (Shen et al., 2014), and Trp (Liang et al., 

2019) intake have been shown to support gut health in pigs, and that performance parameters were 

improved in Chapter 4 and in PB pigs in Chapter 8, it may be inferred that FAA supplementation 

is a valuable nutritional strategy to accommodate the presumably higher AA uptake in PB-fed pigs, 

particularly when exposed to enteric challenges. Moreover, the previously reported benefits 

(Chapter 4) were achieved after removal of FAA-supplemented diets (Chapter 8), which 

demonstrates a carryover effect of FAA supplementation in PB diets. On the other hand, there was 

a clear improvement by FAA supplementation in acute-phase response and antioxidant defense 

with lack of effect on ST translocation in Chapter 4, while only translocation to spleen was 

attenuated in FAA+ pigs in Chapter 8. This indicates that FAA may improve performance and 

health of diseased pigs differently when fed before or during challenge.  

 

9.3 Investigating the effects of a longer adaptation period to functional amino acids in 

Salmonella Typhimurium-challenged pigs 

 

Since a positive effect of FAA supplementation was observed with minimal effects of 

dietary protein content on growth performance and immune status of ST-challenged pigs (Chapter 

4), we conducted a follow-up study (Chapter 5) to investigate whether the previously reported 

enhancements would be potentiated if pigs were adapted to FAA-supplemented diets for an 

extended period before ST challenge. In Chapter 5, weanling pigs were assigned to a basal amino 

acid (AA) profile fed throughout the experimental period (FAA−) or a functional AA profile 

(FAA+; Thr, Met, and Trp at 120% of requirements) fed only in the post-inoculation (FAA+0), for 
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1 wk pre- and post-inoculation (FAA+1), or throughout the experimental period (FAA+2). Pigs 

were inoculated with ST and monitored for 7 d post-inoculation. There were clear indications of 

improvements in growth performance and ability to cope with ST challenge when pigs were 

adapted to FAA-supplemented diets for a longer period. For example, FAA+2 pigs had greater 

ADG and G:F, and lower haptoglobin compared to FAA-. Serum albumin was higher in FAA+2 

and FAA+1 compared to FAA+0 and FAA− pigs. Moreover, score for ST shedding in feces and 

counts of ST in colon digesta were reduced in FAA+2 compared to FAA- and FAA+0. 

Furthermore, plasma SOD was increased and GSH:GSSG was decreased in FAA− pigs compared 

to the other treatments while fecal and colonic digesta MPO were lower in FAA+2 and FAA+1 

pigs compared to FAA−. 

In Chapter 5, the lack of effect of dietary treatments on pre-inoculation growth performance 

observed in Chapter 4 and 8 were confirmed, bringing additional strength to proper diet formulation 

and the lack of effect of FAA supplementation above requirements in healthy pigs. The improved 

performance of pigs fed FAA for a longer period associated with improved gut health (i.e., reduced 

MPO content) is evidence of enhanced gastrointestinal development and health, which may have 

improved the robustness of pigs when facing a subsequent ST challenge. This is in line with recent 

evidence showing improved gut health in pigs fed diets supplemented with Thr (Koo et al., 2020a), 

Met (Shen et al., 2014), or Trp (Liang et al., 2019). Moreover, a longer adaptation period to FAA 

decreased ST shedding and colonization, attenuated acute-phase response, despite no effect on 

translocation of ST to lymphoid tissues (MLN, spleen, and liver). This suggests that FAA 

supplementation for 14 d was able to contain ST infection in the gut at a certain degree, but ST 

remained in surrounding lymphoid tissues, which contrasts with findings from Chapter 8, where 

feeding FAA for 31 d prior to ST challenge decreased ST translocation to spleen. Finally, 

antioxidant balance was not further improved by a longer adaptation period to FAA which indicates 

that pigs utilize supplemental AA for gastrointestinal development (Shen et al., 2014; Liang et al., 

2019; Koo et al., 2020a) but increased (of particularly) Met intake may be a valuable nutritional 

strategy under but not prior to oxidative stress (Luo and Levine, 2009). 

 In Chapter 6, improvements in growth performance and immune status associated with 

FAA supplementation and adaptation period were hypothesized to be associated with increased 

activity of intestinal alkaline phosphatase (IAP). Plasma alkaline phosphatase was measured on d 

0 and 7 post-inoculation in pigs from Chapter 4, and IAP (ileum, cecum, and colon) was measured 
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in pigs from Chapter 4 and 5. Moreover, correlations among ileal IAP and serum albumin and 

haptoglobin, plasma superoxide dismutase (SOD), malondialdehyde (MDA), and reduced:oxidized 

glutathione (GSH:GSSG), ileal myeloperoxidase (MPO), ST shedding and ileal colonization, and 

post-inoculation average daily gain (ADG), feed intake (ADFI), and gain:feed (G:F) were also 

analyzed. As expected, ST inoculation decreased plasma alkaline phosphatase. It is known that  

IAP attenuates metabolic syndrome (Kaliannan et al., 2013), enhances gut barrier function (Geddes 

and Philpott, 2008) and suppresses intestinal inflammation (Liu et al., 2011). Therefore, the 

decreased post-inoculation alkaline phosphatase may be attributed to higher enzyme turnover. 

Interestingly, ileal IAP was increased in FAA+ compared to FAA- pigs in both studies (Chapter 4 

and 5) regardless of adaptation time (Chapter 5). An upregulation of ileal IAP in FAA-

supplemented pigs may partially explain their improved ability to cope with ST, even with a lack 

of effect of supplementation on bacterial translocation (Chapter 4 and 5). The lack of effect of FAA 

adaptation period on IAP expression may be explained by antioxidant balance being more 

associated with AA intake than length of feeding. Moreover, in pigs from Chapter 4, IAP was 

positively correlated with MDA and ADFI and negatively correlated with SOD and ST shedding, 

which confirms previous evidence of IAP relationship with systemic homeostasis and pathogen 

combat (Lallès, 2010; Lallès, 2014; Lallès, 2019). 

 

9.4 Investigating the interactive effects between functional amino acids supplementation in 

nursery and pig birth weight during a subsequent Salmonella Typhimurium challenge  

 

Low birth weight pigs, when compared to their NBW counterparts, have been shown to 

experience several gastrointestinal disturbances post-weaning (Michiels et al., 2013; Tao et al., 

2019; Rodrigues et al., 2020). Also, overall immunity has been reported to be deteriorated in LBW 

piglets (Nguyen, 2013; Prims et al., 2016; Bæk et al., 2020). Due to the clear positive effects of 

FAA supplementation (Chapter 4) and longer adaptation period (Chapter 5) in ST-challenged pigs, 

it was expected that LBW pigs would have increased susceptibility to ST and that FAA 

supplementation during nursery would attenuate this negative effect. Therefore, in Chapter 7, LBW 

and NBW pigs were assigned to a nursery feeding program with basal (FAA–) or supplemented 

FAA profile (FAA+; Thr, Met, and Trp at 120% of requirements) at weaning for 31 days. As in 

Chapter 8, pigs were placed onto a common grower diet at d 31 and, after a 7-d adaptation period, 
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were inoculated with ST, being monitored for 7 d post-inoculation. Indeed, LBW pigs were more 

susceptible to the negative effects of ST inoculation. Overall temperature was higher, and 

GSH:GSSG and ileal alkaline phosphatase were lower in LBW compared to NBW pigs. 

Furthermore, NBW-FAA+ pigs had lower ST shedding and translocation to spleen compared to 

NBW-FAA-, and increased ADG compared to the other groups. Finally, post-inoculation 

haptoglobin, superoxide dismutase, and colonic myeloperoxidase were increased in LBW-FAA- 

pigs. 

Chapter 7 presents evidence for 1) increased susceptibility of LBW pigs to ST inoculation 

and/or 2) nursery FAA supplementation improving the ability of NBW, but not LBW pigs, to cope 

with ST inoculation. The more pronounced febrile response of LBW to ST inoculation may be an 

indication of higher release of pro-inflammatory cytokines on the gut (Medzhitov, 2007). 

Moreover, decreased GSH:GSSG in LBW pigs highlights that this category may be more 

susceptible to oxidative stress, which is in line with recent studies (Cai et al., 2019; Soni et al., 

2019; Zhang et al., 2019). Also, this was confirmed by a lower ileal IAP activity in LBW pigs, 

which may be attributed to the maturity level of the gut. As previously stated, Chapter 7 provides 

evidence of unresponsiveness of LBW pigs to a nursery feeding program with FAA 

supplementation, which was not observed in NBW pigs. For example, overt acute-phase response 

and imbalanced antioxidant defense (e.g., higher post-inoculation haptoglobin and SOD), and 

impaired gut health (e.g., higher colonic MPO content) were observed in ST-challenged LBW pigs 

not supplemented with FAA during nursery. Moreover, NBW, but not LBW, pigs supplemented 

with FAA had reduced translocation of ST to spleen, bacterial shedding in feces, and cecal ST 

colonization. This may be explained by a recent study using the same BWC selection model 

(Wellington et al., 2021) which reported a decreased expression of intestinal AA transporters in 

LBW compared to NBW pigs. Therefore, particularly during enteric disturbances where intestinal 

AA uptake is increased (Baracos, 2004), supplementing nursery diets with FAA above 

requirements for growth may be an interesting nutritional intervention for NBW only. 

 

 

 

9.5 Strengths, limitations, and future perspectives 
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The present thesis investigated for the first time the effects of a mixture of three AA 

supplemented above estimated requirements for growth on the ability of pigs to cope with an enteric 

challenge, particularly Salmonella. Previous studies have shown positive effects of supplementing 

Thr (Wellington et al., 2019) or Trp (Trevisi et al., 2009) individually in pigs under enteric 

challenge. Of note, Capozzalo et al. (2016) reported improved feed efficiency and indicators of 

inflammation in ETEC-challenged pigs supplemented with Trp and Met in the immediate post-

weaning period. Moreover, the present series of studies determined for the first time: 1) the 

implication of adapting pigs to a FAA-supplemented diet for a longer period before disease 

challenge, 2) the carryover effects of FAA supplementation during nursery period when pigs were 

subsequently exposed to disease challenge, 3) the effects of FAA supplementation in the nursery 

on subsequent performance during disease challenge in both LBW and NBW pigs, and 4) the 

relationship between FAA supplementation and dietary protein source in nursery diets, particularly 

in pigs subsequently exposed to disease challenge. Our findings clearly indicate that a longer 

adaptation period improves the positive effects of FAA supplementation during or before disease 

challenge. Moreover, FAA supplementation seems to be a valuable nutritional strategy for NBW 

pigs and to attenuate the negative effects of PB nursery diets. 

 We conducted a series of studies with consistent ST inoculation doses. Even considering 

that this consistency improves our ability to make inferences across studies, caution should be made 

when extrapolating the present results to different challenge models. For example, it has been 

consistently shown that reducing dietary protein content is a valuable strategy to ameliorate the 

negative effects of ETEC challenge in pigs (Wellock et al., 2008; Opapeju et al., 2009; Heo et al., 

2010a). On the other hand, the present thesis showed that a LP diet had minimal effects on growth 

performance and immune status of ST-challenged pigs. Another limitation of the present thesis is 

that only one study had data from a control, saline-inoculated group, and no study had slaughter 

parameters data (e.g., tissue and digesta collection) from control pigs. It should be noted that the 

first study showed minimal effects of dietary treatments on blood parameters of control pigs and 

that pre-inoculation growth performance was not influenced by dietary treatments in any of the 

studies. However, having a baseline measurement for analysis such as intestinal alkaline 

phosphatase would be interesting to make more accurate inferences regarding the intestinal 

outcomes of a healthy vs. a diseased pig. It should be highlighted that having a control group 

dramatically increases the costs associated with trial conduct and it is very challenging to conduct 
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studies with ST-inoculated pigs and prevent cross contamination with control pigs. A third 

limitation of the present thesis lies on the lack of data on long-term performance and health, as the 

studies presented here monitored pigs for 7 d post-inoculation only. We collected blood samples 

which were analyzed for blood parameters at d 4 and 7 post-inoculation, and we have shown that 

pigs were almost recovered from oxidative stress and activation of acute-phase response by d 7, 

despite presence of ST in digesta samples and lymphoid tissues. It remains unknown whether the 

benefits reported here will show any long-term (e.g., slaughter) impact. Finally, we were unable to 

compare our mixture of Thr, Met, and Trp with these AA individually. It will be pivotal to 

understand the role of each AA in supporting the immune system and organ functioning, especially 

when designing cost-effective nutritional strategies for improving growth and health of pigs. 

Nonetheless, specific roles are performed by individual AA, including Thr serving as a building 

block for intestinal mucins and Met being an indirect substrate for glutathione synthesis, which 

may act synergistically in diseased pigs.   

 It is necessary to move forward with advanced techniques which will allow a more 

comprehensive approach of the diseased gut in relation to AA uptake. Systematic application of 

metabolomics combined with microbiota analysis and intestinal histopathology should be used 

concomitantly to generate a broader conclusion about the role of AAs in gut health. Advanced 

statistical analysis including multivariate approaches (principal component analysis/partial least 

squares analyses) and pathway-based integration may be used to bring additional robustness to 

those analysis. Another major development in AA studies in diseased pigs would be to investigate 

interventions under different, concomitant challenge models (e.g., ETEC, ST, Brachyspira), as the 

literature does not provide a consensual conclusion about the effects of dietary interventions on pig 

robustness. Intestinal organoids, which are mini organs developed from stem cells (Sato and 

Clevers, 2013) also could be used to test the effects of nutrients on gut barrier integrity and function. 

The advantage of such technique is that it contains all the intestinal epithelial-derived cell-lineages, 

such enterocytes, entero-endocrine cells, and goblet cells., which may validate the nutrient 

interventions in the diseased gut.  

 

 

9.6. Summary and Conclusion 
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The overall objective of this research was to investigate the effects of FAA supplementation 

on growth performance and immune status of ST-challenged pigs. Further, we aimed to evaluate 

the effect of adaptation period to FAA prior to ST challenge, and the interactive effects between 

FAA supplementation and dietary protein content and source, and pig birth weight. Taken together, 

the results of the present thesis show that diet supplementation with a mixture of Thr, Met, and Trp 

above (120%) estimated requirements for growth improved growth performance and the robustness 

of pigs under ST challenge, regardless of dietary protein content. The benefits were mainly 

associated with improved intestinal health and well-balanced antioxidant balance, despite no effect 

on ST translocation to lymphoid tissues. When pigs were adapted for a longer period (e.g., 2 weeks) 

to the same AA mixture the previously reported benefits were potentiated, particularly in enhancing 

gut health and reducing ST colonization. Nonetheless, there was no effect of adaptation time on ST 

translocation to lymphoid tissues, and antioxidant defense systems were not further improved by a 

longer period of FAA intake, which may be explained by the dynamism of SAA metabolism. 

Adaptation time is a valuable strategy for swine nutritionists to attenuate the negative effects of 

windows of high enteric pathogen exposure. Interestingly, we showed that FAA supplementation, 

regardless of adaptation time, may improve the ability of pigs to cope with ST challenge through 

an increased IAP expression. This is a major finding of the present thesis, as it was confirmed the 

role of diet on IAP modulation and the enzyme relationship with systemic homeostasis (Lallès, 

2010; Lallès, 2014; Lallès, 2019). To investigate carryover effects, when pigs were fed FAA-

supplemented diets during the nursery period, placed onto a common grower diet, and inoculated 

with ST, we reported improved growth performance, reduced pathogen shedding and suppressed 

bacterial translocation to lymphoid tissues. However, this was limited to NBW pigs, and LBW pigs 

were more susceptible to the gastrointestinal disturbance, oxidative stress, and systemic 

commitment of the immune system. Finally, FAA supplementation attenuated the negative effects 

of PB diets during nursery, when pigs were subjected to a subsequent ST challenge. Pigs fed PB 

diets in the nursery were more susceptible to the detrimental effects of ST challenge, including 

increased ST intestinal colonization and fecal shedding, and deteriorated fecal score. The positive 

effects of FAA on PB diets were associated with improved growth performance, despite a lack of 

effect on systemic markers of acute-phase response and antioxidant balance. Functional amino 

acids supplementation is an interesting nutritional strategy for the post-weaning period, but its 

effects may be dependent on pig birth weight and diet ingredient composition.   



167 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



168 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

LIST OF REFERENCES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



169 
 

Abe, F., N. Ishibashi, and S. Shimamura. 1995. Effect of Administration of Bifidobacteria and 

Lactic Acid Bacteria to Newborn Calves and Piglets. Journal of Dairy Science. 78:2838–2846. 

doi:10.3168/jds.S0022-0302(95)76914-4. 

Abudabos, A. M., A. H. Alyemni, Y. M. Dafalla, and R. U. Khan. 2017. Effect of organic acid 

blend and Bacillus subtilis alone or in combination on growth traits, blood biochemical and 

antioxidant status in broilers exposed to Salmonella typhimurium challenge during the starter 

phase. Journal of Applied Animal Research. 45:538–542. doi:10.1080/09712119.2016.1219665. 

Acheson, D., and E. L. Hohmann. 2001. Nontyphoidal Salmonellosis. Clin Infect Dis. 32:263–269. 

doi:10.1086/318457. 

Agus, A., J. Planchais, and H. Sokol. 2018. Gut Microbiota Regulation of Tryptophan Metabolism 

in Health and Disease. Cell Host & Microbe. 23:716–724. doi:10.1016/j.chom.2018.05.003. 

Allison, M. J., I. M. Robinson, J. A. Bucklin, and G. D. Booth. 1979. Comparison of bacterial 

populations of the pig cecum and colon based upon enumeration with specific energy sources. 

Applied and Environmental Microbiology. 37:1142–1151. doi:10.1128/aem.37.6.1142-1151.1979. 

Anderson, M. E., and A. Meister. 1987. Intracellular delivery of cysteine. In: Methods in 

Enzymology. Vol. 143. Academic Press. p. 313–325. Available from: 

http://www.sciencedirect.com/science/article/pii/0076687987430590 

Andrews, F. J., and R. D. Griffiths. 2002. Glutamine: essential for immune nutrition in the critically 

ill. British Journal of Nutrition. 87:S3–S8. doi:10.1079/BJN2001451. 

Argüello, H., J. Estellé, S. Zaldívar-López, Á. Jiménez-Marín, A. Carvajal, M. A. López-Bascón, 

F. Crispie, O. O’Sullivan, P. D. Cotter, F. Priego-Capote, L. Morera, and J. J. Garrido. 2018. Early 

Salmonella Typhimurium infection in pigs disrupts Microbiome composition and functionality 

principally at the ileum mucosa. Scientific Reports. 8:1–12. doi:10.1038/s41598-018-26083-3. 

Ayuso, M., R. Irwin, C. Walsh, S. V. Cruchten, and C. V. Ginneken. 2021. Low birth weight female 

piglets show altered intestinal development, gene expression, and epigenetic changes at key 

developmental loci. The FASEB Journal. 35:e21522. doi:10.1096/fj.202002587R. 

Azzam, M. M. M., X. Y. Dong, P. Xie, and X. T. Zou. 2012. Influence of L–threonine 

supplementation on goblet cell numbers, histological structure and antioxidant enzyme activities 

of laying hens reared in a hot and humid climate. British Poultry Science. 53:640–645. 

doi:10.1080/00071668.2012.726707. 



170 
 

Azzam, M. M. M., X. T. Zou, X. Y. Dong, and P. Xie. 2011. Effect of supplemental l-threonine on 

mucin 2 gene expression and intestine mucosal immune and digestive enzymes activities of laying 

hens in environments with high temperature and humidity. Poultry Science. 90:2251–2256. 

doi:10.3382/ps.2011-01574. 

Bæk, O., S. Ren, A. Brunse, P. T. Sangild, and D. N. Nguyen. 2020. Impaired Neonatal Immunity 

and Infection Resistance Following Fetal Growth Restriction in Preterm Pigs. Front. Immunol. 11. 

doi:10.3389/fimmu.2020.01808. Available from: 

https://www.frontiersin.org/articles/10.3389/fimmu.2020.01808/full?report=reader 

Balaji, R., K. J. Wright, C. M. Hill, S. S. Dritz, E. L. Knoppel, and J. E. Minton. 2000. Acute phase 

responses of pigs challenged orally with Salmonella typhimurium. J Anim Sci. 78:1885–1891. 

doi:10.2527/2000.7871885x. 

Bansal, T., R. C. Alaniz, T. K. Wood, and A. Jayaraman. 2010. The bacterial signal indole increases 

epithelial-cell tight-junction resistance and attenuates indicators of inflammation. PNAS. 107:228–

233. doi:10.1073/pnas.0906112107. 

Baracos, V. E. 2004. Animal Models of Amino Acid Metabolism: A Focus on the Intestine. The 

Journal of Nutrition. 134:1656S-1659S. doi:10.1093/jn/134.6.1656S. 

Barba-Vidal, E., L. Castillejos, V. F. B. Roll, G. Cifuentes-Orjuela, J. A. Moreno Muñoz, and S. 

M. Martín-Orúe. 2017. The Probiotic Combination of Bifidobacterium longum subsp. infantis 

CECT 7210 and Bifidobacterium animalis subsp. lactis BPL6 Reduces Pathogen Loads and 

Improves Gut Health of Weaned Piglets Orally Challenged with Salmonella Typhimurium. Front. 

Microbiol. 8. doi:10.3389/fmicb.2017.01570. Available from: 

https://www.frontiersin.org/articles/10.3389/fmicb.2017.01570/full 

Baxter, E., K. Rutherford, R. D’Eath, G. Arnott, S. Turner, P. Sandøe, V. Moustsen, F. Thorup, S. 

Edwards, and A. Lawrence. 2013. The welfare implications of large litter size in the domestic pig 

II: management factors. Animal Welfare. 22:219–238. doi:10.7120/09627286.22.2.219. 

Beaulieu, A. D., J. L. Aalhus, N. H. Williams, and J. F. Patience. 2010. Impact of piglet birth 

weight, birth order, and litter size on subsequent growth performance, carcass quality, muscle 

composition, and eating quality of pork. J Anim Sci. 88:2767–2778. doi:10.2527/jas.2009-2222. 

Bellido-Carreras, N., H. Argüello, S. Zaldívar-López, Á. Jiménez-Marín, R. P. Martins, C. Arce, 

L. Morera, A. Carvajal, and J. J. Garrido. 2019. Salmonella Typhimurium Infection Along the 



171 
 

Porcine Gastrointestinal Tract and Associated Lymphoid Tissues. Vet Pathol. 56:681–690. 

doi:10.1177/0300985819843682. 

Beloeil, P.-A., C. Chauvin, K. Proux, C. Fablet, F. Madec, and A. Alioum. 2007. Risk factors for 

Salmonella seroconversion of fattening pigs in farrow-to-finish herds. Vet. Res. 38:835–848. 

doi:10.1051/vetres:2007034. 

Bikker, P., A. Dirkzwager, J. Fledderus, P. Trevisi, I. le Huërou-Luron, J. P. Lallès, and A. Awati. 

2006. The effect of dietary protein and fermentable carbohydrates levels on growth performance 

and intestinal characteristics in newly weaned piglets. J Anim Sci. 84:3337–3345. 

doi:10.2527/jas.2006-076. 

Bischoff, S. C. 2011. “Gut health”: a new objective in medicine? BMC Med. 9:24. 

doi:10.1186/1741-7015-9-24. 

Blaser, M. J., and L. S. Newman. 1982. A review of human salmonellosis: I. Infective dose. Rev. 

Infect. Dis. 4:1096–1106. doi:10.1093/clinids/4.6.1096. 

Bloomer, S., Y. C. Cheng, H. M. Yakout, and S. W. Kim. 2019. 367 Combinational use of sodium 

butyrate and phytogenics on intestinal health of nursery pigs. J Anim Sci. 97:132–133. 

doi:10.1093/jas/skz258.270. 

Bonardi, S. 2017. Salmonella in the pork production chain and its impact on human health in the 

European Union. Epidemiology & Infection. 145:1513–1526. doi:10.1017/S095026881700036X. 

Boumans, I. J. M. M., E. A. M. Bokkers, G. J. Hofstede, and I. J. M. de Boer. 2015. Understanding 

feeding patterns in growing pigs by modelling growth and motivation. Applied Animal Behaviour 

Science. 171:69–80. doi:10.1016/j.applanim.2015.08.013. 

Boutet, E., D. Lieberherr, M. Tognolli, M. Schneider, P. Bansal, A. J. Bridge, S. Poux, L. 

Bougueleret, and I. Xenarios. 2016. UniProtKB/Swiss-Prot, the Manually Annotated Section of 

the UniProt KnowledgeBase: How to Use the Entry View. In: D. Edwards, editor. Plant 

Bioinformatics: Methods and Protocols. Springer, New York, NY. p. 23–54. Available from: 

https://doi.org/10.1007/978-1-4939-3167-5_2 

Boyen, F., F. Haesebrouck, D. Maes, F. Van Immerseel, R. Ducatelle, and F. Pasmans. 2008. Non-

typhoidal Salmonella infections in pigs: A closer look at epidemiology, pathogenesis and control. 

Veterinary Microbiology. 130:1–19. doi:10.1016/j.vetmic.2007.12.017. 

Boyer, P. E., S. D’Costa, L. L. Edwards, M. Milloway, E. Susick, L. B. Borst, S. Thakur, J. M. 

Campbell, J. D. Crenshaw, J. Polo, and A. J. Moeser. 2015. Early-life dietary spray-dried plasma 



172 
 

influences immunological and intestinal injury responses to later-life Salmonella typhimurium 

challenge. British Journal of Nutrition. 113:783–793. doi:10.1017/S000711451400422X. 

Broom, L. J., and M. H. Kogut. 2018. The role of the gut microbiome in shaping the immune 

system of chickens. Veterinary Immunology and Immunopathology. 204:44–51. 

doi:10.1016/j.vetimm.2018.10.002. 

Brown, R. R., Y. Ozaki, S. P. Datta, E. C. Borden, P. M. Sondel, and D. G. Malone. 1991. 

Implications of interferon-induced tryptophan catabolism in cancer, auto-immune diseases and 

AIDS. Adv Exp Med Biol. 294:425–435. doi:10.1007/978-1-4684-5952-4_39. 

Buchet, R., J. L. Millán, and D. Magne. 2013. Multisystemic Functions of Alkaline Phosphatases. 

In: J. L. Millán, editor. Phosphatase Modulators. Vol. 1053. Humana Press, Totowa, NJ. p. 27–51. 

Available from: http://link.springer.com/10.1007/978-1-62703-562-0_3 

Burkey, T. E., S. S. Dritz, J. C. Nietfeld, B. J. Johnson, and J. E. Minton. 2004. Effect of dietary 

mannanoligosaccharide and sodium chlorate on the growth performance, acute-phase response, 

and bacterial shedding of weaned pigs challenged with Salmonella entericaserotype Typhimurium. 

J Anim Sci. 82:397–404. doi:10.2527/2004.822397x. 

Butaye, P., G. B. Michael, S. Schwarz, T. J. Barrett, A. Brisabois, and D. G. White. 2006. The 

clonal spread of multidrug-resistant non-typhi Salmonella serotypes. Microbes Infect. 8:1891–

1897. doi:10.1016/j.micinf.2005.12.020. 

Cai, C., Z. Zhang, M. Morales, Y. Wang, E. Khafipour, and J. Friel. 2019. Feeding practice 

influences gut microbiome composition in very low birth weight preterm infants and the 

association with oxidative stress: A prospective cohort study. Free Radical Biology and Medicine. 

142:146–154. doi:10.1016/j.freeradbiomed.2019.02.032. 

Camilleri, M., K. Madsen, R. Spiller, B. G. V. Meerveld, and G. N. Verne. 2012. Intestinal barrier 

function in health and gastrointestinal disease. Neurogastroenterology & Motility. 24:503–512. 

doi:10.1111/j.1365-2982.2012.01921.x. 

Canadian Council on Animal Care. 2009. CCAC guidelines on: the care and use of farm animals 

in research, teaching and testing. Canadian Council on Animal Care, Ottawa. Available from: 

http://epe.lac-bac.gc.ca/100/200/300/cdn_council_animal_care/farm_animal-

ef/CCAC_Farm_Animal_Guidelines_EN.pdf 

Capozzalo, M. 2015. Determination of the standardised ileal digestible requirements of tryptophan 

and sulphur amino acids in weaner pigs under conditions of enterotoxigenic Escherichia coli 



173 
 

challenge [phd]. Murdoch University. Available from: 

https://researchrepository.murdoch.edu.au/id/eprint/28628/ 

Capozzalo, M. M., J. C. Kim, J. K. Htoo, C. F. M. de Lange, B. P. Mullan, C. F. Hansen, J. W. 

Resink, and J. R. Pluske. 2017a. Pigs experimentally infected with an enterotoxigenic strain of 

Escherichia coli have improved feed efficiency and indicators of inflammation with dietary 

supplementation of tryptophan and methionine in the immediate post-weaning period. Anim. Prod. 

Sci. 57:935–947. doi:10.1071/AN15289. 

Capozzalo, M. M., J. C. Kim, J. K. Htoo, C. F. M. de Lange, B. P. Mullan, C. F. Hansen, J. W. 

Resink, J. R. Pluske, M. M. Capozzalo, J. C. Kim, J. K. Htoo, C. F. M. de Lange, B. P. Mullan, C. 

F. Hansen, J. W. Resink, and J. R. Pluske. 2016. Pigs experimentally infected with an 

enterotoxigenic strain of Escherichia coli have improved feed efficiency and indicators of 

inflammation with dietary supplementation of tryptophan and methionine in the immediate post-

weaning period. Anim. Prod. Sci. 57:935–947. doi:10.1071/AN15289. 

Capozzalo, M. M., J. C. Kim, J. K. Htoo, C. F. M. de Lange, B. P. Mullan, C. F. Hansen, J.-W. 

Resink, P. A. Stumbles, D. J. Hampson, and J. R. Pluske. 2015. Effect of increasing the dietary 

tryptophan to lysine ratio on plasma levels of tryptophan, kynurenine and urea and on production 

traits in weaner pigs experimentally infected with an enterotoxigenic strain of Escherichia coli‡. 

Archives of Animal Nutrition. 69:17–29. doi:10.1080/1745039X.2014.995972. 

Capozzalo, M. M., J. W. Resink, J. K. Htoo, J. C. Kim, F. M. de Lange, B. P. Mullan, C. F. Hansen, 

and J. R. Pluske. 2017b. Determination of the optimum standardised ileal digestible sulphur amino 

acids to lysine ratio in weaned pigs challenged with enterotoxigenic Escherichia coli. Animal Feed 

Science and Technology. 227:118–130. doi:10.1016/j.anifeedsci.2017.03.004. 

Casey, P. G., G. E. Gardiner, G. Casey, B. Bradshaw, P. G. Lawlor, P. B. Lynch, F. C. Leonard, 

C. Stanton, R. P. Ross, G. F. Fitzgerald, and C. Hill. 2007. A Five-Strain Probiotic Combination 

Reduces Pathogen Shedding and Alleviates Disease Signs in Pigs Challenged with Salmonella 

enterica Serovar Typhimurium. Appl. Environ. Microbiol. 73:1858–1863. 

doi:10.1128/AEM.01840-06. 

Celi, P., A. J. Cowieson, F. Fru-Nji, R. E. Steinert, A.-M. Kluenter, and V. Verlhac. 2017. 

Gastrointestinal functionality in animal nutrition and health: New opportunities for sustainable 

animal production. Animal Feed Science and Technology. 234:88–100. 

doi:10.1016/j.anifeedsci.2017.09.012. 



174 
 

Chen, Y., D. Li, Z. Dai, X. Piao, Z. Wu, B. Wang, Y. Zhu, and Z. Zeng. 2014a. l-Methionine 

supplementation maintains the integrity and barrier function of the small-intestinal mucosa in post-

weaning piglets. Amino Acids. 46:1131–1142. doi:10.1007/s00726-014-1675-5. 

Chen, Y., D. Li, Z. Dai, X. Piao, Z. Wu, B. Wang, Y. Zhu, and Z. Zeng. 2014b. l-Methionine 

supplementation maintains the integrity and barrier function of the small-intestinal mucosa in post-

weaning piglets. Amino Acids. 46:1131–1142. doi:10.1007/s00726-014-1675-5. 

Chen, Y. P., Y. F. Cheng, X. H. Li, W. L. Yang, C. Wen, S. Zhuang, and Y. M. Zhou. 2017. Effects 

of threonine supplementation on the growth performance, immunity, oxidative status, intestinal 

integrity, and barrier function of broilers at the early age. Poult Sci. 96:405–413. 

doi:10.3382/ps/pew240. 

Chen, Y., H. Zhang, Y. Cheng, Y. Li, C. Wen, and Y. Zhou. 2018. Dietary l-threonine 

supplementation attenuates lipopolysaccharide-induced inflammatory responses and intestinal 

barrier damage of broiler chickens at an early age. British Journal of Nutrition. 119:1254–1262. 

doi:10.1017/S0007114518000740. 

Christen, S., E. Peterhans, and R. Stocker. 1990. Antioxidant activities of some tryptophan 

metabolites: possible implication for inflammatory diseases. PNAS. 87:2506–2510. 

Circu, M. L., and T. Y. Aw. 2012. Intestinal redox biology and oxidative stress. Seminars in Cell 

& Developmental Biology. 23:729–737. doi:10.1016/j.semcdb.2012.03.014. 

Clarke, G., S. Grenham, P. Scully, P. Fitzgerald, R. D. Moloney, F. Shanahan, T. G. Dinan, and J. 

F. Cryan. 2013. The microbiome-gut-brain axis during early life regulates the hippocampal 

serotonergic system in a sex-dependent manner. Mol Psychiatry. 18:666–673. 

doi:10.1038/mp.2012.77. 

Collins, C. L., J. R. Pluske, R. S. Morrison, T. N. McDonald, R. J. Smits, D. J. Henman, I. 

Stensland, and F. R. Dunshea. 2017. Post-weaning and whole-of-life performance of pigs is 

determined by live weight at weaning and the complexity of the diet fed after weaning. Animal 

Nutrition. 3:372–379. doi:10.1016/j.aninu.2017.01.001. 

Coma, J., D. R. Zimmerman, and D. Carrion. 1995. Relationship of rate of lean tissue growth and 

other factors to concentration of urea in plasma of pigs. J Anim Sci. 73:3649–3656. 

doi:10.2527/1995.73123649x. 

Correa-Matos, N. J., S. M. Donovan, R. E. Isaacson, H. R. Gaskins, B. A. White, and K. A. 

Tappenden. 2003. Fermentable Fiber Reduces Recovery Time and Improves Intestinal Function in 



175 
 

Piglets Following Salmonella typhimurium Infection. J Nutr. 133:1845–1852. 

doi:10.1093/jn/133.6.1845. 

Council, N. R., D. on E. and L. Studies, B. on A. and N. Resources, and C. on N. R. of Swine. 

2012. Nutrient Requirements of Swine: Eleventh Revised Edition. National Academies Press. 

Cuaron, J. A., R. P. Chapple, and R. A. Easter. 1984. Effect of Lysine and Threonine 

Supplementation of Sorghum Gestation Diets on Nitrogen Balance and Plasma Constituents in 

First-Litter Gilts. J Anim Sci. 58:631–637. doi:10.2527/jas1984.583631x. 

Cummings, J. H., M. J. Hill, E. S. Bone, W. J. Branch, and D. J. Jenkins. 1979. The effect of meat 

protein and dietary fiber on colonic function and metabolism. II. Bacterial metabolites in feces and 

urine. Am J Clin Nutr. 32:2094–2101. doi:10.1093/ajcn/32.10.2094. 

D’Eath, R. B. 2005. Socialising piglets before weaning improves social hierarchy formation when 

pigs are mixed post-weaning. Applied Animal Behaviour Science. 93:199–211. 

doi:10.1016/j.applanim.2004.11.019. 

Defa, L., X. Changting, Q. Shiyan, Z. Jinhui, E. W. Johnson, and P. A. Thacker. 1999. Effects of 

dietary threonine on performance, plasma parameters and immune function of growing pigs. 

Animal Feed Science and Technology. 78:179–188. doi:10.1016/S0377-8401(99)00005-X. 

Dharmani, P., V. Srivastava, V. Kissoon-Singh, and K. Chadee. 2009. Role of Intestinal Mucins in 

Innate Host Defense Mechanisms against Pathogens. JIN. 1:123–135. doi:10.1159/000163037. 

Diether, N. E., and B. P. Willing. 2019. Microbial Fermentation of Dietary Protein: An Important 

Factor in Diet–Microbe–Host Interaction. Microorganisms. 7:19. 

doi:10.3390/microorganisms7010019. 

van Dijk, A. J., H. Everts, M. J. A. Nabuurs, R. J. C. F. Margry, and A. C. Beynen. 2001. Growth 

performance of weanling pigs fed spray-dried animal plasma: a review. Livestock Production 

Science. 68:263–274. doi:10.1016/S0301-6226(00)00229-3. 

Dincer, Y., Y. Erzin, S. Himmetoglu, K. N. Gunes, K. Bal, and T. Akcay. 2007. Oxidative DNA 

Damage and Antioxidant Activity in Patients with Inflammatory Bowel Disease. Dig Dis Sci. 

52:1636–1641. doi:10.1007/s10620-006-9386-8. 

Dionissopoulos, L., C. E. Dewey, H. Namkung, and C. F. M. D. Lange. 2006. Interleukin-1ra 

increases growth performance and body protein accretion and decreases the cytokine response in a 

model of subclinical disease in growing pigs. Animal Science. 82:509–515. 

doi:10.1079/ASC200654. 



176 
 

Dong, G. Z., and J. R. Pluske. 2007. The low feed intake in newly-weaned pigs: problems and 

possible solutions. Asian-Australasian Journal of Animal Sciences. 20:440–452. 

Dou, S., P. Gadonna-Widehem, V. Rome, D. Hamoudi, L. Rhazi, L. Lakhal, T. Larcher, N. Bahi-

Jaber, A. Pinon-Quintana, A. Guyonvarch, I. L. E. Huërou-Luron, and L. Abdennebi-Najar. 2017. 

Characterisation of Early-Life Fecal Microbiota in Susceptible and Healthy Pigs to Post-Weaning 

Diarrhoea. PLOS ONE. 12:e0169851. doi:10.1371/journal.pone.0169851. 

Douglas, S. L., S. A. Edwards, and I. Kyriazakis. 2014a. Management strategies to improve the 

performance of low birth weight pigs to weaning and their long-term consequences,. J Anim Sci. 

92:2280–2288. doi:10.2527/jas.2013-7388. 

Douglas, S. L., I. Wellock, S. A. Edwards, and I. Kyriazakis. 2014b. High specification starter diets 

improve the performance of low birth weight pigs to 10 weeks of age1. Journal of Animal Science. 

92:4741–4750. doi:10.2527/jas.2014-7625. 

Doumas, B. T., W. Ard Watson, and H. G. Biggs. 1971. Albumin standards and the measurement 

of serum albumin with bromcresol green. Clinica Chimica Acta. 31:87–96. doi:10.1016/0009-

8981(71)90365-2. 

Dritz, S. S., K. Q. Owen, R. D. Goodband, J. L. Nelssen, M. D. Tokach, M. M. Chengappa, and F. 

Blecha. 1996. Influence of lipopolysaccharide-induced immune challenge and diet complexity on 

growth performance and acute-phase protein production in segregated early-weaned pigs. J Anim 

Sci. 74:1620–1628. doi:10.2527/1996.7471620x. 

Engle, M. J. 1994. The role of soybean meal hypersensitivity in postweaning lag and diarrhea in 

piglets. JSHAP. 2:7–10. 

Faderl, M., M. Noti, N. Corazza, and C. Mueller. 2015. Keeping bugs in check: The mucus layer 

as a critical component in maintaining intestinal homeostasis. IUBMB Life. 67:275–285. 

doi:10.1002/iub.1374. 

Fan, P., P. Liu, P. Song, X. Chen, and X. Ma. 2017. Moderate dietary protein restriction alters the 

composition of gut microbiota and improves ileal barrier function in adult pig model. Scientific 

Reports. 7:43412. doi:10.1038/srep43412. 

Faure, M., F. Choné, C. Mettraux, J.-P. Godin, F. Béchereau, J. Vuichoud, I. Papet, D. Breuillé, 

and C. Obled. 2007. Threonine Utilization for Synthesis of Acute Phase Proteins, Intestinal 

Proteins, and Mucins Is Increased during Sepsis in Rats. The Journal of Nutrition. 137:1802–1807. 

doi:10.1093/jn/137.7.1802. 



177 
 

Faure, M., D. Moënnoz, F. Montigon, C. Mettraux, D. Breuillé, and O. Ballèvre. 2005. Dietary 

threonine restriction specifically reduces intestinal mucin synthesis in rats. J Nutr. 135:486–491. 

doi:10.1093/jn/135.3.486. 

Fink, M. P., and S. O. Heard. 1990. Laboratory models of sepsis and septic shock. Journal of 

Surgical Research. 49:186–196. doi:10.1016/0022-4804(90)90260-9. 

Finkelstein, J. D. 2000. Pathways and regulation of homocysteine metabolism in mammals. Semin 

Thromb Hemost. 26:219–225. doi:10.1055/s-2000-8466. 

Fishman, W. H., and N. K. Ghosh. 1967. Influence of reagents reacting with metal, thiol and amino 

sites of catalytic activity and l-phenylalanine inhibition of rat intestinal alkaline phosphatase. 

Biochemical Journal. 105:1163–1170. doi:10.1042/bj1051163. 

Floc’h, N. L., F. Gondret, J. J. Matte, and H. Quesnel. 2012. Towards amino acid recommendations 

for specific physiological and patho-physiological states in pigs. Proceedings of the Nutrition 

Society. 71:425–432. doi:10.1017/S0029665112000560. 

Foster, J. W. 1993. The acid tolerance response of Salmonella typhimurium involves transient 

synthesis of key acid shock proteins. J Bacteriol. 175:1981–1987. 

Fouhse, J. M., R. T. Zijlstra, and B. P. Willing. 2016. The role of gut microbiota in the health and 

disease of pigs. Animal Frontiers. 6:30–36. doi:10.2527/af.2016-0031. 

Fu, L., H. Li, T. Liang, B. Zhou, Q. Chu, A. P. Schinckel, X. Yang, R. Zhao, P. Li, and R. Huang. 

2016. Stocking density affects welfare indicators of growing pigs of different group sizes after 

regrouping. Applied Animal Behaviour Science. 174:42–50. doi:10.1016/j.applanim.2015.10.002. 

Funk, J., P. Davies, and W. Gebreyes. 2001. Risk Factors Associated with Salmonella enterica 

Prevalence in Three-site Swine Production Systems in North Carolina, U.S.A. International 

Conference on the Epidemiology and Control of Biological, Chemical and Physical Hazards in 

Pigs and Pork. Available from: https://lib.dr.iastate.edu/safepork/2001/allpapers/17 

Gagliardi, A., V. Totino, F. Cacciotti, V. Iebba, B. Neroni, G. Bonfiglio, M. Trancassini, C. 

Passariello, F. Pantanella, and S. Schippa. 2018. Rebuilding the Gut Microbiota Ecosystem. 

International Journal of Environmental Research and Public Health. 15:1679. 

doi:10.3390/ijerph15081679. 

Gallois, A., J. R. Klein, L.-A. H. Allen, B. D. Jones, and W. M. Nauseef. 2001. Salmonella 

Pathogenicity Island 2-Encoded Type III Secretion System Mediates Exclusion of NADPH 



178 
 

Oxidase Assembly from the Phagosomal Membrane. The Journal of Immunology. 166:5741–5748. 

doi:10.4049/jimmunol.166.9.5741. 

Gao, K., C. Mu, A. Farzi, and W. Zhu. 2020. Tryptophan Metabolism: A Link Between the Gut 

Microbiota and Brain. Advances in Nutrition. 11:709–723. doi:10.1093/advances/nmz127. 

Gebru, E., J. S. Lee, J. C. Son, S. Y. Yang, S. A. Shin, B. Kim, M. K. Kim, and S. C. Park. 2010. 

Effect of probiotic-, bacteriophage-, or organic acid-supplemented feeds or fermented soybean 

meal on the growth performance, acute-phase response, and bacterial shedding of grower pigs 

challenged with Salmonella enterica serotype Typhimurium. J Anim Sci. 88:3880–3886. 

doi:10.2527/jas.2010-2939. 

Geddes, K., and D. J. Philpott. 2008. A New Role for Intestinal Alkaline Phosphatase in Gut Barrier 

Maintenance. Gastroenterology. 135:8–12. doi:10.1053/j.gastro.2008.06.006. 

Geypens, B., D. Claus, P. Evenepoel, M. Hiele, B. Maes, M. Peeters, P. Rutgeerts, and Y. Ghoos. 

1997. Influence of dietary protein supplements on the formation of bacterial metabolites in the 

colon. Gut. 41:70–76. doi:10.1136/gut.41.1.70. 

Gilbert, M. S., N. Ijssennagger, A. K. Kies, and S. W. C. van Mil. 2018. Protein fermentation in 

the gut; implications for intestinal dysfunction in humans, pigs, and poultry. American Journal of 

Physiology-Gastrointestinal and Liver Physiology. 315:G159–G170. 

doi:10.1152/ajpgi.00319.2017. 

Goda, K., Y. Hamane, R. Kishimoto, and Y. Ogishi. 1999. Radical Scavenging Properties of 

Tryptophan Metabolites. In: G. Huether, W. Kochen, T. J. Simat, and H. Steinhart, editors. 

Tryptophan, Serotonin, and Melatonin: Basic Aspects and Applications. Springer US, Boston, MA. 

p. 397–402. Available from: https://doi.org/10.1007/978-1-4615-4709-9_50 

Goerdt, S., and C. E. Orfanos. 1999. Other Functions, Other Genes: Alternative Activation of 

Antigen-Presenting Cells. Immunity. 10:137–142. doi:10.1016/S1074-7613(00)80014-X. 

Grant, A. L., R. E. Holland, J. W. Thomas, K. J. King, and J. S. Liesman. 1989. Effects of Dietary 

Amines on the Small Intestine in Calves Fed Soybean Protein. J Nutr. 119:1034–1041. 

doi:10.1093/jn/119.7.1034. 

Grant, A. L., J. W. Thomas, K. J. King, and J. S. Liesman. 1990. Effects of dietary amines on small 

intestinal variables in neonatal pigs fed soy protein isolate. J Anim Sci. 68:363–371. 

doi:10.2527/1990.682363x. 



179 
 

Gresse, R., F. Chaucheyras-Durand, M. A. Fleury, T. Van de Wiele, E. Forano, and S. Blanquet-

Diot. 2017. Gut Microbiota Dysbiosis in Postweaning Piglets: Understanding the Keys to Health. 

Trends in Microbiology. 25:851–873. doi:10.1016/j.tim.2017.05.004. 

Groschwitz, K. R., and S. P. Hogan. 2009. Intestinal barrier function: Molecular regulation and 

disease pathogenesis. Journal of Allergy and Clinical Immunology. 124:3–20. 

doi:10.1016/j.jaci.2009.05.038. 

Hauser, E., E. Tietze, R. Helmuth, E. Junker, K. Blank, R. Prager, W. Rabsch, B. Appel, A. Fruth, 

and B. Malorny. 2010. Pork Contaminated with Salmonella enterica Serovar 4,[5],12:i:−, an 

Emerging Health Risk for Humans. Appl. Environ. Microbiol. 76:4601–4610. 

doi:10.1128/AEM.02991-09. 

Helm, E. T., S. J. Lin, N. K. Gabler, and E. R. Burrough. 2020. Brachyspira hyodysenteriae 

Infection Reduces Digestive Function but Not Intestinal Integrity in Growing Pigs While Disease 

Onset Can Be Mitigated by Reducing Insoluble Fiber. Front Vet Sci. 7:587926. 

doi:10.3389/fvets.2020.587926. 

Henry, Y., B. Sève, Y. Colléaux, P. Ganier, C. Saligaut, and P. Jégo. 1992. Interactive effects of 

dietary levels of tryptophan and protein on voluntary feed intake and growth performance in pigs, 

in relation to plasma free amino acids and hypothalamic serotonin1. Journal of Animal Science. 

70:1873–1887. doi:10.2527/1992.7061873x. 

Heo, J. M., J. C. Kim, C. F. Hansen, B. P. Mullan, D. J. Hampson, H. Maribo, N. Kjeldsen, and J. 

R. Pluske. 2010a. Effects of dietary protein level and zinc oxide supplementation on the incidence 

of post-weaning diarrhoea in weaner pigs challenged with an enterotoxigenic strain of Escherichia 

coli. Livestock Science. 133:210–213. doi:10.1016/j.livsci.2010.06.066. 

Heo, J. M., J. C. Kim, C. F. Hansen, B. P. Mullan, D. J. Hampson, and J. R. Pluske. 2009. Feeding 

a diet with decreased protein content reduces indices of protein fermentation and the incidence of 

postweaning diarrhea in weaned pigs challenged with an enterotoxigenic strain of Escherichia coli. 

J Anim Sci. 87:2833–2843. doi:10.2527/jas.2008-1274. 

Heo, J. M., J. C. Kim, C. F. Hansen, B. P. Mullan, D. J. Hampson, and J. R. Pluske. 2010b. Feeding 

a diet with a decreased protein content reduces both nitrogen content in the gastrointestinal tract 

and post-weaning diarrhoea, but does not affect apparent nitrogen digestibility in weaner pigs 

challenged with an enterotoxigenic strain of Escherichia coli. Animal Feed Science and 

Technology. 160:148–159. doi:10.1016/j.anifeedsci.2010.07.005. 



180 
 

Heo, J. M., J. C. Kim, J. Yoo, and J. R. Pluske. 2015. A between-experiment analysis of 

relationships linking dietary protein intake and post-weaning diarrhea in weanling pigs under 

conditions of experimental infection with an enterotoxigenic strain of Escherichia coli. Animal 

Science Journal. 86:286–293. doi:10.1111/asj.12275. 

Heo, J. M., F. O. Opapeju, J. R. Pluske, J. C. Kim, D. J. Hampson, and C. M. Nyachoti. 2013. 

Gastrointestinal health and function in weaned pigs: a review of feeding strategies to control post-

weaning diarrhoea without using in-feed antimicrobial compounds. Journal of Animal Physiology 

and Animal Nutrition. 97:207–237. doi:10.1111/j.1439-0396.2012.01284.x. 

Heo, J.-M., J.-C. Kim, C. F. Hansen, B. P. Mullan, D. J. Hampson, and J. R. Pluske. 2008. Effects 

of feeding low protein diets to piglets on plasma urea nitrogen, faecal ammonia nitrogen, the 

incidence of diarrhoea and performance after weaning. Archives of Animal Nutrition. 62:343–358. 

doi:10.1080/17450390802327811. 

Himpel, S., J. Bartels, K. Zimdars, G. Huether, L. Adler, R. R. Dawirs, and G. H. Moll. 2006. 

Association between body weight of newborn rats and density of serotonin transporters in the 

frontal cortex at adulthood. J Neural Transm. 113:295–302. doi:10.1007/s00702-005-0330-4. 

Hooper, L. V. 2009. Do symbiotic bacteria subvert host immunity? Nature Reviews Microbiology. 

7:367–374. doi:10.1038/nrmicro2114. 

Hopkins, K. L., M. Kirchner, B. Guerra, S. A. Granier, C. Lucarelli, M. C. Porrero, A. Jakubczak, 

E. J. Threlfall, and D. J. Mevius. 2010. Multiresistant Salmonella enterica serovar 4,[5],12:i:- in 

Europe: a new pandemic strain? Eurosurveillance. 15:19580. doi:10.2807/ese.15.22.19580-en. 

Hsu, C. B., S. P. Cheng, J. C. Hsu, and H. T. Yen. 2001. Effect of Threonine Addition to a Low 

Protein Diet on IgG Levels in Body Fluid of First-Litter Sows and Their Piglets. Asian-Australasian 

Journal of Animal Sciences. 14:1157–1163. doi:2001.14.8.1157. 

Htoo, J. K., B. A. Araiza, W. C. Sauer, M. Rademacher, Y. Zhang, M. Cervantes, and R. T. Zijlstra. 

2007. Effect of dietary protein content on ileal amino acid digestibility, growth performance, and 

formation of microbial metabolites in ileal and cecal digesta of early-weaned pigs,. J Anim Sci. 

85:3303–3312. doi:10.2527/jas.2007-0105. 

Huang, D. B., and H. L. DuPont. 2005. Problem pathogens: extra-intestinal complications of 

Salmonella enterica serotype Typhi infection. The Lancet Infectious Diseases. 5:341–348. 

doi:10.1016/S1473-3099(05)70138-9. 



181 
 

Huang, S.-M., Z.-H. Wu, T.-T. Li, C. Liu, D.-D. Han, S.-Y. Tao, Y. Pi, N. Li, and J.-J. Wang. 2020. 

Perturbation of the lipid metabolism and intestinal inflammation in growing pigs with low birth 

weight is associated with the alterations of gut microbiota. Science of The Total Environment. 

719:137382. doi:10.1016/j.scitotenv.2020.137382. 

Hughes, R., M. J. Kurth, V. McGilligan, H. McGlynn, and I. Rowland. 2008. Effect of Colonic 

Bacterial Metabolites on Caco-2 Cell Paracellular Permeability In Vitro. Nutrition and Cancer. 

60:259–266. doi:10.1080/01635580701649644. 

Hunter, E. A. L., and R. F. Grimble. 1994. Cysteine and Methionine Supplementation Modulate 

the Effect of Tumor Necrosis Factor α on Protein Synthesis, Glutathione and Zinc Concentration 

of Liver and Lung in Rats Fed a Low Protein Diet. J Nutr. 124:2319–2328. 

doi:10.1093/jn/124.12.2319. 

Isaacson, R. E., L. D. Firkins, R. M. Weigel, F. A. Zuckermann, and J. A. DiPietro. 1999. Effect 

of transportation and feed withdrawal on shedding of Salmonella typhimurium among 

experimentally infected pigs. Am. J. Vet. Res. 60:1155–1158. 

Jayaraman, Balachandar, J. K. Htoo, and C. M. Nyachoti. 2017. Effects of different dietary 

tryptophan : lysine ratios and sanitary conditions on growth performance, plasma urea nitrogen, 

serum haptoglobin and ileal histomorphology of weaned pigs. Animal Science Journal. 88:763–

771. doi:10.1111/asj.12695. 

Jayaraman, B., J. Htoo, and C. M. Nyachoti. 2015. Effects of dietary threonine:lysine ratioes and 

sanitary conditions on performance, plasma urea nitrogen, plasma-free threonine and lysine of 

weaned pigs. Animal Nutrition. 1:283–288. doi:10.1016/j.aninu.2015.09.003. 

Jayaraman, B., A. Regassa, J. K. Htoo, and C. M. Nyachoti. 2017. Effects of dietary standardized 

ileal digestible tryptophan:lysine ratio on performance, plasma urea nitrogen, ileal 

histomorphology and immune responses in weaned pigs challenged with Escherichia coli K88. 

Livestock Science. 203:114–119. doi:10.1016/j.livsci.2017.07.014. 

Jensen, B. B., and H. Jørgensen. 1994. Effect of dietary fiber on microbial activity and microbial 

gas production in various regions of the gastrointestinal tract of pigs. Applied and Environmental 

Microbiology. 60:1897–1904. doi:10.1128/aem.60.6.1897-1904.1994. 

Jha, R., and J. F. D. Berrocoso. 2016. Dietary fiber and protein fermentation in the intestine of 

swine and their interactive effects on gut health and on the environment: A review. Animal Feed 

Science and Technology. 212:18–26. doi:10.1016/j.anifeedsci.2015.12.002. 



182 
 

Johansson, M. E. V., D. Ambort, T. Pelaseyed, A. Schütte, J. K. Gustafsson, A. Ermund, D. B. 

Subramani, J. M. Holmén-Larsson, K. A. Thomsson, J. H. Bergström, S. van der Post, A. M. 

Rodriguez-Piñeiro, H. Sjövall, M. Bäckström, and G. C. Hansson. 2011. Composition and 

functional role of the mucus layers in the intestine. Cell. Mol. Life Sci. 68:3635. 

doi:10.1007/s00018-011-0822-3. 

Jones, C. K., J. M. DeRouchey, J. L. Nelssen, M. D. Tokach, S. S. Dritz, and R. D. Goodband. 

2010. Effects of fermented soybean meal and specialty animal protein sources on nursery pig 

performance,. J Anim Sci. 88:1725–1732. doi:10.2527/jas.2009-2110. 

Jones, D. P. 2002. [11] Redox potential of GSH/GSSG couple: Assay and biological significance. 

In: H. Sies and L. Packer, editors. Methods in Enzymology. Vol. 348. Academic Press. p. 93–112. 

Available from: http://www.sciencedirect.com/science/article/pii/S0076687902486302 

Kahindi, R., A. Regassa, J. Htoo, and M. Nyachoti. 2017. Optimal sulfur amino acid to lysine ratio 

for post weaning piglets reared under clean or unclean sanitary conditions. Animal Nutrition. 

3:380–385. doi:10.1016/j.aninu.2017.08.004. 

Kaliannan, K., S. R. Hamarneh, K. P. Economopoulos, S. N. Alam, O. Moaven, P. Patel, N. S. 

Malo, M. Ray, S. M. Abtahi, N. Muhammad, A. Raychowdhury, A. Teshager, M. M. R. Mohamed, 

A. K. Moss, R. Ahmed, S. Hakimian, S. Narisawa, J. L. Millán, E. Hohmann, H. S. Warren, A. K. 

Bhan, M. S. Malo, and R. A. Hodin. 2013. Intestinal alkaline phosphatase prevents metabolic 

syndrome in mice. PNAS. 110:7003–7008. doi:10.1073/pnas.1220180110. 

Kałużna-Czaplińska, J., P. Gątarek, S. Chirumbolo, M. S. Chartrand, and G. Bjørklund. 2019. How 

important is tryptophan in human health? Critical Reviews in Food Science and Nutrition. 59:72–

88. doi:10.1080/10408398.2017.1357534. 

Kampman-van de Hoek, E., A. J. Jansman, J. J. van den Borne, C. M. van der Peet-Schwering, H. 

van Beers-Schreurs, and W. J. Gerrits. 2016. Dietary Amino Acid Deficiency Reduces the 

Utilization of Amino Acids for Growth in Growing Pigs after a Period of Poor Health. J Nutr. 

146:51–58. doi:10.3945/jn.115.216044. 

Kansagra, K., B. Stoll, C. Rognerud, H. Niinikoski, C.-N. Ou, R. Harvey, and D. Burrin. 2003. 

Total parenteral nutrition adversely affects gut barrier function in neonatal piglets. Am. J. Physiol. 

Gastrointest. Liver Physiol. 285:G1162-1170. doi:10.1152/ajpgi.00243.2003. 



183 
 

Kelly, D., J. J. O’brien, and K. J. McCRACKEN. 1990. Effect of creep feeding on the incidence, 

duration and severity of post-weaning diarrhoea in pigs. Research in Veterinary Science. 49:223–

228. doi:10.1016/S0034-5288(18)31082-8. 

Kim, J. C., C. F. Hansen, B. P. Mullan, and J. R. Pluske. 2012a. Nutrition and pathology of weaner 

pigs: Nutritional strategies to support barrier function in the gastrointestinal tract. Animal Feed 

Science and Technology. 173:3–16. doi:10.1016/j.anifeedsci.2011.12.022. 

Kim, J. C., J. M. Heo, B. P. Mullan, and J. R. Pluske. 2011. Efficacy of a reduced protein diet on 

clinical expression of post-weaning diarrhoea and life-time performance after experimental 

challenge with an enterotoxigenic strain of Escherichia coli. Animal Feed Science and Technology. 

170:222–230. doi:10.1016/j.anifeedsci.2011.08.012. 

Kim, J. C., B. P. Mullan, B. Frey, H. G. Payne, and J. R. Pluske. 2012b. Whole body protein 

deposition and plasma amino acid profiles in growing and/or finishing pigs fed increasing levels 

of sulfur amino acids with and without Escherichia coli lipopolysaccharide challenge1. Journal of 

Animal Science. 90:362–365. doi:10.2527/jas.53821. 

Kim, S. W., E. van Heugten, F. Ji, C. H. Lee, and R. D. Mateo. 2010. Fermented soybean meal as 

a vegetable protein source for nursery pigs: I. Effects on growth performance of nursery pigs. 

Journal of Animal Science. 88:214–224. doi:10.2527/jas.2009-1993. 

Klasing, K. C. 1988. Nutritional Aspects of Leukocytic Cytokines. J Nutr. 118:1436–1446. 

doi:10.1093/jn/118.12.1436. 

Klasing, K. C. 2007. Nutrition and the immune system. British Poultry Science. 48:525–537. 

doi:10.1080/00071660701671336. 

Kogut, M. H., and R. J. Arsenault. 2016. Editorial: Gut Health: The New Paradigm in Food Animal 

Production. Frontiers in Veterinary Science. 3:71. doi:10.3389/fvets.2016.00071. 

Koo, B., J. Choi, C. Yang, and C. M. Nyachoti. 2020a. Diet complexity and l-threonine 

supplementation: effects on growth performance, immune response, intestinal barrier function, and 

microbial metabolites in nursery pigs. Journal of Animal Science. 98. doi:10.1093/jas/skaa125. 

Available from: https://doi.org/10.1093/jas/skaa125 

Koo, B., J. Lee, and C. M. Nyachoti. 2020b. Diet complexity and l-threonine supplementation: 

effects on nutrient digestibility, nitrogen and energy balance, and body composition in nursery pigs. 

Journal of Animal Science. 98. doi:10.1093/jas/skaa124. Available from: 

https://doi.org/10.1093/jas/skaa124 



184 
 

Korhonen, T. 2007. Adhesins of Salmonella and their putative roles in infection. Salmonella: 

Molecular Biology and Pathogenesis. 53–66. 

Kötzner, L., B. Huck, S. Garg, and K. Urbahns. 2020. Chapter One - Small molecules—Giant leaps 

for immuno-oncology. In: D. R. Witty and B. Cox, editors. Progress in Medicinal Chemistry. Vol. 

59. Elsevier. p. 1–62. Available from: 

https://www.sciencedirect.com/science/article/pii/S0079646819300141 

Lackeyram, D., C. Yang, T. Archbold, K. C. Swanson, and M. Z. Fan. 2010. Early Weaning 

Reduces Small Intestinal Alkaline Phosphatase Expression in Pigs. The Journal of Nutrition. 

140:461–468. doi:10.3945/jn.109.117267. 

Lallès, J.-P. 2010. Intestinal alkaline phosphatase: multiple biological roles in maintenance of 

intestinal homeostasis and modulation by diet. Nutrition Reviews. 68:323–332. 

doi:10.1111/j.1753-4887.2010.00292.x. 

Lallès, J.-P. 2014. Intestinal alkaline phosphatase: novel functions and protective effects. Nutrition 

Reviews. 72:82–94. doi:10.1111/nure.12082. 

Lallès, J.-P. 2019. Recent advances in intestinal alkaline phosphatase, inflammation, and nutrition. 

Nutrition Reviews. 77:710–724. doi:10.1093/nutrit/nuz015. 

Lanferdini, E., I. Andretta, L. S. Fonseca, R. H. R. Moreira, V. S. Cantarelli, R. A. Ferreira, A. 

Saraiva, and M. L. T. Abreu. 2018. Piglet birth weight, subsequent performance, carcass traits and 

pork quality: A meta-analytical study. Livestock Science. 214:175–179. 

doi:10.1016/j.livsci.2018.05.019. 

Langlois, M. R., and J. R. Delanghe. 1996. Biological and clinical significance of haptoglobin 

polymorphism in humans. Clinical Chemistry. 42:1589–1600. doi:10.1093/clinchem/42.10.1589. 

Larqué, E., M. Sabater-Molina, and S. Zamora. 2007. Biological significance of dietary 

polyamines. Nutrition. 23:87–95. doi:10.1016/j.nut.2006.09.006. 

Law, G. K., R. F. Bertolo, A. Adjiri-Awere, P. B. Pencharz, and R. O. Ball. 2007. Adequate oral 

threonine is critical for mucin production and gut function in neonatal piglets. Am. J. Physiol. 

Gastrointest. Liver Physiol. 292:G1293-1301. doi:10.1152/ajpgi.00221.2006. 

Le Floc’h, N., L. LeBellego, J. J. Matte, D. Melchior, and B. Sève. 2009. The effect of sanitary 

status degradation and dietary tryptophan content on growth rate and tryptophan metabolism in 

weaning pigs. J Anim Sci. 87:1686–1694. doi:10.2527/jas.2008-1348. 



185 
 

Le Floc’h, N., D. Melchior, and C. Obled. 2004. Modifications of protein and amino acid 

metabolism during inflammation and immune system activation. Livestock Production Science. 

87:37–45. doi:10.1016/j.livprodsci.2003.09.005. 

Le Floc’h, N., D. Melchior, and B. Sève. 2008. Dietary tryptophan helps to preserve tryptophan 

homeostasis in pigs suffering from lung inflammation. J Anim Sci. 86:3473–3479. 

doi:10.2527/jas.2008-0999. 

Le Floc’h, N., and B. Seve. 2007. Biological roles of tryptophan and its metabolism: Potential 

implications for pig feeding. Livestock Science. 112:23–32. doi:10.1016/j.livsci.2007.07.002. 

Le Floc’h, N., A. Wessels, E. Corrent, G. Wu, and P. Bosi. 2018. The relevance of functional amino 

acids to support the health of growing pigs. Animal Feed Science and Technology. 245:104–116. 

doi:10.1016/j.anifeedsci.2018.09.007. 

Le Naou, T., N. Le Floc’h, I. Louveau, H. Gilbert, and F. Gondret. 2012. Metabolic changes and 

tissue responses to selection on residual feed intake in growing pigs,. J Anim Sci. 90:4771–4780. 

doi:10.2527/jas.2012-5226. 

Lee, J.-H., and J. Lee. 2010. Indole as an intercellular signal in microbial communities. FEMS 

Microbiol Rev. 34:426–444. doi:10.1111/j.1574-6976.2009.00204.x. 

Lewis, A. J. 2009. Methionine-cystine relationships in pig nutrition. 143–155. 

doi:10.1079/9780851996547.0143. 

Li, Q., E. R. Burrough, N. K. Gabler, C. L. Loving, O. Sahin, S. A. Gould, and J. F. Patience. A 

soluble and highly fermentable dietary fiber with carbohydrases improved gut barrier integrity 

markers and growth performance in F18 ETEC challenged pigs. J Anim Sci. 

doi:10.1093/jas/skz093. Available from: https://academic.oup.com/jas/advance-

article/doi/10.1093/jas/skz093/5386554 

Liang, H., Z. Dai, J. Kou, K. Sun, J. Chen, Y. Yang, G. Wu, and Z. Wu. 2019. Dietary l-Tryptophan 

Supplementation Enhances the Intestinal Mucosal Barrier Function in Weaned Piglets: Implication 

of Tryptophan-Metabolizing Microbiota. International Journal of Molecular Sciences. 20:20. 

doi:10.3390/ijms20010020. 

Liang, H., Z. Dai, N. Liu, Y. Ji, J. Chen, Y. Zhang, Y. Yang, J. Li, Z. Wu, and G. Wu. 2018. Dietary 

L-Tryptophan Modulates the Structural and Functional Composition of the Intestinal Microbiome 

in Weaned Piglets. Front Microbiol. 9. doi:10.3389/fmicb.2018.01736. Available from: 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6090026/ 



186 
 

Lien, K. A., W. C. Sauer, and M. Fenton. 1997. Mucin output in ileal digesta of pigs fed a protein-

free diet. Z Ernährungswiss. 36:182–190. doi:10.1007/BF01611398. 

Lih-Brody, L., S. R. Powell, K. P. Collier, G. M. Reddy, R. Cerchia, E. Kahn, G. S. Weissman, S. 

Katz, R. A. Floyd, M. J. McKinley, S. E. Fisher, and G. E. Mullin. 1996. Increased oxidative stress 

and decreased antioxidant defenses in mucosa of inflammatory bowel disease. Digest Dis Sci. 

41:2078–2086. doi:10.1007/BF02093613. 

Lin, H. C., and W. J. Visek. 1991. Colon mucosal cell damage by ammonia in rats. J. Nutr. 

121:887–893. doi:10.1093/jn/121.6.887. 

Lindberg, B. O., and G. H. Clowes. 1981. The effects of hyperalimentation and infused leucine on 

the amino acid metabolism in sepsis: an experimental study in vivo. Surgery. 90:278–290. 

Litvak, N., A. Rakhshandeh, J. K. Htoo, and C. F. M. de Lange. 2013. Immune system stimulation 

increases the optimal dietary methionine to methionine plus cysteine ratio in growing pigs. J Anim 

Sci. 91:4188–4196. doi:10.2527/jas.2012-6160. 

Liu, Z., C. Shi, J. Yang, P. Zhang, Y. Ma, F. Wang, and H. Qin. 2011. Molecular regulation of the 

intestinal epithelial barrier: implication in human diseases. Front Biosci (Landmark Ed). 16:2903–

2909. doi:10.2741/3888. 

Löser, C., A. Eisel, D. Harms, and U. R. Fölsch. 1999. Dietary polyamines are essential luminal 

growth factors for small intestinal and colonic mucosal growth and development. Gut. 44:12–16. 

doi:10.1136/gut.44.1.12. 

Loynachan, A. T., J. M. Nugent, M. M. Erdman, and D. L. Harris. 2004. Acute Infection of Swine 

by Various Salmonella Serovars. J Food Prot. 67:1484–1488. doi:10.4315/0362-028X-67.7.1484. 

Lu, S. C. 2000. S-Adenosylmethionine. The International Journal of Biochemistry & Cell Biology. 

32:391–395. doi:10.1016/S1357-2725(99)00139-9. 

Lu, S. C. 2009. Regulation of glutathione synthesis. Mol. Aspects Med. 30:42–59. 

doi:10.1016/j.mam.2008.05.005. 

Luo, S., and R. L. Levine. 2009. Methionine in proteins defends against oxidative stress. The 

FASEB Journal. 23:464–472. doi:https://doi.org/10.1096/fj.08-118414. 

Lv, L., H. Zhang, Z. Liu, L. Lei, Z. Feng, D. Zhang, Y. Ren, and S. Zhao. 2020. Comparative study 

of yeast selenium vs. sodium selenite on growth performance, nutrient digestibility, anti-

inflammatory and anti-oxidative activity in weaned piglets challenged by Salmonella typhimurium. 

Innate Immun. 26:248–258. doi:10.1177/1753425919888566. 



187 
 

Lynegaard, J. C., J. Hales, M. N. Nielsen, C. F. Hansen, and C. Amdi. 2020. The Stomach Capacity 

is Reduced in Intrauterine Growth Restricted Piglets Compared to Normal Piglets. Animals. 

10:1291. doi:10.3390/ani10081291. 

MacKenzie, C. R., U. Hadding, and W. Däubener. 1998. Interferon-γ-Induced Activation of 

Indoleamine 2,3-Dioxygenase in Cord Blood Monocyte-Derived Macrophages Inhibits the Growth 

of Group B Streptococci. The Journal of Infectious Diseases. 178:875–878. doi:10.1086/515347. 

MacLennan, C., C. Fieschi, D. A. Lammas, C. Picard, S. E. Dorman, O. Sanal, J. M. MacLennan, 

S. M. Holland, T. H. M. Ottenhoff, J.-L. Casanova, and D. S. Kumararatne. 2004. Interleukin (IL)-

12 and IL-23 Are Key Cytokines for Immunity against Salmonella in Humans. J Infect Dis. 

190:1755–1757. doi:10.1086/425021. 

Makimura, S., and N. Suzuki. 1982. Quantitative determination of bovine serum Haptoglobin and 

its elevation in some inflammatory diseases. Nippon Juigaku Zasshi. 44:15–21. 

Makkink, C. A., G. P. Negulescu, Q. Guixin, and M. W. A. Verstegen. 1994. Effect of dietary 

protein source on feed intake, growth, pancreatic enzyme activities and jejunal morphology in 

newly-weaned piglets. British Journal of Nutrition. 72:353–368. doi:10.1079/BJN19940039. 

Malmezat, T., D. Breuillé, P. Capitan, P. P. Mirand, and C. Obled. 2000a. Glutathione Turnover Is 

Increased during the Acute Phase of Sepsis in Rats. J Nutr. 130:1239–1246. 

doi:10.1093/jn/130.5.1239. 

Malmezat, T., D. Breuillé, C. Pouyet, C. Buffière, P. Denis, P. P. Mirand, and C. Obled. 2000b. 

Methionine transsulfuration is increased  during sepsis in rats. American Journal of Physiology-

Endocrinology and Metabolism. 279:E1391–E1397. doi:10.1152/ajpendo.2000.279.6.E1391. 

Mao, X., X. Lai, B. Yu, J. He, J. Yu, P. Zheng, G. Tian, K. Zhang, and D. Chen. 2014a. Effects of 

dietary threonine supplementation on immune challenge induced by swine Pseudorabies live 

vaccine in weaned pigs. Archives of Animal Nutrition. 68:1–15. 

doi:10.1080/1745039X.2013.869988. 

Mao, X., M. Lv, B. Yu, J. He, P. Zheng, J. Yu, Q. Wang, and D. Chen. 2014b. The effect of dietary 

tryptophan levels on oxidative stress of liver induced by diquat in weaned piglets. Journal of 

Animal Science and Biotechnology. 5:49. doi:10.1186/2049-1891-5-49. 

Marçal, D. A., C. Kiefer, M. D. Tokach, S. S. Dritz, J. C. Woodworth, R. D. Goodband, H. S. 

Cemin, and J. M. Derouchey. 2019. Diet formulation method influences the response to increasing 

net energy in finishing pigs1. Translational Animal Science. 3:1349–1358. doi:10.1093/tas/txz147. 



188 
 

Marcobal, A., P. C. Kashyap, T. A. Nelson, P. A. Aronov, M. S. Donia, A. Spormann, M. A. 

Fischbach, and J. L. Sonnenburg. 2013. A metabolomic view of how the human gut microbiota 

impacts the host metabolome using humanized and gnotobiotic mice. ISME J. 7:1933–1943. 

doi:10.1038/ismej.2013.89. 

Marg, H., H. Scholz, T. Arnold, U. Rösler, and A. Hensel. 2001. Influence of long-time 

transportation stress on re-activation of Salmonella Typhimurium DT104 in experimentally 

infected pigs. International Conference on the Epidemiology and Control of Biological, Chemical 

and Physical Hazards in Pigs and Pork. Available from: 

https://lib.dr.iastate.edu/safepork/2001/allpapers/122 

Marquardt, R. R., and S. Li. 2018. Antimicrobial resistance in livestock: advances and alternatives 

to antibiotics. Anim Fron. 8:30–37. doi:10.1093/af/vfy001. 

Martínez-Augustin, O., R. López-Posadas, R. González, I. Ballester, M. D. Suárez, A. Zarzuelo, 

and F. S. de Medina. 2010. It may not be intestinal, but tissue non-specific alkaline phosphatase. 

Gut. 59:560–560. doi:10.1136/gut.2009.191957. 

Martín-Peláez, S., G. R. Gibson, S. M. Martín-Orúe, A. Klinder, R. A. Rastall, R. M. La Ragione, 

M. J. Woodward, and A. Costabile. 2008. In vitro fermentation of carbohydrates by porcine faecal 

inocula and their influence on Salmonella Typhimurium growth in batch culture systems. FEMS 

Microbiol Ecol. 66:608–619. doi:10.1111/j.1574-6941.2008.00610.x. 

Massara Brasileiro, A., M. de S. Santos, C. G. C. de Sá, C. Rodrigues, and J. A. Haddad. 2017. 

National prevalence of Salmonella spp. In pork slaughterhouses under federal inspection in Brazil, 

2014/2015. International Conference on the Epidemiology and Control of Biological, Chemical 

and Physical Hazards in Pigs and Pork. Available from: 

https://lib.dr.iastate.edu/safepork/2017/allpapers/4 

Mastroeni, P., and D. Maskell. 2006. Salmonella infections: clinical, immunological and molecular 

aspects. Salmonella infections: clinical, immunological and molecular aspects. Available from: 

https://www.cabdirect.org/cabdirect/abstract/20063184802 

McCracken, B. A., H. R. Gaskins, P. J. Ruwe-Kaiser, K. C. Klasing, and D. E. Jewell. 1995. Diet-

Dependent and Diet-Independent Metabolic Responses Underlie Growth Stasis of Pigs at Weaning. 

The Journal of Nutrition. 125:2838–2845. doi:10.1093/jn/125.11.2838. 



189 
 

McGilvray, W. D., H. Wooten, A. R. Rakhshandeh, A. Petry, and A. Rakhshandeh. 2019. Immune 

system stimulation increases dietary threonine requirements for protein deposition in growing pigs. 

J Anim Sci. 97:735–744. doi:10.1093/jas/sky468. 

McNab, J. M., and R. R. Smithard. 1992. Barley β-Glucan: An Antinutritional Factor in Poultry 

Feeding. Nutrition Research Reviews. 5:45–60. doi:10.1079/NRR19920006. 

Medzhitov, R. 2007. Recognition of microorganisms and activation of the immune response. 

Nature. 449:819–826. doi:10.1038/nature06246. 

van der Meer, Y., A. J. M. Jansman, and W. J. J. Gerrits. 2020. Low sanitary conditions increase 

energy expenditure for maintenance and decrease incremental protein efficiency in growing pigs. 

Animal. 14:1811–1820. doi:10.1017/S1751731120000403. 

van der Meer, Y., A. Lammers, A. J. M. Jansman, M. M. J. A. Rijnen, W. H. Hendriks, and W. J. 

J. Gerrits. 2016. Performance of pigs kept under different sanitary conditions affected by protein 

intake and amino acid supplementation,. J Anim Sci. 94:4704–4719. doi:10.2527/jas.2016-0787. 

Mehta, A., S. Singh, and N. K. Ganguly. 1998. Impairment of Intestinal Mucosal Antioxidant 

Defense System During Salmonella typhimurium Infection. Dig Dis Sci. 43:646–651. 

doi:10.1023/A:1018887813713. 

Melchior, D., N. Mézière, B. Sève, and N. Le Floc’h. 2005. Is tryptophan catabolism increased 

under indoleamine 2,3 dioxygenase activity during chronic lung inflammation in pigs? Reprod Nutr 

Dev. 45:175–183. doi:10.1051/rnd:2005013. 

Melchior, D., B. Sève, and N. Le Floc’h. 2004. Chronic lung inflammation affects plasma amino 

acid concentrations in pigs. J Anim Sci. 82:1091–1099. doi:10.2527/2004.8241091x. 

Messori, S., P. Trevisi, A. Simongiovanni, D. Priori, and P. Bosi. 2013. Effect of susceptibility to 

enterotoxigenic Escherichia coli F4 and of dietary tryptophan on gut microbiota diversity observed 

in healthy young pigs. Veterinary Microbiology. 162:173–179. doi:10.1016/j.vetmic.2012.09.001. 

Métayer, S., I. Seiliez, A. Collin, S. Duchêne, Y. Mercier, P.-A. Geraert, and S. Tesseraud. 2008. 

Mechanisms through which sulfur amino acids control protein metabolism and oxidative status. 

The Journal of Nutritional Biochemistry. 19:207–215. doi:10.1016/j.jnutbio.2007.05.006. 

Michiels, J., M. D. Vos, J. Missotten, A. Ovyn, S. D. Smet, and C. V. Ginneken. 2013. Maturation 

of digestive function is retarded and plasma antioxidant capacity lowered in fully weaned low birth 

weight piglets. British Journal of Nutrition. 109:65–75. doi:10.1017/S0007114512000670. 



190 
 

Mikkelsen, L. L., P. J. Naughton, M. S. Hedemann, and B. B. Jensen. 2004. Effects of Physical 

Properties of Feed on Microbial Ecology and Survival of Salmonella enterica Serovar 

Typhimurium in the Pig Gastrointestinal Tract. Appl. Environ. Microbiol. 70:3485–3492. 

doi:10.1128/AEM.70.6.3485-3492.2004. 

van Milgen, J., and J.-Y. Dourmad. 2015. Concept and application of ideal protein for pigs. Journal 

of Animal Science and Biotechnology. 6:15. doi:10.1186/s40104-015-0016-1. 

Moeser, A. J., C. S. Pohl, and M. Rajput. 2017. Weaning stress and gastrointestinal barrier 

development: Implications for lifelong gut health in pigs. Anim Nutr. 3:313–321. 

doi:10.1016/j.aninu.2017.06.003. 

Molnár, K., A. Vannay, B. Szebeni, N. F. Bánki, E. Sziksz, A. Cseh, H. Győrffy, P. L. Lakatos, M. 

Papp, A. Arató, and G. Veres. 2012. Intestinal alkaline phosphatase in the colonic mucosa of 

children with inflammatory bowel disease. World J Gastroenterol. 18:3254–3259. 

doi:10.3748/wjg.v18.i25.3254. 

Montagne, L., C. Piel, and J. P. Lallès. 2004. Effect of diet on mucin kinetics and composition: 

nutrition and health implications. Nutr Rev. 62:105–114. doi:10.1111/j.1753-

4887.2004.tb00031.x. 

Montagne, L., R. Toullec, T. Savidge, and J.-P. Lallès. 1999. Morphology and enzyme activities 

of the small intestine are modulated by dietary protein source in the preruminant calf. Reprod. Nutr. 

Dev. 39:455–466. doi:10.1051/rnd:19990405. 

Montoya, Carlos A., J.-P. Lallés, S. Beebe, L. Montagne, W. B. Souffrant, and P. Leterme. 2006. 

Influence of the Phaseolus vulgaris phaseolin level of incorporation, type and thermal treatment on 

gut characteristics in rats. British Journal of Nutrition. 95:116–123. doi:10.1079/BJN20051613. 

Montoya, Carlos Alexander, P. Leterme, and J.-P. Lalles. 2006. A protein-free diet alters small 

intestinal architecture and digestive enzyme activities in rats. Reprod. Nutr. Dev. 46:49–56. 

doi:10.1051/rnd:2005063. 

Moran, B. J., and A. A. Jackson. 1990. 15N-urea metabolism in the functioning human colon: 

luminal hydrolysis and mucosal permeability. Gut. 31:454–457. doi:10.1136/gut.31.4.454. 

Mudd, S., J. Finkelstein, F. Irreverre, and L. Laster. 1965. Transsulfuration in mammals. 

Microassays and tissue distributions of three enzymes of the pathway. The Journal of biological 

chemistry. 240:4382–92. 



191 
 

Mukherjee, R., R. Chakraborty, and A. Dutta. 2016. Role of Fermentation in Improving Nutritional 

Quality of Soybean Meal — A Review. Asian-Australas J Anim Sci. 29:1523–1529. 

doi:10.5713/ajas.15.0627. 

Munasinghe, L. L., J. L. Robinson, S. V. Harding, J. A. Brunton, and R. F. Bertolo. 2017. Protein 

Synthesis in Mucin-Producing Tissues Is Conserved When Dietary Threonine Is Limiting in 

Piglets. J Nutr. 147:202–210. doi:10.3945/jn.116.236786. 

Nabuurs, M. J. A. 1998. Weaning piglets as a model for studying pathophysiology of diarrhea. 

Veterinary Quarterly. 20:42–45. doi:10.1080/01652176.1998.9694967. 

Narisawa, S., L. Huang, A. Iwasaki, H. Hasegawa, D. H. Alpers, and J. L. Millán. 2003. 

Accelerated Fat Absorption in Intestinal Alkaline Phosphatase Knockout Mice. Molecular and 

Cellular Biology. 23:7525–7530. doi:10.1128/MCB.23.21.7525-7530.2003. 

Nguyen, K. 2013. An investigation of the impacts of induced parturition, birth weight, birth order, 

litter size, and sow parity on piglet serum concentrations of immunoglobulin G. JSHAP. 21:139–

143. 

Nollet, H., P. Deprez, E. Van Driessche, and E. Muylle. 1999. Protection of just weaned pigs 

against infection with F18+ Escherichia coli by non-immune plasma powder. Veterinary 

Microbiology. 65:37–45. doi:10.1016/S0378-1135(98)00282-X. 

Nousiainen, J. 1991. Comparative observations on selected probiotics and olaquindox as feed 

additives for piglets around weaning. Journal of Animal Physiology and Animal Nutrition. 66:224–

230. doi:10.1111/j.1439-0396.1991.tb00290.x. 

Nyachoti, C. M., F. O. Omogbenigun, M. Rademacher, and G. Blank. 2006. Performance responses 

and indicators of gastrointestinal health in early-weaned pigs fed low-protein amino acid-

supplemented diets. J Anim Sci. 84:125–134. doi:10.2527/2006.841125x. 

Oien, D. B., and J. Moskovitz. 2007. Substrates of the Methionine Sulfoxide Reductase System 

and Their Physiological Relevance. In: Current Topics in Developmental Biology. Vol. 80. 

Academic Press. p. 93–133. Available from: 

http://www.sciencedirect.com/science/article/pii/S0070215307800032 

O’Leary, J. G., M. Goodarzi, D. L. Drayton, and U. H. von Andrian. 2006. T cell– and B cell–

independent adaptive immunity mediated by natural killer cells. Nat Immunol. 7:507–516. 

doi:10.1038/ni1332. 



192 
 

Oliveira, C. J. B., L. F. O. S. Carvalho, and T. B. Garcia. 2006. Experimental airborne transmission 

of Salmonella Agona and Salmonella Typhimurium in weaned pigs. Epidemiology & Infection. 

134:199–209. doi:10.1017/S0950268805004668. 

Opapeju, F. O., D. O. Krause, R. L. Payne, M. Rademacher, and C. M. Nyachoti. 2009. Effect of 

dietary protein level on growth performance, indicators of enteric health, and gastrointestinal 

microbial ecology of weaned pigs induced with postweaning colibacillosis. J Anim Sci. 87:2635–

2643. doi:10.2527/jas.2008-1310. 

Oz, H. S., T. S. Chen, and H. Nagasawa. 2007. Comparative efficacies of 2 cysteine prodrugs and 

a glutathione delivery agent in a colitis model. Translational Research. 150:122–129. 

doi:10.1016/j.trsl.2006.12.010. 

Pastorelli, H., J. van Milgen, P. Lovatto, and L. Montagne. 2012. Meta-analysis of feed intake and 

growth responses of growing pigs after a sanitary challenge. animal. 6:952–961. 

doi:10.1017/S175173111100228X. 

Pearce, S. C., V. Mani, R. L. Boddicker, J. S. Johnson, T. E. Weber, J. W. Ross, R. P. Rhoads, L. 

H. Baumgard, and N. K. Gabler. 2013. Heat Stress Reduces Intestinal Barrier Integrity and Favors 

Intestinal Glucose Transport in Growing Pigs. PLOS ONE. 8:e70215. 

doi:10.1371/journal.pone.0070215. 

Pedersen, G., J. Brynskov, and T. Saermark. 2002. Phenol Toxicity and Conjugation in Human 

Colonic Epithelial Cells. Scandinavian Journal of Gastroenterology. 37:74–79. 

doi:10.1080/003655202753387392. 

Petersen, A., P. M. Heegaard, A. L. Pedersen, J. B. Andersen, R. B. Sørensen, H. Frøkiær, S. J. 

Lahtinen, A. C. Ouwehand, M. Poulsen, and T. R. Licht. 2009. Some putative prebiotics increase 

the severity of Salmonella entericaserovar Typhimurium infection in mice. BMC Microbiol. 9:245. 

doi:10.1186/1471-2180-9-245. 

Pfefferkorn, E. R. 1984. Interferon gamma blocks the growth of Toxoplasma gondii in human 

fibroblasts by inducing the host cells to degrade tryptophan. PNAS. 81:908–912. 

doi:10.1073/pnas.81.3.908. 

Pié, S., J. P. Lallès, F. Blazy, J. Laffitte, B. Sève, and I. P. Oswald. 2004. Weaning Is Associated 

with an Upregulation of Expression of Inflammatory Cytokines in the Intestine of Piglets. J Nutr. 

134:641–647. doi:10.1093/jn/134.3.641. 



193 
 

Pieper, R., J. Bindelle, B. Rossnagel, A. V. Kessel, and P. Leterme. 2009. Effect of Carbohydrate 

Composition in Barley and Oat Cultivars on Microbial Ecophysiology and Proliferation of 

Salmonella enterica in an In Vitro Model of the Porcine Gastrointestinal Tract. Appl. Environ. 

Microbiol. 75:7006–7016. doi:10.1128/AEM.01343-09. 

Pieper, R., C. Boudry, J. Bindelle, W. Vahjen, and J. Zentek. 2014. Interaction between dietary 

protein content and the source of carbohydrates along the gastrointestinal tract of weaned piglets. 

Archives of Animal Nutrition. 68:263–280. doi:10.1080/1745039X.2014.932962. 

Pieper, R., S. Kröger, J. F. Richter, J. Wang, L. Martin, J. Bindelle, J. K. Htoo, D. von Smolinski, 

W. Vahjen, J. Zentek, and A. G. Van Kessel. 2012. Fermentable Fiber Ameliorates Fermentable 

Protein-Induced Changes in Microbial Ecology, but Not the Mucosal Response, in the Colon of 

Piglets. J Nutr. 142:661–667. doi:10.3945/jn.111.156190. 

Pieper, R., C. V. Tudela, M. Taciak, J. Bindelle, J. F. Pérez, and J. Zentek. 2016. Health relevance 

of intestinal protein fermentation in young pigs. Animal Health Research Reviews. 17:137–147. 

doi:10.1017/S1466252316000141. 

Pires, A. F. A., J. A. Funk, and C. Bolin. 2014. Risk factors associated with persistence of 

Salmonella shedding in finishing pigs. Preventive Veterinary Medicine. 116:120–128. 

doi:10.1016/j.prevetmed.2014.06.009. 

Pluske, J. R., J. C. Kim, and J. L. Black. 2018. Manipulating the immune system for pigs to optimise 

performance. Anim. Prod. Sci. 58:666–680. doi:10.1071/AN17598. 

Pluske, John R., D. L. Turpin, and J.-C. Kim. 2018. Gastrointestinal tract (gut) health in the young 

pig. Animal Nutrition. 4:187–196. doi:10.1016/j.aninu.2017.12.004. 

Pollock, J., M. R. Hutchings, K. E. K. Hutchings, D. L. Gally, and J. G. M. Houdijk. 2019. Changes 

in the Ileal, but Not Fecal, Microbiome in Response to Increased Dietary Protein Level and 

Enterotoxigenic Escherichia coli Exposure in Pigs. Appl. Environ. Microbiol. 85. 

doi:10.1128/AEM.01252-19. Available from: https://aem.asm.org/content/85/19/e01252-19 

Pompeu, M. A., L. A. Rodrigues, L. F. L. Cavalcanti, D. O. Fontes, and F. L. B. Toral. 2017. A 

multivariate approach to determine the factors affecting response level of growth, carcass, and meat 

quality traits in finishing pigs fed ractopamine. J Anim Sci. 95:1644–1659. 

doi:10.2527/jas.2016.1181. 

Popov, A., and J. L. Schultze. 2008. IDO-expressing regulatory dendritic cells in cancer and 

chronic infection. J Mol Med. 86:145–160. doi:10.1007/s00109-007-0262-6. 



194 
 

Portillo, F. G., J. W. Foster, and B. B. Finlay. 1993. Role of acid tolerance response genes in 

Salmonella typhimurium virulence. Infection and Immunity. 61:4489–4492. 

Prabhu, R., S. Thomas, and K. A. Balasubramanian. 2003. Oral glutamine attenuates surgical 

manipulation-induced alterations in the intestinal brush border membrane1 1The Wellcome Trust 

Research Laboratory is supported by the Wellcome Trust, London. The financial assistance from 

the Council of Scientific and Industrial Research, Government of India, is gratefully 

acknowledged. Journal of Surgical Research. 115:148–156. doi:10.1016/S0022-4804(03)00212-9. 

Prims, S., B. Tambuyzer, H. Vergauwen, V. Huygelen, S. V. Cruchten, C. V. Ginneken, and C. 

Casteleyn. 2016. Intestinal immune cell quantification and gram type classification of the adherent 

microbiota in conventionally and artificially reared, normal and low birth weight piglets. Livestock 

Science. 185:1–7. doi:10.1016/j.livsci.2016.01.004. 

Proux, K., R. Cariolet, P. Fravalo, C. Houdayer, A. Keranflech, and F. Madec. 2001. Contamination 

of pigs by nose-to-nose contact or airborne transmission of Salmonella Typhimurium. Vet. Res. 

32:591–600. doi:10.1051/vetres:2001148. 

Puppe, B., M. Tuchscherer, and A. Tuchscherer. 1997. The effect of housing conditions and social 

environment immediately after weaning on the agonistic behaviour, neutrophil/lymphocyte ratio, 

and plasma glucose level in pigs. Livestock Production Science. 48:157–164. doi:10.1016/S0301-

6226(97)00006-7. 

Quiniou, N., J.-Y. Dourmad, and J. Noblet. 1996. Effect of energy intake on the performance of 

different types of pig from 45 to 100 kg body weight. 1. Protein and lipid deposition. Animal 

Science. 63:277–288. doi:10.1017/S1357729800014831. 

Rakhshandeh, A., J. K. Htoo, N. Karrow, S. P. Miller, and C. F. M. de Lange. 2014. Impact of 

immune system stimulation on the ileal nutrient digestibility and utilisation of methionine plus 

cysteine intake for whole-body protein deposition in growing pigs. British Journal of Nutrition. 

111:101–110. doi:10.1017/S0007114513001955. 

Rakhshandeh, A., J. K. Htoo, and C. F. M. de Lange. 2010a. Immune system stimulation of growing 

pigs does not alter apparent ileal amino acid digestibility but reduces the ratio between whole body 

nitrogen and sulfur retention. Livestock Science. 134:21–23. doi:10.1016/j.livsci.2010.06.085. 

Rakhshandeh, A., J. K. Htoo, and C. F. M. de Lange. 2010b. Immune system stimulation of 

growing pigs does not alter apparent ileal amino acid digestibility but reduces the ratio between 



195 
 

whole body nitrogen and sulfur retention. Livestock Science. 134:21–23. 

doi:10.1016/j.livsci.2010.06.085. 

Redmond, H. P., P. P. Stapleton, P. Neary, and D. Bouchier-Hayes. 1998. Immunonutrition: the 

role of taurine. Nutrition. 14:599–604. doi:10.1016/S0899-9007(98)00097-5. 

Reeds, P. J., C. R. Fjeld, and F. Jahoor. 1994. Do the Differences between the Amino Acid 

Compositions of Acute-Phase and Muscle Proteins Have a Bearing on Nitrogen Loss in Traumatic 

States? J Nutr. 124:906–910. doi:10.1093/jn/124.6.906. 

Reeds, P. J., and F. Jahoor. 2001. The amino acid requirements of disease. Clinical Nutrition. 

20:15–22. doi:10.1054/clnu.2001.0402. 

Rehfeldt, C., and G. Kuhn. 2006. Consequences of birth weight for postnatal growth performance 

and carcass quality in pigs as related to myogenesis. J Anim Sci. 84:E113–E123. 

doi:10.2527/2006.8413_supplE113x. 

Ren, M., X. T. Liu, X. Wang, G. J. Zhang, S. Y. Qiao, and X. F. Zeng. 2014. Increased levels of 

standardized ileal digestible threonine attenuate intestinal damage and immune responses in 

Escherichia coli K88+ challenged weaned piglets. Animal Feed Science and Technology. 195:67–

75. doi:10.1016/j.anifeedsci.2014.05.013. 

de Ridder, K., C. L. Levesque, J. K. Htoo, and C. F. M. de Lange. 2012. Immune system stimulation 

reduces the efficiency of tryptophan utilization for body protein deposition in growing pigs. J Anim 

Sci. 90:3485–3491. doi:10.2527/jas.2011-4830. 

Riedijk, M. A., B. Stoll, S. Chacko, H. Schierbeek, A. L. Sunehag, J. B. van Goudoever, and D. G. 

Burrin. 2007. Methionine transmethylation and transsulfuration in the piglet gastrointestinal tract. 

PNAS. 104:3408–3413. doi:10.1073/pnas.0607965104. 

Rist, V. T. S., E. Weiss, M. Eklund, and R. Mosenthin. 2013. Impact of dietary protein on 

microbiota composition and activity in the gastrointestinal tract of piglets in relation to gut health: 

a review. animal. 7:1067–1078. doi:10.1017/S1751731113000062. 

Rl, W., R. R, C. Ne, and F. Ke. 1991. Experimental establishment of persistent infection in swine 

with a zoonotic strain of Salmonella newport. Am J Vet Res. 52:813–819. 

Rodrigues, L. A., F. N. A. Ferreira, M. O. Costa, M. O. Wellington, and D. A. Columbus. 2021a. 

Factors affecting performance response of pigs exposed to different challenge models: a 

multivariate approach. Journal of Animal Science. 99. doi:10.1093/jas/skab035. Available from: 

https://doi.org/10.1093/jas/skab035 



196 
 

Rodrigues, L. A., M. O. Wellington, J. C. González-Vega, J. K. Htoo, A. G. Van Kessel, and D. A. 

Columbus. 2021b. Functional amino acid supplementation, regardless of dietary protein content, 

improves growth performance and immune status of weaned pigs challenged with Salmonella 

Typhimurium. Journal of Animal Science. 99. doi:10.1093/jas/skaa365. Available from: 

https://doi.org/10.1093/jas/skaa365 

Rodrigues, L. A., M. O. Wellington, J. C. González-Vega, J. K. Htoo, A. G. Van Kessel, and D. A. 

Columbus. 2021c. A longer adaptation period to a functional amino acid-supplemented diet 

improves growth performance and immune status of Salmonella Typhimurium-challenged pigs. 

Journal of Animal Science. 99. doi:10.1093/jas/skab146. Available from: 

https://doi.org/10.1093/jas/skab146 

Rodrigues, L. A., M. O. Wellington, J. M. Sands, L. P. Weber, T. D. Olver, D. P. Ferguson, and D. 

A. Columbus. 2020. Characterization of a Swine Model of Birth Weight and Neonatal Nutrient 

Restriction. Current Developments in Nutrition. 4. doi:10.1093/cdn/nzaa116. Available from: 

https://doi.org/10.1093/cdn/nzaa116 

Rodriguez, R. E., V. Valero, and C. Watanakunakorn. 1986. Salmonella focal intracranial 

infections: review of the world literature (1884-1984) and report of an unusual case. Rev. Infect. 

Dis. 8:31–41. doi:10.1093/clinids/8.1.31. 

Roy, J. H. 1969. Diarrhoea of nutritional origin. Proc Nutr Soc. 28:160–170. 

doi:10.1079/pns19690027. 

Rutherford, K., E. Baxter, R. D’Eath, S. Turner, G. Arnott, R. Roehe, B. Ask, P. Sandøe, V. 

Moustsen, F. Thorup, S. Edwards, P. Berg, and A. Lawrence. 2013. The welfare implications of 

large litter size in the domestic pig I: biological factors. Animal Welfare. 22:199–218. 

doi:10.7120/09627286.22.2.199. 

Saito, K., S. P. Markey, and M. P. Heyes. 1992. Effects of immune activation on quinolinic acid 

and neuroactive kynurenines in the mouse. Neuroscience. 51:25–39. doi:10.1016/0306-

4522(92)90467-G. 

Samtiya, M., R. E. Aluko, and T. Dhewa. 2020. Plant food anti-nutritional factors and their 

reduction strategies: an overview. Food Production, Processing and Nutrition. 2:6. 

doi:10.1186/s43014-020-0020-5. 

Sánchez de Medina, F., O. Martínez-Augustin, R. González, I. Ballester, A. Nieto, J. Gálvez, and 

A. Zarzuelo. 2004. Induction of alkaline phosphatase in the inflamed intestine: a novel 



197 
 

pharmacological target for inflammatory bowel disease. Biochemical Pharmacology. 68:2317–

2326. doi:10.1016/j.bcp.2004.07.045. 

Sato, T., and H. Clevers. 2013. Growing Self-Organizing Mini-Guts from a Single Intestinal Stem 

Cell: Mechanism and Applications. Science. 340:1190–1194. doi:10.1126/science.1234852. 

Scharek-Tedin, L., R. Pieper, W. Vahjen, K. Tedin, K. Neumann, and J. Zentek. 2013. Bacillus 

cereus var. Toyoi modulates the immune reaction and reduces the occurrence of diarrhea in piglets 

challenged with Salmonella Typhimurium DT104. J Anim Sci. 91:5696–5704. 

doi:10.2527/jas.2013-6382. 

Schlumberger, M. C., and W.-D. Hardt. 2005. Triggered Phagocytosis by Salmonella: Bacterial 

Molecular Mimicry of RhoGTPase Activation/Deactivation. In: P. Boquet and E. Lemichez, 

editors. Bacterial Virulence Factors and Rho GTPases. Vol. 291. Springer-Verlag, 

Berlin/Heidelberg. p. 29–42. Available from: http://link.springer.com/10.1007/3-540-27511-8_3 

Schokker, D., J. Zhang, S. A. Vastenhouw, H. G. H. J. Heilig, H. Smidt, J. M. J. Rebel, and M. A. 

Smits. 2015. Long-Lasting Effects of Early-Life Antibiotic Treatment and Routine Animal 

Handling on Gut Microbiota Composition and Immune System in Pigs. PLOS ONE. 10:e0116523. 

doi:10.1371/journal.pone.0116523. 

Shen, Y. B., A. C. Weaver, and S. W. Kim. 2014. Effect of feed grade L-methionine on growth 

performance and gut health in nursery pigs compared with conventional DL-methionine. J Anim 

Sci. 92:5530–5539. doi:10.2527/jas.2014-7830. 

Shoveller, A. K., J. A. Brunton, P. B. Pencharz, and R. O. Ball. 2003. The Methionine Requirement 

Is Lower in Neonatal Piglets Fed Parenterally than in Those Fed Enterally. J Nutr. 133:1390–1397. 

doi:10.1093/jn/133.5.1390. 

Shoveller, A. K., J. D. House, J. A. Brunton, P. B. Pencharz, and R. O. Ball. 2004. The Balance of 

Dietary Sulfur Amino Acids and the Route of Feeding Affect Plasma Homocysteine 

Concentrations in Neonatal Piglets. The Journal of Nutrition. 134:609–612. 

doi:10.1093/jn/134.3.609. 

Siregar, G. A., D. K. Sari, and T. Sungkar. 2018. Degree of neutrophil, atrophy, and metaplasia 

intestinal were associate with malondialdehyde level in gastritis patients. IOP Conf. Ser.: Earth 

Environ. Sci. 125:012213. doi:10.1088/1755-1315/125/1/012213. 

Skinner, L. D., C. L. Levesque, D. Wey, M. Rudar, J. Zhu, S. Hooda, and C. F. M. de Lange. 2014. 

Impact of nursery feeding program on subsequent growth performance, carcass quality, meat 



198 
 

quality, and physical and chemical body composition of growing-finishing pigs1. Journal of 

Animal Science. 92:1044–1054. doi:10.2527/jas.2013-6743. 

Smith, E. A., and G. T. Macfarlane. 1996. Enumeration of human colonic bacteria producing 

phenolic and indolic compounds: effects of pH, carbohydrate availability and retention time on 

dissimilatory aromatic amino acid metabolism. J Appl Bacteriol. 81:288–302. doi:10.1111/j.1365-

2672.1996.tb04331.x. 

Smith, E. A., and G. T. Macfarlane. 1997. Dissimilatory Amino Acid Metabolism in Human 

Colonic Bacteria. Anaerobe. 3:327–337. doi:10.1006/anae.1997.0121. 

Sofic, E., A. Rustembegovic, G. Kroyer, and G. Cao. 2002. Serum antioxidant capacity in 

neurological, psychiatric, renal diseases and cardiomyopathy. J Neural Transm. 109:711–719. 

doi:10.1007/s007020200059. 

Song, Y. S., V. G. Pérez, J. E. Pettigrew, C. Martinez-Villaluenga, and E. G. de Mejia. 2010. 

Fermentation of soybean meal and its inclusion in diets for newly weaned pigs reduced diarrhea 

and measures of immunoreactivity in the plasma. Animal Feed Science and Technology. 159:41–

49. doi:10.1016/j.anifeedsci.2010.04.011. 

Soni, H., T. Yakimkova, A. T. Matthews, P. K. Amartey, R. W. Read, R. K. Buddington, and A. 

Adebiyi. 2019. Early onset of renal oxidative stress in small for gestational age newborn pigs. 

Redox Report. 24:10–16. doi:10.1080/13510002.2019.1596429. 

Spreeuwenberg, M. a. M., J. M. a. J. Verdonk, H. R. Gaskins, and M. W. A. Verstegen. 2001. Small 

Intestine Epithelial Barrier Function Is Compromised in Pigs with Low Feed Intake at Weaning. J 

Nutr. 131:1520–1527. doi:10.1093/jn/131.5.1520. 

Stanger, B. Z., R. Datar, L. C. Murtaugh, and D. A. Melton. 2005. Direct regulation of intestinal 

fate by Notch. PNAS. 102:12443–12448. doi:10.1073/pnas.0505690102. 

Star, L., M. Rovers, E. Corrent, and J. D. van der Klis. 2012. Threonine requirement of broiler 

chickens during subclinical intestinal Clostridium infection. Poultry Science. 91:643–652. 

doi:10.3382/ps.2011-01923. 

Stipanuk, M. H. 2004. SULFUR AMINO ACID METABOLISM: Pathways for Production and 

Removal of Homocysteine and Cysteine. Annual Review of Nutrition. 24:539–577. 

doi:10.1146/annurev.nutr.24.012003.132418. 



199 
 

Stipanuk, M. H., M. Londono, J.-I. Lee, M. Hu, and A. F. Yu. 2002. Enzymes and Metabolites of 

Cysteine Metabolism in Nonhepatic Tissues of Rats Show Little Response to Changes in Dietary 

Protein or Sulfur Amino Acid Levels. J Nutr. 132:3369–3378. doi:10.1093/jn/132.11.3369. 

Swanenburg, M., H. Urlings, D. Keuzenkamp, and J. Snijders. 1999. Tonsils of slaughtered pigs 

as marker sample for Salmonella positive pork. International Conference on the Epidemiology and 

Control of Biological, Chemical and Physical Hazards in Pigs and Pork. Available from: 

https://lib.dr.iastate.edu/safepork/1999/allpapers/68 

Tam, M. A., A. Rydström, M. Sundquist, and M. J. Wick. 2008. Early cellular responses to 

Salmonella infection: dendritic cells, monocytes, and more. Immunological Reviews. 225:140–

162. doi:10.1111/j.1600-065X.2008.00679.x. 

Tang, Q., P. Tan, N. Ma, and X. Ma. 2021. Physiological Functions of Threonine in Animals: 

Beyond Nutrition Metabolism. Nutrients. 13:2592. doi:10.3390/nu13082592. 

Tao, S., Y. Bai, T. Li, N. Li, and J. Wang. 2019. Original low birth weight deteriorates the hindgut 

epithelial barrier function in pigs at the growing stage. The FASEB Journal. 33:9897–9912. 

doi:https://doi.org/10.1096/fj.201900204RR. 

Tenenhouse, H. S., and H. F. Deutsch. 1966. Some physical-chemical properties of chicken γ-

globulins and their pepsin and papain digestion products. Immunochemistry. 3:11–20. 

doi:10.1016/0019-2791(66)90277-1. 

Thomas, M. K., R. Murray, L. Flockhart, K. Pintar, A. Fazil, A. Nesbitt, B. Marshall, J. Tataryn, 

and F. Pollari. 2015. Estimates of Foodborne Illness–Related Hospitalizations and Deaths in 

Canada for 30 Specified Pathogens and Unspecified Agents. Foodborne Pathogens and Disease. 

12:820–827. doi:10.1089/fpd.2015.1966. 

Toden, S., A. R. Bird, D. L. Topping, and M. A. Conlon. 2006. Resistant starch prevents colonic 

DNA damage induced by high dietary cooked red meat or casein in rats. Cancer Biology & 

Therapy. 5:267–272. doi:10.4161/cbt.5.3.2382. 

Torrallardona, D., and E. Roura. 2009. Voluntary feed intake in pigs. Wageningen Academic 

Publishers. 

Trevisi, P., E. Corrent, M. Mazzoni, S. Messori, D. Priori, Y. Gherpelli, A. Simongiovanni, and P. 

Bosi. 2015. Effect of added dietary threonine on growth performance, health, immunity and 

gastrointestinal function of weaning pigs with differing genetic susceptibility to Escherichia coli 



200 
 

infection and challenged with E. coli K88ac. Journal of Animal Physiology and Animal Nutrition. 

99:511–520. doi:10.1111/jpn.12216. 

Trevisi, P., E. Corrent, S. Messori, L. Casini, and P. Bosi. 2010. Healthy newly weaned pigs require 

more tryptophan to maximize feed intake if they are susceptible to Escherichia coli K88. Livestock 

Science. 134:236–238. doi:10.1016/j.livsci.2010.06.151. 

Trevisi, P., D. Luise, F. Correa, and P. Bosi. 2021. Timely Control of Gastrointestinal Eubiosis: A 

Strategic Pillar of Pig Health. Microorganisms. 9:313. doi:10.3390/microorganisms9020313. 

Trevisi, P., D. Melchior, M. Mazzoni, L. Casini, S. De Filippi, L. Minieri, G. Lalatta-Costerbosa, 

and P. Bosi. 2009. A tryptophan-enriched diet improves feed intake and growth performance of 

susceptible weanling pigs orally challenged with Escherichia coli K88. J Anim Sci. 87:148–156. 

doi:10.2527/jas.2007-0732. 

Tudela, C. V., C. Boudry, F. Stumpff, J. R. Aschenbach, W. Vahjen, J. Zentek, and R. Pieper. 2015. 

Down-regulation of monocarboxylate transporter 1 (MCT1) gene expression in the colon of piglets 

is linked to bacterial protein fermentation and pro-inflammatory cytokine-mediated signalling. 

British Journal of Nutrition. 113:610–617. doi:10.1017/S0007114514004231. 

Tuin, A., K. Poelstra, A. de Jager-Krikken, L. Bok, W. Raaben, M. P. Velders, and G. Dijkstra. 

2009. Role of alkaline phosphatase in colitis in man and rats. Gut. 58:379–387. 

doi:10.1136/gut.2007.128868. 

Turner, J. L., S. S. Dritz, J. J. Higgins, and J. E. Minton. 2002. Effects of Ascophyllum nodosum 

extract on growth performance and immune function of young pigs challenged with Salmonella 

typhimurium. J Anim Sci. 80:1947–1953. doi:10.2527/2002.8071947x. 

Turner, J. L., S. S. Dritz, J. R. Werner, C. M. Hill, K. Skjolaas, S. Hogge, K. Herkleman, and J. E. 

Minton. 2000. Effects of a Quillaja saponaria extract on weanling pig growth performance and 

immune function during an acute enteric disease challenge. Kansas State University Swine Day 

2000. Report of Progress 858. 37–40. 

Valdez, Y., R. B. R. Ferreira, and B. B. Finlay. 2009. Molecular Mechanisms of Salmonella 

Virulence and Host Resistance. In: C. Sasakawa, editor. Molecular Mechanisms of Bacterial 

Infection via the Gut. Springer, Berlin, Heidelberg. p. 93–127. Available from: 

https://doi.org/10.1007/978-3-642-01846-6_4 



201 
 

Vazquez-Torres, A., Y. Xu, J. Jones-Carson, D. W. Holden, S. M. Lucia, M. C. Dinauer, P. 

Mastroeni, and F. C. Fang. 2000. Salmonella Pathogenicity Island 2-Dependent Evasion of the 

Phagocyte NADPH Oxidase. Science. 287:1655–1658. doi:10.1126/science.287.5458.1655. 

Vieira‐Pinto, M., P. Temudo, and C. Martins. 2005. Occurrence of Salmonella in the Ileum, 

Ileocolic Lymph Nodes, Tonsils, Mandibular Lymph Nodes and Carcasses of Pigs Slaughtered for 

Consumption. Journal of Veterinary Medicine, Series B. 52:476–481. doi:10.1111/j.1439-

0450.2005.00892.x. 

Visek, W. J. 1984. Ammonia: Its Effects on Biological Systems, Metabolic Hormones, and 

Reproduction. Journal of Dairy Science. 67:481–498. doi:10.3168/jds.S0022-0302(84)81331-4. 

Vitvitsky, V., E. Mosharov, M. Tritt, F. Ataullakhanov, and R. Banerjee. 2003. Redox regulation 

of homocysteine-dependent glutathione synthesis. Redox Report. 8:57–63. 

doi:10.1179/135100003125001260. 

Vos, M. D., L. Che, V. Huygelen, S. Willemen, J. Michiels, S. V. Cruchten, and C. V. Ginneken. 

2014. Nutritional interventions to prevent and rear low-birthweight piglets. Journal of Animal 

Physiology and Animal Nutrition. 98:609–619. doi:10.1111/jpn.12133. 

Wang, W. W., S. Y. Qiao, and D. F. Li. 2009. Amino acids and gut function. Amino Acids. 37:105–

110. doi:10.1007/s00726-008-0152-4. 

Wang, W., X. Zeng, X. Mao, G. Wu, and S. Qiao. 2010. Optimal Dietary True Ileal Digestible 

Threonine for Supporting the Mucosal Barrier in Small Intestine of Weanling Pigs. J Nutr. 

140:981–986. doi:10.3945/jn.109.118497. 

Wang, X., S. Y. Qiao, M. Liu, and Y. X. Ma. 2006. Effects of graded levels of true ileal digestible 

threonine on performance, serum parameters and immune function of 10–25kg pigs. Animal Feed 

Science and Technology. 129:264–278. doi:10.1016/j.anifeedsci.2006.01.003. 

Wang, X., S. Qiao, Y. Yin, L. Yue, Z. Wang, and G. Wu. 2007. A Deficiency or Excess of Dietary 

Threonine Reduces Protein Synthesis in Jejunum and Skeletal Muscle of Young Pigs. J Nutr. 

137:1442–1446. doi:10.1093/jn/137.6.1442. 

Wang, Y., L. Qu, J. J. Uthe, S. M. D. Bearson, D. Kuhar, J. K. Lunney, O. P. Couture, D. Nettleton, 

J. C. M. Dekkers, and C. K. Tuggle. 2007. Global transcriptional response of porcine mesenteric 

lymph nodes to Salmonella enterica serovar Typhimurium. Genomics. 90:72–84. 

doi:10.1016/j.ygeno.2007.03.018. 



202 
 

Waterman, S. R., and P. L. C. Small. 1998. Acid-Sensitive Enteric Pathogens Are Protected from 

Killing under Extremely Acidic Conditions of pH 2.5 when They  Are Inoculated onto Certain 

Solid Food Sources. Appl Environ Microbiol. 64:3882–3886. 

Wellington, M. O., A. K. Agyekum, K. Hamonic, J. K. Htoo, A. G. Van Kessel, and D. A. 

Columbus. 2019. Effect of supplemental threonine above requirement on growth performance of 

Salmonella typhimurium challenged pigs fed high-fiber diets. J Anim Sci. 97:3636–3647. 

doi:10.1093/jas/skz225. 

Wellington, M. O., K. Hamonic, J. E. C. Krone, J. K. Htoo, A. G. Van Kessel, and D. A. Columbus. 

2020. Effect of dietary fiber and threonine content on intestinal barrier function in pigs challenged 

with either systemic E. coli lipopolysaccharide or enteric Salmonella Typhimurium. Journal of 

Animal Science and Biotechnology. 11:38. doi:10.1186/s40104-020-00444-3. 

Wellington, M. O., J. K. Htoo, A. G. Van Kessel, and D. A. Columbus. 2018. Impact of dietary 

fiber and immune system stimulation on threonine requirement for protein deposition in growing 

pigs. J Anim Sci. 96:5222–5232. doi:10.1093/jas/sky381. 

Wellington, M. O., L. A. Rodrigues, Q. Li, B. Dong, J. C. Panisson, C. Yang, and D. A. Columbus. 

2021. Birth Weight and Nutrient Restriction Affect Jejunal Enzyme Activity and Gene Markers for 

Nutrient Transport and Intestinal Function in Piglets. Animals. 11:2672. doi:10.3390/ani11092672. 

Wellock, I. J., P. D. Fortomaris, J. G. M. Houdijk, and I. Kyriazakis. 2007. Effect of weaning age, 

protein nutrition and enterotoxigenic Escherichia coli challenge on the health of newly weaned 

piglets. Livestock Science. 108:102–105. doi:10.1016/j.livsci.2007.01.004. 

Wellock, I. J., P. D. Fortomaris, J. G. M. Houdijk, and I. Kyriazakis. 2008. Effects of dietary protein 

supply, weaning age and experimental enterotoxigenic Escherichia coli infection on newly weaned 

pigs: health. animal. 2:834–842. doi:10.1017/S1751731108002048. 

Wells, J. M., O. Rossi, M. Meijerink, and P. van Baarlen. 2011. Epithelial crosstalk at the 

microbiota–mucosal interface. PNAS. 108:4607–4614. doi:10.1073/pnas.1000092107. 

Werber, D., J. Dreesman, F. Feil, U. van Treeck, G. Fell, S. Ethelberg, A. M. Hauri, P. Roggentin, 

R. Prager, I. S. Fisher, S. C. Behnke, E. Bartelt, E. Weise, A. Ellis, A. Siitonen, Y. Andersson, H. 

Tschäpe, M. H. Kramer, and A. Ammon. 2005. International outbreak of SalmonellaOranienburg 

due to German chocolate. BMC Infectious Diseases. 5:7. doi:10.1186/1471-2334-5-7. 

Whitehead, J. 2009. Intestinal alkaline phosphatase: The molecular link between rosacea and 

gastrointestinal disease? Medical Hypotheses. 73:1019–1022. doi:10.1016/j.mehy.2009.02.049. 



203 
 

Wichterman, K. A., A. E. Baue, and I. H. Chaudry. 1980. Sepsis and septic shock—A review of 

laboratory models and a proposal. Journal of Surgical Research. 29:189–201. doi:10.1016/0022-

4804(80)90037-2. 

Williams, N. H., T. S. Stahly, and D. R. Zimmerman. 1997a. Effect of level of chronic immune 

system activation on the growth and dietary lysine needs of pigs fed from 6 to 112 kg. J Anim Sci. 

75:2481–2496. doi:10.2527/1997.7592481x. 

Williams, N. H., T. S. Stahly, and D. R. Zimmerman. 1997b. Effect of chronic immune system 

activation on body nitrogen retention, partial efficiency of lysine utilization, and lysine needs of 

pigs. J Anim Sci. 75:2472–2480. doi:10.2527/1997.7592472x. 

Windey, K., V. D. Preter, and K. Verbeke. 2012. Relevance of protein fermentation to gut health. 

Molecular Nutrition & Food Research. 56:184–196. doi:10.1002/mnfr.201100542. 

Wolter, B. F., M. Ellis, B. P. Corrigan, J. M. DeDecker, S. E. Curtis, E. N. Parr, and D. M. Webel. 

2003. Impact of early postweaning growth rate as affected by diet complexity and space allocation 

on subsequent growth performance of pigsin a wean-to-finish production system1. Journal of 

Animal Science. 81:353–359. doi:10.2527/2003.812353x. 

Wray, C., and A. Wray. 2000. Salmonella in Domestic Animals. CABI. 

Wu, C.-H., J.-L. Ko, J.-M. Liao, S.-S. Huang, M.-Y. Lin, L.-H. Lee, L.-Y. Chang, and C.-C. Ou. 

2019. D-methionine alleviates cisplatin-induced mucositis by restoring the gut microbiota structure 

and improving intestinal inflammation. Ther Adv Med Oncol. 11:1758835918821021. 

doi:10.1177/1758835918821021. 

Wu, G. 2010. Functional Amino Acids in Growth, Reproduction, and Health. Adv Nutr. 1:31–37. 

doi:10.3945/an.110.1008. 

Wu, G. 2013. Functional amino acids in nutrition and health. Amino Acids. 45:407–411. 

doi:10.1007/s00726-013-1500-6. 

Wu, G., Y.-Z. Fang, S. Yang, J. R. Lupton, and N. D. Turner. 2004. Glutathione Metabolism and 

Its Implications for Health. J Nutr. 134:489–492. doi:10.1093/jn/134.3.489. 

Yang, X., J. Brisbin, H. Yu, Q. Wang, F. Yin, Y. Zhang, P. Sabour, S. Sharif, and J. Gong. 2014. 

Selected Lactic Acid-Producing Bacterial Isolates with the Capacity to Reduce Salmonella 

Translocation and Virulence Gene Expression in Chickens. PLOS ONE. 9:e93022. 

doi:10.1371/journal.pone.0093022. 



204 
 

Young, D., M. Ibuki, T. Nakamori, M. Fan, and Y. Mine. 2012. Soy-derived di- and tripeptides 

alleviate colon and ileum inflammation in pigs with dextran sodium sulfate-induced colitis. J. Nutr. 

142:363–368. doi:10.3945/jn.111.149104. 

Young, S. N., and K. L. Teff. 1989. Tryptophan availability, 5HT synthesis and 5HT function. Prog 

Neuropsychopharmacol Biol Psychiatry. 13:373–379. doi:10.1016/0278-5846(89)90126-7. 

Yu, Y. M., J. F. Burke, and V. R. Young. 1993. A kinetic study of L-2H3-methyl-1-13C-

methionine in patients with severe burn injury. J Trauma. 35:1–7. doi:10.1097/00005373-

199307000-00001. 

Yun, J. H., I. K. Kwon, J. D. Lohakare, J. Y. Choi, J. S. Yong, J. Zheng, W. T. Cho, and B. J. Chae. 

2005. Comparative Efficacy of Plant and Animal Protein Sources on the Growth Performance, 

Nutrient Digestibility, Morphology and Caecal Microbiology of Early-weaned Pigs. Asian-

Australasian Journal of Animal Sciences. 18:1285–1293. doi:2005.18.9.1285. 

Zhang, H., Y. Chen, Y. Li, T. Zhang, Z. Ying, W. Su, L. Zhang, and T. Wang. 2019. l-Threonine 

improves intestinal mucin synthesis and immune function of intrauterine growth–retarded 

weanling piglets. Nutrition. 59:182–187. doi:10.1016/j.nut.2018.07.114. 

 

 


