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ABSTRACT

A major challenge to the pig industry is to find potential alternatives for in-feed sub-
therapeutic antibiotics (used as antimicrobial growth promoters, AGP) in starter diets of
weaner pigs to mitigate weaning-associated growth stasis. The effect of a nucleotide-rich
yeast extract (NRYE) as an in-feed AGP alternative was investigated using four studies. The
first study investigated the effect of supplementing 0.1 and 0.2% NRYE without or with the
recommended AGP dosage on growth performance and nutrient utilization. Supplementing
AGP without or with 0.1% NRYE improved growth performance compared with control,
whereas supplementing 0.1 or 0.2% NRYE without AGP resulted in similar growth
performance as AGP. The second study investigated the potential of 0.1% NRYE to fully or
partially substitute in-feed AGP in piglet diets supplemented with graded levels (25, 50, 75
and 100%) of the recommended AGP dosage. Supplementing NRYE improved growth
performance compared to control, increasing AGP level reduced the beneficial effect of
NRYE in piglets receiving more than 25% of recommended AGP. The third study
investigated the effect of NRYE on growth performance, immune response, gut structure and
gut microbiota using a sanitary challenge model. Supplementing 0.1% NRYE to piglets under
unsanitary conditions improved ileal immune response by upregulating inflammatory
cytokines, and positively modulating proliferation of beneficial gut bacteria and suppression
of harmful ones in both clean and unclean rooms. In the fourth study, an E. coli
lipopolysaccharide challenge model was used to study the effect of NRYE without or with
carbohydrases (ENZ) on growth performance, blood profile, immune response and gut
structure. Lipopolysaccharide-challenged piglets receiving NRYE or ENZ + NRYE showed
beneficial responses in gut structure, blood cell profile and immunity commensurate with
AGP, though the latter had better overall growth performance. Taken together, the results

show that NRYE may improve growth performance of weaner pigs by modulating the



immune system and gut microbiota, and preventing weaning-associated gut atrophy.
Furthermore, the results indicate that the effect of NRYE on the immune system was more
pronounced, hence, suggesting that future studies should target to elucidate the mechanism by

which supplemental nucleotides modulate the immune system during weaning.
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CHAPTER ONE

GENERAL INTRODUCTION

Weaning is meant to be a gradual process of replacement of milk feeding regimen to
an ad libitum, dry feeding regimen. However, in commercial settings, weanling piglets are
abruptly separated from the sow and offered dry feeds for economic reasons. The abrupt
withdrawal of sow's milk during weaning deprives the piglet of essential nutrients, immune
cells and bioactive compounds necessary for enhancing growth, survival and health (Xu and
Cranwell, 2003). Coupled with the psychosocial stress due to separation from the sow,
introduction to a new environment and mixing with pigs from other litters, weaning

negatively affects growth and health of the piglets (Kim et al., 2012).

Piglets are highly susceptible to enteric disorders during the immediate period after
weaning (Pluske et al., 1997; Lallés et al., 2007). During this stage, the piglets have immature
digestive and immune systems, and a tendency for proliferation of enteropathogenic bacteria.
The immature digestive system suggests that the digestive capacity of the piglet gut is
impaired during weaning. This is characterized by post-weaning diarrhea and reductions in
villus height and activity of brush border digestive enzymes in the small intestine (Pluske et
al., 1997; Heo et al., 2013). Such enteric disorders limit the development of the digestive
capacity in young pigs, which leads to poor growth performance. The immature intestinal
immune system and tendency for the proliferation of enteropathogenic bacteria further
predisposes piglets to enteric infections such as post-weaning collibacilosis, which worsens
growth stasis and may be lethal if not checked.

Post-weaning associated challenges are an important concern in swine production

because they affect economic gains (Whittemore and Green, 2001). Consequently, different



nutritional and non-nutritional strategies have been employed to mitigate these challenges.
The non-nutritional strategies include all-in all-out management, age-segregation, sanitation,
biosecurity and vaccination, whereas nutritional strategies can be classified in terms of those
aiming to reduce the concentration of anti-nutritional factors in diets or supplementing
growth promoting additives (Cromwell, 2002; Kim et al., 2012; Heo et al., 2013).

Since 1949, the non-therapeutic use of antibiotics in livestock production as growth
promoters has proved very effective in mitigating post-weaning associated challenges (Jukes,
1972). In-feed antibiotics have been reported to positively modify the composition of gut
microbiota (Looft et al., 2012) and enhance intestinal mucosa integrity (Owusu-Asiedu et al.,
2003; Nyachoti et al., 2012), immune responses (Nau and Tauber, 2008), nutrient
digestibility (Thymann et al., 2007; Choi et al., 2011) and growth performance (Han and
Thacker, 2010; Choi et al., 2011; Han et al., 2011; Yan et al., 2011a; Li et al., 2012; Yan et
al., 2012; Zhou et al., 2015). However, public pressure to eliminate the use of in-feed
antibiotics has intensified because of their potential association with the development of
microbial antibiotic resistance in humans and livestock (Heuer et al., 2006), and
environmental contamination (Carlson et al., 2004). Consequently, pork products sourced
from pigs raised under antibiotic-free regimen are on high demand in several major
international markets. Therefore, there is an urgent need for viable alternatives to dietary
antibiotics that are acceptable to the consumer, environmentally sound and can mitigate the
post-weaning challenges (Choct, 2001; Heo et al., 2013; Gong et al., 2014).

Research on antibiotic alternative feed additives (such as spray dried porcine plasma,
organic acids, high levels of zinc and copper salts, probiotics, prebiotics, egg yolk antibodies,
herbs, spices, bacteriophages, bacterial cell wall hydrolases, and antimicrobial peptides) and
dietary interventions (such as dietary protein and carbohydrate modulation) has been ongoing

(Choct, 2001; Heo et al., 2013; Gong et al., 2014). To date, the major concern in the



development of new additives and adoption of existing ones is the lack of knowledge of the
mechanisms through which additives that are considered potential in-feed antibiotic
alternatives improve health and growth of the piglets.

Dietary nucleotides have been proposed as potential in-feed antibiotic alternative.
This was inspired by findings of studies with human infants fed nucleotide supplemented
formula milk showing that dietary nucleotides have beneficial effects on the small intestine
(maturation and recovery) and gut microbiota, lipid and hepatic metabolism and on the
immune system (Boza, 1998). Nucleotides are low-molecular-weight intracellular compounds
that participate in numerous biochemical processes and are the building block monomers of
nucleic acids (DNA and RNA). With adequate supply of amino acids and energy, nucleotides
can be synthesized de novo. However, they may become essential when the endogenous
nucleotide supply is insufficient for normal function. Conditions under which nucleotides
become essential include certain disease states, periods of limited nutrient intake or rapid
growth, and the presence of regulatory or developmental factors that interfere with full
expression of the endogenous synthetic capacity (Carver and Walker, 1995). All these
conditions are present in weaned pigs and therefore, it is expected that they have high tissue
requirement for nucleotides during this period. Consequently, nucleotides can be perceived as
"conditionally essential™ nutrients for piglets.

Studies on supplementation of dietary nucleotides to piglets' diet show their beneficial
effects on growth and gut health during (Domeneghini et al., 2004; Martinez-Puig et al.,
2007; Weaver and Kim, 2014) and after (Carlson et al., 2005) the weaning period. The
mechanism by which nucleotides promote growth and gut health has been suggested to
mainly involve the promotion of cellular functions associated with cell proliferation. By

influencing the cellular functions, nucleotides enhance structural growth and maturation of



important tissues of the immune system and the intestinal mucosa. In this regard, the effect of
dietary nucleotides may be deemed long-lasting (Cérdoba et al., 2008).

Therefore, it was hypothesized that supplementing weaned pigs with a nucleotide-rich
yeast extract under sanitary and disease challenge will mitigate post-weaning stress and
maintain growth performance. Furthermore, yeast-based nucleotides will act synergistically
with carbohydrase enzymes in mitigating post-weaning stress and maintaining growth
performance. These effects will be mediated through enhanced immune system activation and

maintenance of a stable intestinal microbial composition.



CHAPTER TWO

LITERATURE REVIEW

2.1 Defining gut health

Clear-cut criteria for defining gut health are lacking (Rijkers et al., 2011). This is not
surprising because even the definition of health by WHO (1946) as being a state of complete
physical, mental and social well-being and not merely the absence of disease or infirmity,
sparked much controversy. According to Huber et al. (2011), the critics of the WHO
definition of health were mostly against the absoluteness of the word “complete” in relation
to wellbeing. In animal care, health status is primarily diagnosed through appearance of
clinical signs using subjective measures such as appetite, body condition, feces and urine
properties, respiratory difficulties, tumors and behavior. In this regard, the lack of clinical
signs of disease would be accepted as a healthy status but this may not be a true indicator of a
healthy gut. For instance, dysbiosis in commensal gut bacteria is not part of the routine
welfare assessment in commercial swine holdings. However, human studies have shown that
dysbiotic intestinal bacterial population is linked to pathogenesis of various diseases
including those not directly associated with the gastrointestinal tract such as asthma (Azad
and Kozyrskyj, 2012), diabetes (Qin et al., 2012), disorders of the immune system (Wen et
al., 2008; Brown et al., 2012), arthritis (Gomez et al., 2012) and pregnancy (Santacruz et al.,
2010). Furthermore, some gut disorders may develop slowly and therefore lead to delayed
clinical signs and symptoms (Ford et al., 1983; Subasinghe et al., 2011).

The complexity of the GIT makes it difficult to properly define a healthy gut without
a detailed consideration of the unique functions of the key components that constitute the
gut's ecosystem. In this context, gut health can be inferred from two perspectives: the proper

functioning of each component and a prevailing protective homeostasis at every interaction



between the intestinal mucosa and the external environment (mainly microbiota and food
particles), which is broadly termed as the gut barrier. This approach is consistent with that
recommended by Ayres and Schneider (2012) who noted the difficulty of measuring fitness
or wellness and suggested that health status be inferred from measurement of physiological
parameters that are important to the subject so long as those responses are readily measurable
and have a broad dynamic range. Only such an approach may provide a more acceptable and
overarching definition of gut health that addresses the complex nature of the GIT
compartments, their physiological processes and adaptations, and their interaction with the
external environment as highlighted by gut studies in different disciplines.

The first aspect of the suggested approach, the functions and adaptations of the piglet
gut, were comprehensively reviewed by Pluske et al. (1997), Lallés et al (2004) and Heo et al.
(2013). In the next parts of this review, the second aspect of the suggested approach,
measurement of factors that fortify the gut barrier, will be discussed as indicators of gut
health.

2.1.1 Gut pH as an indicator of gut health

The stomach wall is lined with parietal cells which secrete gastric juice that contains
hydrochloric acid that helps to keep its pH low (Yen, 2000). Exposure to low pH values (i.e.
less than 3.5) is bactericidal for many pathogenic bacteria, including Escherichia coli (Zhu et
al., 2006). Therefore, maintenance of a low gastric pH value is essential and may indicate a
healthy gut because this can help to reduce the passage of pathogenic bacteria into the small
intestine (Nyachoti et al., 2006).

2.1.2 Gut morphology as an indicator of gut health

Villus height and crypt depth are used as indicators of small intestine integrity

(Hampson, 1986a; Spreeuwenberg, 2002). The villi are finger-like projections made up of

epithelial cells called enterocytes found on the mucosal layer that help to increase the surface



area for digestion and absorption processes, whereas the crypts are sub mucosal glands that
repopulate the epithelial cells (Zhang and Xu, 2003). For optimal function of the small
intestine, long villi and deeper crypts are desirable. A deeper crypt is a sign of more active
cellular turnover to maintain villi height (Yason et al., 1987; Smith, 1992). Generally,
increases in the ratio of villi height to crypt depth indicates better digestive and absorptive
capacity of the small intestine (Kelly and King, 2001). Changes in gut morphology influence
secretion of brush border enzymes, hence, weaning-associated damage to enterocytes may
decrease digestive enzyme activity thereby limiting the digestive and absorptive capacity of
the gut, which may lead to malabsorption, dehydration, enteric infection, and diarrhea.
2.1.3 Gut permeability as an indicator of gut health

In both humans and animals, malnutrition alters the function of the intestinal barrier
resulting in increases in intestinal transport of macromolecules, intestinal ionic conductance
and small solute permeability (Heyman et al., 1984; Carey et al., 1994; Rodriguez et al.,
1996; Kim et al., 2012). Gut paracellular permeability to solutes is regulated by the tight
junctions, which are made up of a complex of several proteins that seal the paracellular space
between epithelial cells (Berkes et al., 2003). Tight junctions show both, size selectivity and
charge selectivity for transport of substances, and these properties may be regulated by
physiological stimuli such as alterations of tight junction protein formation and distribution,
and pathophysiological stimuli such as translocation of enteric pathogens and endotoxins
(Berkes et al., 2003). Gut health status can be inferred from parameters such as the
concentration or level of gene expression of tight junction proteins (Hamard et al., 2010), and
paracellular permeability rates measured using either a selective marker of paracellular
permeation of tight junctions (Barreau et al., 2004) or short-circuit current and transepithelial
resistance measured in Ussing chambers (Carey et al., 1994; Hamard et al., 2010).

2.1.4 Gut hormones as an indicator of gut health



The presence of dietary nutrients in the intestinal lumen evokes the release of
numerous hormones from enteroendocrine cells interspersed among the epithelial cells lining
the intestine, which not only affect gut motility, hunger, discomfort and satiation but also the
gut barrier function (Suzuki et al., 2010; Kaji et al., 2013). For instance, when ingested food
arrives in the stomach, gastrin is released by the pyloric glands and stimulates the parietal
cells to secrete gastric juice which contains hydrochloric acid that lowers the stomach pH and
consequently killing bacteria that cannot survive the low pH (Schubert and Peura, 2008). In
addition, activation of nutrient receptors in the duodenum (Kawamata et al., 2003; Akiba et
al., 2009) triggers intracellular signaling mechanisms that stimulate enteroendocrine cells to
release hormones such as glucagon-like peptides 1 and 2, which are associated with glycemic
control and increased bicarbonate and mucus secretion and mucosal blood flow (Wang et al.,
2011), respectively. Kaji et al. (2013) suggest that the dysfunction of the chemosensing
system may be implicated in the pathogenesis of foregut mucosal injury due to acid-pepsin
secretion. In this context, measuring the concentration of gut hormones in the portal vein may
be indicative of gut health status.

2.1.5 Gut immunity as an indicator of gut health

The gut mucosa is the major site of lymphocyte contact with antigens in the entire
body. Immunological stress has a detrimental effect on the nutritional status of animals
because nutrients are diverted away from growth to support tissues involved in the immune
response (Spurlock, 1997). There is clear evidence that over expression of proinflammatory
cytokines such as interleukin (IL-) 6, IL-1 and tumor necrosis factor alpha (TNF-a) in the
small intestine results in villus atrophy and reduced performance of pigs (Johnson, 1997;
Spurlock, 1997; McLamb et al., 2013). Furthermore, the first step in many microbial

infections is colonization and invasion of a mucosal surface (Jimenez-Valera and Ruiz-Bravo,



2011). Presence of secretory immunoglobulin A (slgA) on the intestinal mucosa can prevent
such infections by blocking colonization (Wilson et al., 2011).
2.1.6 Gut bacteria as an indicator of gut health

The importance of gut microbiota in the development of diseases was reviewed by
Sekirov et al. (2010). The reviews of Calder et al. (2006) and Wu and Wu (2012) on studies
associating gut microbial colonization in neonates with the maturation of the gut and gut-
associated immune system concluded that the regulation of the mucosal immune response is
dependent on the normal gut microbiota. Other studies have reported that an immature or
dysbiotic gut microbiota results in decreased intestinal surface area (Romick-Rosendale et al.,
2014), reduced capacity for inflammatory responses, and abrogation of oral tolerance (Sudo
et al., 1997). Furthermore, the review of Berg (1996) highlights the morphological,
physiological and immunological deleterious effects of the immature gut microbiota of germ

free rodents (Table 2.1).

2.2 Post-weaning stress

Weaning is a stressful period to the piglet and results in intestinal, immunological,
and behavioral changes (Hampson, 1986a; Heo et al., 2013). The stressors include the abrupt
separation from the sow, transportation and handling, transition from liquid to solid food,
formation of a new social hierarchy as they co-mingle with pigs from other litters, a different
physical environment, and increased exposure to antigens from the diet or environment. The
physiological, environmental, psychological and social challenges experienced by piglets
post-weaning predisposes them to diseases and other production losses. To be productive and
efficient, the piglet must adapt to all of these stressors rapidly. In the absence of weaning, the
piglets mitigate these challenges by deriving immune system boosting nutrients, cells and

bioactive compounds from the sow milk.
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Table 2.1. Characteristics of germfree rodents without an indigenous gastrointestinal

microbiota compared with conventional rodents with indigenous gastrointestinal microbiota

Morphological characteristics
— Increased cecum size
—  Decreased weight of intestinal wall
—  Decreased intestinal surface area
—  Shorter intestinal villi
—  Thinner lamina propria
—  Decreased size of liver, heart, adrenals, etc.
—  Decreased blood volume

Physiological/biochemical characteristics
—  Decreased intestinal motility or peristalsis (i.e. increased transit time)
—  Decreased rate of villus epithelial cell renewal
—  Altered mucosal enzyme patterns (i.e. increased trypsin, decreased f-
glucuronidase)
—  Lower pH of intestinal contents
— Increased oxygen levels (i.e. higher oxidation-reduction potential)
—  Decreased basal metabolic rate
—  Decreased cardiac output
—  Decreased regional blood flow (to intestines, liver, etc.)
—  Decreased synthesis of vitamin K and vitamin 8 complex
—  No bacterial aided bile acid degradation in the gut
—  Lack of short chain fatty acids or coprostanol

Immunological characteristics
—  Decreased lymph node and spleen size
—  Decreased Peyer’s patch size
—  Decreased serum gammaglobulin levels
—  Decreased numbers of IgA producing lymphocytes in lamina propria
—  Decreased numbers of intraepithelial T cells
—  Decreased inflammatory response
—  Decreased blood clearance of microorganisms
—  Delayed immune response after antigenic challenge
Adapted from Berg (1996)
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2.2.1 Sow's milk nutrition

In addition to having highly digestible nutrients, the sow's colostrum and milk contain
a rich supply of leukocytes comprising macrophages, eosinophils, neutrophils and
lymphocytes, and bioactive compounds such as hormones, cytokines, immunoglobulins,
growth factors, and digestive enzymes, and immune cells that support growth and survival of
the neonatal pig (Xu and Cranwell, 2003). Generally, these bioactive compounds and
immune cells carryout important functions including antimicrobial protection, immune
modulation (to suppress inflammatory responses), digestive enzyme supplementation,
stimulation of cell division and differentiation in the small intestine, endocrine modulation,
and metabolic regulation (Xu et al., 2000).

The neonatal pig derives its energy from metabolism of body protein, glycogen, and
fat reserves (Le Dividich et al., 2005). However, at birth, the body energy reserves of
neonatal piglets are very low, averaging between 8-25% liver glycogen, 1-2% fat, and
approximately 12% protein (Le Dividich et al., 1991; Pluske et al., 1995; Kuralkar and
Kuralkar, 2010). Therefore, colostrum/milk fat and lactose are the major energy source for
neonates (Le Dividich et al., 1994). In addition, colostrum/milk casein is the main source of
essential amino acids, calcium and phosphorus to the young pig (Holt and Sawyer, 1988).

The bioactive compounds are mostly contained in both casein and whey proteins of
colostrum/milk (Silva and Malcata, 2005; Khan and Bhati, 2010). Nguyen et al. (2007)
reported the presence of cytokines including IL-6, TNF-a, IFN-y, I1L-12, IL-10, IL-4, and
TGF-B1lin sow's colostrum and milk. Colostrum/milk cytokines and antibodies (IgA and IgM)
enhance the passive immune protection of neonates against pathogens and modulate the
development of the neonatal innate and adaptive immune system during the colonization of
the GIT by commensal bacteria (Salmon, 2002; Pomorska-Mdl et al., 2010). Insulin, insulin-

like growth factor | and Il and epidermal growth factor are examples of growth-promoting
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peptides in sow's colostrum /milk, which not only accelerate proliferation and maturation of
the GIT in young pigs but also that of other organs such as liver, pancreas, kidney, spleen,
and skeletal muscle (Simmen et al., 1990; Donovan and Odle, 1994; Burrin et al., 1997; Kelly
and King, 2001).

On the other hand, prior to the development of high gastric acidity which occurs after
the first several days of life, colostrum/milk leukocytes are absorbed through intracellular
spaces in the duodenum and jejunum of young pigs and enter blood circulation where they
influence immune related functions such as cell mediated immune response, development of
antigen tolerance, stimulation of active immune development, and provision of passive
immune protection (Williams, 1993; Pomorska-Mdl et al., 2010). Therefore, the withdrawal
of sow's milk during weaning deprives the piglet of essential nutrients, immune cells and
bioactive compounds necessary for enhancing growth, survival and health. Coupled with the
psychosocial stress due to separation from the sow, introduction to a new environment and
mixing with pigs from other litters, weaning negatively affects growth and health of the
piglets.

2.2.2 Effect of weaning on the gut morphology and physiology

Weaning induces villi atrophy and crypt hyperplasia in the intestinal mucosa tissues
and these changes may be transient or long-lasting (Pluske et al., 1997; Boudry et al., 2004).
The first 2 d post-weaning are marked by transitory anorexia that causes intestinal
inflammation, which leads to villi atrophy by either increasing the rate of cell loss among
enterocytes lining the villi or reducing the rate of cell renewal by the crypt (Pluske et al.,
1997; McCracken et al., 1999). The pre-weaning villi and crypt integrity may be achieved
between 3 to 5 d post-weaning upon resumption of feed intake but long-lasting changes may

prevail for up to 2 wk post-weaning (Pluske et al., 1997). Impairment of the villi and crypt
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integrity reduces the gut absorptive capacity and activities of the brush-border digestive
enzymes (Kelly et al., 1991).
2.2.3 Effect of weaning on gut microbioata

The piglet gut is supposedly sterile in the uterus but during and after birth becomes
colonized by bacteria from the sow, sow's milk and feces, and other environmentally sourced
bacteria (Mackie et al., 1999; Martin et al., 2009). During the suckling period, the gut
microbiota constituting the first colonizers is underdeveloped, remains relatively stable in
terms of species composition and are dominated by lactobacilli and streptococci, which are
well adapted to utilize nutrient substrates in sow's milk (Swords et al., 1993). The stability of
first colonizers is easily disrupted by introduction of the solid diet during weaning (Gaskins,
2001). The weaning associated anorexia is followed by a fast consumption of the new diet
(Hopwood and Hampson, 2003), which results in an increase of undigested fermentable
carbohydrate and protein in the hind gut owing to the reduced digestive capacity of the small
intestines, which provides a substrate for microbial fermentation and bacterial overgrowth
(Williams et al., 2005; Jeaurond et al., 2008).

The main outcome of the disruption of the underdeveloped initial colonizers
immediately after weaning is a decline of beneficial bacteria and an overgrowth of N-
utilizing pathogenic bacteria such as Clostridium perfringens and Clostridium difficile, which
results in scours, decreased growth performance, and pre-weaning mortality (Songer and
Uzal, 2005; Konstantinov et al., 2006). Increased fermentation of undigested protein in the
hind gut is associated with a higher incidence of post weaning diarrhea, proliferation of
potential pathogenic proteolytic bacteria such as enterotoxigenic strains of E. coli (ETEC),
and production of higher amounts of potentially toxic metabolites such as ammonia, amines,
phenols and indoles (Pluske et al., 2002; Heo et al., 2009; Rist et al., 2013). Enteric bacterial

infections are economically significant and their clinical signs normally include: diarrhea,
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weight loss, decreased growth rate and death of neonatal, weaning, and growing-finishing
pigs. The most common etiological agents of these infections are Clostridium difficile,
Clostridium perfringens, E. coli, Salmonella enterica, Brachyspira hyodysenteriae,
Brachyspira pilosicoli and Lawsonia intracellularis (Moxley and Duhamel, 1999; Menin et
al., 2008).

2.2.4 Effect of weaning on gut immunity

The piglet is immunodeficient at birth and depends on immune factors present in
sow's colostrum and milk for immune protection (Lallés et al., 2007). At weaning, the piglet
gut immune system is relatively immature and evidence suggests that it matures between 4 to
6 wk post-weaning (King et al., 2003; Bailey et al., 2005). The maturation of the piglet GIT
immune system is mainly affected by the development of gut microbiota, as evidenced in
studies using germfree animals (Gaskins, 2001). Weaning exposes the piglet to new microbial
and dietary antigens thus activating immune responses in the gut.

Increases in T-cells populations in lamina propria (King et al., 2003), plasma
concentrations of acute-phase proteins and inflammatory cytokines, fibrinogen and glucagon
(McCracken et al., 1995), and expression of genes for inflammatory cytokines in the piglet
gut (Pié et al., 2004) has been reported soon after weaning (McCracken et al., 1995; King et
al., 2003). This sudden activation of the immune system at weaning may be due to the
compromised intestinal integrity allowing antigens from the lumen to penetrate or an
overreaction of the immature GIT due to its inability to differentiate between harmful and
innocuous antigens (Stokes et al., 2004). Evidence suggests that weaning-associated intestinal
inflammation is due to overproduction of proinflammatory cytokines such as IL-1, IL-6, and
TNF-a (McCracken et al., 1999; Pié et al., 2004) and results in a redistribution of nutrients
away from growth processes in aid of the immune system (Wannemacher, 1977; Johnson,

1997), a factor that leads to growth stasis during weaning.
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2.2.5 Effect of weaning on growth performance

Weaning growth stasis and mortality is due to the weaning-associated compromise of
the GIT mucosa barrier function following alterations on gut morphology, physiology,
microbiota and immunity (Pluske et al., 1997). In the small intestines, damage to the villi
reduces the absorptive capacity of the gut, whereas damage to the crypts reduces turnover
rate of enterocytes and mucus production, the latter exposing the mucosa to corrosion by
hydrochloric acid present in gastric secretion and pathogens (Pluske et al., 1997).
Furthermore, a loss of enterocytes which secrete brush-border enzymes, such as
aminopeptidases, and various carbohydrases reduces digestive capacity of the gut (Miller et
al., 1986). These factors coupled with weaning-associated anorexia that limits the piglet from
meeting maintenance energy requirements reduce the availability of essential nutrients
required for growth. Therefore, an immature and inflamed gut immune system and
proliferation of pathogenic bacteria in the hind gut makes the piglet more susceptible to
enteric diseases such as post-weaning collibacilosis, which worsens growth stasis and may be
lethal if not checked.

Taken together, post-weaning associated challenges are an important concern in swine
production because they affect economic gains by increasing housing and feed costs due to an
increase in days to market, cost of disease treatment and management, and loses due to
mortality (Whittemore and Green, 2001). Consequently, different nutritional and non-
nutritional strategies have been employed to mitigate these challenges. The non-nutritional
strategies include all-in all-out management, age-segregation, sanitation, biosecurity and
vaccination, whereas nutritional strategies can be classified in terms of those aiming to reduce
the concentration of anti-nutritional factors in diets or supplementing growth promoting

additives (Cromwell, 2002; Kim et al., 2012; Heo et al., 2013).
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2.3 Role of in-feed antibiotics in mitigating post-weaning stress

Since 1949, the non-therapeutic use of antibiotics in livestock production as growth
promoters proved very effective in curbing the spread of bacterial infections on commercial
farms to extents not possible before, and also unnaturally stimulated growth and productivity
(Jukes, 1972). Thus, the non-therapeutic use of antibiotics in livestock production became
established worldwide. Antibiotics have been used in the swine industry for over 6 decades
(Cromwell, 2002) to treat bacterial infections (therapeutic use) and to prevent and control
bacterial infection or promote growth (non-therapeutic use) of weaned, grower and finisher
pigs (Jukes, 1972).
2.3.1 Mechanism of growth promotion by antibiotics

At least four mechanisms have been proposed to explain how antibiotics promote
growth (Francois, 1961; Visek, 1978; Gaskins et al., 2002): (1) inhibition of sub-clinical
infections, thereby reducing the metabolic costs of the immune system, (2) reduction of
growth-depressing microbial metabolites, (3) reduction of microbial use of nutrients, and (4)
enhanced uptake and use of nutrients because the intestinal wall of antibiotic-fed animals are
thinner. Together, the four mechanisms share the common hypothesis that both commensal
and pathogenic gut bacteria may depress animal growth directly or indirectly through their
metabolic activities (Gaskins et al., 2002). This hypothesis is supported by studies showing
that oral antibiotics do not enhance the growth of germfree animals (Coates et al., 1963) and
may inhibit the bacterial catabolism of urea and amino acids and the fermentation of
carbohydrates both in vitro and in vivo (Dierick et al., 1986; Nagaraja et al., 1987). Recently,
Niewold (2007) proposed a fifth mechanism based on the hypothesis that antibiotics promote
growth by reducing intestinal inflammation. This suggestion is based on the observation that
most antibiotics get accumulated in inflammatory cells where they possibly enhance the

intracellular Kkilling of bacteria, and inhibit parts of the innate immune response (van den
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Broek, 1989; Labro, 1998). According to Niewold (2007), this anti-inflammatory role of
antibiotics conserves energy for production.
2.3.2 Effect of antibiotics on gut microbioata

In-feed antibiotics, also known as antimicrobial growth promoters (AGP), modify the
composition of gut microbiota. For instance, Looft et al. (2012) performed metagenomic
analysis on feces collected from 32 d old weaned pigs fed diets without or with a feed grade
AGP product (ASP 250; containing chlortetracycline, sulfamethazine, and penicillin) for 14 d
and reported a shift in microbial community membership. Antibiotic receiving pigs showed a
decrease in the abundance of Bacteroidetes, members of Anaerobacter, Barnesiella,
Papillibacter, Sporacetigenium, and Sarcina genera. In addition, they reported increase in the
abundance of members of the Deinococcus-Thermus and Proteobacteria phyla as well as
Succinivibrio and Ruminococcus genera. The most notable shift was a 10% increase in
Proteobacteria abundance in pigs fed the medicated diet compared to control, of which 62%
was constituted by E. coli population.

Thymann et al. (2007) reported that Augmentin (amoxicillin plus clavulanic acid)
administered in-feed and intramuscularly reduced small intestinal microbial diversity, and
specifically reduced E. coli population compared with control. Looft et al. (2012) explained
that results on AGP effect on gut microbiota are equivocal and demonstrate the varying
collateral effects of different AGP. For instance, E. coli are both commensal and pathogenic
inhabitants of mammalian GIT, thus, an increase in E. coli could be beneficial or harmful,
either to the host or to the food chain.

Piglets receiving in-feed AGP and challenged with ETEC were shown to have
reduced counts of members of Bacteroidetes and Firmicutes phyla (Bhandari et al., 2008),
reduced total count of harmful coliform (Namkung et al., 2004; Nyachoti et al., 2012),

reduced the count of E. coli K88+ attached to ileal mucosa and in colon digesta (Nyachoti et
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al., 2012), reduced the count of E. coli attached to colon mucosa (Bhandari et al., 2009),
reduced ileal digesta count of members of orders Lactobacillales, Clostridiales and
Enterobacteriales (Kiarie et al., 2011), and increased richness (number of distinct species
present) and diversity (abundance of distinct species) of microbial species (Bhandari et al.,
2008).
2.3.3 Effect of antibiotics on intestinal mucosa integrity

Antibiotic use in swine diets has been associated with beneficial effects on the
intestinal mucosa integrity. Studies have reported that piglets receiving in-feed AGP had
longer villi, higher villi/crypt depth ratio and greater small intestinal weights than control
after an ETEC challenge (Owusu-Asiedu et al., 2003; Nyachoti et al., 2012). Furthermore,
Thymann et al. (2007) reported that AGP-receiving piglets had increased mucosal goblet cell
area (suggesting improved mucus secretion hence protection of mucosal epithelia against
pathogens), reduced colonic tissue weight by 23%, and lower concentration of colonic short
chain fatty acids (suggesting reduced hindgut fermentation hence an indicator of stimulation
of digestive enzymes and nutrient absorption in the small intestine) compared with control.
2.3.4 Effect of antibiotics on immune responses

There is growing evidence that certain AGP exert their beneficial effects not only by
killing or inhibiting the growth of bacterial pathogens but also indirectly by
immunomodulation (Nau and Tauber, 2008). For instance, macrolides achieve high
intracellular concentrations and have good activity against Gram-positive bacteria, influence
the release of cytokines such as IL-8 and TNF as well as mediators of inflammation such as
nitric oxide (Nau and Tauber, 2008). Swine studies have shown that in-feed AGP have ability
to modulate immune response. For instance, pigs receiving in-feed AGP have shown reduced
serum IgG (Namkung et al., 2004), IgA (Wu et al., 2012) and TNF-a (Nyachoti et al., 2012),

which suggests suppression of immune response. However, other studies have reported that
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in-feed AGP increased serum antibodies IgA, 1gG and IgM, increased serum cytokine
concentrations of IL-1p and IL-6, increased concentration secretory IgA on jejunum mucosa
(Wu et al., 2012), proliferation of lymphocytes (Yan et al., 2011b; Li et al., 2012; Yan et al.,
2012; Zhou et al., 2015) and higher lymphocyte transformation ratio (Zhou et al., 2015) in
piglets. Improved serum antibody level indicates enhanced humoral immunity, whereas
increased lymphocyte population and transformation ratio indicates enhanced cell-mediated
immunity.
2.3.5 Effect of antibiotics on nutrient digestibility

Thymann et al. (2007) reported that AGP-fed piglets had improved amylase, trypsin
and small intestinal aminopeptidase A and N activities, thus suggesting improved protein
digestive function. Moreover, AGP supplementation in piglet diets has been associated with
increased digestibility of dry matter (Huang et al., 2010; Li et al., 2012; Yan et al., 2012;
Zhou et al., 2015), starch (Bhandari et al., 2009), crude protein (Huang et al., 2010; Choi et
al., 2011; Yan et al., 2011a; Li et al., 2012; Zhou et al., 2015), energy (Huang et al., 2010;
Wu et al., 2012; Yan et al., 2012; Zhou et al., 2015), fat and Ca (Hahn et al., 2006).
2.3.6 Effect of antibiotics on growth performance

Compared with grower and finisher pigs, in-feed AGP are mostly employed in weaner
pigs as growth promoters because young pigs have an immature immune system that makes
them highly susceptible to pathogens. A meta analysis of 453 experiments involving 13,632
weaned pigs (7 to 25 kg) conducted at universities or other research stations in the US
showed that AGP improved average daily gain (ADG) by an average of 16% and gain to feed
ratio (G:F) by 6.9% (Cromwell, 2001), whereas these beneficial effects were doubled in pigs
raised under farm conditions due to increased microbial load (Cromwell, 2001). Other studies
have reported increased ADG, feed intake and G:F after antibiotics supplementation in

weaned pig diets (Han and Thacker, 2010; Choi et al., 2011; Han et al., 2011; Yan et al.,
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2011a; Li et al., 2012; Yan et al., 2012; Zhou et al., 2015). Furthermore, Wu et al. (2012)
reported that ETEC challenged piglets receiving in-feed AGP had higher ADG and feed
efficiency than control.

2.3.7 The ban on the use of in-feed antibiotics

In 2006 and 2011, European Union countries and South Korea, respectively, banned
the use of in-feed AGP in livestock as a part of their food safety strategy. While the use of in-
feed AGP is still legal in North America, public pressure to eliminate the practice has
intensified because of their potential association with the development of microbial antibiotic
resistance in humans and livestock (Heuer et al., 2006), and environmental contamination
(Carlson et al., 2004).

2.3.8 Challenges of raising pigs without in-feed antibiotics

The use of in-feed AGP became prevalent when industrialized pork production
became necessary in meeting the rising demand for meat protein. There is sufficient evidence
that AGP use has been more beneficial in commercial farms with large herds and poor
management conditions. For instance, Cromwell (1999) estimated a saving of $2.92 per pig
in feed and housing costs in terms of increased production efficiency. Therefore, a ban on
AGP use in swine production poses challenges on animal welfare, nutrient utilization, manure
production, and economic sustainability.

Recent studies suggest that the impact of the cost of the ban will be greater in piglet
production compared to grower-finisher pigs production (Thomke and Elwinger, 1998;
Kjeldsen et al., 1999) because of the need to mitigate early-weaning E. coli associated
diarrhoea and swine dysentery contamination. Table 2.2 summarizes the potential economic
effects of AGP ban at animal, farm, and market levels (Teillant and Laxminarayan, 2015),

which show the multifaceted challenges of raising pigs without AGP.
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Table 2.2. Potential economic costs of AGP restrictions at animal, farm, and market levels

Potential Animal-Level Effects

Decreased growth rate, decreased feed efficiency.

Short term higher mortality rate (especially of young animals), increased
morbidity.

Fewer animals born per litter

Increased variability of product.

Potential Farm-Level Effects

Increased time to market and decreased stocking densities.

Increased input costs: feed (non AGP), young animals purchased.

Cost of more biosecurity measures and adjustments in housing to compensate
for AGP termination.

Increased veterinary costs (more treatment of disease).

Higher labor costs if alternatives to AGP are more labor-intensive

Increased variability of product.

Potential Market-Level Effects

Less output for each level of input
Increase in wholesale and retail price of meat
Variation in producers revenues (increase or decrease)

Adapted from Teillant and Laxminarayan (2015)
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2.3.9 Characteristics of a potential alternative to antibiotics

Recent surveys suggests that U.S consumers are increasingly concerned about food
safety, environmental degradation and animal welfare, and are willing to place substantial
premiums on pork produced without AGP (Lusk et al., 2006; Nilsson et al., 2006). Therefore,
despite the challenges producers may face in raising pigs without AGP, they have no option
but to seek alternative additives and management measures that will sustain profitability of
their farms. Consequently, research on alternative feed additives (such as organic acids,
probiotics, prebiotics, nucleotides, bacteriophages, bacterial cell wall hydrolases, and
antimicrobial peptides) and dietary interventions (such as dietary protein and carbohydrate
modulation) have been proposed (Choct, 2001; Heo et al., 2013; Gong et al., 2014). A major
concern in the development of new strategies is the lack of knowledge of the mechanisms
through which additives that are AGP alternatives can protect intestinal cells from the
damage induced by pathogens and thereby improve health and growth of the pig. Thus, the
better knowledge of how in-feed AGP alternatives work is important in order to understand
their role in intestinal cell protection and to finally select those able to provide such
protection in piglets.

Based on the earlier discussion on gut health indicators and the effectiveness of AGP,
a suitable alternative to in-feed AGP must have multifaceted characteristics and beneficial
effects to the piglet which include: (1) ability to modulate gut microbiota by suppressing
proliferation of pathogenic communities and promoting that of beneficial strains, (2) ability
to modulate gut microbiota without causing microbial antibiotic resistance, (3) ability to
modulate gut immune response especially by controlling excessive inflammation after
pathogen clearance, (4) ability to maintain the intestinal mucosa integrity by promoting
pathogen clearance, (5) ability to maintain the intestinal mucosa integrity by promoting

growth and maturation of tissues, (6) ability to promote growth performance, (7) ability to
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promote nutrient utilization, (8) ability to induce response within a relatively short period of
time compared with antibiotics, (9) ability to interact synergistically with other feed
additives, (10) should have minimal impact on feed cost, and (11) ability to maintain
effectiveness after subjection to conventional feed processing and storage standards. In the
next parts of the present review, the use of dietary nucleotides as an alternative to in-feed

AGP will be discussed.

2.4 Nucleotides

Nucleotides are low-molecular-weight intracellular compounds that participate in
numerous biochemical processes and are the building block monomers of nucleic acids (DNA
and RNA). Nucleotides are also used in formation of ATP, GTP and co-enzymes.
2.4.1 Structure and types of nucleotides

Nucleotides are composed of a nitrogenous base linked to a pentose (ribose or
deoxyribose) sugar to which one, two or three phosphate groups are attached. A nucleoside
consists of a nitrogenous base covalently attached to a pentose sugar but without the
phosphate group. Nucleotides can be classified as either pyrimidines or purines based on their
nitrogenous base. The pyrimidines comprise cytosine, uridine or thymine, whereas the
purines comprise adenine, guanine and hypoxanthine. Purine and pyrimidine bases are
hydrophobic and relatively insoluble in water at the near-neutral pH of the cell but their
solubility in water increases at acid or alkaline pH because the bases become charged (Nelson
et al., 2008). lllustrations of the structure of nucleotides, purines, pyrimidines and some
nucleotide-based compounds are shown in Figure 1.
2.4.2 Sources of nucleotides

In mammalian cells, the three potential sources of nucleotides are de novo synthesis,
salvage pathways, and the diet (Boza, 1998; Cosgrove, 1998). To synthesize nucleotides by

the de novo pathways, the cells require substantial amounts of ATP energy, aspartate,
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Figure 1. Structure of nucleotides and some nucleotide-based compounds.

(A) General structure of nucleotides, (B) parent compounds of the pyrimidine and purine
bases of nucleotides and nucleic acids, (C) major purine bases of nucleic acids, (D) major
pyrimidine bases of nucleic acids (E) adenosine 5'-triphosphate (ATP), (F) guanosine 3,5-
cyclic monophosphate (cGMP), (G) adenosine 3',5'-cyclic monophosphate (CAMP) and (H)

coenzyme A. Adapted from Nelson et al. (2008).



25

glutamine and glycine thus making the process metabolically costly (Carver and Walker,
1995). The salvage pathways maintain the cellular nucleotide pools by recycling
approximately 90% or more of the bases and nucleosides that are formed during degradation
of RNA and DNA, hence, the salvage pathway requires less energy than de novo synthesis of
nucleotides (Carver and Walker, 1995). Tissues such as the intestinal mucosa, the
hematopoietic cells of the bone marrow, leucocytes, erythrocytes and lymphocytes
preferentially utilize the salvage pathway because of their limited capacity for de novo
synthesis of nucleotides (Sanderson and He, 1994; Uauy et al., 1994). The de novo synthesis
pathway and the salvage pathway are inversely related, the former being activated by the
absence of nucleotides and the latter stimulated by their presence in the diet (LeLeiko et al.,
1983). Hence, dietary nucleotides contribute to the salvage pathway by providing preformed
nucleosides and nitrogenous bases.

Dietary nucleotides exist in the form of nucleoproteins. The release of nucleosides
and nitrogenous bases from dietary nucleoproteins was reviewed by Sauer et al. (2011).
Briefly, after ingestion, proteases in the GIT liberate nucleic acids from dietary nucleotides.
Pancreatic nucleases degrade nucleic acids into a mixture of mononucleotides, dinucleotides,
trinucleotides and polynucleotides. Phophoesterases supplement the action of nucleases
producing mononucleotides. Intestinal alkaline phosphatase converts the nucleotides to
nucleosides thus releasing free phosphate. Finally, nucleosidases release the pentose sugar
from the nucleosides thus giving free nitrogenous bases. The mixture of nucleosides and
nitrogenous bases is offered to the enterocytes for absorption (Uauy et al., 1994).
2.4.3 Absorption and metabolism of dietary nucleotides

Nucleosides are the main form in which nucleotides are absorbed in intestinal cells.
The duodenum has the most developed absorptive capacity for nucleosides, which has been

suggested to be an adaptive response of duodenal cells since they have a lower capacity for
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de novo synthesis of nucleotides compared to the ileum and jejunum (Savaiano and Clifford,
1978). The absorption of nucleosides involves the combination of a highly efficient Na™-
dependent active transport and facilitated diffusion (Bronk and Hastewell, 1987; Jarvis,
1989). Using human intestinal Caco-2 cell line, Sanderson and He (1994) reported differences
in the absorption rate of the different nucleosides, with guanosine being taken up most
rapidly compared to adenosine, inosine, cytidine, uridine and thymidine.

Sonoda and Tatibana (1978) fed mice with chow containing radiolabeled RNA or
DNA at purine or pyrimidine bases and examined the metabolic fate of the their constituents.
Their findings suggest that (1) ingested nucleotides are quantitatively and rapidly absorbed
(more than 70% after 1 h post-feeding), (2) metabolism of the absorbed nucleotides is carried
out principally by enterocytes and liver tissues, (3) immediately after absorption, most of the
nucleosides are removed from the portal circulation by both metabolism and utilization
before entry into the systemic circulation, hence, most are utilized in the GIT and the liver,
whereas only a small amount reach other tissues, and (4) the de novo synthesis of nucleotides
in other tissues is not significantly affected by the exogenous bases except when a large dose
of purines or pyrimidines is ingested at one time. Savaiano and Clifford (1978) also observed
that 90% of radiolabeled purine bases were absorbed by mice but 24 h thereafter only 5%
were incorporated into tissues, whereas the remainder were excreted in the urine. These
observations imply that the high absorption rate of nucleotides is not proportional to its
assimilation into tissues, and this strengthens the suggestion that nucleotides are conditionally
essential nutrients. Savaiano and Clifford (1978) also observed that adenine was more
effectively incorporated into the tissues compared to guanine, hypoxanthine or xanthine. This
implies that the effectiveness of nucleotides source products may differ based on the

constituent nucleotides profile.
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Gil et al. (2007) demonstrated the ability of the piglet intestinal epithelium to
hydrolyze RNA and free nucleotides. They cultured jejunal explants from suckling piglets in
a medium supplemented with either a mixture of nucleosides, nucleotides or RNA. They
reported a rapid decrease in concentration of other nucleosides except cytidine in the
nucleosides culture medium, suggesting that they were efficiently taken up by the explants.
Furthermore, when explants were incubated in the presence of nucleotides, the total
concentration of these compounds decreased while the total concentration of nucleosides
increased, suggesting that enterocytes efficiently hydrolyze nucleotides into nucleosides.
Likewise, when explants were incubated in the presence of RNA, the total concentration of
both nucleotides and nucleosides increased, indicating that intestinal explants are able to
hydrolyze RNA to nucleotides and then to nucleosides in the absence of luminal enzymes.

Absorbed nitrogenous bases that are not metabolized or utilized by enterocytes enter
the hepatic portal vein and are carried to the hepatocytes for further metabolism. From the
liver, they are released into systemic circulation and enter muscle tissue. If they are not re-
utilized for nucleotide synthesis or remain unabsorbed, the purine bases are catabolized into
uric acid, whereas the pyrimidine bases are catabolized into R-alanine or 3-aminoisobutyrate
(Chu, 1991). In primates, uric acid is excreted via the urine, whereas in other mammals it is
further catabolized into allantoin via the enzyme uricase to be excreted into the urine. On the
other hand, the catabolic products of pyrimidine bases (3-alanine or 3-aminoisobutyrate) are
further metabolized into ammonia, carbon dioxide and acetyl coenzyme A.

2.4.4 Nucleotides dependent biochemical processes

The comprehensive review of Sauer et al. (2011) on this subject shows that
nucleotides mostly influence biochemical processes associated with cellular functions. For
instance, being precursors of nucleic acids (RNA and DNA) they influence the cell cycle. In

addition, nucleotides also influence phagocygotic activity, lymphokine production,
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lymphocyte maturation (Paubert-Braquet et al., 1992; Carver, 1994) and act as carriers of
phosphate (ATP and UTP) in enzymatic reactions involved in the transfer of chemical energy
(Cosgrove, 1998). Furthermore, nucleotides are constituents of important co-enzymes such as
NAD, NADP, FAD and CoA (Lodish et al., 2000), which act as activated intermediates in the

synthesis of lipids, carbohydrates and protein.

2.5 Dietary nucleotides as antibiotics alternative in piglet nutrition

The study of nucleotides as AGP alternative in piglet nutrition was inspired by
findings of studies with human infants fed nucleotide supplemented formula milk. As
reviewed by Boza (1998), results from rodent and human studies show that dietary
nucleotides seem to have beneficial effects on the small intestine (maturation and recovery)
and gut microbiota, lipid and hepatic metabolism and on the immune system. Porcine milk is
the best source of nucleotides for the piglet. The nucleotide/nucleoside profile of porcine milk
shows a substantial predominance for pyrimidines as compared to purines (Mateo et al.,
2004). Pyrimidine nucleotides are more absorbed and incorporated into tissue RNA compared
to purine nucleotides (Pizzini et al., 1990). In most animal studies conducted to validate the
numerous benefits of dietary nucleotides, the most significant finding attributed to nucleotide
supplementation is its effect in modulating the immune system. It is in this context that
dietary nucleotides have been studied to determine their helpfulness in mitigating weaning-
associated challenges in piglets raised in AGP-free regimens.
2.5.1 Nucleotides as ""conditionally essential** nutrients

Immediately after weaning, feed intake is very low hence the pig is deprived of
energy and nutrients necessary for the rapid growth experienced at this stage (Pluske et al.,
1995). The gut and immune system are not fully developed by the time of weaning and their
tissues have a rapid turnover (Grimble and Westwood, 2001). In the absence of nutrients and

immunity enhancing factors previously supplied via sow milk, the deprivation of energy and
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nutrients due to weaning-associated anorexia and increase in pathogen load from the
environment leads to growth stasis (Heo et al., 2013). In such situations, nucleotides are
deemed conditionally essential nutrients since RNA synthesis precedes any changes in
protein synthesis (Grimble and Westwood, 2001). In this context, the term ‘conditionally
essential' denotes a dietary component whose endogenous supply is insufficient to fully
support normal function, but for which there is no classical clinical deficiency syndrome
(Boza, 1998).

Although there is paucity of studies concerning effect of supplemental nucleotides in
pigs, the available studies give evidence of the beneficial effect of supplemental nucleotides
in pigs. In the next parts of the present review, results from swine studies showing effect of
dietary nucleotides will be discussed.

2.5.2 Effect of dietary nucleotides on growth performance

Most of the studies in which dietary nucleotides were supplemented to weaner diets
have reported equivocal results on improvement of growth performance in pigs. Carlson et al.
(2005) reported higher ADG and average daily feed intake (ADFI) after supplementing 5.0%
NRYE with AGP in phase 1 diets (d 1 to 14) and 2.5% NRYE without AGP in phase 2 diets
(d 15 to 28) and overall (d 29 to 130). In addition, Zomborszky-Kovacs et al. (2000) and
Weaver and Kim (2014) reported that supplemental pure nucleotides improved growth
performance of piglets. On the contrary, some studies have not shown effect of supplemental
nucleotides on improvement of growth performance (Di Giancamillo et al., 2003;
Domeneghini et al., 2004; Lee et al., 2007; Martinez-Puig et al., 2007; Speranda et al., 2008;
Moore et al., 2011; Sauer et al., 2012a).

Studies in which dietary nucleotides were supplemented to sows' diet during late
gestation and lactation also report equivocal results. Plante et al. (2011) reported no increase

of nucleotide concentrations in milk and sow or nursing piglet performances. On the contrary,
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Vitagliano et al. (2014) reported increased litter size and litter weight at weaning, and total
RNA concentration in milk. In addition, Vitagliano et al. (2014) and Hung (2015) reported
decreased birth mortality. Furthermore, Hung (2015) reported increased body weight, ADG
and ADFI during the total nursery period in pigs from sows fed nucleotide-containing diets.
The reasons explaining the inconsistent results of nucleotides supplementation on growth
performance of nursery pigs are discussed in section 2.5.6.
2.5.3 Effect of dietary nucleotides on intestinal morphology

Dietary or salvage nucleotides synthesized from the liver are important for
enterocytes because of their high cell turnover rate and limited capacity for de novo synthesis
(LeLeiko et al., 1983; Grimble and Westwood, 2000). Moore et al. (2011) and Sauer et al.
(2012a) did not observe differences in villus height, crypt depth and villus/crypt ratio
between control and pigs receiving 0.2% or 1.34 g/d pure nucleotides in their diets,
respectively, after 20 d post-weaning. Moreover, Sauer et al. (2012b) reported that
supplementing weaned piglets with 0.1% NRYE for 36 d neither affected activities of ileal a-
amylase, leucine amino peptidase, maltase and lactase nor ileal dry matter, crude protein and
crude fibre digestibilities. On the other hand, Di Giancamillo et al. (2003) and Domeneghini
et al. (2004) reported beneficial effects of supplementing 0.05% dietary NRYE on intestinal
gut morphology as indicated by an increase in villus height, crypt depth and decrease of villus
to crypt ratio. Similar results were obtained by Martinez-Puig et al. (2007) after
supplementing 0.1 or 0.2% dietary nucleotides to piglet diets. Di Giancamillo et al. (2003)
reported a thicker adherent mucous gel in the ileum of nucleotide fed piglets compared with
control, which implies enhanced protection of epithelial cells from digestive enzymes and
penetration of pathogens. Moreover, Lee et al. (2007) reported that supplemental nucleotides

increased the small intestine weight and gastric pepsin activity, whereas Carlson et al. (2005)
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reported that 5% NRYE reduced the duodenal wall thickness compared with control,
suggesting lowered intestinal hyperplasia.
2.5.4 Effect of dietary nucleotides on modulation of the immune system

Dietary nucleotides have been reported to improve immune responses in weaned
piglets. Domeneghini et al. (2004) reported a higher number of intraepithelial lymphocytes
and macrophages in the ileal tissues of piglets receiving dietary nucleotides. Likewise,
Speranda et al. (2008) reported an immunostimulatory effect of NRYE in terms of increasing
the percentage of lymphocytes, especially CD4 and CD8 subpopulation of T cells.
Intraepithelial lymphocytes are associated with modulation of immune responses and
elimination of damaged or infected cells (Cerf-Bensussan and Guy-Grand, 1991), whereas
macrophages act as the first line of the host defense against viral infections (Ma et al., 2003).

Supplemental nucleotides have also been reported to increase IgA levels in plasma
(Lee et al., 2007; Sauer et al., 2012a) and bile (Lee et al., 2007). A high concentration of IgA
in the intestinal mucosa may indicate stronger humoral mucosal immunity (Macpherson et
al., 2008). Hung (2015) observed that pigs from nucleotide-supplemented sows had higher
total 1gA level in the serum at weaning and 1 wk post-weaning. Martinez-Puig et al. (2007)
reported a reduction in the mortality rate and diarrhea incidence that was associated with a
beta-haemolytic strain of E coli in piglets supplemented with 0.075 and 0.1% dietary
nucleotides compared with the control group.

Furthermore, Carlson et al. (2005) observed that 5% NRYE supplementation reduced
the lamina propria area 28 d post-weaning. The lamina propria contains B lymphocytes,
mature plasma cells, T cells, macrophages, and mast cells, hence, a thinner lamina propria
suggests suppressed immune stimulation. Salobir et al. (2005) induced oxidative stress in pigs
by feeding them a diet with a high proportion of dietary polyunsaturated fat (Quiles et al.,

1999). Oxidative stress is known to induce genotoxic effects on immune cells (Lang et al.,
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2013). They reported that supplementing 0.44% of NRYE reduced blood lymphocyte DNA
damage, suggesting that nucleotides have an immunonutritive effect through their
involvement in the mechanisms of excision and repair of fragmented DNA molecules.

Moreover, beneficial effects of dietary nucleotides have been reported in studies using
disease challenge models. For instance, Hung (2015) observed that dietary nucleotide
supplementation reduced the concentration of serum TNF-a and IL-6 after 2 and 4 hours,
respectively, following a 50 ug/kg body weight of E. coli lipopolysaccharide injection to
piglets, , which suggests a stimulation of macrophage and B cell proliferation, respectively.
2.5.5 Effect of dietary nucleotides on gut microbiota

This is a less researched but extremely important area regarding the effect of
supplemental nucleotides in piglets. Sauer et al. (2010) studied the in vitro effect of
supplementing individual nucleotides on growth response of selected bacterial strains
dominating the small intestine of piglets. They observed that individual nucleotides exerted
differential effects on the growth of tested E. coli strains. An important observation they
made was that compared with control medium, the in vitro growth of pathogenic E. coli strain
PS 37 was suppressed by nucleotides, whereas that of non-pathogenic E. coli DSM 2840 and
pathogenic strain PS79 were enhanced. In addition, they observed no effect of nucleotides on
the growth of Lactobacillus reuteri, Lactobacillus amylovorus, Enterococcus faecium and
Enterococcus faecalis. Their results imply that both pathogenic and non-pathogenic microbes
are capable of utilizing nucleotides for their growth, hence, effects under in vivo conditions
will most likely be determined by competitive exclusion among species with similar survival
requirements. This implication is supported by the results of the in vitro study of Mateo
(2005) who added nucleosides to broths containing bacteria isolated from feces of piglets and
observed an increase in total coliform counts that was associated with a decrease in

Clostridium perfringens counts.
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The in vivo study of Sauer et al. (2012a) failed to show effects of supplemental dietary
nucleotides on the composition of small and large intestine gut microbiota of piglets. On the
contrary, Mateo (2005) fed piglets a control diet without or with 30 or 150% more nucleoside
content as that of sow milk for 14 d post-weaning and reported that pigs receiving
nucleosides had lower fecal counts of Clostridium perfringens and higher fecal counts of L.
acidophilus and Bifidobacterium spp compared with control. The results suggest that dietary
nucleotides modulate proliferation of beneficial and pathogenic bacteria in the gut of piglets
as also observed in human studies (Gil et al., 1986; Singhal et al., 2008).

2.5.6 Reasons for inconsistent results on supplemental nucleotides effect in piglets

The inconsistent results of the reported effects of dietary nucleotides in pigs may be
due to differences in the constitution and concentration of nucleotides used in the trials (Sauer
et al., 2011; Hung, 2015). For instance, Savaiano and Clifford (1978) observed that adenine
was more effectively incorporated into the tissues compared to guanine, hypoxanthine or
xanthine. In addition, Pizzini et al. (1990) observed that pyrimidine nucleotides are more
absorbed and incorporated into tissue RNA compared to purine nucleotides. Sauer et al.
(2012a) mimicked the individual nucleotides' concentration in sow milk using a purified
mixture of nucleotides, whereas all the studies using yeast based nucleotides (Mateo, 2005;
Lee et al.,, 2007; Martinez-Puig et al., 2007; Sauer et al., 2012b) only mimic total
concentration but not individual nucleotides' composition because it is impossible to balance
for individual nucleotides in yeast extracts.

Moore et al. (2011) and Lee et al. (2007) used the same commercial product but at
different inclusion rates, hence, making it difficult to compare their results. Although Weaver
and Kim (2014) and Carlson et al. (2005) reported improved growth performance after
nucleotides' supplementation, they used different products and nucleotides’ concentration.

Martinez-Puig et al. (2007) and Sauer et al. (2012b) used similar inclusion rate of the same
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commercial product but did not measure identical response criteria, hence, making it difficult
to substantiate their results.

Furthermore, Sauer et al. (2011) suggested that the concentration and constitution of
nucleotides may be altered by those nucleotides contained in dietary ingredients, hence,
affecting results of different trials. Moreover, the experimental environment may also affect
the results because nucleotide requirements increase in challenge conditions (Grimble and
Westwood, 2001). For instance, Martinez-Puig et al. (2007) reported that a sudden diarrhea
outbreak associated with a beta-haemolytic strain of E coli during the trial demonstrated a
reduction in the mortality rate and diarrhea incidence in piglets receiving NRYE.

It is worth noting that yeast extracts also contain variable amounts of viable cells, cell
wall components, and parts of the medium on which the yeast cells were grown, which may
influence growth and immune responses. For instance, cell wall polysaccharides may help in
the modulation of mucosal immunity and provision of binding sites for pathogens hence
mediating their elimination from the gut (Kogan and Kocher, 2007). Therefore, the beneficial
effects of NRYE may be multi-faceted and cannot be exclusively attributed to the effect of
nucleotides present in these products (Sauer et al., 2012b). Therefore, further study is needed
to substantiate the effect of individual, pure mixtures and yeast-based nucleotides
supplementation.

2.5.7 Time of response of dietary nucleotides

As discussed earlier, an effective AGP alternative should have a relatively shorter
time of response in piglets. This is because some of the negative effects of post-weaning
stress appear as early as 3 d after weaning (Heo et al., 2013), especially when the weaning-
associated anorexia is severe. Results from the studies of Vitagliano (2014) and Hung (2015)
suggest that supplementing nucleotides to sow diet during late gestation may be beneficial to

the neonatal pig at birth, through the nursing period, and during and after weaning. Studies on
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supplementation of dietary nucleotides to piglet diets also show their beneficial effects during
(Domeneghini et al., 2004; Martinez-Puig et al., 2007; Weaver and Kim, 2014) and after
(Carlson et al., 2005) the weaning period. The ability of dietary nucleotides to exhibit effects
in both cases is based on their role in influencing the cellular functions as discussed earlier.
Since dietary nucleotides enhance structural growth and maturation of important tissues of
the immune system and the intestinal mucosa during the weaning period, their effects have
been described as being long-lasting (Cérdoba et al., 2008).
2.5.8 Interaction of dietary nucleotides with other additives

Studies that investigated the interactive effect of dietary nucleotides with other feed
additives such as exogenous enzymes, organic acids, probiotics, prebiotics and antibiotics are
scarce. Nevertheless, owing to the low concentration of nucleotides in piglet diets (as DNA
and RNA in cellular components of the diet), interactive effects with other additives are
expected at optimal nucleotides dosage synonymous with that of sow milk. For instance,
supplementing NRYE with AGP improved ADG and ADFI of weaned pigs (Carlson et al.,
2005). Furthermore, supplementing nucleotides with L-glutamine resulted in an increase in
villus height and crypt depth, decrease in villus height/crypt depth ratio, increase of mitosis
and decrease in apoptosis in lymphatic follicles, increase in percentage of macrophages and
intraepithelial lymphocytes in ileal tissue (Domeneghini et al., 2004). Further research is
needed to elucidate the synergistic or antagonistic effect of dietary nucleotides with other
commonly used feed additives.
2.5.9 Impact of dietary nucleotides on feed cost and processing

Use of pure nucleotides in animal nutrition may not be feasible because of the high
cost involved in purifying nucleotides. However, new developments have made it possible to
use yeast extract as the delivery vehicle for nucleotides, hence, making NRYE to be available

at an affordable cost. Although no econometric studies have been done on nucleotide
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supplementation in pigs, prevailing market prices as of December 2015 show that the cost of
supplementing nucleotides is estimated at $10 per tonne of treated feed, which is equal to that
of supplementing antibiotics such as lincomycin or aureomycin. Assuming that the
performance of pigs fed nucleotides or antibiotics is the same, then nucleotides can replace
antibiotics at no extra feed cost. In addition, producers in Canada and USA can get a
premium of 5 to 10% for pigs raised without AGP (Grannis and Thilmany, 2001, 2002;
Wheatley, 2003), hence, there would be a significant economic advantage for nucleotide
supplementation.

Moreover, nucleotides are easily incorporated into feed as they are stable at
temperatures (100 to 120°C; Motono, 1982) higher than the optimum temperature range used
for pelletization or extrusion of feed (65 to 95°C; Furuta et al., 1980; Thomas et al., 1997).
Therefore, the delivery of supplemental nucleotides into feed has no negative impact on the

commonly used feed processing methods.

2.6 Summary of literature review

Weaning is a stressful period for pigs and leads to a growth stasis that may reduce
profitability or increase mortality rate if not checked. These negative results are due to the
effect of weaning on gut health outcomes which have been herein reviewed. In-feed AGP
have been successful in mitigating the weaning-associated challenges and promoting growth.
However, the association of AGP with the development of drug resistance in pathogenic
bacteria and contamination of both the environment and pork products with their residues has
resulted in the ban of their usage or low prices of products from AGP-fed pigs. Nucleotides
have been suggested as potential alternatives to antibiotics in mitigating weaning-associated
challenges. Nucleotides are deemed "conditionally essential” nutrients in situations of rapid
growth, tissue injury, disease and limited nutritional supply such as during early weaning.

The mechanism by which nucleotides promote growth and gut health has been suggested to
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mainly involve the promotion of cellular functions associated with cell division. It has been
suggested that the metabolic cost of de novo and salvage pathways of nucleotide synthesis
can be lowered by supplementing dietary nucleotides. Nucleotides sourced from yeast
extracts are more affordable than purified sources, hence, are easily incorporated into
practical diets. However, the reported effects of dietary nucleotides are equivocal and further
studies are needed to substantiate the beneficial effects attributed to nucleotides sourced from
both purified products and yeast extracts. In addition, there is need to study the effects of
dietary nucleotides under commercial barn and disease settings to substantiate the claim of

nucleotides as "conditionally essential™ nutrients for piglets.
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CHAPTER THREE

HYPOTHESES AND OBJECTIVES

In this thesis, it was hypothesized that:

1) Supplementing weaned pig diets with NRYE under sanitary and disease challenge will
mitigate post-weaning stress and improve growth performance.

2) Supplemental NRYE will act synergistically with carbohydrase enzymes in mitigating
post-weaning stress and maintaining growth performance.

3) The beneficial effects of supplemental NRYE will be mediated through enhanced
immune system activation and maintenance of a stable intestinal microbial composition.

The overall objective of this study was to determine the effect of supplementing a

nucleotide-rich yeast extract on growth performance, gut digestive and immune systems, and

gut microbiota in weaned pigs. The specific objectives of this study were:

1) To determine the effect of supplemental NRYE on growth performance and apparent
total tract digestibility (ATTD) of dry matter (DM), crude protein (CP) and gross
energy (GE).

2) To determine the interaction effect of graded levels of antimicrobial growth promoters
with supplemental NRYE on growth performance and ATTD of DM, GE and CP, and
to establish whether NRYE supplementation can completely or partially replace AGP
in diets for weaned pigs.

3) To determine the effect of supplemental NRYE on growth performance, gut structure,
immunity and microbiota on piglets raised in sanitary and unsanitary conditions.

4) To determine the interaction effect of supplemental NRYE and feed enzymes versus
antimicrobial growth promoters on performance, blood cell profile, immune response,

and gut structure after an E. coli lipopolysaccharide challenge.
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4.1 ABSTRACT:

Weaning deprives piglets of nucleotides present in sow milk. Some studies have suggested
that supplemental nucleotides are potential alternatives to antibiotics (AGP) and are
beneficial in mitigating post-weaning associated growth stasis. Therefore, it was
hypothesized that supplemental nucleotide-rich yeast extracts (NRYE) would have similar
beneficial effect as in-feed AGP on growth performance of piglets, the NRYE effect on
growth performance would be more pronounced at a higher NRYE concentration and
supplementing both NRYE and AGP would have an additive effect on growth performance.
Ninety piglets (6.79 = 0.5 kg body weight) were fed corn-wheat-dry whey-canola meal-
soybean meal based-diets containing 0, 0.1, or 0.2% NRYE without or with antimicrobial
growth promoters (AGP) for 21 d to determine NRYE effect on performance and apparent
total tract digestibility (ATTD) of DM, GE and CP. Supplementing AGP without or with
0.1% NRYE increased ADG (P < 0.05), AGP x NRYE interactions were observed for all
ATTD measurements (P < 0.05), and increasing NRYE level in AGP diets linearly decreased
(P <0.05) ATTD of DM, CP and GE. In conclusion, although pigs receiving AGP had better
ADG than control, supplementation of 0.1 or 0.2% NRYE to control diet resulted in similar
growth performance as AGP group. The results suggest that NRYE can mitigate weaning-
associated growth stasis.

Key words: antimicrobial growth promoters, digestibility, nucleotide-rich yeast extract,

growth performance, piglet

4.2 INTRODUCTION
The continuous sub-therapeutic use of AGP has been associated with development of
antimicrobial resistance (Heuer et al., 2006) and environmental contamination (Kimmerer,
2003). Hence, effective alternative therapies to in-feed AGP to mitigate piglet post-weaning

stress are needed (Heo et al., 2013).
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Nucleotides are “conditionally” essential nutrients in periods of stress, rapid growth or
limited nutritional supply such as early weaning (Grimble and Westwood, 2001). Starvation
due to weaning anorexia depletes energy and glutamine supply that limits de novo
nucleotides synthesis. This impedes nucleotide-dependent physiological processes like cell
division, co-enzyme activation and stimulation of cell and humoral immunity because
nucleotides are building blocks of RNA, DNA, ATP, GTP and cAMP (Grimble and
Westwood, 2001; Sauer et al., 2011).

Nucleotides concentration in sow’s milk (2715 ppm) is relatively constant during the
last phase of lactation and many times greater than that in weaner diets (71 ppm) as reported
by Mateo et al. (2004). Weaning deprives piglets of nucleotides, which have been associated
with beneficial effects such as minimizing morphological changes in intestinal tissues,
growth promotion of beneficial gut microbiota, reducing incidence of post-weaning diarrhea,
immune system modulation and improving growth performance (Superchi et al., 2012).

Nucleotides can be supplemented in pure forms or as NRYE, the latter being more
affordable than the former. Studies examining effect of supplemental NRYE in pigs are
scarce, whereas those that simultaneously examine NRYE and AGP effect are lacking.
Therefore, it was hypothesized that supplemental NRYE would have similar beneficial effect
as in-feed AGP on growth performance of piglets, the NRYE effect on growth performance
would be more pronounced at a higher NRYE concentration and supplementing both NRYE
and AGP would have an additive effect on growth performance. The study aimed to compare
the effects of two levels of NRYE supplementation in pig starter diets without or with AGP
on growth performance and apparent total tract digestibilities (ATTD) of dry matter (DM),

crude protein (CP) and gross energy (GE).
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4.3 MATERIALS AND METHODS

All experimental procedures were reviewed and approved by the University of
Manitoba Animal Care Committee (protocol number F08-033/1/2/3), and pigs were handled
in accordance with guidelines described by the Canadian Council on Animal Care (2009).

The NRYE supplement, Maxi-Gen Plus, was supplied by Canadian Bio-Systems Inc.
(Calgary, AB, Canada) and contained cell wall polysaccharides (21.6%), CP (32.7%),
carbohydrates (14.3%) and a mixture of 5 nucleotides (1.1%; adenosine monophosphate,
cytosine monophosphate, inosine monophosphate, uridine monophosphate and guanosine
monophosphate), with 1 g of the NRYE additive supplying approximately 1000 ppm of
mixed nucleotides. The AGP supplements, Aueromycin and Tiamulin, were supplied by Bio
Agri Mix LP (Mitchell, ON, Canada). The AGP were supplemented in the diet according to
the recommended dosage of 55 mg of Aueromycin (chlortetracycline) and 31.2 mg of
Tiamulin per kg of diet by the Canadian Food Inspection Agency.

Ninety [Duroc x (Yorkshire x Landrace)] male and female piglets, weaned at 21d
and with an initial average body weight of 6.79 £ 0.5 kg were used in a 3-wk study. Pigs were
housed in an environmentally controlled nursery building with pens equipped with a feeder, a
nipple drinker, and plastic-covered expanded metal floors. The room temperature was
maintained at 29 + 1°C in wk 1, and then gradually decreased by 1°C every wk thereafter.
The pigs were acclimatized to the experimental environment for 4 d, during which they were
fed the basal starter diet without NRYE or AGP (Table 4.1). Thereafter, they were randomly
assigned to 1 of 6 dietary treatments based on initial BW with 3 pigs per pen and 5
replications per treatment. The treatments were arranged as a 2 x 3 factorial of 2 AGP groups
(+ or -) and 3 NRYE levels (0, 0.1 or 0.2%). All piglets were fed a corn-wheat-dry whey-
canola meal-soybean meal basal starter diet (Table 4.1) without or with AGP. Diets were

supplemented with 0, 0.1 or 0.2% NRYE. All diets were formulated to meet or exceed the



Table 4.1. Composition of the basal diets (as-fed basis)

Item Basal diet
Ingredient, %
Corn 25.90
Wheat 13.75
Canola meal 10.00
Soybean meal 20.00
Fish meal 5.00
Dried whey 20.00
Vegetable oil 2.50
Limestone 0.60
Monocalcium phosphate 0.60
lodized salt 0.25
Vitamin-trace mineral premix* 1.00
L-Lys-HCI 0.10
Titanium dioxide 0.30
Calculated nutrient content
DE, kcal/kg 3472
CP, % 22.7
Ca, % 0.80
Total P, % 0.70
Available P, % 0.50
SID® AA, %
Lys, % 1.40
Met, % 0.40
Thr, % 0.90
Analyzed composition
CP, % 22.1
Ca, % 0.90
Total P, % 0.75

Supplied the following per kilogram of complete diet: 9,000 IU of vitamin A;
1,500 IU of vitamin Ds; 18 mg of vitamin E; 1.5 mg of vitamin K; 250 mg of
choline; 30 mg of niacin; 27.5 mg of calcium pantothenate; 9.4 mg of riboflavin; 2
mg of pyridoxine; 25 pg of cyanocobalamin; 80 pg of biotin; 0.5 mg of folic acid;
18 mg of Cu from copper sulfate, 110 mg of Zn from zinc oxide, 0.2 mg of | from
calcium iodide, 110 mg of Fe from ferrous sulfate, 50 mg of Mn from manganese
dioxide, and 0.3 mg of Se from sodium selenite.

Available P = % of ingredient in diet x % total P in each ingredient x % P
bioavailability in each ingredient

%Standardized ileal digestible

43
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NRC (2012) recommendation for all nutrients. The NRYE and AGP supplements were top-
dressed to the basal diet. The diets were fed as mash and contained 0.3% titanium dioxide as
an indigestible marker for estimation of ATTD. Feed disappearance and body weight were
recorded on d 0 and 21. Representative freshly voided fecal samples were collected from
each penond 19, 20 and 21, and stored at -20°C until required for analysis.

Fecal samples were dried in an oven at 60°C for 4 d and pooled for each pen and
along with diet samples, they were finely ground to pass through a 1 mm screen using a
Cyclotec 1093 Sample Mill (FOSS North America, Eden Prairie, MN, USA), and Thomas-
Wiley mill (Thomas Scientific Swedesboro, NJ, USA), respectively, and thoroughly mixed

before being analyzed for DM, GE, CP, and Ti.

Dry matter was determined according to AOAC (1990) method 925.09 and GE was
determined using an adiabatic oxygen bomb calorimeter (Parr Instrument Co., Moline, IL,
USA) which had been calibrated using benzoic acid as a standard. Crude protein (N x 6.25)
was determined according to method 990.03 of AOAC (1990) using a combustion analyzer
(model CNS-2000;Leco Corp., St. Joseph, MI, USA). Dietary total Ca and P were analyzed
following AOAC (1990) procedures (method 990.08) using a Varian inductively coupled
plasma mass spectrometer (Varian Inc., Palo Alto, CA). Samples for Ti analysis were ashed
and digested as described by Lomer et al. (2000) and were measured by inductively coupled

plasma mass spectrometer (Varian Inc., Palo Alto, CA, USA).

The digestibility of nutrients was calculated using the following equation:
% Apparent nutrient digestibility = {1 — [(T,/T;) x (N;/Ng)]} x 100 where T4 and Ty
are the titanium dioxide concentration in the diet and feces, respectively, and N; and Ny are

the nutrient concentration in the feces and diet, respectively.
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Data were analyzed using the GLM procedure of SAS (SAS Inst., Inc., Cary, NC) for
a 2 x 3 factorial arrangement of treatments. Pre-planned contrasts were used to evaluate
dietary treatment effects. Linear and quadratic effects for NRYE were determined using
orthogonal polynomial contrasts. Significance was defined as P < 0.05 and 0.05 < P < 0.10

was considered a trend.

4.4 RESULTS AND DISCUSSION

Increasing dietary NRYE level had no effects (P > 0.05) on the ADFI, ADG and G:F
independent of AGP inclusion for 21 d after weaning (Table 4.2). Compared with control,
supplementing AGP without or with 0.1% NRYE improved ADG (P < 0.05). Independent of
NRYE supplementation level, pigs receiving AGP tended to have higher ADG (P = 0.072)
than those receiving non-AGP diets. There was an interaction between AGP and NRYE on
the ATTD of DM (P = 0.011), CP (P = 0.009) and GE (P = 0.014). Firstly, the ATTD values
were numerically higher in pigs receiving AGP with 0 or 0.1% NRYE than in those not
receiving AGP. Secondly, when 0.2% NRYE was supplemented with AGP the ATTD values
were reduced, whereas when the same level was supplemented in the absence of AGP, the
ATTD values were increased. Increasing NRYE level in diets with AGP linearly decreased
(P <0.05) ATTD of DM (P = 0.018), CP (P = 0.005) and GE (P = 0.014), whereas in non-
AGP diets it tended to quadratically increase ATTD of DM (P = 0.058) and GE (P = 0.067).

In this study, supplementing 0.1% NRYE without AGP had no effect on growth
performance. This is consistent with results of Lee et al. (2007) and Martinez-Puig et al.
(2007), who reported no effect of supplementing NRYE at 0.075 to 0.1% on growth
performance of piglets. Sauer et al. (2012b) fed pigs a mixture of pure nucleotides (5’AMP,
5’CMP, 5’GMP, 5’IMP, and 5’UMP) and reported improvements in ADFI but not on ADG,

whereas Zomborszky-Kovacs et al. (2000) using a product having only purified adenine and
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Table 4.2. Growth performance and ATTD of DM, CP and GE of pigs fed diets containing 0,

0.1 or 0.2% NRYE without or with AGP

Growth performance criteria® ATTD, %
NRYE ADFI, ADG, G,
Diet AGP (%) g/d g/d 0/g DM CP GE
1 - 0 515 365 0.71 79.8 75.7 78.8
2 - 0.1 571 439 0.77 77.9 74.2 76.6
3 - 0.2 561 417 0.74 81.0 77.2 79.7
4 + 0 618 460 0.75 81.3 78.9 80.4
5 + 0.1 614 463 0.76 81.1 78.8 80.1
6 + 0.2 571 425 0.74 78.8 74.7 775
SEM 38.4 27.2 0.027 0.84 1.11 0.92
AGP x NRYE NS NS NS 0.011 0.009 0.014
Contrasts?
AGP - Linear NS NS NS NS NS NS
Quadratic NS NS NS 0.058 NS 0.067
AGP + Linear NS NS NS 0.018 0.005 0.014
Quadratic NS NS NS NS 0.078 NS
Diet 1 vs. 2 NS NS NS NS NS NS
Diet 1 vs. 3 NS NS NS NS NS NS
Diet 1 vs. 4 0.092 0.033 NS NS 0.057 NS
Diet 1vs. 5 NS 0.029 NS NS 0.062 NS
Diet 1 vs. 6 NS NS NS NS NS NS
Diet 2 vs. 3 NS NS NS 0.015 0.007 0.024
Diet 2 vs. 4 NS NS NS 0.008 0.007 0.007
Diet 3 vs. 4 NS NS NS NS NS NS

! ADFI = average daily feed intake; ADG = average daily gain; G:F = gain to feed ratio

2 AGP - = diets without AGP; AGP + = diets with AGP; Linear and quadratic contrasts were
determined for AGP - and AGP + treatments with 0, 0.1 or 0.2% NRYE; NS = not significant
at P >0.10.
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uracil bases and Weaver and Kim (2014) using a semi-purified product rich in inosine
5’monophosphate reported significant improvements in both ADFI and ADG of piglets. The
inconsistency of the results may be due to use of products with different nucleotides profiles
in these studies. Moreover, the experimental environment may also affect the results because
nucleotide requirements increase in challenged conditions (Grimble and Westwood, 2001).

In this study, it was hypothesized that NRYE would have similar effect on growth
performance as in-feed AGP and supplementing both NRYE and AGP may have a
synergistic effect on growth performance when supplemented together. Unlike AGP
supplementation, compared with control, NRYE supplementation had no significant effect on
ADG. However, 0.1% and 0.2% NRYE supplementation led to a 20 (439 vs. 365 g/d) and
14% (417 vs. 365 g/d) numerical improvement over control, respectively, making piglets
receiving NRYE have statistically similar ADG as those receiving AGP. Therefore, further
studies, with more replicates than those used in this study are required to substantiate the
effect of NRYE on growth performance of piglets. The mechanism by which nucleotides
improve performance responses in piglets is not clear but it is hypothesized that they enhance
development of the immune system and the intestinal mucosa because they are building
blocks of DNA, RNA and ATP which are required during cell division (Grimble and
Westwood, 2001; Sauer et al., 2011). Dietary supplementation with nucleotides is more
important for enterocytes and other cells with a high rate of replication and a low level of de
novo nucleotide synthesis (Cosgrove, 1998). By enhancing cell growth, the intestinal mucosa
and immune system mature faster thus reducing the stress that the animals may suffer as a
result of various enteric diseases or post-weaning stress.

In this study, the effect of supplementing NRYE and AGP on the ATTD of CP, DM
and GE was investigated because transition from milk to solid feed imparts stress to the

development and function of the immature gut, which may result in slow maturation of the
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gut mucosa and consequently insufficient secretion of brush border digestive enzymes.
Moreover, the secretion of digestive enzymes by the pancreas is influenced by the nucleotide
pool in pancreatic cells since nucleotides are needed for RNA synthesis which precedes
protein synthesis (Schulz and Stolze, 1980). Together, these factors may result in poor
digestion and absorption of nutrients thus contributing to the growth depression observed
after weaning. Studies have shown that AGP (Jensen et al., 2014) and NRYE (Martinez-Puig
et al., 2007) increase villous height and villous/crypt ratio in the small intestine of pigs
thereby enhancing nutrient absorption. The results of this study show an interaction between
AGP and NRYE on the ATTD of DM, CP and GE suggesting that increasing the NRYE level
in the diet in the presence of AGP reduced the ATTD values of DM, CP and GE, whereas
increasing the NRYE level in the diet in the absence of AGP increased the ATTD values of
DM, CP and GE. Supplementing both AGP and 0.1% NRYE to the diet tended to improve
the ATTD of CP but studies where AGP and NRYE were simultaneously studied in pigs are
not available to compare with our results. Moreover, digestibility studies involving
supplemental NRYE in pigs are not available to compare with our results except that of Sauer
et al (2012) which reported no effects of pure nucleotides on apparent ileal digestibilities of
CP, DM and crude fiber in piglets.

It is worth noting that a yeast extract was the nucleotides' source in this study. The
product also contains yeast cell wall polysaccharides (21.6%) which may help in modulation
of mucosal immunity and provision of binding sites for pathogens hence mediating their
elimination from the gut (Kogan and Kocher, 2007). Therefore, the beneficial effects of the
NRYE may be multi-faceted and cannot be exclusively attributed to the effect of nucleotides
present in the product (Sauer et al., 2012b).

In conclusion, compared with control, supplementing AGP without or with 0.1%

NRYE improved ADG, supplementing AGP with 0.1% NRYE tended to improve ADFI,
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whereas supplementing 0.1% or 0.2% NRYE without AGP resulted in similar growth
performance as AGP. Further studies using nutritional, sanitary or disease challenge models,
which may increase nucleotides requirements in the piglets are needed to substantiate the
importance of supplemental NRYE in improving piglet growth performance post-weaning
and their effectiveness towards feeding AGP-free diets. These results show the importance of
supplemental NRYE in improving piglet growth performance post-weaning and may be

beneficial to producers and nutritionists desiring to adapt AGP-free feeding programs.
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5.1 ABSTRACT

Dietary nucleotides are bioactive compounds with the potential to mitigate weaning-
associated challenges in piglets. An experiment was conducted to determine the interaction
effect of AGP and NRYE on growth performance and ATTD of DM, CP and GE, and to
establish whether NRYE supplementation may completely or partially replace AGP in diets
for weaned pigs. In phase 1 and 2, corn, wheat, canola meal and soybean meal based diets,
which were formulated to contain 0.0 or 0.1% NRYE with 0, 25, 50, 75 or 100% of the
recommended AGP dosage, were fed to 108 twenty-one day old piglets (initial body weight
7.11 £ 0.9 kg; mean £ SD) from d 1 to 14 and 15 to 28, respectively. Overall, increasing AGP
level in NRYE supplemented diets linearly decreased ADG (P = 0.002) and G:F (P = 0.007);
and quadratically decreased ATTD of DM (P = 0.001), CP (P = 0.003) and G:F (P = 0.017)
during phase 2. Compared with control and pigs fed NRYE with 100% of recommended
AGP dosage, pigs fed 0.1% NRYE without AGP had greater (P < 0.05) ADG and G:F in
phase 2 and overall. In conclusion, supplementing 0.1% NRYE improved growth

performance of pigs but this beneficial effect was reduced by increasing dietary AGP dosage.

Key words: antimicrobial growth promoters; digestibility; growth performance; piglet;

nucleotide-rich yeast extract

5.2 INTRODUCTION
Sub-therapeutic levels of AGP have been supplemented in pig starter diets to mitigate
proliferation of enteropathogenic bacteria associated with post-weaning diarrhea (Heo et al.,
2013). However, public pressure to eliminate the use of in-feed AGP from livestock feed has
intensified because of their potential association with the development of microbial antibiotic
resistance in humans and livestock (Heuer et al., 2006), and environmental contamination

(Carlson et al., 2004). Furthermore, pork products sourced from pigs raised under AGP-free
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regimen are on high demand in several major international markets. Therefore, there is an
urgent need for viable alternatives to dietary antibiotics (Choct, 2001; Heo et al., 2013; Gong
etal., 2014).

Dietary nucleotides have been suggested as a potential alternative therapy to in-feed
AGP in mitigating post-weaning stress in piglets. Sauer et al. (2011) reviewed the role of
dietary nucleotides in piglets and showed that they may have beneficial effects on intestinal
morphology and function, intestinal microbiota, immune function, nutrient metabolism, and
hepatic morphology and function. Zomborszky-Kovacs et al. (2000) and Weaver and Kim
(2014) reported that dietary nucleotides supplementation improved the growth performance
of weaned piglets. However, studies that simultaneously compare the effectiveness of dietary
nucleotides and AGP are lacking thereby making it difficult to substantiate the role of
nucleotides as alternatives to AGP. Nucleotides can be supplemented in pure forms or as
NRYE, the latter being more affordable than the former.

In Manuscript |, it was concluded that supplementing 0.1 or 0.2% NRYE without
AGP resulted in similar growth performance as AGP. Hence, 0.1% NRYE inclusion level
was chosen for the succeeding studies. The aim of this study was to determine the effect of
supplementing 0.1% NRYE to diets containing graded levels of AGP on piglet growth
performance and ATTD of DM, CP and GE, and to establish whether NRYE

supplementation may completely or partially replace AGP in piglet starter diets.

5.3 MATERIALS AND METHODS
All experimental procedures were reviewed and approved by the University of
Manitoba Animal Care Committee (protocol number F08-033/1/2/3), and pigs were handled
in accordance with the guidelines described by the Canadian Council on Animal Care (2009).

Animals and housing
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One-hundred and eight [Duroc % (Yorkshire x Landrace)] male and female piglets,
weaned at 21d and with an initial average body weight of 7.11 + 0.9 kg were used in a 4-wk
study. The pigs were housed in an environmentally controlled nursery building with pens
equipped with a feeder, a nipple drinker, and plastic-covered expanded metal floors. The
room temperature was maintained at 29 + 1°C in wk 1, and then gradually decreased by 1°C
every week thereafter.
Experimental design

On d 1, pigs were randomly assigned to the dietary treatments based on the initial
body weight with 3 pigs per pen and 6 replications per treatment. Piglets were fed a standard
phase 1 and 2 diet (Table 5.1) without or with 0.1% NRYE from d 1 to 14, and d 15 to 28,
respectively. Diets with 0.1% NRYE were supplemented with 0, 25, 50, 75 and 100% of the
recommended AGP dosage in each phase. The NRYE supplement, Maxi-Gen Plus, was
supplied by Canadian Bio-Systems Inc. (Calgary, AB, Canada) and had similar composition
as that described in Manuscript 1. The AGP supplements, Aueromycin and Tiamulin, were
supplied by Bio Agri Mix LP (Mitchell, ON, Canada) and were included following the
Canadian Food Inspection Agency recommended dosage of 55 mg of Aueromycin
(chlortetracycline) and 31.2 mg of Tiamulin per kg of diet. All diets were fed as mash and
contained 0.3% titanium dioxide as an indigestible marker. Feed disappearance and body
weight were recorded weekly. Representative freshly voided fecal samples were collected
over the last 3 d of wk 2 and 4, and stored at -20°C until required for analysis.
Sample preparation and chemical analyses

Fecal and diet samples were processed and analyzed for DM, GE, CP, Ca (diets only),
total P (diets only) and Ti content as described in Manuscript I, except that the feces were

pooled for each pen and week of collection.
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Table 5.1. Ingredient and chemical composition of the basal diets, as-fed basis

ltem Phase 1! Phase 2°
Ingredient
Corn 25.90 38.35
Wheat 13.75 21.90
Canola meal 10.00 10.00
Soybean meal 20.00 23.85
Fish meal 5.00 0.00
Dried whey 20.00 0.00
Vegetable oil 2.50 2.35
Limestone 0.60 0.80
Monocalcium phosphate 0.60 1.00
lodized salt 0.25 0.25
Vitamin-trace mineral premix® 1.00 1.00
L-Lys-HC1 0.10 0.20
Titanium dioxide 0.30 0.30
Calculated nutrient content
DE, kcal/kg 3,472 3,450
CP, % 22.7 20.9
Ca, % 0.80 0.70
Total P, % 0.70 0.69
Available P 0.50 0.33
SID* AA, %
Lys, % 1.40 1.24
Met, % 0.40 0.34
Thr, % 0.90 0.78
Analyzed composition
CP, % 22.1 20.8
Ca, % 0.90 0.79
Total P, % 0.75 0.70

Phase 1 diet was fed to pigs from d 1 to 14.

2 Phase 2 diet was fed to pigs from d 15 to 28.

® Premix provided per kilogram of complete diet: 9,000 1U of vitamin A; 1,500 IU of vitamin
Ds; 18 mg of vitamin E; 1.5 mg of vitamin K; 250 mg of choline; 30 mg of niacin; 27.5 mg of
calcium pantothenate; 9.4 mg of riboflavin; 2 mg of pyridoxine; 25 pg of cyanocobalamin; 80
Kg of biotin; 0.5 mg of folic acid; 18 mg of Cu from copper sulfate, 110 mg of Zn from zinc
oxide, 0.2 mg of | from calcium iodide, 110 mg of Fe from ferrous sulfate, 50 mg of Mn from
manganese dioxide, and 0.3 mg of Se from sodium selenite.

*SID = standardized ileal digestible.
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Calculations and statistical analysis
The digestibility of DM, CP and GE were calculated using the equation described in
Manuscript I. Data were analyzed using the mixed procedure of SAS (SAS Inst., Inc., Cary,
NC). Initial body weight was used as a covariate for analyses of ADG data. Pre-planned
contrasts were used to compare pigs receiving 0.1% NRYE with control and those offered
100% recommended AGP dosage. Linear and quadratic effects were determined using

orthogonal polynomial contrasts and differences were considered significant at P < 0.05.

5.4 RESULTS AND DISCUSSION

The 0.1% inclusion level of NRYE was selected based on the study of Martinez-Puig
et al. (2007) and preliminary studies in our laboratory (Waititu et al., 2013) showing that
supplementing NRYE at levels above 0.1% does not have any added benefits to the
performance of piglets. In this study, graded levels of the AGP recommended dosage were
used to study the potential of NRYE to partially or completely replace AGP in piglet diets.

In phase 2 and overall, pigs fed 0.1% NRYE without AGP had higher (P < 0.05)
ADG and G:F than control pigs (Table 5.2). This observation contradicts the studies of Lee et
al (2007) who supplemented 0.1% NRYE and Martinez-Puig et al. (2007) who supplemented
0.075 and 0.1% NRYE and reported no effect of supplementing NRYE on growth
performance. However, the results support the studies of Zomborszky-Kovacs et al. (2000)
who supplemented pure uracil and adenine at 0.5% each and Weaver and Kim (2014) who
supplemented a mixture of nucleotides high in inosine at 0.02, 0.05, or 0.1% inclusion level
and reported significant linear improvement in ADG and ADFI as dietary nucleotides
increased. Nucleotides are thought to improve performance responses in piglets by enhancing
the development of the immune cells and the intestinal mucosa because they are building
blocks of DNA, RNA and ATP, which are required during cell division (Grimble and

Westwood 2001; Sauer et al. 2011). Dietary supplementation of nucleotides is more
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Table 5.2. Growth performance of pigs fed diets without or with 0.1% NRYE with graded levels of AGP, phase 1 is from d 1 to 14, phase

2 is from d 15 to 28!

ADFI, g/d ADG, g/d G:F, g/g
Diet NRYE, % AGP, %> Phasel Phase2 Overall Phase 1 Phase 2 Overall Phase 1 Phase 2 Overall
1 0 0 369 701 535 282 442 362 0.77 0.64 0.67
2 0.1 0 416 685 551 314 560 437 0.76 0.83 0.80
3 0.1 25 415 662 538 328 491 410 0.79 0.77 0.77
4 0.1 50 416 716 566 345 408 376 0.83 0.58 0.67
5 0.1 75 416 691 554 310 469 389 0.75 0.69 0.71
6 0.1 100 395 670 533 278 412 345 0.70 0.62 0.65
Pooled SEM 22.8 38.2 21.4 19.7 32.6 21.2 0.028  0.06 0.04
Contrasts
Linear NS NS NS NS 0.002  0.002 NS 0.007  0.006
Quadratic NS NS NS 0.069 NS NS 0.012 NS NS
Diet 2 vs. 1 NS NS NS NS 0.017 0.019 NS 0.035  0.040
Diet 2 vs. 6 NS NS NS NS 0.004  0.005 NS 0.021 0.016

1 ADFI = average daily feed intake; ADG = average daily gain; G:F = gain to feed ratio; SEM = standard error of mean; NS = not
significant.

2100% of recommended AGP dosage = 55 mg of Aueromycin (chlortetracycline) and 31.2 mg of Tiamulin per kg of diet.

% Linear and quadratic contrasts were determined for treatments supplemented with 0.1% NRYE; preplanned contrasts were determined
between Diet 2 vs. 1 and Diet 2 vs. 6.
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important for enterocytes and other cells with a high rate of replication and a low level of de
novo nucleotide synthesis (Cosgrove, 1998). By enhancing cell growth, the intestinal mucosa
and immune system mature faster thus reducing the stress that the animals may suffer as a
result of various enteric diseases or post-weaning stress. Additionally, because nucleotides
aid in tissue development, their effect is considered long-lasting (Singhal et al., 2010).

During phase 2 and overall, pigs fed 0.1% NRYE without AGP had greater (P < 0.05)
ADG and G:F than pigs fed 0.1% NRYE with 100% of recommended AGP dosage (Table
5.2). This implies that increasing AGP level in NRYE supplemented diets suppressed the
beneficial effects of NRYE. This is further supported by the results showing that increasing
AGP level in diets with 0.1% NRYE linearly decreased ADG and G:F during phase 2 (P =
0.002 and 0.007, respectively) and overall (P = 0.002 and 0.006, respectively). To the best of
our knowledge, we could not find studies to compare with these observations because studies
that simultaneously examine the effect of AGP and NRYE are lacking.

The beneficial effect of AGP was observed in phase 1 showing that increasing AGP
level in diets with 0.1% NRYE quadratically increased ADG (P = 0.069) and G:F (P = 0.012;
Table 5.2), and in phase 2 showing that increasing AGP level in diets with 0.1% NRYE,
quadratically increased ATTD of DM (P = 0.001), CP (P = 0.001) and GE (P = 0.017; Table
5.3). In both cases, the highest values of the measured parameters were associated with 25
and 50% supplementation of the recommended AGP dosage implying that supplementing
0.1% NRYE can replace in-feed AGP dosage by 75% without suppressing performance and
nutrient utilization. The effect of supplementing NRYE and AGP on the ATTD of CP, DM
and GE was investigated because transition from milk to solid feed imparts stress to the
development and function of the immature gut (van Beers-Schreurs et al., 1998), which may

result in slow maturation of the gut mucosa and consequently insufficient secretion of
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Table 5.3. Apparent total tract digestibility of DM, CP and GE of pigs fed diets without or

with 0.1% of a NRYE with graded levels of AGP, phase 1 is from d 1 to 14, phase 2 is from d

15 to 28"
ATTD of DM, % ATTD of CP, % ATTD of GE (%)
Diet NRYE AGP?
(%) (%) Phasel  Phase?2 Phase 1  Phase 2 Phase 1  Phase 2

1 0 0 772 77.7 70.0 72.6 74.8 76.7
2 0.1 0 735 76.3 66.7 70.9 71.7 74.9
3 0.1 25 740 78.9 62.8 76.5 71.6 77.4
4 0.1 50 77.0 78.1 65.7 74.0 75.3 76.9
5 0.1 75 717 77.3 61.7 73.3 69.3 75.8
6 0.1 100 73.8 75.8 65.4 70.5 71.6 74.5
Pooled SEM 1.52 0.83 2.15 117 1.73 0.92
Contrast ®

Linear NS NS NS NS NS NS
Quadratic NS 0.001 NS 0.003 NS 0.017
Diet 2 vs. 1 NS NS NS NS NS NS
Diet 2 vs. 6 NS NS NS NS NS NS

! SEM = standard error of mean; NS = not significant.

2100% of recommended AGP dosage = 55 mg of Aueromycin (chlortetracycline) and 31.2
mg of Tiamulin per kg of diet.

® Linear and quadratic contrasts were determined for treatments supplemented with 0.1%
NRYE; preplanned contrasts were determined between Diet 2 vs. 1 and Diet 2 vs. 6.
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digestive enzymes. Together, these factors may result in poor digestion and absorption of
nutrients thus contributing to the growth depression observed after weaning.

It is worth noting that the NRYE product used in this study also contained yeast cell
wall polysaccharides (21.6%) which may help in the modulation of mucosal immunity
(Kogan and Kocher, 2007). Therefore, the beneficial effects of the NRYE may be multi-
faceted and cannot be exclusively attributed to the effect of nucleotides present in the product
(Sauer et al., 2012b). Furthermore, although the findings of this study shows that AGP dosage
can be reduced when NRYE is supplemented to diets, there are concerns that lower antibiotic
dosages may enhance development of drug resistance (Olofsson and Cars, 2007). However,
the interactive effect of NRYE and reduced AGP dosage on gut microbioata and drug
resistance has not been investigated. Moreover, pharmacological studies have not fully
established optimal antibiotic dosing strategies that can be used to simultaneously treat
bacterial infections and prevent emergence of resistance (Olofsson and Cars, 2007).
Consequently, the concerns of reducing the AGP dosage when NRYE are supplemented
requires substantiation by further studies.

In conclusion, dietary NRYE supplementation improved growth performance but
increasing AGP level reduced the beneficial effect of NRYE. The NRYE can be
supplemented alone or with 25% of the recommended AGP dosage without affecting growth
performance and nutrient utilization in weaned pigs. However, further studies with more
replicates are needed to substantiate these results and the importance of supplemental NRYE
in improving piglet growth performance post-weaning and their effectiveness towards
feeding AGP-free diets. Overall, these results show the importance of supplemental NRYE in
improving piglet growth performance post-weaning and may be beneficial to producers and

nutritionists desiring to adapt AGP-free feeding programs.
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6.1 ABSTRACT
An experiment was carried out to evaluate the effect of supplementing a NRYE on growth
performance, gut structure, immunity and microbiota of piglets raised in sanitary and
unsanitary conditions. Unsanitary conditions were created in this study to mimic an
environment of increased microbial load such as that often present in commercial farms,
which could induce stress to the immature piglet immune system and consequently enhance
the effect of supplemental nucleotides. Eighty-four, 21-d old piglets housed 3 per pen were
fed a corn-soybean meal based diet without or with 0.1% NRYE. Feed disappearance and
body weight were recorded on d 1, 14 and 28. On d 14, one pig per pen was euthanized to
collect ileum, mesenteric lymph nodes (MLN) and spleen tissues, and cecum and colon
digesta. Overall, NRYE supplementation improved ADFI (P = 0.034) in the clean room,
kidney weight in both clean (P = 0.0002) and unclean room (P < 0.0001) and tended to
improve the villus height/crypt depth ratio in the clean room (P = 0.073). lleal programmed
cell death gene-1 (P = 0.0003), IL-1p (P <.0001), IL-6 (P = 0.0003), IL-10 (P < 0.0001) and
TNF-a (P < 0.0001) were upregulated in pigs receiving NRYE in the unclean room.
Supplementing the NRYE in the clean room suppressed growth of cecal Enterobacteriacea (P
< 0.001) members and colonic Enterococcus spp. (P < 0.019), improved proliferation of cecal
Lactobacillus (P < 0.002) and colonic Clostridium cluster 1V (P < 0.011) and XVIa members
(P < 0.0002). Supplementing the NRYE in the unclean room improved proliferation of cecal
Clostridium cluster IV (P < 0.026) and suppressed proliferation of colonic Enterococcus spp.
(P < 0.037). In conclusion, supplementing the NRYE to piglets under unsanitary conditions
improved ileal immune response by upregulating inflammatory cytokines, and positively
modulated proliferation of gut bacteria considered beneficial to gut health and suppression of

bacteria considered harmful to gut health.
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6.2 INTRODUCTION

Dietary nucleotides are bioactive compounds with the potential to mitigate weaning-
associated challenges in piglets (Sauer et al., 2011). The presence of nucleotides in sow milk
has stimulated research on their importance in regulating growth performance, and
development of gut immunity and microbiota in piglets. Various studies have suggested that
under stressful conditions such as diseases or malnutrition, the beneficial effects of dietary
nucleotides on growth performance and development of gut immunity and a healthy
microbiota will be more pronounced (Grimble and Westwood, 2001; Yu et al., 2002; Sauer et
al., 2011). Hence, nucleotides are viewed as conditionally essential nutrients in tissues
requiring rapid cell replication (Van Buren and Rudolph, 1997). Dietary nucleotides may be
more essential for intestinal epithelium and lymphoid cells, which lack significant capacity
for de novo synthesis of nucleotides (Uauy et al., 1994). In addition, it has been reported that
dietary nucleotides may positively transform the gut microbial profile of piglets. For instance,
Mateo (2005) reported higher fecal counts of beneficial Lactobacillus and Bifidobacteria and
lower counts of Clostridum perfringens in piglets fed diets supplemented with nucleotides.

Weaning deprives piglets of essential nutrients, immunoglobulins and nucleotides
found in sow milk. Compounded feeds have lower concentrations of nucleotides compared
with sow milk (Mateo, 2005). Consequently, the physiological systems of the piglet
dependent on nucleotides such as cell division, ATP energy and co-enzymes activation are
negatively impacted (Sauer et al., 2011). In this regard, nucleotides are deemed conditionally
helpful in mitigating the challenges piglets are predisposed to immediately after weaning
(Grimble and Westwood, 2001; Mateo, 2005; Sauer et al., 2011). However, there is a paucity
of studies showing the effects of dietary nucleotides in weaned pigs raised in stressful,
unsanitary or disease conditions, which represent conditions pigs face in conventional farms.

Unsanitary conditions were created in this study to mimic an environment of increased



63

microbial load such as that often present in commercial farms, which could induce stress to
the immature piglet immune system and consequently enhance the effect of supplemental
nucleotides as suggested by Grimble and Westwood (2001), and Sauer et al. (2011).
Therefore, it was hypothesized that in pigs raised under unsanitary conditions, supplemental
NRYE will enhance their growth performance, gut structure, immunity and microbiota
composition. The aim of the present study was to evaluate the effect of dietary NRYE
supplementation on growth performance, gut structure, immunity and microbiota in response

to a sanitary challenge.

6.3 MATERIALS AND METHODS

All experimental procedures were reviewed and approved by the University of
Manitoba Animal Care Committee (protocol number F13-002), and pigs were handled in
accordance with the guidelines described by the Canadian Council on Animal Care (2009).
Animals and housing

A total of eighty-four [Duroc x (Yorkshire x Landrace)] piglets (male and female),
weaned at 21d of age with an initial average body weight of 7.11 + 0.90 kg, were randomly
allocated on the basis of body weight to four treatments in a 2 x 2 factorial arrangement of
diet (0 or 0.1% NRYE) and sanitation (clean or unclean room). There were 7 replicate pens
per treatment each with 3 piglets. One group was raised in a room designated as the clean
room that was washed once per week, whereas the second group was raised in a room
designated as the unclean room in which 7 kg of manure from a sow herd was spread on each
pen floor on d 1 and d 7 and the room was not washed throughout the experiment. Each room
had 14 pens equipped with a feeder, a suspended water line fitted with a low-pressure nipple,
and plastic-covered expanded metal floors. Temperature in both rooms was maintained at 29

+ 1°C in wk 1, and then gradually decreased by 1°C every wk thereafter.
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Dietary treatments
The dietary treatments were a corn-soybean meal-based-diet fed without or with 0.1%
NRYE. The NRYE supplement, Maxi-Gen Plus, was supplied by Canadian Bio-systems Inc
(Table 6.1). (Calgary, AB, Canada) and contained cell wall polysaccharides (21.6%), CP
(32.7%), carbohydrates (14.3%) and a mixture of 5 nucleotides (1.1%; adenosine
monophosphate, cytosine monophosphate, inosine monophosphate, uridine monophosphate
and guanosine monophosphate), with 1 g of the NRYE additive supplying approximately
1000 ppm of mixed nucleotides. The diets were formulated to meet or exceed the NRC
(2012) requirement specifications for weanling pigs, and were fed in a mash form.
Sampling and measurements
Feed consumption and body weight were recorded biweekly. On d 14, one pig per pen was
euthanized. The spleen, liver and kidneys were removed, blotted dry and weighed. A 2 cm
section of distal ileum was collected and fixed with 10% buffer neutral formalin for
morphological evaluation. Approximately 2 g of spleen and mesenteric lymph node (MLN)
and another 2 cm of distal ileum were collected and immediately frozen in liquid nitrogen,
and stored at -80°C for RNA extraction and gene expression analysis. About 5 g of the cecum
and colon digesta were also collected and frozen in liquid nitrogen, and transferred to -80°C
until required for bacterial genomic DNA extraction.
Sample preparation and chemical analyses

Dietary samples were processed and analyzed for CP, Ca and total P as described in
manuscript | (see section 4.3).
Histomorphology measurements

The formalin-fixed ileum tissues were processed at the Veterinary Diagnostic
Services Laboratory (Winnipeg, Manitoba, Canada). Villus height and crypt depth were

measured at 10x magnification using Axiostar Plus microscope (Carl Zeiss, Oberkochen,



Table 6.1. Ingredient and chemical composition of the basal diets, as-fed basis

ltem Phase 1 Phase 2°
Ingredient
Corn 25.25 35.00
Wheat 19.00 22.00
Soybean meal 20.00 26.00
Canola meal 5.00 10.00
Fish meal-H 5.00 0.00
Dried Whey 20.00 0.00
Vegetable Oil 3.00 3.50
Limestone 0.83 1.10
Monocalcium phosphate 0.14 0.62
lodized Salt 0.26 0.26
Vitamin-trace mineral premix® 1.00 1.00
L-Lys-HCl 0.35 0.35
DL-Methionine 0.10 0.10
Threonine 0.07 0.07
Calculated nutrient content
DE (kcal/kg) 3573 3537
CP, % 22.3 22.4
Ca, % 0.80 0.70
Total P, % 0.65 0.60
Available P, % 0.43 0.33
SID Lys, % 1.36 1.25
SID Met, % 0.43 0.41
SID Thr, % 0.79 0.74
Analyzed composition
CP, % 23.2 23.4
Ca, % 0.84 0.65
Total P, % 0.78 0.62

Phase 1 diet: was fed to pigs from d 1 to 14.

“Phase 2 diet: was fed to pigs from d 14 to 28.

*provided the following per kilogram of complete diet: 9,000 IU of vitamin A; 1,500
IU of vitamin D3; 18 mg of vitamin E; 1.5 mg of vitamin K; 250 mg of choline; 30 mg
of niacin; 27.5 mg of calcium pantothenate; 9.4 mg of riboflavin; 2 mg of pyridoxine;
25 pg of cyanocobalamin; 80 ug of biotin; 0.5 mg of folic acid; 18 mg of Cu from
copper sulfate, 110 mg of Zn from zinc oxide, 0.2 mg of | from calcium iodide, 110
mg of Fe from ferrous sulfate, 50 mg of Mn from manganese dioxide, and 0.3 mg of
Se from sodium selenite.
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Germany) equipped with a camera (Canon Canada Inc., Mississauga, Ontario, Canada) and
ImageJ software (National Institutes of Health, Bethesda, MD) in at least 15 well oriented
villus and crypt columns of each tissue sample. Villi height was measured from the top of the
villus to the start of the crypt, whereas crypt depth was measured from the bottom end of the
villi to the start of the mucosa. The villus height/crypt depth ratio was calculated.
Bacterial DNA extraction
Bacterial DNA was extracted from cecal and colonic digesta for the determination of

the relative abundance of target bacteria at the genus level. Cecum and colon digesta samples
were thawed before analyses and DNA was extracted (QIAmp DNA Stool mini Kit;
QIAGEN, Hilden, Germany) according to the manufacturer’s protocol for stool pathogen
detection as described by Li et al. (2003).
Total RNA extraction and cDNA synthesis

Total RNA of ileum, MLN and spleen samples was extracted. Briefly, approximately 100
mg of tissue sample was placed in a 2 ml tube containing 0.5 ml of 0.1 mm silica beads and 1
ml TRIZOL reagent (Invitrogen Canada Inc., Burlington, Ontario, Canada) and subjected to
bead beating with PowerLyzer (MO BIO Laboratories, Inc., Canada) for 2 min at
homogenization level 2,500, and then chilled on ice for 5 min. The above procedure was
repeated once. Total RNA was then extracted, washed, and eluted following the
manufacturer’s instructions for the TRIZOL reagent. RNA concentration and purity was
measured using an ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE,
USA). To remove genomic DNA contamination, total RNA was treated with DNase |
according to the manufacturer’s protocol. Two micrograms of total RNA with an optical
density 260/280 ratio between 1.8 and 2.0 was used for cDNA synthesis using a High
Capacity cDNA Reverse transcription Kit (Applied Biosystems, Foster City, CA, USA) with

RNase inhibitor according to the manufacturer’s instructions.
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Quantitative PCR

Quantitative PCR for DNA and cDNA templates was carried out using a Bio-Rad
CFX Real-time system (BioRad, Hercules, CA, USA). Each reaction mixture was run in
duplicate using optical 96-well reaction plates (BioRad, Hercules, CA, USA). Each
amplification reaction was carried out with 12.5 pl of iTag SYBR Green Supermix (BioRad,
Hercules, CA, USA) mixed with 1 pl of each primer set (Table 6.2 and 6.3), 1 ul of genomic
DNA or ¢cDNA and 9.5 ul of nuclease-free water. Negative controls were created by
replacing DNA or cDNA with nuclease-free water. Amplification consisted of initial
denaturation for 5 min, followed by 40 cycles of denaturation at 95°C for 15 s, primer
annealing at their individual optimal temperatures (Table 6.2 and 6.3) for 30 s, and an
extension step at 72°C for 30 s. After the amplification, a melting curve analysis with a
temperature gradient of 0.1°C per second from 70 to 95°C was performed to confirm that
only specific products were amplified. The DNA templates were pooled and serially diluted
eightfold to evaluate the efficiency (E) of the amplification of each primer set (Khafipour et
al., 2009; Ivarsson et al., 2014). Amplification efficiency was calculated from the slope of the
standard curve generated by plotting the threshold cycle versus logarithmic values of
different DNA concentrations using the equation: E = 100**'°°®) (Rasmussen, 2001).
Calculations and statistical analysis

The Sus scrofa beta-actin gene and 16S rRNA gene of Eubacteria were used to
normalize target genes transcript levels for immune cytokines and gut microbial groups,
respectively. Nygard et al. (2007) reported that the expression of beta-actin was stable in 17
different pig tissues. The relative abundance of each target gene was analyzed using the 24"
method (Arocho et al., 2006). All data were analyzed using the Mixed procedure of SAS
(SAS Inst., Inc., Cary, NC). For all data analyses, significance was defined as P < 0.05 and

0.05 < P < 0.10 was considered a trend.



Table 6.2. Primers used for gPCR analysis of immune cytokines
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GenBank
Amplicon Tt
Gene accession Primer sequence (5°-37)
size (bp) (°C)
Reference no.
IFN-y NM_213948.1 231 60 F: GGCCATTCAAAGGAGCATGG
R: GCTCTCTGGCCTTGGAACAT
IL-1B NM_214055.1 131 60 F: GCCCATCATCCTTGAAACGTG
R: GGAGAGCCTTCAGCATGTGT
IL-6 NM_214399.1 149 60 F: TAAGGGAAATGTCGAGGCCG
R: TCCACTCGTTCTGTGACTGC
IL-10 NM_214041.1 179 60 F: TCCGACTCAACGAAGAAGGC
R: AACTCTTCACTGGGCCGAAG
TNF-a NM_214022.1 120 60 F: ATTCAGGGATGTGTGGCCTG
R: CCAGATGTCCCAGGTTGCAT
PD-1 NM_213838.1 123 60 F: ATGGTCCTGTTACCTGTGCC
R: ACAGGTGCCGATCTGTTTCA
Beta-actin XM_005670976.1 179 60 F: CGAGGCTCAGAGCAAGAGAG

R: GGTTGGCCTTAGGGTTCAGG

! Annealing temperature.



Table 6.3. Primers used for gPCR analysis of gut bacteria groups
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Amplicon

Target bacterial group size (bp) Tt Primer sequence Reference

Total Eubacteria 180-220 58 F: CGGYCCAGACTCCTACGGG Lee et al. (1996)
R: TTACCGCGGCTGCTGGCAC

Lactobacillus spp. 341 62 F: AGCAGTAGGGAATCTTCCA Walter et al. (2001)
R: CACCGCTACACATGGAG

Enterococcus spp. 144 60 F: CCCTTATTGTTAGTTGCCATCATT Rinttil& et al. (2004)
R: ACTCGTTGTACTTCCCATTGT

Enterobacteriacea 189 63 F: CATTGACGTTACCCGCAGAAGAAGC  Bartosch et al. (2004)
R: CTCTACGAGACTCAAGCTTGC

Bifidobacterium spp. 243 63 F: TCGCGTCYGGTGTGAAAG Rinttila et al. (2004)
R: CCACATCCAGCRTCCAC

Clostridium cluster XI1Va 438-441 50 F: AAATGACGGTACCTGACTAA Matsuki et al. (2002)
R: CTTTGAGTTTCATTCTTGCGAA

Clostridium cluster 1V 240-244 50 F: GCACAAGCAGTGGAGT Matsuki et al. (2004)
R: CTTCCTCCGTTTTGTCAA

Clostridium Cluster | 231 63 F: TACCHRAGGAGGAAGCCAC Matsuki et al. (2002)

R: GTTCTTCCTAATCTCTACGCAT

Annealing temperature, °C.
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6.4 RESULTS

Growth performance

All piglets in both clean and unclean conditions appeared healthy throughout the
experiment. Overall, no diet x sanitation interactions were observed except for ADFI (P =
0.018; Table 6.4) showing that NRYE improved ADFI in the clean room (P = 0.034).
Carcass characteristics and ileal histomorphology

Diet x sanitation interactions were observed for villus height/crypt depth ratio (P =
0.028) showing that NRYE tended to improve the villus height/crypt depth ratio (P = 0.073)
in the clean room (Table 6.5). Compared to control, supplementing NRYE increased kidney
weight of piglets in both clean (P = 0.0002) and unclean (P < 0.0001) rooms.
Immune response in the ileum, mesenteric lymph nodes and spleen

Diet x sanitation interactions were only observed for the ileal expression of
programmed cell death gene-1 (PD-1; P = 0.0003), IL-1B (P < 0.0001), IL-6 (P = 0.0003),
IL-10 (P < 0.0001) and TNF-a (P < 0.0001) mRNA (Table 6.6). Taken together, the
interactions show that NRYE supplementation upregulated the expression of these genes only
in the unclean room.
Relative abundance of bacterial groups in the cecum and colon digesta

Diet x sanitation interactions were observed for changes in abundance of cecal
Enterobacteriacea members (P = 0.001), Lactobacillus spp. (P = 0.002), and colonic
Clostridium cluster XIVa (P = 0.002), whereas there was a tendency towards interaction for
Clostridium cluster IV members (P = 0.002; Table 6.7). Taken together, these interactions
show that NRYE supplementation suppressed growth of cecal Enterobacteriacea members (P
< 0.001) and colonic Enterococcus spp. (P < 0.019), and improved proliferation of cecal
Lactobacillus (P < 0.002) and colonic Clostridium cluster IV (P < 0.011) and XVla (P

<0.0002) members in pigs raised in the clean room. Compared with control, supplementing
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Table 6.4. Growth performance of piglets fed diets without or with NRYE and raised in clean

or unclean conditions

Treatments®
Clean room Unclean room P-value®
ltem? CON NRYE CON NRYE SEM DxS 1 2
Phase 1
ADFI (g/d) 262 285 280 255 16.3 NS NS NS
ADG (g/d) 184 202 211 195 16.9 NS NS NS
G:F (9/0) 0.69 0.71 0.75 0.77 0.031 NS NS NS
Phase 2
ADFI (g/d) 773 844 833 795 28.7 0.075 0.086 NS
ADG (g/d) 439 459 541 537 29.7 NS NS NS
G:F (9/0) 0.56 0.54 0.65 0.68 0.025 NS NS NS
Overall
ADFI (g/d) 518 565 557 525 15.1 0.018 0.034 NS
ADG (g/d) 311 331 376 366 11.9 NS NS NS
G:F (g/9) 0.63 0.62 0.70 0.72 0.014 NS NS NS

'ADG, average daily gain; ADFI, average daily feed intake; G:F, gain to feed ratio.

2CON = control diet; NRYE = diet containing 0.1% NRYE

D x S = Diet x sanitation interaction effect; 1 = effect of NRYE in the clean room:; 2 = effect
of NRYE in the unclean room; NS = not significant.



Table 6.5. Live body weight (d 14), empty carcass weight, organ weights, and ileal morphology of weaner pigs fed

diets without or with NRYE and raised in clean or unclean conditions

Treatments®
Clean room Unclean room P-value®

Item* CON NRYE CON NRYE SEM DxS 1 2
Live body weight (LBW, Kkg) 10.3 9.8 10.3 9.4 039 NS NS NS
Empty carcass weight (kg) 7.2 6.8 7.4 6.7 0.34 NS NS NS
Organ weights, g/kg of LBW

Empty gut 925 91.7 88.7 94.0 194 NS NS 0.064

Liver 35.2 38.3 34.5 37.5 1.86 NS NS NS

Kidneys 6.3 7.7 59 7.5 022 NS 0.0002 <.0001

Spleen 3.6 3.4 35 2.8 040 NS NS NS
Ileal morphology

VH, um 349 405 411 399 264 NS NS NS

CD, um 369 371 360 393 20.3 NS NS NS

VH:CD 0.97 1.14 1.14 1.01 0.065 0.028 0.073 NS

1\VH = villus height, CD = crypt depth, VH:CD = villus height/crypt depth ratio.
CON = control diet; NRYE = diet containing 0.1% NRYE

%D x S = Diet x sanitation interaction effect; 1 = effect of NRYE in the clean room; 2 = effect of NRYE in the
unclean room; NS = not significant.
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Table 6.6. Mesenteric lymph node (MLN), ileal and splenal cytokine gene expression (logy)

of weaner pigs fed diets without or with NRYE and raised in clean or unclean conditions

Treatments®
Clean room Unclean room P-value?
ltem CON NRYE CON NRYE SEM DxS 1 2
MLN
IFN-y 2.65 3.42 2.78 1.23 1.307 NS NS NS
PD-1 0.53 0.43 2.49 2.50 0.390 NS NS NS
IL-1p 0.67 0.49 0.19 0.13 0.213 NS NS NS
IL-6 1.79 1.56 1.04 0.83 0.232 NS NS NS
IL-10 1.42 0.73 1.19 0.44 0.557 NS NS NS
TNF-a 1.08 0.71 1.23 0.97 0.502 NS NS NS
lleum
IFN-y 1.35 0.29 2.47 3.66 0.547  0.066 NS NS
PD-1 1.04 1.45 1.29 3.23 0.270 0.015 NS  0.0003
IL-1B 0.73 0.48 1.77 19.00 0.586 <.0001 NS <.0001
IL-6 1.09 1.32 1.46 6.87 0.670  0.002 NS  0.0003
IL-10 1.09 0.39 1.83 11.20 0.933  0.000 NS  <.0001
TNF-a 0.94 0.48 3.08 17.30 0917 <0001 NS <.0001
Spleen
IFN-y 0.56 0.66 0.92 1.07 0.214 NS NS NS
PD-1 1.80 1.61 0.86 0.66 0.592 NS NS NS
IL-1B 1.70 2.42 1.84 4.73 1.121 NS NS NS
IL-6 1.32 1.24 1.09 1.16 0.339 NS NS NS
IL-10 2.24 2.45 1.58 3.92 0.958 NS NS NS
TNF-a 1.44 1.36 1.26 1.92 0.401 NS NS NS

ICON = control diet; NRYE = diet containing 0.1% NRYE
’D x S = Diet x sanitation interaction effect; 1 = effect of NRYE in the clean room; 2 = effect
of NRYE in the unclean room; NS = not significant.
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Table 6.7. Bacteria abundance (log,) in the cecal and colonic contents of weaner pigs fed

diets without or with NRYE and raised in clean or unclean conditions

Treatments®
Clean room Unclean room P-value?
Item CON NRYE CON NRYE SEM DxS 1 2
Cecum
Enterococcus 1.56 0.27 0.88 0.61 0.398 NS 0.041 NS
Bifidobacteria 2.84 2.82 0.71 219 0636 NS NS NS
Enterobacteriacea 5.72 0.53 2.50 229 0.862 0.017 0.001 NS
Lactobacillus 0.04 1.25 0.41 0.36 0.195 0.009 0.002 NS
Clostridium | 1.04 0.72 1.37 1.26 0.204 NS NS NS
Clostridium IV 0.38 0.46 1.18 2.01 0.244 NS NS 0.026

Clostridium XIVa 0.59 0.44 0.57 090 0.393 NS NS NS

Colon
Enterococcus 2.29 0.27 2.16 0.73 0.473 NS 0.019 0.037
Bifidobacteria 1.70 2.36 0.53 092 0.666 NS NS NS
Enterobacteriacea 4.96 1.04 5.15 351 2079 NS NS NS
Lactobacillus 3.26 3.85 3.85 551 1.144 NS NS NS
Clostridium | 1.30 1.93 1.28 1.01 0.267 NS NS NS
Clostridium IV 6.89 11.84 1.75 240 1.056 0.070 0.011 NS

Clostridium XIVa 0.24 4.25 0.61 0.89 0.427 0.002 0.0002 NS

ICON = control diet; NRYE = diet containing 0.1% NRYE
’D x S = Diet x sanitation interaction effect; 1 = effect of NRYE in the clean room; 2 = effect
of NRYE in the unclean room; NS = not significant.
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the NRYE to pigs in the clean room also suppressed proliferation of cecal Enterococcus spp.
(P = 0.041), whereas supplementing the NRYE to pigs in the unclean room improved
proliferation of cecal Clostridium cluster IV (P < 0.026) and suppressed proliferation of

colonic Enterococcus spp. (P < 0.037).

6.5 DISCUSSION

The aim of the present study was to evaluate the effect of supplementing NRYE on
growth performance, gut structure, immunity and microbiota in response to a sanitary
challenge. An unsanitary condition was created in this study to mimic an environment of
increased microbial load such as that present in commercial farms, which will induce stress to
the immature piglet immune system and consequently enhance the effect of supplemental
nucleotides as suggested by Grimble and Westwood (2001), Yu et al. (2002) and Sauer et al.
(2011).

In this study, supplementing NRYE did not influence weight gain and feed efficiency
in both sanitary conditions. To the best of our knowledge, we could not find studies to
compare with observations made in the unsanitary condition because studies testing effect of
nucleotides in piglets under a sanitary challenge are lacking. However, results from the clean
conditions are consistent with those of Sauer et al. (2012b) who supplemented 0.1% of a
mixture of pure nucleotides, and Andrés-Elias et al. (2007) who supplemented 0.15% of
yeast-based nucleotides and reported no effect of the supplements on piglet performance.

Regardless of sanitation condition, NRYE supplemented pigs had higher kidney
weights than control which may indicate improved cell division due to presence of
nucleotides which are DNA and RNA monomers. Kartha and Toback (1985) and Toback et
al. (1990) reported that DNA synthesis in cultured renal epithelial cells could be stimulated
by exogenous purine nucleosides and nucleotides but similar effect was not observed in

fibroblasts (cells of connective tissues). The villus height/crypt depth ratio of the NRYE
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receiving pigs in the clean room was increased by 18% compared to the control in the clean
room. This is supported by the observation that ADFI of the NRYE receiving pigs in the
clean room was 8.4% higher than that of the control in the clean room. This implies that
supplemental NRYE has beneficial effects on development of gut structure partly associated
with the observed increase in ADFI (Kelly et al., 1991; Pluske et al., 1997; McCracken et al.,
1999). However, this beneficial effect was not observed in the pigs receiving NRYE under a
sanitary challenge possibly due to the reduced ADFI (Kelly et al., 1991; Pluske et al., 1997;
McCracken et al., 1999). Generally, weaning stress lowers voluntary feed intake which is
partially responsible for triggering a reduction in villus height and in the villus height/crypt
depth ratio (Pluske et al., 1996).

Dietary nucleotides have been suggested as immune system stimulants (Kulkarni et
al., 1994; Grimble and Westwood, 2001). The mechanism by which nucleotides stimulate gut
immune system is unclear, but it is mostly hypothesized that being building blocks of ATP,
DNA and RNA, nucleotides promote cell division and development of the immune system of
enterocytes which generally lack the capacity for de novo synthesis of nucleotides (Cosgrove,
1998). Kulkarni et al. (1994) postulated that a nucleotide-free diet causes functional
impairment of T-lymphocytes in mice, possibly due to the defect in the differentiation and
maturation of T lymphocytes associated with immunodeficiency.

In the present study, the effect of NRYE supplementation on the expression of IL-1p,
IL-6, IL-10, TNF-o and PD-1 was localized in the ileum of pigs raised in the unsanitary
conditions thus suggesting an immunostimulatory effect of NRYE. In addition, the observed
upregulation of ileal IL-1p and IL-6 in NRYE receiving pigs in the unclean room suggests
that under the sanitary challenge supplementing NRYE is beneficial to piglets in enhancing
the expression of pro-inflammatory cytokines. This immunoresponse leads to activation of

lymphocytes thereby improving host defense mechanisms that accelerate the process of
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pathogen clearance (Sherman and Kalman, 2004; Medzhitov, 2007; D'Elia et al., 2013). In
addition to pro-inflammation, upregulation of IL-1p is also associated with differentiation of
epithelial cells at weaning (Pié et al., 2004). Interleukin-6 enhances differentiation of
macrophages and type 2 T helper cells, which engulf pathogens and enhance antibody
secretion, respectively (Pescovitz et al., 1998). The upregulation of ileal 1L-10 in unclean
room NRYE-receiving pigs suggests that the NRYE supplement has immunoregulatory
effects because IL-10 inhibits the production of proinflammatory mediators and also
augments the production of anti-inflammatory factors (Pescovitz et al., 1998; Khan, 2008). In
addition, the upregulation of PD-1 expression as observed in unclean room NRYE-receiving
pigs is an indicator of improved immunoregulation after lymphocyte activation. Generaly,
PD-1 is expressed on the surface of activated T cells, B cells, and macrophages to regulate
immune responses by increasing T-cell death (Sharpe et al., 2007; Peng et al., 2010). An
inability to express PD-1 is associated with multiple lymphoproliferative, uncontrolled,
immune responses, leading to several types of severe autoimmune disorders (Latchman et al.,
2001; Liang et al., 2003).

Dietary nucleotides have been suggested to promote proliferation of beneficial gut
microbiota such as Bifidobacteria spp. and Lactobacillus spp. as demonstrated by in vitro
(Tanaka and Mutai, 1980) and in vivo studies with human subjects (Gil et al., 1986) and
rodents (Uauy et al., 1990). Mateo (2005) reported an increase in Bifidobacteria spp. and
Lactobacilli spp. and a reduction in Clostridium spp. in feces of piglets fed a nucleoside-
containing diet. In the current study, supplementing NRYE reduced the abundance of
Enterobacteriacea members in the clean room and Enterococcus spp. in both the clean and
unclean rooms. Enterobacteriacea family members (such as Salmonella sp., E. coli,
Mycobacterium sp., Streptococcus sp., Staphylococcus sp.) and Enterococcus spp. are mostly

opportunistic pathogens that have adverse effects on gut health and are increasingly resistant
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to antimicrobial agents (Fisher and Phillips, 2009; Baer et al., 2013). On the other hand,
NRYE supplementation improved proliferation of Lactobacillus and Clostridium cluster
XVla members in pigs raised in the clean room and Clostridium cluster IV members in both
clean and unclean room pigs. Clostridium cluster 1V and XIVa members are butyrate
producing bacteria (Levine et al., 2013). Butyrate is the main fuel for the colonocytes, has
been reported to regulate gene expression leading to anti-inflammatory effects (Hamer et al.,
2008) and also to posses antibacterial properties (Van Deun et al., 2008). Thus, the results
imply that supplementation of 0.1% NRYE was associated with proliferation of beneficial gut
bacteria and suppression of pathogenic ones, a factor attributable to both the nucleotides and
yeast cell wall polysaccharides present in the NRYE supplement. This observation supports
recent findings of Li et al. (2015) showing that in piglets orally challenged with E. coli K88,
the NRYE-receiving groups had higher Lactobacillus fecal count and lower E. coli fecal
count than control.

In summary, supplementing NRYE to pigs in the sanitary conditions improved feed
intake and consequently the villus/crypt depth ratio. Supplementation of NRYE had no effect
on weight gain and feed efficiency in both sanitary conditions. Regardless of the sanitary
condition, pigs receiving NRYE had heavier kidneys, which is attributable to enhancement of
cellular growth by nucleotides. Supplementing NRYE to pigs in unsanitary conditions was
associated with stimulation of both pro- and anti-inflammatory cytokines and PD-1 in the
ileum, which indicates enhanced and homeostatic immune response. In addition, NRYE
supplementation was associated with proliferation of beneficial bacteria in pigs raised in the
clean room and suppression in the growth of harmful gut bacteria in pigs raised in the unclean

room, which indicates improved gut immunity and health.
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In conclusion, these results show that supplementing NRYE as a source of dietary
nucleotides to weaned pigs raised in unsanitary condition positively modulated their immune

response and composition of gut microbiota.
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7.1 ABSTRACT

This study investigated the response of piglets receiving a nucleotide-rich yeast
extract (NRYE) without or with feed enzymes (ENZ) and antimicrobial growth promoters
(AGP) on performance, blood cell profile, serum and ileum cytokines, and gut structure after
an E. coli lipopolysaccharide (LPS) challenge. The LPS challenge was used to induce an
immunological stress that is equivalent to a moderate clinical disease so as to evaluate the
effect of dietary NRYE supplementation on piglet health and performance during the
immediate post-weaning period. Thirty-six pigs were allotted to 6 diets including: a non-
challenged control (NCC); LPS-challenged control (CC); CC + AGP; CC + NRYE; CC +
ENZ; and CC + ENZ + NRYE. On day 7, pigs were bled and thereafter injected with LPS or
sterile saline. Blood samples were collected at 6, 48, and 96 h post-challenge (hpc). After 96
hpc, pigs were euthanized to obtain duodenum, jejunum and ileum tissues. Overall (d 1 to
11), NRYE supplementation tended to attenuate LPS-induced reduction in G:F (P = 0.096),
but CC + AGP pigs had higher body weight (P = 0.04) and ADG (P = 0.03) than CC +
NYRE pigs. At 6 hpc, CC + NRYE and CC + ENZ + NRYE pigs had lower (P < 0.05)
plasma urea N (PUN) and higher (P < 0.05) platelet count than CC pigs. At 96 hpc, LPS-
induced villus atrophy in the jejunum and duodenum was reduced (P < 0.05) in CC + ENZ +
NRYE pigs. At 6 hpc, serum TNF-a and IL-10 concentration was reduced (P < 0.05) and
increased (P < 0.05), respectively, in CC + AGP, CC + NRYE, and CC + ENZ + NRYE pigs
compared with CC pigs. At 96 hpc, compared with CC, ileal TNF-a expression was lowered
in CC + NRYE (P = 0.01) and CC + ENZ + NRYE (P = 0.01) pigs, whereas ileal IL-1p and
IL-10 expression was lower in all other treatments (P < 0.05). In conclusion, LPS challenged
piglets receiving NRYE or ENZ + NRYE showed beneficial responses in gut structure, blood
cell profile and immunity commensurate with antibiotics, though the latter had better overall

growth performance.
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7.2 INTRODUCTION

Following the ban on sub-therapeutic use of antibiotics in animal feed in the European
Union (Casewell et al., 2003) and the rising pressure for the same action in USA and Canada
(Kondro, 2002), the need for potential antibiotic alternatives that can promote piglet growth
and health has soared up. The abundance of nucleotides in sows milk has necessitated
research on their role in piglet growth and development (Sauer et al., 2011). Supplementation
of nucleotides in piglet starter diet is deemed prudent in replenishing the nucleotide pool
sourced from sows milk before weaning (Mateo et al., 2004).

During early weaning, the piglet requires sufficient supply of nutrients which were
previously supplied through sow milk to fully develop its digestive and immune system.
Nucleotides have been suggested to be conditionally essential nutrients during early weaning
(Domeneghini et al., 2006) because weaned pigs undergo rapid growth of tissue and organ
systems, a process that is heavily dependent on availability of DNA, RNA, and ATP energy,
whose synthesis depends on availability of nucleotides. The piglet enterocytes and immune
cells have a high rate of proliferation but this is hampered by their limited capacity for de
novo synthesis of nucleotides (Cosgrove, 1998), the low concentration of nucleotides in
compounded feed (Mateo, 2005), and low voluntary feed intake by the piglet due to the
transition from liquid to solid feed (Pluske et al., 1997). This may result in gut atrophy and
slow maturation of both the digestive and immune system, which compromises the ability of
the piglet to utilize nutrients for growth and to combat pathogens (Pluske et al., 1997).

There is a paucity of studies on the effect of nucleotides on piglet growth and
development, and especially studies that simultaneously compare the effects of dietary
nucleotides with AGP supplementation. In addition, it has been suggested that carbohydrases
enhance gut health by hydrolyzing complex non-starch polysaccharides (NSP), thereby not

only increasing nutrient availability but also inducing a prebiotic effect by releasing
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fermentable oligosaccharides that are utilized by host gut microbiota as an energy source
(Kiarie et al., 2007; Kiarie et al., 2008; Masey-O’Neill et al., 2014). To the best of our
knowledge, there are no published studies investigating the effect of simultaneous
supplementation of multi-enzyme mixtures (ENZ) and nucleotides on growth performance
and gut health of weaned piglets. Since supplementation of nucleotides to piglet diets has
been suggested to enhance the maturation of their digestive and immune systems (Sauer et
al.,, 2011), it was hypothesized that given an immune challenge, piglets receiving
supplemental nucleotides will have better immune responses that suppress potentially
harmful inflammation compared to challenged control pigs. Consequently, the suppression of
harmful inflammation will prevent gut atrophy, encourage voluntary feed intake, and mitigate
growth stasis. Moreover, it was hypothesized that a simultaneous supplementation of
nucleotides and ENZ will have a synergistic effect of enhancing growth performance of the
piglet. Therefore, in the current study, the aim was to determine the response of piglets
receiving 0.1% of a nucleotide-rich yeast extract (NRYE) without or with ENZ compared
with AGP to an immune system challenge with E. coli lipopolysaccharide (LPS) on growth

performance, immune status, and gut structure during the immediate post-weaning period.

7.3 MATERIALS AND METHODS
All experimental procedures were reviewed and approved by the University of
Manitoba Animal Care Committee (protocol number F13-002/1), and pigs were handled in
accordance with the guidelines described by the Canadian Council on Animal Care (2009).

Animals and housing

Thirty-six [Duroc x (Yorkshire x Landrace)] male and female piglets, weaned at 21d
and with an initial average body weight of 6.89 + 0.5 kg were used in an 11-day study. Pigs

were individually housed in pens in an environmentally controlled nursery building. Each pen
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was equipped with a feeder, a nipple drinker, and plastic-covered expanded metal floors. The
room temperature was maintained at 29 + 1°C throughout the study.

Experimental design

On d 1, pigs were randomly assigned to 6 dietary treatments based on the initial body
weight resulting in 6 replications per treatment. Treatments included: (1) non-challenged
control (NCC; pigs fed the basal diet and injected with sterile saline on day 7); (2) LPS-
challenged control (CC; pigs fed the basal diet and challenged by injection with E. coli LPS
on day 7); (3) CC + AGP (pigs fed the basal diet supplemented with antibiotic growth
promoters (AGP) and challenged with E. coli LPS on day 7); (4) CC + NRYE (pigs fed the
basal diet supplemented with NRYE and challenged with E. coli LPS on day 7); (5) CC +
ENZ (pigs fed the basal diet supplemented with feed enzymes (ENZ) and challenged with E.
coli LPS on day 7); and (6) CC + ENZ + NRYE (pigs fed the basal diet supplemented with
ENZ and NRYE, and challenged with E. coli LPS on day 7). The LPS (E. coli serotype 055:
B5; Sigma Chemical Inc., St Louis, MO, USA) was dissolved in sterile saline and
administered intramuscularly at 60ug/kg body weight, whereas an equivalent amount of
sterile saline was administered to CON pigs. The LPS dosage of 60ug/kg body weight was
based on findings of Rakhshandeh and de Lange (2012), which reported that an intramuscular

injection of LPS at 60ug/kg body weight resulted in an immune system stimulation in pigs.

The basal diet (Table 7.1) was formulated to meet or exceed the National Research
Council (2012) requirements for all nutrients. The NRYE supplement, Maxi-Gen Plus, was
supplied by Canadian Bio-systems Inc. (Calgary, AB, Canada) and had similar composition
as described in Manuscript 1. The AGP supplement, Aureomycin (Pfizer Inc., New York
City, NY, USA), supplied 0.10 g chlortetracycline, 0.10 g sulfamethazine and 0.05 g

penicillin per kg of feed. The multi-carbohydrase enzymes supplement, Superenzyme-OM
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Table 7.1. Composition of the basal diet, as-fed basis

Item %
Ingredient
Corn 25.25
Wheat 19.00
Soybean meal 20.00
Canola meal 5.00
Fish meal-H 5.00
Dried Whey 20.00
Vegetable Oil 3.00
Limestone 0.83
Monocalcium phosphate 0.14
lodized Salt 0.26
Vitamin-trace mineral premix* 1.00
L-Lys-HCl 0.35
DL-Methionine 0.10
Threonine 0.07
Calculated nutrient content
DE (kcal/kg) 3573
CP, % 22.3
Ca, % 0.80
Total P, % 0.65
Available P, % 0.43
SID Lys, % 1.36
SID Met, % 0.43
SID Thr, % 0.79
Analyzed composition
CP, % 23.5
Ca, % 0.86
Total P, % 0.77

Provided the following per kilogram of complete diet: 9,000 U of vitamin A; 1,500 U of
vitamin Ds; 18 mg of vitamin E; 1.5 mg of vitamin K; 250 mg of choline; 30 mg of niacin;
27.5 mg of calcium pantothenate; 9.4 mg of riboflavin; 2 mg of pyridoxine; 25 ug of
cyanocobalamin; 80 g of biotin; 0.5 mg of folic acid; 18 mg of Cu from copper sulfate, 110
mg of Zn from zinc oxide, 0.2 mg of | from calcium iodide, 110 mg of Fe from ferrous
sulfate, 50 mg of Mn from manganese dioxide, and 0.3 mg of Se from sodium selenite.
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(Canadian Bio-systems Inc., Calgary, AB, Canada), supplied 2800 U of cellulase, 400 U of
mannanase, 50 U of galactanase, 1000 U of xylanase, 600 U of glucanase, 2500 U of amylase
and 200 U of protease per kg of diet.

Growth performance

From day 1 to 7 and 9 to 11, pigs had free access to feed and water but were pair-fed
for 48 h (day 7 to 9) after LPS or sterile saline injection to exclude the possible effects of
LPS-induced food intake reduction on gastrointestinal characteristics of the pigs. Feed
disappearance and body weight were recorded on day 7 and day 11.

Blood sampling and rectal temperature measurement

Whole blood samples (10 mL per pig) were collected via jugular vein puncture into
ethylenediaminetetraacetic acid tubes on day 7 (before LPS challenge), and after 6, 48 and 96
hours post LPS or saline injection and were placed on ice until they were processed further.
In addition, on day 7 (before LPS challenge) and after 6 hours post LPS or saline injection,
rectal temperature of each pig was measured and 10-mL blood sample from each pig was
collected into a non-heparinized Vacutainer tube (Becton Dickinson, Rutherford, NJ) and
incubated at room temperature for 1 hour before being centrifuged at 3,000 x g for 10 min at
4°C to obtain serum. Serum samples were stored at —80°C until required for analysis.

Ileal, duodenal and jejunal tissue sampling

On d 11 (96 hpc), all pigs were euthanized. A 5 cm section of duodenum, ileum and
jejunum was fixed by immersion in 10% buffer neutral formalin, whereas 5g samples of
ileum were also collected, stored in RNA later solution (Qiagen , Hilden, Germany), and
thereafter stored at -80°C until required for analysis.

Sample preparation and chemical analyses
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Dietary samples were processed and analyzed for CP, Ca and total P as described in
manuscript .

Histomorphology measurements

The formalin-fixed duodenum, ileum and jejunum tissues were analyzed as described
in Manuscript 1.

Red blood cell, white blood cell and platelet counts, and PUN measurement

Whole blood and plasma samples were sent to the Manitoba Veterinary Services
Laboratory (Winnipeg, MB, Canada) for complete blood count and PUN analysis,
respectively. Complete blood count was measured using an automated analyzer
(Orthoclinical Johnson & Johnson VITROS 250 Chemistry System; Diamond Diagnostics,
Holliston, MA), whereas PUN was measured using a Technicon Autoanalyzer System
(Technicon Autoanalyzer Systems, Tarrytown, NY). Both analyses were measured in
duplicate.

Serum TNF-a and IL-10

Serum samples were used to measure the concentration of 1L-10 and TNF-a using the
quantitative sandwich enzyme-linked immunosorbent assay (ELISA) technique using porcine
IL-10 and TNF-a immunoassay kits (R & D Systems, Inc., Minneapolis, MN) according to
the manufacturer's instructions. The optical densities were read on a spectrophotometer (Soft
Max Pro 3.1.1; Molecular Devices, Abingdon, Oxfordshire, UK). For each cytokine, the
absorbance was measured at 450 nm with the correction wavelength set at 540 nm. Cytokine
concentrations were calculated from standards using a 4-parameter logistic curve fit.

Total RNA extraction and reverse transcription
Ileal tissues total RNA extraction and cDNA reverse transcription materials and

methods are similar as those described in Manuscript I11.
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Real-time PCR

The materials and methods for gPCR for cDNA templates are identical to those
described in Manuscript 111 (see section 6.3). The primer sets used for amplification reactions
are shown in Table 7.2.
Statistical analysis

All data were analyzed using the Mixed procedure of SAS (SAS Inst., Inc., Cary,
NC). Preplanned contrasts were used to compare CC with NCC to determine LPS effect, and
to compare CC with other treatments, AGP with NRYE and AGP with ENZ to determine the
effect of the supplements before and after LPS challenge. For all data analyses, significance

was defined as P < 0.05 and 0.05 < P < 0.10 was considered a trend.

7.4 RESULTS

Growth performance

During day 1 to 7 (pre-challenge), there was no difference in ADG and G:F among
treatments except that CC + AGP pigs tended to have higher ADFI than CC + NRYE (P =
0.06; Table 7.3) pigs.

During day 7 to 11 (post-challenge), NCC pigs had higher ADG (P = 0.001) and
ADFI (P = 0.003) than CC pigs and tended to have higher G:F (P = 0.07) than CC pigs. In
addition, CC + AGP pigs tended to have higher ADG (P = 0.07) than CC pigs.

Overall (day 1 to 11), LPS challenge resulted in a 13% loss in body weight (P =
0.02), 56% reduction in ADG (P = 0.004), a 37% reduction in ADFI (P = 0.02) and a 26%
reduction in G:F (P = 0.02) compared to NCC pigs. Compared to CC pigs, supplementation
of AGP improved body weight (P = 0.02), ADG (P = 0.004), ADFI (P = 0.03) and G:F (P =
0.01), whereas ENZ and NRYE supplementation tended to improve ADG (P = 0.08) and G:F

(P =0.096), respectively. In addition, CC + AGP pigs had higher body weight (P = 0.04) and
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GenBank
Amplicon Tm1
Gene accession Primer sequence (5°-37)
size (bp) (°C)
Reference no.
IFN-y NM_213948.1 231 60 F: GGCCATTCAAAGGAGCATGG
R: GCTCTCTGGCCTTGGAACAT
IL-1B NM_214055.1 131 60 F: GCCCATCATCCTTGAAACGTG
R: GGAGAGCCTTCAGCATGTGT
IL-6 NM_214399.1 149 60 F: TAAGGGAAATGTCGAGGCCG
R: TCCACTCGTTCTGTGACTGC
IL-10 NM_214041.1 179 60 F: TCCGACTCAACGAAGAAGGC
R: AACTCTTCACTGGGCCGAAG
TNF-a NM_214022.1 120 60 F: ATTCAGGGATGTGTGGCCTG
R: CCAGATGTCCCAGGTTGCAT
Beta-actin XM_005670976.1 179 60 F: CGAGGCTCAGAGCAAGAGAG

R: GGTTGGCCTTAGGGTTCAGG

! Annealing temperature
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Table 7.3. Effect of a nucleotide-rich yeast extract without or with feed enzymes on growth performance of weaned piglets challenged with E.

coli lipopolysaccharide

LPS treatments® Contrast
CcC
NCC CcC CC CC VS AGP AGP
ENZ + VS VS VS VS ENZ + VS VS
Item?! NCC? CC AGP NRYE ENZ NRYE SEM CcC AGP NRYE ENZ NRYE NRYE ENZ
Day 1 BW, kg 6.89 6.9 6.88 6.89 6.91 6.86 0.237 NS NS NS NS NS NS NS
Daylto7
ADG, g/day 159 150 212 140 196 164 31.7 NS NS NS NS NS NS NS
ADFI, g/day 191 168 225 160 214 172 24 NS NS NS NS NS 0.06 NS
G:F, g/g 0.82 0.77 0.93 083 0.91 0.87 0.062 NS NS NS NS NS NS NS
Day 7 to 11
ADG, g/day 323 130 226 174 170 160 33.2 0.001 0.07 NS NS NS NS NS
ADFI, g/day 366 214 288 229 264 249 29.8 0.003 NS NS NS NS NS NS
G:F, d/g 0.88 0.59 0.8 0.75 0.64 066 0.1 0.07 NS NS NS NS NS NS
Day1to 1l
BW, kg 9.3 8.07 9.27 8.39 8.9 8.78 0.319 0.02 0.02 NS NS NS 0.04 NS
ADG, g/day 241 112 239 162 192 190 27.3 0.004 0.004 NS 0.08 NS 0.03 NS
ADFI, g/day 280 177 273 204 250 210 26.3 0.02 0.03 NS NS NS 0.06 0.08
G:F, g/g 0.85 0.63 0.88 0.79 0.77 0.76 0.061 0.02 0.01 0.096 NS NS NS NS

'BW, body weight; ADG, average daily gain; ADFI, average daily feed intake; G:F, gain to feed ratio
2NCC, non-challenged control pigs that were fed the basal diet and injected with sterile saline on day 7

% Pigs fed the basal diet without any additive (CC, challenged control) or with AGP, NRYE, ENZ or ENZ + NRYE and injected with E. coli LPS

onday 7
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ADG (P = 0.03) than CC + NYRE pigs and tended to have higher ADFI than CC + NYRE (P = 0.06)
and CC + ENZ + NRYE (P = 0.08) pigs.
Plasma urea N content and blood cells count

No effect of dietary treatment was observed for PUN and counts of white blood cells, red blood
cells and platelets pre-challenge (Table 7.4). After 6 hpc, CC pigs had higher PUN than NCC (P =
0.01), CC + AGP (P = 0.02), CC + NRYE (P = 0.02) and CC + ENZ + NRYE (P = 0.03) pigs. In
addition, CC pigs had lower white blood cell count than NCC (P = 0.0004) and CC + ENZ + NRYE (P
= 0.01) pigs, and tended to have lower white blood cell count than CC + NRYE pigs (P = 0.07),
whereas CC + AGP pigs tended to have lower white blood cell count than CC + NRYE pigs (P = 0.07).
The red blood cell count of CC + AGP pigs was lower (P = 0.01) than of CC + NRYE pigs. The platelet
count of CC pigs was 53% lower than of NCC pigs (P = 0.0002). Compared with CC pigs, the platelet
count was 58 and 79% higher in CC + AGP (P = 0.04) and CC + NRYE (P = 0.01) pigs, respectively.

After 48 hpc, CC pigs tended to have higher PUN than NCC (P = 0.08), CC + AGP (P = 0.02),
CC + NRYE (P = 0.001), CC + ENZ (P = 0.01) and CC + ENZ + NRYE (P = 0.02) pigs. In addition,
the CC + NRYE pigs tended to have lower PUN than CC + AGP pigs (P = 0.07), whereas treatments
had no effect on white blood cell count. The red blood cell count of CC + AGP pigs tended to be lower
(P = 0.07) than of CC + NRYE pigs, whereas their platelet count was 21% lower (P = 0.05) than of
NCC pigs.

After 96 hpc, CC pigs had higher PUN than NCC (P = 0.01) and CC + AGP (P = 0.02) pigs,
and tended to have higher PUN than CC + NRYE (P = 0.08) pigs, whereas CC + ENZ + NRYE pigs
tended to have higher PUN than CC + AGP pigs (P = 0.09). Compared to NCC pigs, red blood cell
count was lower in CC pigs (P = 0.02), whereas treatments had no effect on white blood cell and

platelet counts.
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Table 7.4. Effect of supplementing AGP, feed enzymes and NRYE without or with feed enzymes on PUN (mmol/L) and count of white blood
cells (WBC, 10%L), red blood cells (RBC, 10*%/L) and platelets (10%/L) of weaned piglets challenged with E. coli lipopolysaccharide

LPS treatments® Contrast
CcC
NCC CC CcC CcC VS AGP AGP
ENZ + VS VS VS vs ENZ+ VS VS

Item Ncct CC AGP NRYE ENZ NRYE SEM CC AGP NRYE ENZ NRYE NRYE ENZ
Pre-challenge

PUN 2.34 295 228 208 252 257 0412 NS NS NS NS NS NS NS

WBC 16.9 178 18 15 141 193 221 NS NS NS NS NS NS NS

RBC 5.96 6.04 554 6.09 6.04 6.06 0228 NS NS NS NS NS NS NS

Platelet 429 450 534 483 447 415 44.8 NS NS NS NS NS NS NS
6 h post-challenge

PUN 2.12 4,18 2.58 25 342 26 0478 001 002 002 NS 0.03 NS NS

WBC 19.7 65 102 122 76 155 198 0.0004 NS 007 NS 0.01 NS  0.07

RBC 5.91 6.01 568 662 633 597 0.255 NS NS NS NS NS 0.01 NS

Platelet 413 196 309 350 205 278 37.3 0.0002 0.04 0.01 NS NS NS NS
48 h post-challenge

PUN 2.16 297 193 124 16 183 0.285 0.08 0.02 0.001 001 0.02 0.07 NS

WBC 18.2 173 168 175 16.2 197 1.68 NS NS NS NS NS NS NS

RBC 5.59 539 496 541 548 525 0.184 NS NS NS NS NS 0.07 NS

Platelet 445 350 345 338 322 345 299 0.05 NS NS NS NS NS NS
96 h post-challenge

PUN 1.66 32 178 21 255 277 0384 0.01 002 008 NS NS NS 0.09

WBC 19.6 169 167 163 145 182 1.3 NS NS NS NS NS NS NS

RBC 5.95 532 5.18 56 546 522 019 0.02 NS NS NS NS NS NS

Platelet 449 386 446 520 427 507 61.3 NS NS NS NS NS NS NS

INCC, non-challenged control pigs that were fed the basal diet and injected with sterile saline on day 7
2 Pigs fed the basal diet without any additive (CC, challenged control) or with AGP, NRYE, ENZ or ENZ + NRYE and injected with E. coli LPS
on day 7.
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Duodenum, jejunum and ileum histomorphology

Representative images of the histomorphology of the cross-sections of the duodenal,
jejunal, and ileal tissue samples are shown in Figure 2. After 96 hpc, the duodenal villus
height for CC pigs was lower than of NCC (P = 0.002), CC + AGP (P =0.03), CC + ENZ (P
= 0.005) and CC + ENZ + NRYE (P = 0.002) pigs, and tended to be lower than of CC +
NRYE (P = 0.06) pigs (Table 7.5). The duodenal crypt depth for CC pigs was lower than that
of NCC pigs (P = 0.02) and tended to be lower than that of CC + NRYE (P = 0.06) and CC +
ENZ + NRYE (P = 0.06) pigs. In addition, CC pigs had shorter jejunal villus height than
NCC (P < 0.0001), CC + AGP (P = 0.01), CC + NRYE (P = 0.02), CC + ENZ (P = 0.02)
and CC + ENZ + NRYE (P = 0.01) pigs. Moreover, compared with CC pigs, the jejunal
villus height/crypt depth (VH:CD) ratio was higher in NCC (P = 0.0003), CC + AGP (P =
0.01) and CC + ENZ + NRYE (P = 0.01) pigs, and tended to be higher in CC + NRYE (P =
0.07) pigs. The ileal villus height of CC pigs was shorter than of NCC pigs (P = 0.04) and

tended to be shorter than that of CC + AGP pigs (P = 0.07).

Rectal temperature, serum and ileum cytokines

No effect of treatments was observed for rectal temperature, concentration of serum
TNF-a and IL-10 before LPS challenge (Table 7.6). After 6 hpc, rectal temperature was
increased in CC pigs (P = 0.003) and in all other treatments compared to NCC pigs. In
addition, compared with CC pigs, the concentration of serum TNF-a was lower in NCC (P <
0.0001), CC + AGP (P = 0.07), CC + NRYE (P = 0.008) and CC + ENZ + NRYE (P =
0.016), whereas the serum IL-10 concentration was lower in NCC pigs (P = 0.001) but higher
in CC + AGP (P =0.02), CC + NRYE (P =0.02) and CC + ENZ + NRYE (P = 0.02) pigs.

After 96 hpc, no effect of treatments was observed for the mRNA expression of ileal
IL-6. The CC pigs had higher expression of ileal IFN-y (P = 0.04), TNF-a (P = 0.0003) and

IL-1p (P = 0.01), and tended to have higher expression of ileal IL-10 (P = 0.09) than NCC



Duodenum Jejunum lleum

NCC

CC

CC + AGP

CC + NRYE

CC +ENZ

CC + ENZ +NRYE

of the cross-sections of the duodenum, jejunum, and ileum tissue samples
obtained from piglets.
NCC represents pigs fed the control diet and injected with sterile saline. CC

represents pigs fed the control diet and received E. coli LPS challenge.
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Table 7.5. Effect of supplementing AGP, feed enzymes and NRYE without or with feed enzymes on ileum, jejunum and duodenum

histomorphology of weaned piglets after 96 h of challenge with E. coli lipopolysaccharide

LPS treatments® Contrast
CC
NCC CC CC CC VS AGP AGP
ENZ + S S S S ENZ + VS VS
Item?! NCC? CC AGP NRYE ENZ NRYE SEM CC AGP NRYE ENZ NRYE NRYE ENZ
Duodenum, pm
Villus height 532 410 493 480 520 538 24.7 0.002  0.03 0.06 0.005 0.002 NS NS
Crypt depth 322 277 308 305 314 316 13.1 0.02 NS NS 0.06 0.06 NS NS
VH:CD 1.65 1.50 1.61 1.58 1.68 1.70 0.088 NS NS NS NS NS NS NS
Jejunum, um
Villus height 465 293 400 385 385 412 26.3 <.0001 0.01 0.02 0.02 0.01 NS NS
Crypt depth 277 255 269 275 282 273 13.2 NS NS NS NS NS NS NS
VH:CD 1.70 1.15 150 1.40 1.37 1.51 0.092 0.0003 0.01 0.07 NS 0.01 NS NS
lleum, pm
Villus height 329 272 323 294 308 306 18.8 0.04 0.07 NS NS NS NS NS
Crypt depth 265 244 259 233 268 249 13.6 NS NS NS NS NS NS NS
VH:CD 1.24 1.11 1.26 1.26 1.17 1.23 0.067 NS NS NS NS NS NS NS

'WH:CD, villus height/crypt depth

2NCC, non-challenged control pigs that were fed the basal diet and injected with sterile saline on day 7

® Pigs fed the basal diet without any additive (CC, challenged control) or with AGP, NRYE, ENZ or ENZ + NRYE and injected with E. coli LPS
on day 7
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Table 7.6. Effect of supplementing AGP, feed enzymes and NRYE without or with feed enzymes on the rectal temperature (°C), concentration

of serum (pg/ml) cytokines and fold changes (logy) of ileal immune cytokines of weaned piglets challenged with E. coli lipopolysaccharide

LPS treatments® Contrast
CC
NCC cC CcC CcC VS AGP  AGP
ENZ + VS VS VS VS ENZ + VS VS
Item Ncct CC AGP NRYE ENZ NRYE SEM CC AGP NRYE ENZ NRYE NRYE ENZ
Pre-challenge
Rectal temperature  38.9 39 39.2 39 39.2 392 0.13 NS NS NS NS NS NS NS
Serum TNF-a 98 96 88 77 102 93 9.3 NS NS NS NS NS NS NS
Serum IL-10 18 29 16 22 36 27 15.1 NS NS NS NS NS NS NS
6 h post-challenge
Rectal temperature  39.2 399 399 398 401 401 0.15 0.003 NS NS NS NS NS NS
Serum TNF-a 111 1369 1032 854 1621 933 120.8 <.0001 0.07 0.008 NS 0.016 NS 0.003
Serum IL-10 16 99 157 153 86 156 153 0.001 0.02 0.02 NS 0.02 NS NS
96 h post-challenge
lleum
IFN-y 1.0 146 154 151 215 054 0.152 0.04 NS NS 0.003 0.0002 NS <.0001
TNF-a 1.0 2.4 252 137 1.6 1.41 0.244 0.0003 NS 0.01 0.03 0.01 0.002 0.003
IL-1P 1.0 163 09 102 0.77 058 0154 0.01 0.004 0.01 0.0004 <.0001 NS NS
IL-6 1.0 085 086 116 069 122 0203 NS NS NS NS NS NS NS
IL-10 1.0 1.31 0.6 074 071 076 0.123 0.09 0.0003 0.003 0.002 0.004 NS NS

INCC, non-challenged control pigs that were fed the basal diet and injected with sterile saline on day 7
?Pigs fed the basal diet without any additive (CC, challenged control) or with AGP, NRYE, ENZ or ENZ + NRYE and injected with E. coli LPS
on day 7
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pigs. The CC + AGP pigs had lower ileal IL-1p (P = 0.004) and IL-10 (P = 0.0003)
expression compared with CC pigs. Compared with CC pigs, CC + NRYE pigs had higher
expression of ileal TNF-o (P = 0.01) and IL-1p (P = 0.01) but lower expression of IL-10 (P
= 0.003), whereas CC + ENZ pigs had higher expression of ileal IFN-y (P = 0.003) but lower
expression of TNF-a (P = 0.03), IL-1p (P = 0.0004) and IL-10 (P = 0.002) compared with
CC pigs. The CC + ENZ + NRYE pigs had a lower expression of ileal IFN-y (P = 0.0002),
TNF-o (P = 0.01), IL-1p (P < 0.0001) and IL-10 (P = 0.004) compared with CC pigs.
Compared to CC + AGP pigs, there was a lower expression of ileal TNF-a (P = 0.002) in CC

+ NRYE pigs and IFN-y (P <0.0001) and TNF-a (P = 0.003) in CC + ENZ + NRYE pigs.

7.5 DISCUSSION

The aim of this study was to determine the effect of NRYE without or with
carbohydrase enzymes in comparison to AGP on the growth performance, blood
characteristics, immune response and gut structure in pigs challenged with E. coli LPS during
the immediate post-weaning period. Lipopolysaccharide is a non-pathogenic immunogen
capable of inducing symptoms of acute bacterial infection including anorexia, gut injury,
hypersomnia and fever in pigs (Liu et al., 2008; Rakhshandeh and de Lange, 2012). In the
current study, the LPS challenge was used to induce an immunological stress that is
equivalent to a moderate clinical disease (Rakhshandeh and de Lange, 2012) so as to evaluate
the effect of dietary NRYE supplementation on piglet health and performance during early
weaning. Studies have reported the beneficial effects of multi-carbohydrases in improving
growth performance and nutrient digestibility, and inducing a prebiotic effect in piglets, and
currently supplementation of multi-carbohydrases is widespread in the feed industry (Bedford
and Schulze, 1998; Kiarie et al., 2008; Woyengo et al., 2008; O’Neill et al., 2014). The ENZ

+ NRYE treatment was introduced in this study to determine whether simultaneous
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supplementation of NRYE and multi-carbohydrases may have synergistic effects on growth
performance and gut health.

The AGP, NRYE and ENZ supplements did not affect performance during the first 7
days of weaning. Sauer et al. (2012b) and Andrés-Elias et al. (2007) supplemented 0.1 and
0.15% NRYE in piglet starter diets, respectively, and reported no effect of NRYE on growth
performance. Between day 7 and 11 (post-challenge), the LPS challenge reduced ADG,
ADFI and G:F of challenged pigs fed the control diet. This observation is consistent with the
findings of Liu et al. (2003) and Liu et al. (2008) showing that LPS challenge negatively
impacts growth performance in pigs.

Although none of the supplements was able to fully protect the pigs from weight loss
or to increase their feed intake between d 7 an 11, the LPS impact on ADG tended to be
attenuated in CC + AGP pigs. This beneficial effect of AGP on growth performance was
further seen in the overall experimental period (d 1 to 11) with AGP pigs having better ADG,
ADFI and GF than LPS-challenged control, and tended to have better G:F than NRYE
supplemented pigs. These observations suggest that AGP supplemented pigs had better
recovery of weight and feed intake after LPS challenge than NRYE supplemented pigs.
Weber et al. (2001) and Skinner et al. (2014) reported that AGP improves ADG during the
nursery phase, whereas Wu et al. (2012) reported that piglets receiving in-feed AGP and
challenged with enterotoxigenic E. coli had higher ADG and G:F than control. Niewold
(2007) suggested that AGP improve gut health and growth performance of livestock by
reducing the gut pathogen load and competition for nutrients between the host and gut
microbes. This effect may also be associated to the immunoregulatory role of AGP (Bode et
al., 2014). Although ENZ supplementation tended to improve ADG (d 1 to 11), there was no

synergistic effect between NRYE and ENZ on ADG.



99

The reduced white blood cell and platelet counts in challenged control pigs is due to
LPS induced autoimmunity and suggests an increased incidence or severity of infection
(Louis and Lambert, 1979; Yeaman, 2014). Platelets play a crucial role in blood clotting and
as the first responders to sites of vascular injury or pathogen invasion, platelets play multiple
roles in the modulation of both innate and adaptive immunity thereby boosting host defense
against infection (Yeaman, 2014). The observation that CC + NRYE pigs maintained higher
white blood cell and platelet count than CC pigs and higher red blood cell count than CC +
AGP pigs at 6 hpc suggests that NRYE supplementation either had a role in preventing blood
cells death or sustained moderate blood cell formation during the challenge period. This can
be attributed to the enhanced supply of dietary nucleotides which are a pre-requisite for DNA
and RNA replication during mitosis (Grimble and Westwood, 2001) of the stem cells that
differentiate into blood cells.

A 100ug/kg dosage of E. coli LPS has been shown to induce gut injury in pigs (Liu et
al., 2008; Hou et al., 2010). In the present study, gut injury was observed in piglets that
received 60ug/kg of E. coli LPS. Supplementing NRYE to pigs without or with enzymes
reduced villus atrophy in the jejunum and duodenum, and the villus height/crypt depth ratio
in the jejunum when compared with the non-challenged control pigs, and the effect was
similar to that of AGP supplementation. The increase in villus height and villus/crypt ratio
indicates an improvement in the digestion and absorption of nutrients (Hampson, 1986b; Hou
et al., 2010). Enterocytes have limited capacity for de novo nucleotides synthesis (Uauy et al.,
1994; Grimble, 1996) and thus the increased pool of dietary nucleotides by NRYE
supplementation promoted intestinal tissue growth and development.

Injection of LPS induces fever in pigs by stimulating the production of cytokines such
as IL-1, TNF-a and IFN-y, which are regarded as endogenous mediators of fever (Kluger,

1991). In this study, 6 hpc CC pigs showed a significant rise in body temperature compared



100

to NCC pigs as also observed by Pi et al. (2014) and none of the supplements protected the
pigs from fever development.

The concentration of serum TNF-o and IL-10 were measured as indicators of
systemic pro- and anti-inflammation responses, respectively. Pigs receiving AGP or NRYE
without or with ENZ had less concentration of serum TNF-a and high concentration of IL-10
than the challenged control, hence, implying that the supplements lowered pro-inflammation
of the immune system. The ileum immune response was also influenced by both LPS and the
supplements. The observed upregulation of ileal TNF-a and IL-1B 96 hpc in the CC pigs
compared to NCC pigs suggests development of inflammation in CC pigs, which if prolonged
leads to tissue damage such as the observed villus atrophy in these pigs (Lomax, 1981). In
contrast, pigs in the NRYE supplemented treatments had downregulated levels of expression
of these pro-inflammatory cytokines thus suggesting that NRYE induced beneficial
immunoregulatory responses post-challenge that was evidenced by lower expression of TNF-
a and IL-1pB, and consequently that of IL-10 compared to the challenged control group. The
overproduction of proinflammatory cytokines is associated with anorexia development, and
may explain the observed reduction in ADFI in LPS challenged pigs in this current study
(Wannemacher, 1977; Johnson, 1997).

In the present study, challenged control had higher PUN than unchallenged control.
This is consistent with the study of Webel et al. (1997) reporting that LPS challenge increases
the PUN level in piglets due to muscle proteolysis as a result of increased inflammation.
Owusu-Asiedu et al. (2003) suggested that the released amino acids due to inflammation may
be channeled to the liver to synthesize acute phase proteins and/or to serve as an energy
source. Supplementing NRYE without or with ENZ had similar effects as AGP in reducing
PUN level compared with the challenged control. The reduction in PUN level is an indicator

of reduced muscle protein breakdown (Webel et al., 1997) and is consistent with the observed
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reduced production of proinflammatory cytokines in NRYE and AGP receiving pigs. These
observations suggest that supplementing NRYE or AGP was beneficial to piglets and reduced
the severity of the LPS challenge. Such a response may promote efficiency in utilization of
dietary amino acids for proteinaceous tissue growth (Wannemacher, 1977).

Taken together, after the immune system stimulation using E. coli LPS, the growth
performance, platelet count, villus height of the jejunum and duodenum, and immune status
of challenged control pigs was negatively affected compared with the unchallenged control.
Compared to challenged control, supplementing NRYE together with ENZ had synergistic
effects on blood cell counts, histomorphological measurements and expression of immune
system cytokines but not on growth performance. The most pronounced beneficial effects of
NRYE were on lowering PUN, villus atrophy, and levels of pro-inflammatory cytokines, and
maintaining blood cell counts close to that of unchallenged control pigs. This suggests that
during the post-weaning stress period the nucleotides sourced from NRYE are mostly
channeled to influence the development and maturation of important tissues of the immune
system and the intestinal mucosa. This supports the suggestion by Gaskins et al. (2002) that
the weaned pig first invests substantially in defensive efforts to sequester gut microbes away
from the epithelial surface, and second to quickly mount immune responses against microbes
that breach epithelial defenses. This re-direction of nutrients from growth towards
fortification of the immune system and maturation of gut structures may explain why
beneficial responses on growth performance may not be observed within a short term of
supplementing nucleotides. However, a faster maturation of the gut and immune system
tissues, may in the long-run support faster growth of the pig as also suggested by Cordoba et
al. (2010) who described the effect of nucleotides to be long-lasting.

In conclusion, LPS challenged piglets fed diets supplemented with NRYE without or

with enzymes expressed similar beneficial responses as those fed diets with AGP in terms of
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lowering PUN concentration, reducing duodenal and ileal villi atrophy, and downregulating
serum and ileal proinflammatory cytokines. This suggests that supplementation of NRYE can
promote the health of piglets during the immediate post-weaning period in antibiotic-free

feeding regimens.
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CHAPTER EIGHT

GENERAL DISCUSSION

The overall objective of this study was to determine the effects of supplementing a
nucleotide-rich yeast extract (NRYE) on growth performance, gut digestive and immune
systems, and gut microbiota of weaned pigs. It was hypothesized that the beneficial effects of
supplemental nucleotides will be mediated through enhanced immune system activation and
maintenance of a stable intestinal microbial composition. A yeast based nucleotide product
was used in this study owing to the affordability of such products compared to pure
nucleotide sources, an advantage that may promote their use in practical swine diets.
However, the use of pure nucleotides for mechanistic explanations of the nucleotides effect is
more desirable as it eliminates confounding effects of yeast cell components (such as cell
wall polysacchrides and protein) and allow measurement of responses following
supplementation of single or mixed nucleotides at various doses. In Manuscript I, the effect
of a NRYE on growth performance and nutrient utilization were determined for two inclusion
levels, 0.1 and 0.2%, which represent one- and two-times the sow's milk nucleotide
concentration at d 21 of lactation (Mateo et al., 2004; Martinez-Puig et al., 2007; Superchi et
al., 2012), respectively. In Manuscript Il, the potential of NRYE to fully or partially
substitute for in-feed AGP in piglet diets was studied using diets supplemented with 0.1%
NRYE and graded levels (25, 50, 75 and 100%) of the recommended antibiotic dosage.
Manuscripts | and Il provide new information in this study area since no published study
exists, which investigated the effect of dietary nucleotides compared to in-feed antibiotics on
growth performance. In Manuscript 111, a sanitary challenge model was used to evaluate the
efficacy of NRYE using performance, immune response, gut structure and gut microbiota as
response criteria in weaned pigs. In Manuscript 1V, an E. coli LPS challenge model was used

to study the effect of NRYE in a disease state using performance, blood profile, immune
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response and gut structure as response criteria. Taken together, the following aspects of

NRYE effects as reported in the four manuscripts can be discussed.

8.1. Effect of NRYE on performance and nutrient utilization

In Manuscript I, supplementation of AGP supported better ADFI and ADG than
control. This supports studies showing that weaning results in stresses that lead to growth
stasis in piglets but AGP supplementation can mitigate and enhance growth performance of
piglets during weaning (Han and Thacker, 2010; Choi et al., 2011; Han et al., 2011; Yan et
al., 2011a; Li et al., 2012; Yan et al., 2012; Zhou et al., 2015). However, in Manuscript 1,
supplementation of NRYE at 0.1 or 0.2% resulted in similar growth performance as did AGP
supplementation, whereas in Manuscript Il supplementing NRYE at 0.1% resulted in better
ADG and G:F than control. This supports studies suggesting that NRYE supplementation can
mitigate the weaning-associated growth stasis in piglets (Zomborszky-Kovacs et al., 2000;
Carlson et al., 2005; Weaver and Kim, 2014). Nucleotides are thought to improve
performance responses in piglets by enhancing the development of the immune system cells
and the intestinal mucosa because they are building blocks of DNA, RNA and ATP, which
are required during cell division (Grimble and Westwood, 2001; Sauer et al., 2011). By
enhancing cell growth, the intestinal mucosa and immune system mature faster thus reducing
the susceptibility of piglets to various enteric diseases and other physiological post-weaning
stresses.

In Manuscript 111, supplementation of NRYE at 0.1% in clean and unclean conditions
had no effect on growth performance compared to control. This agrees with results in
Manuscript | and 11, showing that NRYE may mitigate the growth stasis during weaning but
this benefit may or may not be statistically visible. In addition, the results agree with other
studies showing no effect of supplemental nucleotides on growth performance of piglets (Di

Giancamillo et al., 2003; Domeneghini et al., 2004; Lee et al., 2007; Martinez-Puig et al.,
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2007; Speranda et al., 2008; Moore et al., 2011; Sauer et al., 2012a). In the context of this
study, such inconsistencies may have been due to undetectable and uncontrollable variations
in animals and experimental conditions.

In Manuscript IV, pigs LPS-challenged pigs receiving 0.1% NRYE tended to have
better overall G:F than the LPS-challenged control pigs. Comparing this observation to those
of Manuscripts I, Il and 111, it is evident that the effect of nucleotides on growth performance
is conditional and seems to be majorly influenced by stresses exacted upon the immune
system. This observation supports the findings of Li et al. (2015) showing that in piglets
orally challenged with E. coli K88, the NRYE-receiving groups had better growth
performance than control. This suggests that future studies on nucleotides effect should be
based on disease challenge models.

8.2. Effect of NRYE on nutrient utilization

The effect of supplementing NRYE on the ATTD of CP, DM and GE was
investigated because transition from milk to solid feed imparts stress to the development and
function of the gut of the piglet (van Beers-Schreurs et al., 1998), which may result in slow
gut mucosa maturation and consequently insufficient secretion of digestive enzymes.
Together, these factors may result in poor digestion and absorption of nutrients thus
contributing to the growth depression observed after weaning. Results of both Manuscripts |
and Il show that supplemental NRYE had no effect on ATTD values of GE, DM and CP
compared to control. Digestibility studies involving supplemental nucleotides in pigs are not
available to compare with our results except that of Sauer et al. (2012b) which reported no
effects of pure nucleotides on apparent ileal digestibilities of CP, DM and crude fiber in
piglets. It is worth noting that no challenge model studies have been reported wherein
nutrient digestibility was measured after nucleotide supplementation. Therefore, it can be

speculated that the beneficial effect of dietary nucleotides on gut physiology may be visible
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only in conditions where the gut immune system is inflamed to a level that induces gut
atrophy. In this case, the ability of dietary nucleotides to enhance recovery after gut injury
(Vauy et al., 1994; Sukumar et al., 1997) may show beneficial effects on nutrient
digestibility.
8.3. Effect of NRYE on gut structure and visceral organs

In Manuscript 3, supplemental NRYE tended to increase VH:CD in clean room pigs
but had no effect in unclean room pigs. In both sanitary conditions, NRYE-fed pigs had
heavier kidneys, whereas in unclean room they had a heavier gut compared to control. Effects
of NRYE on gut structure were also observed in Manuscript 1V, showing that LPS challenged
NRYE pigs had higher jejunal villus height and tended to have higher duodenal villus height
and jejunal VH:CD than LPS challenged control. Taken together, the results support the
suggestion that the possible mechanism through which supplemental nucleotides impart
beneficial effects to the animal is by increasing the nucleotide/nucleoside pool hence
affecting all the biochemical processes associated with the cell cycle, which requires more
nucleotides for DNA, RNA and ATP synthesis (Paubert-Braquet et al., 1992; Carver, 1994;
Cosgrove, 1998; Sauer et al., 2011). The NRYE effect on gut morphology were more
conspicuous under LPS challenge, hence, this further supports the suggestion that NRYE are
more beneficial when the animal is under immunological stress.
8.4. Effect of NRYE on gut microbiota

There is a paucity of studies on the effect of NRYE on piglet gut microbiota. In
Manuscript 111, it was observed that supplementing NRYE in the clean room suppressed
growth of cecal Enterobacteriacea members and colonic Enterococcus spp., whereas it
improved proliferation of cecal Lactobacillus and colonic Clostridium cluster IV and XVla
members. Supplementing NRYE in the unclean room improved proliferation of cecal

Clostridium cluster 1V and suppressed proliferation of colonic Enterococcus spp. Although
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this study investigated only a few beneficial and pathogenic bacteria groups, it gives a strong
evidence that supplemental nucleotides have potential to beneficially transform gut
microbiota by suppressing and enhancing proliferation of pathogenic and beneficial microbes
in vivo, respectively. The results of this study support the recent findings of Li et al. (2015)
showing that in piglets orally challenged with E. coli K88, the NRYE-receiving groups had
higher Lactobacillus fecal count and lower E. coli fecal count than control. This effect of
nucleotides was observed in human subjects (Gil et al., 1986; Singhal et al., 2008) and in in
vitro studies (Mateo, 2005; Sauer et al., 2010). However, more research is needed to
substantiate these results because the study of Sauer et al. (2012a) did not show effect of
supplemental nucleotides on the composition of small and large intestine gut microbiota of
piglets.
8.5. Effect of NRYE on immune responses

Manuscript Il and IV give strong evidence that NRYE supplementation had
beneficial immunoregulatory effects in the cells and tissues associated with the gut and
circulatory systems. Furthermore, this response to NRYE supplementation is more
conspicuous in both studies when compared to other parameters that were measured and
agrees with reports of other studies showing profound beneficial effects of dietary nucleotides
on the immune system (Domeneghini et al., 2004; Lee et al., 2007; Martinez-Puig et al.,
2007; Speranda et al., 2008; Li et al., 2015). Under the sanitary challenge, NRYE
supplementation was associated with upregulation of both pro- and anti-inflammatory
cytokines. This supports the suggestion by Gaskins et al. (2002) that the weaned pig first
invests substantially in defensive efforts to sequester gut microbes away from the epithelial
surface, and second to quickly mount immune responses against microbes that breach
epithelial defenses. Under LPS challenge, NRYE supplementation lowered the concentration

and expression of pro-inflammatory cytokines in the serum and ileum, respectively. In
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addition, this was associated with lowering of PUN and villus atrophy, and maintenance of
blood cell counts close to that of unchallenged control pigs. These responses show a
protective effect of NRYE against immune system overstimulation by LPS as also reported
by Hung (2015).
8.6. The potential of NRYE to replace AGP in piglet diets

Manuscript | results show that NRYE mitigated the weaning-associated growth stasis
and helped the pigs perform similar to those receiving AGP. Manuscript Il results show that
NRYE supplementation can reduce in-feed AGP dosage by up to 75% without any loses in
growth performance and nutrient utilization, however, further studies are needed to address
the concerns that reducing AGP dosage with nucleotide supplementation may still enhance
drug resistance of enteric bacteria. Manuscript 111 results show that NRYE can beneficially
transform gut microbiota, hence alleviating the potential risks associated with in-feed AGP in
the development of microbial antibiotic resistance in humans and livestock (Heuer et al.,
2006), and environmental contamination (Carlson et al., 2004). Furthermore, in Manuscript
IV, between 6 to 48 h post-LPS challenge, NRYE-receiving pigs had same growth
performance, higher RBC count and lower PUN level compared to AGP-receiving pigs.
Moreover, after 96 h post-LPS challenge, both NRYE- and AGP-receiving pigs had similar
villus height, crypt depth and villus height/crypt depth ratio in the duodenum, jejunum and
ileum. Although the superiority of AGP on promoting growth performance was evident in
both Manuscript | and overall results of Manuscript IV, in situations where an AGP ban
exists or non-AGP raised pork is more profitable, NRYE supplementation with enhanced
sanitation seems viable in mitigating weaning associated challenges.
8.7. Synergistic effects of NRYE and carbohydrases

In Manuscript 1V, compared to challenged control, supplementing NRYE together

with carbohydrases had no synergistic effects on performance. However, 6 h post challenge,
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NRYE and carbohydrases acted together to improve white blood cell count, whereas 96 h
post-challenge they acted together to increase duodenal villus height and crypt depth, jejunal
villus height:crypt depth ratio and downregulated the expression of IFN-a and IL-1p. This is
more evidence of the role of both NRYE and carbohydrases in improving gut structure and
immunological response system of the piglet. Studies where nucleotides and carbohydrases
have been simultaneously supplemented to piglet diets are lacking. However, some studies
have indicated synergistic effects of nucleotides with AGP (Carlson et al., 2005) in
improving ADG and ADFI of weaned pigs, and with L-glutamine (Domeneghini et al., 2004)
in increasing villus height and crypt depth, decreasing villus height/crypt depth ratio,
increasing mitosis and decreasing apoptosis in lymphatic follicles, and increasing percentage
of macrophages and intraepithelial lymphocytes in ileal tissue. Taken together, these studies
show that supplemental nucleotides have potential to improve the beneficial effects of the

commonly used feed additives.
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CHAPTER NINE

CONCLUSIONS AND FUTURE STUDIES
CONCLUSIONS
The following conclusions can be drawn from the present research:

1. Supplementation of 0.1 or 0.2% NRYE as a source of dietary nucleotides resulted in
similar growth performance as in-feed antibiotics.

2. 0.1% NRYE can be supplemented alone or with 25% of the recommended AGP
dosage without affecting growth performance and nutrient utilization in weaned pigs.

3. Supplementing 0.1% NRYE to weaned pigs raised in unsanitary condition positively
modulated their immune response.

4. Supplementing NRYE to weaned pigs raised in unsanitary condition positively
modulated the composition of gut microbiota.

5. Supplementing 0.1% NRYE to LPS challenged piglets expressed similar beneficial
responses as in-feed AGP in terms of lowering PUN concentration, reducing duodenal
and ileal villi atrophy, and downregulating serum and ileal proinflammatory
cytokines.

6. Supplementing 0.1% NRYE and carbohydrases had synergistic effects on improving
white blood cell count, duodenal villus height, jejunal villus height:crypt depth ratio

and downregulating the expression of IFN-a and IL-1p.
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FUTURE STUDIES
Further research is suggested to:

1. Determine the mechanisms by which supplemental nucleotides influence the immune
responses and composition of gut microbiota. For instance, investigate the process of
immune system activation after nucleotide supplementation and demonstrate changes
in cell cycles of different immune cells. In addition, nucleotides effect on Toll-like
receptors should be investigated to determine whether pathogen inhibition is a direct
result of immune system activation or nucleotide uptake by commensal gut microbes.

2. Establish the succession of gut microbiota communities after supplementation of
dietary nucleotides using metagenomic tools.

3. Determine effects of supplemental nucleotides together with enzymes using
nutrient/energy deficient diets to investigate effect on nutrient/energy digestibility.

4. Determine effects of supplemental nucleotides together with probiotics and prebiotics

in enhancing the gut health and function.
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