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ABSTRACT

Author: Chastain, Clayton, M.S.

Institution: Purdue University

Degree Received: August 2019

Title: Effects of Feeding Soluble Fiber (Dextrin) to Pigs Pre- and Post-Weaning on Growth
Performance, Intestinal Microbiome, Volatile Fatty Acid Production, Intestinal
Morphology, and Gene Expression.

Major Professor: John S. Radcliffe

Forty barrows were used in a 35d experiment to evaluate the effects of supplemental
soluble fiber (dextrin) pre- and post-weaning on growth performance, intestinal microbiome,
volatile fatty acid (VFA) production, intestinal morphology, and gene expression. Pigs were
blocked by litter and BW, and randomly allotted to treatments in a 2x2 factorial design with or
without fiber pre-weaning and with or without fiber post-weaning. Dextrin was administered
orally through a syringe, after being suspended in chocolate milk from 14d prior to weaning
through 3d post-weaning, after which it was included in the diet at 1%. At weaning, pigs were
group housed by treatment and allowed ad libitum access to a common starter diet. On d4 post-
weaning, pigs were moved to individual pens and fed diets with or without 1% fiber. Weights
and feed intake were recorded 14 and 3d prior to weaning, and on d0, 4, 11, and 21 post-
weaning. On d0 and d21 post-weaning, pigs were euthanized for collection of tissues and
intestinal contents. Ileal, cecal, and colon contents were taken for microbiome analysis, distal
large intestine contents were collected for VFA analysis, ileal cross sections were collected for
histology, and ileal and cecal mucosal scrapings were collected for intestinal gene expression.
Data were analyzed using the GLM procedure of SAS with pig as the experimental unit for
growth performance, VFA production, intestinal morphology, and gene expression. Microbiome
data were analyzed using Metastats, to find statistical significance between treatments, and then
run through R, using the false discovery rate method, to find a multiple test corrections g-value.
Growth performance in general was not affected (P > 0.10) by treatment with the exception of
d11-21 feed efficiency was improved (P = 0.018) for pigs receiving supplemental fiber prior to
weaning. Pigs that received fiber at any point had increased short chain fatty acid (SCFA)

producing bacteria (¢ < 0.05) compared to pigs never receiving fiber. Pigs never receiving fiber
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had increased bacteria associated with intestinal inflammation (¢ < 0.05) compared to all other
treatment groups. A trend for an interaction (P = 0.054) of pre- and post-weaning fiber
supplementation was observed for total volatile fatty acid concentration in large intestine
contents. An interaction (P = 0.007) of pre- and post-weaning treatments was observed on
butyrate, with pigs fed fiber only during pre-weaning having the greatest butyrate concentrations.
Pigs fed fiber pre-weaning had decreased isobutyrate concentrations (P = 0.050) and percentages
(P =0.040) and a trend for decreased isovalerate as a concentration (P = 0.058) and percent of
total VFAs (P = 0.051). Pigs fed fiber post-weaning had increased acetate (P = 0.047). An
interaction for butyrate percentages was observed with pigs receiving supplemental fiber only
prior to weaning having the highest percent of butyrate (P = 0.029). An interaction for valerate
concentrations (P = 0.045) occurred with pigs receiving fiber only prior to weaning having the
highest amount of valerate. Valerate as a proportion of total VFAs (P = 0.038) was decreased in
pigs receiving supplemental fiber post-weaning. Pigs fed fiber prior to weaning tended to have
decreased crypt depths (P = 0.097) compared to pigs that did not receive fiber prior to weaning.
In the ileum there was an interaction (P = 0.002) for GLP-2 expression, with pigs receiving
supplemental fiber solely before or after weaning having the greatest expression. Occludin
expression in the ileum tended to increase with fiber supplementation prior to weaning (P =
0.086) but then tended to decrease with fiber supplementation post-weaning (P = 0.053) In the
cecum, there was an interaction (P = 0.049) of pre- and post-weaning fiber supplementation on
GLP-2 expression. Pigs fed supplemental fiber at any point had increased GLP-2 expression, but
pigs that had fiber only after weaning had the greatest GLP-2 expression. Cecal HSP-70
expression also increased with fiber supplementation in pigs fed fiber post-weaning (P = 0.012).
Soluble fiber supplementation caused alterations in the intestinal microbiome, VFA

concentrations, the intestinal morphology, and in the expression of different intestinal genes.
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CHAPTER 1. LITERATURE REVIEW

1.1 Introduction

Weaning is a stressful event early in a pig’s life. Many changes occur simultaneously
which can make the transition challenging for the animal. During this time there are 3 types of
stress that affect the pig: environmental, social, and nutritional (Aherne et al., 1993). Nutritional
stress is caused by switching from milk to a dry feed diet. During this switch, pigs may refuse to
eat for upwards of 15 hours and then hunger eventually urges them to eat a large amount of feed
at once (Aherne et al., 1993). This diet transition as well as unusual eating habits can cause a lot
of stress on the gastrointestinal tract, which may impact gut development throughout their
lifetime (Moeser et al., 2007a; Moeser et al., 2007b; Campbell et al., 2013). Pigs also face social
and environmental stressors that can affect their performance such as changes in housing
environment, introduction to new and a greater number of pigs, and loss of maternal dam (Hotzel
et al., 2011). All the different stressors around weaning can negatively affect the health and thus
growth of the pig. Dietary fiber, when added to the diet, has been known to reduce inflammation
and improve gut health in animals (Perry and Ying, 2016; Burkitt et al., 1972; Krishnamurthy et
al., 2012; Galisteo et al., 2008; Superchi et al., 2017). The purpose of this review is to further
analyze the effects of fiber on the gastrointestinal tract and how it can impact health and immune

system development in weanling pigs post-weaning.

1.2 Effects of Weaning Stress
1.2.1 Nutritional Weaning Stress
In nature, pigs are weaned at approximately 3 months of age (Newberry and Wood-Gush,

1988). The average weaning age of pigs in the United States in 2019 was 20.79 days of age.
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(PigCHAMP, 2019) This early weaning will ultimately increase growth performance rate but
causes health issues in the pig along the way, and it may slow growth performance for a short
time after weaning (Pohl et al., 2017). At 5 weeks of age, the digestive system of the pig is more
adept at handling cereal based solid food, so weaning before this time, and introducing a large
amount of cereal based solid food at once, can cause diarrhea in the pig. The erratic food intake
combined with incomplete digestion can cause slowed growth for upwards of 14 days post-
weaning (Aherne et al., 1993). Low feed intake is one of many physiological changes that occurs
in the pig at weaning. Changes in intestine size and functionality, absorptive capacity, enzyme
concentrations, risk of enteric diseases, and gut permeability due to low tight junction expression

are all expected to be seen during this time which will be discussed below.

1.2.2  Structural Changes in the Small Intestine Around Weaning

The size of the small intestine also changes during the post-weaning period. During this
low intake period, when the pig is deficient in energy and many nutrients, the pigs’ body highly
prioritizes the growth of intestinal tissue over growth of other organs and tissues (Fenton et al.,
1985). This finding was confirmed by Seve et al. (1986) who reported that the digestive organ
growth was prioritized higher than the growth of other tissues in the pig’s body. The small
intestine grows relative to the rest of the body from 28-36 days before birth up until parturition
(Marrable, 1971). This trend continues through one-week post-parturition, when the small
intestine starts to grow isometric in relation to the rest of the body through six weeks of suckling
(Cranwell, 1995). Once weaning occurs, the small intestine growth rate increases. Cera et al.
(1998) conducted a study that reported an increase of 84-98% in the weight of the small
intestine, when compared to the relative body weight, from birth to 21 days later at weaning.

Tarvid et al. (1994) also discovered that intestine weight per intestine length (g/m) increased
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280% while length per total body weight decreased fourfold during a period of 30 days from
birth through weaning at day 30. This indicates that the intestine becomes thicker during this
period at a faster rate than it grows in length. Shields et al. (1980) discovered a similar finding
seeing the length of the small intestine per unit of bodyweight decreases after weaning in pigs 8-
10 weeks of age (Figure 1.1).

So, while weight of the small intestine increases after weaning, the length does not
increase at the same relative rate. For the weight to increase while the length decreases in
relation to body weight, the diameter and capacity of the small intestine must increase. A study
done by Vodovar et al. (1964) confirms that diameter increases by 3.5-fold and capacity

increases by 43-fold starting from birth until 8-10 weeks of age.

1.2.3 Weaning Effect on Intestinal Villi and Crypts

The inner lumen of the small intestine is lined with small finger-like projections
protruding into the lumen called villi. At the base of each of these villi are crypts of Lieberkiihn,
which are tubular intestinal glands (Cranwell, 1995). These villi are primarily lined with
enterocytes and goblet cells. The enterocytes will migrate from the crypt to the villus tip where
they are sloughed off. During this time, they will mature both functionally and structurally, and
the microvilli will rapidly elongate. (Cranwell, 1995). Villus height and crypt depth are
commonly used as indicators of absorptive capacity in the small intestine. A shortened villus
height and increased crypt depth indicate a reduction in intestinal nutrient absorptive capacity
(Wijtten et al., 2011). The jejunum has longer intestinal villi than any other segment of the small
intestine (Wiyaporn et al., 2013), and partly due to this, the jejunum sees a greater amount of
morphological changes in villi structure than the duodenum or ileum (Komai and Kimura, 1979).

From birth to day 3 of age, the villi can double in length from 200-300 pum to >500 pm
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(Skrzypek et al., 2010). After day 3, the villi will shorten in length while simultaneously
increasing in width causing them to become more leaf-like in shape (Cera et al., 1988). Some
morphological changes seen include a decrease in surface area due to the shortening of the height
of the intestinal villi. Cera et al. (1988) reported a 65% reduction in jejunal villus height in pigs
weaned at 3 weeks and a 27% reduction in pigs weaned at 5 weeks. The pigs weaned at 5 weeks
took 3 days to adapt to the new environment and began to grow again. Whereas the pigs weaned
at 3 weeks required at least 7 days to recover from the intestinal stress and required 21 days
before the villi began to increase in length again (Cera et al., 1988). Cera et al. (1988) also
noticed a reduction in microvilli from day 3 to day 7 post-weaning. These findings are in
agreement with other studies that reported villus atrophy during a low feed intake period after
weaning (Lalles et al., 2004; Pluske et al., 1996; van Beers-Schreurs et al., 1998). Because of
these intestinal changes at weaning, pigs are more susceptible to infection, which can drastically
affect feed intake, disease resistance, and growth rate, making the immune system play a large

role in gut health and functionality.

1.3 The Digestive Tracts Effect on Swine Immunity
1.3.1 Acquisition of Immunity

Health problems continuously affect the swine industry today and can greatly affect profit
of the industry as well as the reproductive capacity of the animals. Development of a strong
immune system in the young pig allows them to reach a higher growth potential as they age. Pre-
weaning mortality was reported to be 14.55% in 2019(PigCHAMP, 2019), and this is partly due
to the fact that pigs have an incompetent immune system at birth and are highly susceptible to
pathogenic infection (Gaskins and Kelley, 1995). Pigs have an epitheliochorial placenta that does

not allow immunoglobulins to transfer in utero. Therefore, pigs are born without any form of
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passive immunity and rely on colostrum to acquire immunoglobulins (Stokes and Bourne, 1989).
The immune system has several different roles which are primarily classified under passive and
active immunity. Active immunity has many different roles within the immune system, some of

which will be discussed below.

1.3.2 Passive Immunity Development

The newborn pig is severely immunosuppressed due to a lack of immunoglobulins
(Stokes and Bourne, 1989). Sow’s colostrum contains high concentrations of IgG for a short time
after parturition which pigs will ingest and be able to absorb, thus gaining some of the sow’s
passive immunity. The amount of immunity they receive is dictated by the quantity and quality
of antibodies they ingest (Holland, 1990). Since the only antibodies newborns receive are from
the sow, they only have immunity to antigens in which the sow has already developed memory B
cells (Porter, 1986). Although this immunity is vastly important for the pig’s development, most
of the antigens the pigs will come into contact with will be at the mucosal surfaces of the
digestive tract of the pig where IgG is at low levels and not very effective (Gaskins and Kelley,
1995). As the sow ceases to produce colostrum, IgG concentrations in her milk decrease and IgA
concentrations in milk increase. This is a signal that the mammary glands are producing milk
antibodies instead of secreting immunoglobulins from the serum (Bourne et al., 1978; Poonsuk
and Zimmerman, 2017). This IgA inoculation concentrates more at the mucosal layer since IgA
is resistant to intestinal breakdown. The IgA concentrations are very high at the mucosal level
and can lyse and destroy most viral or bacterial antigens that the animal may consume (Porter,
1986). The same concept applies as described earlier, IgA antibodies that the pigs receive will
only be sensitive to antigens that the sow has developed memory B cells to. Gut closure begins

approximately 24 hours after birth, so it is imperative for the pig to suckle the sow and ingest
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colostrum prior to gut closure (Dividich et al., 2005). A study done by Devillers et al. (2011)
concluded that pigs that live to weaning typically have an average colostrum intake of 333 + 14
grams, and pigs that die before weaning ingested less than 277 grams of colostrum. Once gut
closure is complete, antibodies will not be absorbed (Westrom et al., 1985). Immunoglobulins in
milk consumed prior to gut closure will be absorbed in the jejunum and lymphatic vessels.
Antibodies then travel through the thoracic duct and mix with intestinal lymph which is then put
into circulation. Twenty-four hours post parturition, the pig has similar antibody titers to that of
the sow (Holland, 1990). Within 6 hours after nursing begins, immunoglobulin concentrations in
milk drop to 50% of their original concentration. Colostrum secretion ceases at approximately 72
hours post parturition (Gaskins and Kelley, 1995; Poonsuk and Zimmerman, 2017). So earlier
born pigs have more access to antibody rich colostrum since parturition can last 4-6 hours
(Hendrix et al., 1978). Gut closure is also thought to be caused by certain factors in colostrum
(Svendsen et al., 1990), but the factors that cause gut closure are currently unknown. Some
studies such as ones done by Arvola et al. (1992,1993) report that antigens present in cow’s milk
when fed to rats delayed gut closure, whereas Jensen et al. (2001) reported that pigs fed both
bovine colostrum and milk replacer had a faster gut closure compared to pigs fed sow colostrum.
However, while there is debate on what causes gut closure, it can be concluded that colostrum
consumption immediately after birth is imperative for pigs to develop a strong passive immune

system.

1.3.3 Mucosal Immunity

The intestinal epithelium has a vast surface area to maximize nutrient absorption, but in
doing so, also gives rise to increased pathogen accessibility to the epithelium for attachment and

absorption. To counteract this, the intestinal tract has developed a system that utilizes immune
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factors, both innate and acquired, to prevent attachment of pathogens to intestinal epithelium
(Gaskins and Kelley, 1995). Certain recognition systems need to be in place so that the body can
distinguish nutrients from antigens. If the body is unable to do this effectively, food allergies
may develop (Cordle et al., 2004; Bailey et al., 2005). Recognition systems can either be innate
or active. The innate recognition systems work primarily in receptors that have the ability to
detect foreign macromolecules in the body to initiate other defense mechanisms (Bailey et al.,
2005). These receptors, called pattern-recognition receptors, are capable of recognizing and
binding macromolecules from a multitude of pathogenic organisms. The body is even able to
recognize harmful macromolecules that it has never been exposed to. This is possible since
germ-line genes encode the specificity of these receptor molecules. Germ-line genes are genes
passed down to each continuing generation (Chong and Whitelaw, 2004). This allows offspring
to have recognition receptors at a young age without being inoculated with certain pathogens
(Bailey et al., 2005).

Unlike innate recognition systems, adaptive recognition systems do not inherit receptor
specificities. While B and T cell genes are passed down from the previous generation, their
specificities are accumulated in lymphocytes. These lymphocytes generate specific targeting
sequences by rearranging genes and through hypermutation (Bailey et al., 2005). As more
specificities are generated on receptor molecules, the recognition systems become more complex
so that they can handle a multitude of different infectious pathogens (Bailey et al., 2005). These
systems develop during the beginning stages of life for a pig due to a rapidly increased exposure
to unfamiliar antigens. This exposure happens primarily at birth and at weaning, but also
between these stages as well (Bailey et al., 2005). At birth the exposure of antigens will be due to

the new environment whereas at weaning many of the new antigens that they will be exposed to
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will be due to the change in diet. Post-parturition, much of the protection from antigens is due to
colostrum. A polypeptide found in sow’s milk, TGF- B, is found in high concentrations in
colostrum and decreases with the amount of days lactating (Xu et al., 2004). The neonate is able
to absorb TGF-§ which stimulates IgA production within the small intestine and upregulates
non-inflammatory defense mechanisms to help improve the developing immune system of the
neonate (Brenmoehl et al., 2018). This switch to IgA production along with other factors may
contribute to the suppression of the active immune system development (Bailey et al., 2005). At
weaning, upon the transition to eating solid foods, the developed active immune system may
prove to be troublesome by potentially activating an immune response to fed proteins that the
body has not encountered before (Bailey et al., 2005). The mucosal immune system is also
dependent on microbial colonization as it appears to be both antigen-specific and antigen-non-
specific in nature (Butler et al., 2000). The microbial population utilizes its antigen-non-specific
products to be able to ligate the pattern recognition receptors which isnecessary in developing an
efficient mucosal immune system (Butler et al., 2000; Bailey et al., 2005).

The role of the mucosal immune system at weaning can be summarized in two main
objectives: To recognize and activate the immune system to potential antigens and to develop a
certain degree of tolerance to microflora and food proteins that are ingested (Bailey et al., 2005).
Failure of the mucosal immune system to perform these tasks results in decreased disease

resistance and/or severe allergic reactions to certain food types.

1.3.4 Intestinal Permeability and Cytokine Involvement in the Small Intestine

After birth, the intestines grow rapidly which is coupled with decreased intestinal
permeability of tight junctions. This function is essential to prevent the immune system from

being introduced to novel antigens in order to inoculate the gastrointestinal tract with colonizing
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microbiota and to prevent adverse reactions to specific food allergens, which can cause intestinal
distress and inflammation (Moeser et al., 2017). Certain immune factors boost the immune
system, such as IgA in colostrum, while others suppress the immune system and allow for
microbiota to colonize. Anti-inflammatory peptides and cytokines within the colostrum aide in
neonatal immunity by decreasing intestinal permeability to pathogens (Newburg and Walker,
2007). Neonatal pigs have a low titer of pro-inflammatory lymphocytes at birth which also helps
in decreasing intestinal permeability (Nguyen et al., 2010).

The early immune system of pigs has lowered expression of Tnl and upregulated
expression of Tn2 cytokines (Beverly, 1997). This allows microbial colonization of the gut since
Tul cells cause hypersensitivity while Tn2 cause the secretion on B cell antibodies (Romagnani,
1992). In addition, the neonatal system has an increased responsiveness to cytokines such as 1L-4
while reduced responsiveness to other cytokines such as IL-12 (Beverly, 1997). Cytokine 1L.-4
works through a positive feedback system to recruit naive Th cells and induce them to
differentiate into Tyn2 cells. These Tn2 cells then produce more IL.-4 to continue the positive
feedback (Choi, 1998). Cytokine IL-12 responsiveness is suppressed due to this cytokine
upregulating Tn1 responses to induce other cytokines such as IFN-y which can cause increased
hypersensitive reactions and NK cell activity (Sun, 2015). Garcia et al. (2000) reported that
neonatal pigs have a shorter CDR3 region on T cell receptors, which decreases the binding
ability of molecules to their respective antigens thus decreasing the effectiveness of T cells. As
pigs begin to age, their immune system becomes more functional as their lymphocytes begin to
develop and become more active throughout the body (Butler et al., 2000, 2009; Butler and
Wertz, 2012), which usually occurs around 6 weeks of age (Blikslager et al., 1997). As these

lymphocytes become more functional, around 6 weeks of age, they will have the ability to



20

infiltrate the small intestine. The increased titer of lymphocytes are able to interact with multiple
antigens, thus familiarizing the body with self and non-self-antigens. This process helps the body
avoid allergic reactions, identify and destroy pathogenic antigens, and allows microbiota to
colonize the intestines, (Martin et al., 2010; Wu and Wu, 2012). All of this demonstrates how the
neonate as well as the sow’s milk contribute to the function and efficiency of the neonate’s
immune system. A disruption in any of these processes may result in significant immune system
disfunction throughout the animal’s lifetime (Moeser et al., 2017).

Intestinal permeability decreases after birth but increases following weaning due to
multiple stressors around the time of weaning (Aherne et al., 1993; Pohl et al., 2017). This can be
measured by transepithelial electrical resistance which decreases in pigs during and after
weaning (Pohl et al., 2017). Intestinal permeability peaks 24 hours after weaning and then takes
2 weeks to return to normal (Moeser et al., 2007a). During this time of increased intestinal
permeability, molecules are able to pass through the intestinal lining easier than normal, which
can cause inflammation leading to intestinal distress (Moeser et al., 2007a; Hu et al., 2013; Pohl
et al., 2017). This inflammation is caused by the release of pro-inflammatory cytokines and
activation of the intestinal immune system (Hu et al., 2013).

Mast cells have also been shown to play a role in intestinal permeability in pigs (Moeser
et al., 2007b; Moeser et al., 2017; Pohl et al., 2017). Mast cells are activated and then typically
used for defense mechanisms throughout the body, especially in gastrointestinal disorders such
as irritable bowel disease in humans (Boeckxstaens, 2015). Pigs have been reported to have
increased intestinal mast cell activation within the first 24 hours after weaning, with pigs weaned
earlier having an even greater amount of mast cell activation (Moeser et al., 2007b). This

increased mast cell activation at weaning causes hyperplasia of intestinal mast cells into
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adulthood (Pohl et al., 2017). Mast cells were shown to play a role in intestinal permeability
through the use of the drug sodium cromolyn, which acts as a mast cell stabilizer in vivo. Pigs
given this drug prior to weaning showed a resistance to weaning associated increases in intestinal
permeability (Moeser et al., 2007b). These studies provide enough evidence to conclude that
mast cells play an important role in intestinal permeability in weaned pigs.

The immune system can greatly affect feed intake, disease resistance, and growth rate. In
order to try and boost the immune system around the time of weaning, when pigs tend to be
immunosuppressed, researchers have experimented with adding fiber to the diet in hopes that it
acts as a prebiotic to stimulate positive microflora growth and ameliorate the negative effects that

occur around the time of weaning.

1.4 Fiber
1.4.1 The Importance of Fiber

Research over the last 60 years has documented various health benefits of feeding fiber
(Burkitt, 1952; Cleave, 1968; Burkitt et al., 1972; Trowell, 1972, 1973). The type of fiber can
affect the results it has on the body since different fiber sources have varying functional
properties and react differently in the body depending on how each source was processed prior to
ingestion (Bosaeus, 2004). Fiber is an indigestible carbohydrate usually found in plant cell walls
(Brownlee, 2009). This is how dietary fiber is generally described, but the Codex Committee on
Nutrition and Foods for Special Dietary Uses (2009) wrote a definition that is now more
generally accepted internationally, it states “Dietary fiber means carbohydrate polymers with ten
or more monomeric units, which are not hydrolyzed by the endogenous enzymes in the small
intestine of humans and belong to the following three categories: (1) Edible carbohydrate

polymers naturally occurring in the food as consumed, (2) Carbohydrate polymers, which have
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been obtained from food raw material by physical, enzymatic or chemical means and which have
been shown to have a physiological effect of benefit to health as demonstrated by generally
accepted scientific evidence to competent authorities, (3) Synthetic carbohydrate polymers which
have been shown to have a physiological effect of benefit to health as demonstrated by generally
accepted scientific evidence to competent authorities” (Codex Alimentarius Commission, 2009).
One way to classify fiber is based on solubility: soluble and insoluble dietary fiber (Brennan,
2005). Based on these classifications and definitions, scientists have narrowed it down to classify
fiber by any of the following characteristics: Source, Digestion Resistance, Chemical properties,
and Physiological effects (Perry and Ying, 2016). Due to differences in chemical structures of
fibers, they tend to have various physiological effects (Anderson et al., 1990; Cui et al., 2009,
2013). Some of these effects are observable by certain soluble dietary fibers having an
association with a decrease in blood cholesterol concentration as well as a decrease in glucose
absorption throughout the gastrointestinal tract in humans (Angioloni and Collar, 2011).
Insoluble dietary fibers have generally been associated with water absorption (Angioloni and
Collar, 2011). Fiber is also able to affect the rate of starch degradation in vitro which
subsequently decreases the rate of glucose absorption (Oh et al., 2014). Dietary fiber does this by
trapping starch molecules and limiting the accessibility of water and starch degrading enzymes to
the starch molecules (Brennan, 2005). Some other physical properties of dietary fiber affect the
gastrointestinal tract such as, the ability to form gels, which can increase the viscosity of the
digesta, and the ability to influence the rate of fermentation in the hindgut (Weickert and
Pfeiffer, 2008). Due to the expansive property of fiber, inclusion at high levels can increase
satiety in the animal, subsequently lowering the amount of nutrients that are ingested (Khoury et

al., 2012). Fiber is a rather broad category, so to understand how fiber can affect the
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gastrointestinal tract, we much first discuss the different types of fiber that can be fed to the

animal.

1.4.2 Types of Fiber

Soluble fibers have been reported to increase total transit time in the small intestine due
to the increased viscosity of digesta. However non-viscous soluble dietary fibers have little effect
on viscosity and therefore mainly act as a fermentation source for hindgut microbiota (Khoury et
al., 2012). Soluble dietary fibers include fibers such as: oligosaccharides, psyllium,
galactomannan gums, alginates, pectins, dextrin, and -glucans (Perry and Ying, 2016).
Oligosaccahrides such as fructooligosaccharides, can be found in some plants which include:
artichokes, garlic, asparagus, onions, and wheat (Theuwissen and Mensink, 2008). Psyllium is a
general name that encompasses many species of the plant genus Plantago and is primarily
located in the many forms of seed husks but is present in the seed as well (Theuwissen and
Mensink, 2008). Galactomannans have a heightened ability to bind water compared to other
soluble dietary fibers, which makes it a great food stabilizer and emulsifier (Wu et al., 2012).
Galactomannan gums can be found in guar gum, tara gum, locust bean gum, and fenugreek gum
(Wu et al., 2012). Alginates are typically found in plant cell walls of algae, but can also be found
in high concentrations in bacterial exopolysaccharides of Pseudomonas aeruginosa (Pawar and
Edgar, 2012). Pectin is typically found in plant cell walls, primarily in fruit skins and is a linear
polysaccharide (Theuwissen and Mensink, 2008). The B-glucan polysaccharides are linked by [3-
glycosidic bonds and usually occur in the form of cellulose in plants and are most commonly
found in cereal grains, yeast, fungi, and certain bacteria (Theuwissen and Mensink, 2008).

Insoluble dietary fibers consist of cellulose and most hemicelluloses, as well as lignin and

resistant starch (Perry and Ying, 2016). Cellulose is the most abundant polysaccharide on earth
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and can have anywhere from 100 - >10,000 glucose monomers that are linked together via - 1,4
linkages (Klemm et al., 2005). Cellulose can be found largely in cereal bran as well as grains,
fruit, vegetables, and nuts, while hemicelluloses are more often found in cereal grains (Fuentos-
Zaragoza et al., 2010). What separates resistant starch from other starches is its ability to resist
hydrolysis to D- glucose while in the presence of amylase during its time in the small intestine
(Fuentos-Zaragoza et al., 2010). Resistant starch is most commonly found in whole grains,
legumes, rice, and potatoes (Fuentos-Zaragoza et al., 2010). The main factors that contribute to
the ability of starch to be resistant to hydrolysis are the physical form of the starch, associations
that may occur between the starch molecule and other food particles in the digesta, and how the
food was processed and/or cooked (Fuentos-Zaragoza et al., 2010). Lignin appears mainly in the
cell wall component in woody products such as outer layers of cereal grains and seed husks and
is composed of multiple aromatic alcohol groups (Fuentos-Zaragoza et al., 2010). All these
sources of insoluble dietary fibers tend to contribute the same overall effect which is an increase
in the bulk of feces and a laxative effect due to a decreased intestinal transit time (Perry and
Ying, 2016).

Dietary fiber, both soluble and insoluble, are susceptible to fermentation, but the level of
fermentation can vary based on the type of fiber and associated physical properties (Perry and
Ying, 2016). The most fermentable sources of fiber tend to be soluble dietary fiber,
oligosaccharides, and resistant starches (Vos et al., 2007). The fermentation of these fibers
creates short chain fatty acids (SCFAs) most commonly, acetate, propionate, and butyrate that
can be used as energy for the body or for the microbes (Jenkins et al., 2002). Depending on the
prevalence and concentration of certain microbes, as well as the source of fiber in the digesta, the

amounts of the SCFAs produced can vary widely. The production of SCFAs is believed to be
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beneficial when fed to rats as it decreases glycogen breakdown and release of glucose from the
liver and also decreases the amount of cholesterol in the blood(Galisteo et al., 2008).

Dietary fiber intake can also affect the microbiota in a way that affects insulin resistance
and the development of obesity. Backhed et al. (2007) reported that obese mice have a different
intestinal microbiome than lean mice, and as obese mice began to lose weight, their microbiome
shifted to be more similar to that of the lean mice. Backhed et al. (2007) also implanted
gnotobiotic mice with the intestinal microbiota of the lean and obese mice and observed that
mice implanted with the obese microbiota had an increase in fat content when on a diet similar in
energy content. A separate study done by Cani et al. (2007) using humans, showed that those
being fed a diet high in soluble dietary fiber had a decrease in gram-negative bacteria as well as
body weight while those being fed a diet that had a high fat content developed increased levels of
gram-negative bacteria. Lipopolysaccharides, a gram negative bacteria, have been reported in
pigs to be associated with a reduction in feed intake, a decrease in normal activity, and an
elevation in body temperature (Johnson and von Borrell, 1994).These studies listed above
indicate that feeding certain dietary fibers may help in altering the microbiota in a way to

increase intestinal health, decrease fat deposition, and decrease lipid concentration in the blood.

1.4.3 Effect of Fiber on Microbiota

Partially mentioned above, along with the other effects, fiber is also able to interact with
and alter the gut microbiome (Bauer et al., 2006). Fiber acts as a prebiotic source for intestinal
microbiota, boosting beneficial bacteria while inhibiting the growth of some pathogenic bacteria.
Wang and Gibson (1993) demonstrated this, reporting that fructo-oligosaccharides and inulin
when incubated in-vitro with human feces, decreased the pH of the sample and increased short

chain fatty acid production which resulted in decreased concentration of Clostridium perfringens
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and E. coli. Rossi et al. (2001) also reported that pigs inoculated with E. coli had a reduced
presence of E. coli when inulin was included in the diet. It is well known that most fibers
primarily increase beneficial bacteria while decreasing pathogenic bacteria. The bacteria that are
most often able to utilize soluble fibers are bacteroides, enterobacteria, streptococci, and
lactobacilli (Hidaka et al., 1986). Bifidobacteria can also utilize certain fibers such as
transgalacto-oligosaccharide (Tanaka et al., 1983). The presence of these beneficial bacteria can
increase short chain fatty acid production which is known to increase the amount of natural killer
cells (Pratt et al., 1986), reduce concentration of cytokines associated with an inflammatory
response (Segain et al., 2000), and make epithelial cells less dependent on glutamine (Zhang et
al., 1998), which then allows glutamine to be used as an energy source for lymphocytes (Jenkins
et al., 1999). Soluble fiber supplementation is also known to decrease pH of digesta which
results in an increase in mucin production in the small intestine (Satchithanandam et al., 1990;
Bustos-Fernandez et al., 1978). This increase in mucin production is caused by the increased
acidity of short chain fatty acid production, so with increased short chain fatty acid production an
increase in mucin production is typically observed (Finnie et al., 1995; Meslin et al., 2001).

The immune system is also greatly boosted with the addition of fiber to the diet. Fiber
boosts certain beneficial microbiota while reducing pathogenic bacteria, which can then affect
the gut-associated lymphoid tissue, GALT, which is very often altered by lactic acid bacteria
(Bauer et al., 2006). Many studies have reported boosts in immune system factors with the
addition of fiber. Field et al. (1999) fed fiber to dogs and reported an increased concentration of
CD8+ T-cells, Peyer’s patches, and CD4+ T-cells around the small intestine but most notably in
the mesenteric lymph nodes. A study by Lim et al. (1997) reported a similar result feeding rats a

diet including pectin that increased the concentration of CD4+ T-cells, an increase in IgG and
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IgA immunoglobulins within the blood serum, an increase in IgA immunoglobulins in the
cecum, and an alteration in the production of cytokines in the mesenteric lymph nodes.
Bifidobacteria, a bacterial genus generally associated with increased gut health, was shown to
increase in pigs fed supplemental fiber (Houdijk et al., 2002). Yun et al. (1997) incorporated [3-
Glucan into mice diets and reported an increase in IgG in the serum as well as an alteration in the
production of cytokines. Yamada et al. (1999) also reported increased IgA and IgG in the
mesenteric lymph nodes and the spleen when feeding rats either pectin or glucomannan. All
these studies suggest that adding fiber to the diet will alter the efficiency and function of the

immune system, which may aid in disease prevention in the animal.

1.4.4 Role of Fiber on Intestinal Inflammation

Fiber consumption has also been linked to reduced inflammation in the gut (Grooms et
al., 2013). A study performed by King et al. (2007) reported that a high fiber diet, as well as
additional supplementation of soluble dietary fiber decreased concentrations of C-reactive
protein, CRP, which is known to be a key inflammatory marker, throughout the body. This could
be due to increased butyrate production from fermentation of soluble dietary fiber in the cecum
and large intestine (Galisteo et al., 2008). Another study, by Ma et al., (2006) reported that when
people began eating more dietary fiber, a reduction in CRP levels was recorded. Krishnamurthy
et al., (2012) reported decreased inflammation in patients consuming high fiber diets, and this
association was even more prevalent if the patient had kidney disease since kidney disease is
recognized as a state of high inflammation. Baggio et al. (2019) reported that incubating cells
expressing TLR4 with rhamnogalacturonan activated TLR4 which subsequently decreased the

transepithelial electrical resistance of the cells, thus decreasing intestinal permeability.
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These studies cited above point to results that suggest fiber supplementation can cause
such aschanges in microbiota, decreased inflammation, increased insulin sensitivity, and
increased energy for the intestinal mucosal cells through increased SCFA production. All these
benefits can be attributed to different physical or chemical properties of fiber such as its
viscosity, fermentation capacity, and decreased response of glucose. Dietary fiber has also been
linked to alterations in lipid synthesis due to changes in enzyme expression and increased
amounts of glucose production (Brennan, 2005). However, the source, type, size, and solubility

of fiber may cause different metabolic responses.

1.5 Soy Allergy in Pigs

Soybeans have been used throughout the swine industry due to its high concentration of
quality amino acids and high availability (Hancock et al., 2000). However, the downside to using
soybean meal, especially in the diets of younger pigs, is that it can cause intestinal disturbances
and health problems due to the pigs being susceptible to allergenic proteins in soybeans such as
B-conglycinin and glycinin (Barratt et al., 1978; Dréau et al., 1994; Li et al., 1990). B-
Conglycinin and glycinin proteins are two of the main allergens found in soybeans and are
primary storage proteins (Lallés et al., 1999; Ogawa et al., 1995). Glycining and -conglycinin
are capable of traveling through the stomach without degrading, until the proteins makes it to the
small intestine where they are absorbed by the gut epithelium which then activates the allergenic
response (Astwood et al., 1996; Moreno and Clemente., 2008). Once B-conglycinin is absorbed,
it causes the body to release more IgA, IgE, IgG, and IgM immunoglobulins in calves (Dréau et
al., 1995). Glycinin absorption in pigs causes increased concentrations of IgA, IL-4, and IL-6
cytokines (Sun et al., 2008). The responses of pigs to B-conglycinin are typically delayed

growth, intestinal disruption, and immune system malfunction (Qiao et al., 2003; Hao et al.,
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2009), and glycinin has been reported to decrease growth performance and stimulate various
immune responses (Sun et al., 2008). Intestinal disruption usually occurs with the consumption
of both proteins with pigs having a decreased absorptive capacity due to decreased villus:crypt
(Wang et al., 2014).

This allergy can be exacerbated by intestinal inflammation and lack of intestinal barrier
function that typically occurs directly after weaning (Moeser et al., 2007a). The intestines act as
a barrier to prevent any absorption of antigens that may be present in the digesta, which is held
together by tight junction proteins (Madara et al., 1990). However, when inflammation occurs,
these tight junctions can break down and be less functional allowing glycinin, B-conglycinin, and
other antigens to bypass the intestinal barrier. Food allergies have also been known to increase
intestinal permeability, which consequently allows more of the allergen to traverse through the
intestinal epithelium. Since this happens due to the presence of an allergen, it is not necessarily
the cause of the allergic reaction, only the result. This increased permeability however, causes a
self-perpetuating cycle that keeps the allergic reaction from recovering (Heyman, 2005). In a
study done by Zhao et al. (2014), porcine epithelial cells treated with 3 mg/mL B-conglycinin
had a greater trans-epithelial electrical resistance due to the allergenic response that 3-
conglycinin causes. A study performed by Wu et al. (2016), reported the the supplementation of
glycinin and the supplementation of B-conglycinin both damaged the intestinal mucosa,
increased intestinal permeability, and promoted IgA synthesis. Another study done by Hao et al.
(2009), gave pigs an oral gavage of either 2 or 6 grams of B-conglycinin. They reported that
orally gavaging pigs with B-conglycinin resulted in symptoms of anaphylaxis such as rashes,
scratching, diarrhea, and low activity levels. Unexpectantly however, pigs that were sensitized

with 2 grams of B-conglycinin had more severe symptoms than pigs sensitized with 6 grams.
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This was thought to be due to the pigs receiving 6 grams building up a tolerance faster due to the
increased levels (Hao et al., 2009). These pigs also had decreased growth performance and

increased IgE concentrations (Hao et al., 2009).

1.6 Conclusions

Weaning presents multiple forms of stressors that may be harmful to pigs such as
absorptive capacity fluctuations and reduced gut permeability. These stressors may vary, but
dietary fiber has been shown to decrease the severity of the negative effects caused by these
stressors. Different types of dietary fibers affect the gastrointestinal tract in different ways,
mainly depending on whether it is soluble or insoluble in water, but the plant source of the fiber
can affect its effectiveness as well.

Dietary fiber can be fermented in the cecum and large intestine which can help it function
as a prebiotic, aiding the growth of beneficial bacteria while inhibiting the growth of some
pathogenic bacteria. This can alter the gut microbiome of the pig and increase intestinal health.

While the pig gains passive immunity from its mother, active immunity will not be fully
developed at weaning. With the introduction of a new food source, the immune system is
exposed to novel antigens that may cause food allergies or intestinal damage. The immune
system must utilize its different recognition systems to identify whether substances in the
gastrointestinal tract are harmful. -Conglycinin in soybeans is an example of a protein that can
affect the pig’s health and growth performance, as it is known to cause food allergies and to
increase intestinal permeability. This makes the mucosal immune system important for it to
identify any potential antigens to rid them from the body while also tolerating certain microflora

and proteins found in feed that are not harmful to the pig.
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Adding dietary fiber reduces intestinal permeability, thus limiting the amount of food
allergens that can penetrate the wall of the small intestine, preventing an immune response
mounted against the allergens. Fiber also has been shown to increase the total energy available in
the diet due to fermentation in the cecum releasing short chain fatty acids.

With all this research, little has is known about supplementation of fiber to the pre-weaning
pig. Therefore, we hypothesized that the addition of soluble fiber to the pre-weaning and/or post-
weaning pig would prevent some of the negative gastrointestinal effects, such as increased
intestinal permeability, and decreased absorptive capacity that weaning induces. The overall
objective was to prevent these negative effects from occurring, rather than simply trying to speed

up the recovery period after post-weaning stress occurs.
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CHAPTER 2. EFFECTS OF FEEDING SOLUBLE FIBER (DEXTRIN)
TO PIGS PRE- AND POST-WEANING ON THE INTESTINAL
MICROBIOME, VOLATILE FATTY ACID (VFA) PRODUCTION,
INTESTINAL MORPHOLOGY, AND GENE EXPRESSION

2.1 Abstract

Forty barrows were used in a 35d experiment to evaluate the effects of supplemental
soluble fiber (dextrin) pre- and post-weaning on growth performance, intestinal microbiome,
volatile fatty acid (VFA) production, intestinal morphology, and gene expression. Pigs were
blocked by litter and BW, and randomly allotted to treatments in a 2x2 factorial design with or
without fiber pre-weaning and with or without fiber post-weaning. Dextrin was administered
orally through a syringe, after being suspended in chocolate milk from 14d prior to weaning
through 3d post-weaning, after which it was included in the diet at 1%. At weaning, pigs were
group housed by treatment and allowed ad libitum access to a common starter diet. On d4 post-
weaning, pigs were moved to individual pens and fed diets with or without 1% fiber. Weights
and feed intake were recorded 14 and 3d prior to weaning, and on d0, 4, 11, and 21 post-
weaning. On d0 and d21 post-weaning, pigs were euthanized for collection of tissues and
intestinal contents. Ileal, cecal, and colon contents were taken for microbiome analysis, distal
large intestine contents were collected for VFA analysis, ileal cross sections were collected for
histology, and ileal and cecal mucosal scrapings were collected for intestinal gene expression.
Data were analyzed using the GLM procedure of SAS with pig as the experimental unit for
growth performance, VFA production, intestinal morphology, and gene expression. Microbiome
data were analyzed using Metastats, to find statistical significance between treatments, and then
run through R, using the false discovery rate method, to find a multiple test corrections g-value.

Growth performance in general was not affected (P > 0.10) by treatment with the exception of
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d11-21 feed efficiency was improved (P = 0.018) for pigs receiving supplemental fiber prior to
weaning. Pigs that received fiber at any point had increased short chain fatty acid (SCFA)
producing bacteria (¢ < 0.05) compared to pigs never receiving fiber. Pigs never receiving fiber
had increased bacteria associated with intestinal inflammation (¢ < 0.05) compared to all other
treatment groups. A trend for an interaction (P = 0.054) of pre- and post-weaning fiber
supplementation was observed for total volatile fatty acid concentration in large intestine
contents. An interaction (P = 0.007) of pre- and post-weaning treatments was observed on
butyrate, with pigs fed fiber only during pre-weaning having the greatest butyrate concentrations.
Pigs fed fiber pre-weaning had decreased isobutyrate concentrations (P = 0.050) and percentages
(P =0.040) and a trend for decreased isovalerate as a concentration (P = 0.058) and percent of
total VFAs (P = 0.051). Pigs fed fiber post-weaning had increased acetate (P = 0.047). An
interaction for butyrate percentages was observed with pigs receiving supplemental fiber only
prior to weaning having the highest percent of butyrate (P = 0.029). An interaction for valerate
concentrations (P = 0.045) occurred with pigs receiving fiber only prior to weaning having the
highest amount of valerate. Valerate as a proportion of total VFAs (P = 0.038) was decreased in
pigs receiving supplemental fiber post-weaning. Pigs fed fiber prior to weaning tended to have
decreased crypt depths (P = 0.097) compared to pigs that did not receive fiber prior to weaning.
In the ileum there was an interaction (P = 0.002) for GLP-2 expression, with pigs receiving
supplemental fiber solely before or after weaning having the greatest expression. Occludin
expression in the ileum tended to increase with fiber supplementation prior to weaning (P =
0.086) but then tended to decrease with fiber supplementation post-weaning (P = 0.053) In the
cecum, there was an interaction (P = 0.049) of pre- and post-weaning fiber supplementation on

GLP-2 expression. Pigs fed supplemental fiber at any point had increased GLP-2 expression, but
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pigs that had fiber only after weaning had the greatest GLP-2 expression. Cecal HSP-70
expression also increased with fiber supplementation in pigs fed fiber post-weaning (P = 0.012).
Soluble fiber supplementation caused alterations in the intestinal microbiome, VFA

concentrations, the intestinal morphology, and in the expression of different intestinal genes.

2.2 Introduction

Weaning is one of the more stressful times in the life of a pig and is associated with many
gastrointestinal alterations including reduced villus heights, increased crypt depths, changes to
the intestinal microbiome, and poor regulation of an underdeveloped immune system (Hampson,
1986; Pluske et al., 1997; Heo et al., 2013). These alterations often cause diarrhea, decreased
absorptive capacity, increased intestinal inflammation, and decreased growth performance
following weaning (Pluske et al., 1996; Wijtten et al., 2011; Campbell et al., 2013). These effects
usually occur due to sudden environmental, social, and dietary changes around the time of
weaning (Lalles et al., 2007; Hotzel et al., 2011). Some of these changes are attributed to stress
(Moeser et al., 2007) while some are attributed to decreased feed intake (Pluske et al., 1997).
However, a study done by Kelly et al. (1991) reported reduced villus heights and increased crypt
depths in pigs after weaning when fed through gastric intubation, indicating that the reduced
absorptive capacity was not due to decreased feed intake, but rather to other stressors that occur
around weaning. An increased incidence of diarrhea following weaning is usually credited to the
proliferation of Escherichia coli which may be exacerbated by decreased barrier function causing
an imbalanced microbiome and pathogenic infection (Fairbrother et al., 2005; Chen et al., 2013).
Antibiotics are added to the feed to treat or prevent infections in the pig and to combat the
negative effects of weaning. However, antibiotic use in livestock production is coming under

increased public scrutiny due to concerns over antibiotic resistance, for both humans and pigs,
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and there is a serious push by the industry, fueled by pressure from the public, to reduce
antibiotic usage (Van Boeckel et al., 2015). A multitude of new strategies have been researched
to replace the use of antibiotics in feed to decrease intestinal permeability, reduce diarrhea,
increase absorptive capacity, and increase growth performance.

An increase in intestinal permeability can be due to a reduced concentration of tight
junction proteins, such as occludin, in the intestinal mucosa (Oswald, 2006). When tight junction
protein expression is decreased, pathogenic substances can pass through the intestinal wall
paracellularly and activate the immune system (Turner, 2006), which can cause intestinal
inflammation (Heyman, 2005; Campbell et al., 2013). Intestinal permeability and integrity can be
altered by pro-inflammatory cytokines (McKay and Baird, 1999). Heat shock proteins (HSP)
function in the body is to cause reparation in tissue following some form of damage and HSPs
increase in pigs during the first 24 h post-weaning (Lalles et al., 2004; Bianchi, 2007). Glucagon-
Like Peptide 2 (GLP-2) has been reported to aid in the reduction of intestinal permeability and
inflammation, which are prevalent symptoms following weaning, and increase crypt cell
proliferation while suppressing cell apoptosis in intestinal epithelial cells (Burrin et al., 2003).
Volatile fatty acids (VFAs) are produced by microbes and an alteration in VFA concentrations
typically indicates an alteration in microbe concentrations or organisms (Franklin et a., 2002).
Microbiota in the gut have proven to be an important aspect involved in the overall health and
development of the pig (Fouhse et al., 2016).

Fiber has many beneficial effects on the health of the pig. Bauer et al. (2006) reported that
fiber alters the gut microbiome and acts as a prebiotic source, boosting beneficial bacterial while
inhibiting the growth of some pathogenic bacteria. Wang and Gibson (1993) reported a similar

conclusion after incubating fructo-oligosaccharides and inulin with human feces which
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subsequently decreased the pH of the feces and decreased Clostridium perfringens and E. coli
concentrations. Fiber has also been reported to reduce gut inflammation and reduce intestinal
permeability (King et al., 2007; Grooms et al., 2013), which could limit the number of harmful
bacteria that are able to cross the intestinal barrier around the time of weaning. Dextrin, the
soluble fiber studied in this experiment, consists of multiple glucose monomers linked by a-1,4
linkages (Takata et al., 2005). The purpose of this study was to include dextrin in the diet of pigs
pre- and post-weaning to test the ability of supplemental soluble fiber to alleviate negative health

symptoms that occur shortly after weaning.

2.3 Materials and Methods
2.3.1 Animals

All animal procedures were approved by the Purdue Animal Care and Use Committee
(PACUC #1303000841). This study involved a total of 40 barrows that began the study at 9.2 +
1 d of age. Three days after trial initiation, one control pig was euthanized due to insufficient
nursing. Pigs were a Landrace, Yorkshire, and Chester White composite that were genetically
selected to have an increased susceptibility to soybean proteins over 10+ generations (Cabrix et
al., 2011). The study lasted for 5 weeks from 14 d prior to weaning until 21 d post-weaning.
Before pigs were weaned, pigs were blocked by BW, litter, and lactation treatment, and
randomly allotted within block to complete a 2x2 factorial experiment with or without
supplemental soluble fiber pre-weaning and with or without supplemental soluble fiber post-
weaning. Pigs were weighed on d -14, -3, 0, 4, 11, and 21 relative to weaning (d 0). From d -14
to 0 pigs were housed with the sow in their respective farrowing crate. The morning of d 0 pigs

were weaned and moved to group housed pens (1.37 m x 1.52 m) by treatment. On the morning
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of d 4 pigs were moved to individual pens (0.41 m x 0.86 m) where they remained for the

remainder of the study.

2.3.2 Treatments

Treatments were:

1) Pre-weaning: No supplemental soluble fiber, Post-weaning: No supplemental soluble
fiber

2) Pre-weaning: Supplemental soluble fiber, Post-weaning: No supplemental soluble
fiber

3) Pre-weaning: No supplemental soluble fiber, Post-weaning: Supplemental soluble
fiber

4) Pre-weaning: Supplemental soluble fiber, Post-weaning: Supplemental soluble fiber

For pigs receiving supplemental soluble fiber, it was diluted in chocolate milk warmed to
39°C and administered orally from 14 days prior to weaning through 3 d post-weaning. From d4
to d21 post-weaning, soluble fiber was supplied in the feed. Fiber was supplied to pigs at a rate
of 1 g/d dissolved in 5 mL of chocolate milk on days -14 to -8, 2 g/d dissolved in 7.5 mL of
chocolate milk on d -7 to -1, and 3 g/d dissolved in 10 mL of chocolate milk on d -1 through d 3
relative to weaning (d 0). Starting on d 4 supplemental fiber was mixed into the feed at 1% of
the diet. Pigs not receiving supplemental fiber during the oral dosing period received chocolate
milk with no supplemental fiber added.

After weaning on d 0, all pigs were fed a common Phase 1 nursery diet with no
supplemental fiber added until d 4 post-weaning when the Phase 2 diet started as pigs were
moved to individual housing. During this time (d 0-4), pigs on fiber treatments were given oral

doses. All diets were formulated to meet or exceed the minimal nutrient requirements (Table 2.1)
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according to the NRC (2012). Diets were analyzed at Purdue University for energy, DM, ash,
nitrogen, phosphorous, NDF, and ADF (Table 2.2). The Phase 1 diet had no additional
supplemental fiber and was a corn-soy based diet with lactose and animal protein sources (Table
2.1).

On day 4 post-weaning, all pigs were moved to individual housing, and switched from
Phase 1 to Phase 2 feed. The Phase 2 diet was a corn-soy based diet with animal protein sources.
A basal diet was made without supplemental fiber, and pigs receiving fiber received the basal
diet blended with supplemental fiber at a level of 1% of the diet, whereas pigs not receiving
supplemental fiber had an extra 1% corn blended into the diet (Table 2.1).

Phase 3 nursery diets began on d 11 and were fed until the conclusion of the study (d 21).
Phase 3 was similar to Phase 2 in that supplemental fiber was added to the basal diet at 1% of the
diet for pigs receiving supplemental fiber, whereas an extra 1% of corn was added to the diet of

pigs not receiving supplemental fiber (Table 2.1).

2.3.3 Animal Growth and Performance

Pigs were weighed at the beginning of the study and on d -3, 0, 4, 11, and 21. All feeder
weights were collected on the same day that body weights were collected to calculate feed
disappearance. From the morning of day 0 to the morning of day 4, while they were group
housed with 7 or 8 pigs/pen, all feeders were initially weighed while empty, feed was weighed
and added, then the weight of the feeder and feed was weighed on day 4 to record feed
disappearance for the entire pen.

Beginning on day 4, once pigs were placed into individual pens, each pig was assigned
their own feed tub containing a pre-weighed amount of feed and feed was added to each feeder,

from their corresponding tub, whenever it began to run low. When body weights were collected,
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the remaining feed in the tub and feeder was also weighed to record feed disappearance since the
previous weigh day. Each pig’s weight and feed disappearance were recorded to measure body
weight, and calculate average daily gain, average daily feed intake, and gain:feed, for each

dietary phase and for the overall growth performance of the study.

2.3.4 Euthanasia and Sample Collection

All pigs were harvested on site at the Purdue University Animal Sciences Research and
Education Center and were euthanized using carbon dioxide stunning followed by
exsanguination. On the morning of d 0 and 21, 8 and 31 pigs, respectively, were euthanized and
tissues were collected from the ileum and cecum while contents were taken from the ileum,
cecum, and colon. Figure 2.1 shows the location along the digestive tract where each sample was
collected. A 2-inch cross section was taken from the ileum, rinsed with phosphate-buffered
saline (PBS), and then placed in 30 mL of 10% neutral buffered formalin for subsequent
histological analyses. Ileal and cecal tissue were removed, the lumen was lightly rinsed with PBS
and then mucosa was scraped and flash frozen in 1 mL of Invitrogen™ TRIzol® reagent
(ThermoFisher Scientific; Waltham, MA, USA) for subsequent isolation of mRNA, creation of
cDNA, and analysis of gene expression using quantitative PCR. Digesta was taken from the
distal end of the ileum, the cecum, and the large intestine, where it was placed on ice and then
frozen at -20°C for subsequent microbiome analysis. After the pigs were euthanized on d 21,
fecal samples were taken, which were placed in a sterile bag, then placed on ice until it could be

moved to a -20°C freezer for subsequent VFA analysis through gas chromatography.

2.3.5 Histology

Tissue sections that were placed in formalin were then sent to the Purdue University

Histology Lab in the College of Veterinary Medicine. The Histology Lab embedded the tissue in
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paraffin wax, used a microtome to slice cross sections, and then fixed the tissue to slides prior to
staining with hematoxylin and eosin. Digital pictures of the slides were taken with MotiConnect
software (version 1.5.9.1 ; Motic China Group Co. Ltd.; Xiamen, China). The digitized slides
were then analyzed using ImageJ 1.51k measurement software (LOCI, University of Wisconsin).
Six villi and six crypts were measured for each pig. The villi were measured from the tip of the
villus down to the base of the villus. Crypts were measured from the base of the villus down to

the bottom of the crypt region. An example of this is shown in Figure 2.2.

2.3.6 Microbiome Analysis

All microbiome analysis was performed by at Purdue University. DNA extraction was
done using the DNeasy PowerLyzer PowerSoil Kit (Qiagen) following the manufacturer’s
protocol with two changes. First, during step 4 (lysis), bead tubes were run at 30Hz (1/s) for 2
minutes, and then tube racks were flipped over to ensure even lysis from outer and inner tubes.
The second change occurred during step 17 (DNA elution), where instead of 100 pL of the given
solution C6, DNA was eluted with 50 pL of nuclease free water. Extracted DNA was used for
the construction of a 16S rRNA gene library following a standardized protocol (Kozich et al.,
2013). The PCR and sequencing quality were assessed by preparing 16S rRNA gene libraries for
a known positive control mock community (20 Strain Even Mix Genomic Material; ATCC®
MSA-1002TM) and water as a negative control (Kozich et al. 2013). Briefly, Illumina indexed
reads were created using PCR amplification of the V4 region of bacterial 16S rRNA gene.
Amplification success was determined through gel electrophoresis as a quality check. No bands
were observed in the negative control samples using water as the DNA template. Amplified
DNA was normalized using a SequalPrep Normalization Plate (Invitrogen), and pooled into a

single library. Library concentration was determined using the KAPA Library Quantification Kit
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(Roche) and library average fragment length was determined using the Bioanalyzer (Agilent)
with a high sensitivity kit. Following the confirmation of proper DNA concentration, the pooled
samples, mock community, and water, were sequenced (Illumina, MiSeq v2 kit, 500 cycle).
Sequences were demultiplexed according to oligonucleotide bar code sequence with Illumina
software. All equipment for extraction, amplification, and sequencing are located within Purdue
University.

Raw reads were analyzed using Mothur (v 1.39.3). The general pipeline for Mothur is as
follows: make contigs from raw reads, align contigs to reference sequences (Quast et al. 2012;
SILVA database release 132), screen and filter sequences to remove low quality reads
(ambiguous bases allowed = 0, maximum read length = 275, homopolymers allowed = 8), group
sequences based on sequence similarity, classify sequences with reference to known taxonomic
classifications (Cole et al. 2013; RDP training set 16), cluster sequences, and run diversity

metrics.

2.3.7 Intestinal Tissue Gene Expression

The mucosa frozen in TRIzol® was removed from a -80°C freezer to isolate RNA. The
RNA from the ileal and cecal mucosal scrapings was isolated using a commercially available kit
(PureLink™ RNA Mini Kit; Ambion by Life Technologies, Carlsbad, CA, USA). The RNA
from each sample was quantified using a NanoDrop spectrophotometer at 260 nm absorbance
(ND-100, NanoDrop Technologies, Rockland, DE). The purity of the RNA was determined
based on the absorbance ratio of 260 to 280 nm, which had to be 1.9 or higher to be considered
sufficient (Wilfinger, 1997). Once RNA was quantified, it was diluted to have 1 ug of RNA to
4.75 pL of nuclease free water. The RNA was then reverse transcribed into cDNA by combining

2.0 uL. of RT-buffer, 0.25 pL of Promega RNasin® (Promega Corporation; Madison WI, USA),
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0.5 uL of Invitrogen™ M-MLYV reverse transcriptase, 1.0 pL of oligo-DT (0.1 mg/mL), 1.0 pL
of Bovine Serum Albumin (1 mg/ mL), and 0.5 pL of ANTP (ThermoFisher Scientific;
Waltham, MA, USA) with 1.0 pg of RNA. RT-qPCR was carried out with the cDNA using 5 pL.
of sample mixed with 15 pL of 2X SYBR Green supermix (1Q™ SYBR® green supermix, Bio-
Rad, Hercules, CA) blended with forward and reverse primers for each target gene to be
amplified (Table 2.3). The RT-qPCR machine began with a 95°C denaturation step followed by
40 cycles of 95°C for 15 seconds, 60°C for 60 seconds, and 72°C for 30 seconds for the genes
GAPDH, Occludin, HSP70, and GLP-2 (StepOne Plus, Applied Biosystems™, Carlsbad, CA,
USA). TNF-a was analyzed with 40 cycles of 95°C for 15 seconds, 50°C for 60 seconds, and
72°C for 30 seconds and GAPDH was included on these plates as well due to its role as a
housekeeper gene. After 40 cycles of PCR, a melt curve was generated to check primer
specificity. To minimize error, each sample was amplified in duplicate on the same plate for all
primers, and a pooled composite, non-template sample was used as a control and included on
each plate to account for any possible plate-to-plate variability. GAPDH was used as a
housekeeper gene to normalize the sample using the AACT method. Primers used for occludin,

HSP70, GAPDH, and GLP-2 are shown in Table 2.3.

2.3.8 Volatile Fatty Acid (VFA) Analysis

Fecal samples were removed from the freezer and thawed in a refrigerator. Thawed feces
were diluted with a recorded amount of deionized (DI) water until they resembled more of a
liquid, and then mixed with 2 mL of 25% metaphosphoric acid and placed into tubes. Each
sample was divided into 2 tubes so that each sample could be run in duplicate. Samples were
then vortexed for 10 seconds, placed into a centrifuge and spun at 15,120 x g for 10 minutes.

From this sample the supernatant was collected. The samples were centrifuged again at 15,120 x
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g for 10 minutes and the supernatant was collected and poured into a 12-cc syringe, which
connected to a paper filter with a pore size of 0.45 um. The supernatant was passed through the
filter and that sample was collected. A stock solution with 87.4 uM/L acetic, 26.76 uM/L
propionic, 7.607 uM/L butyric, 8.789 uM/L isobutyric, 1.864 uM/L valeric, and 1.835 uM/L
isovaleric acid was mixed as a standard to normalize the samples. The Gas Chromatograph (3900
CP-8400, Varian Medical Systems™, Palo Alto, CA, USA) was loaded with a blank containing a
1:5 dilution of 25% metaphosphoric acid and a standard containing a 1:5 dilution of the standard
stock. All samples were then loaded into the machine and run through a fused silica capillary
column measuring 0.25mm x 0.25um x 30 m. The sample analysis was run using Galaxie

analysis software (Galaxie, Varian Medical Systems™, Palo Alto, CA, USA).

2.3.9 Statistical Analysis

For pig growth performance, intestinal morphology, and intestinal gene expression pre-
weaning, pigs were euthanized on day 0 (n=8). All data were analyzed with two treatment
groups, with and without supplemental fiber. For pigs euthanized on day 21, the pig was used as
the experimental unit (n=31) for growth performance, gene expression, histology and VFA
concentrations. Data were analyzed using PROC GLM in SAS 9.4 (SAS Inst. Inc., Cary, NC).
All data were analyzed as a 2x2 factorial arrangement with or without supplemental fiber pre-
weaning and with or without supplemental fiber post-weaning. Values were considered
significant at P < 0.05 and a trend at 0.05 < P <0.10. All data were analyzed for outliers over the
entire study group. Any data above or below 2.5 standard deviations from the average was
removed and not included in statistical analysis. Four additional pigs, one per treatment, were
removed from the final data set for analysis due to poor health. For microbiome data, Metastats

(Schloss et al. 2009) was used to determine statistical significance between treatment groups and
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a multiple test correction g-value, calculated using the false discovery rate method, was done

using R (R Core Team 2013).

2.4 Results

2.4.1 Animal Growth and Performance

During the nursing period there was no effect of fiber supplementation on ADG or BW at
any point during lactation (P > 0.510; Table 2.4). There were not any differences in ADG while
pigs were eating solid feed between d0 and d4 (P > 0.261; Table 2.5). Since the pigs were group
housed d 0-4 post-weaning, ADFI was based on the pen, not the individual pig. Since this data
has n=1 there are no p-values, but it is shown in Table 2.5 for reference. From d4 to d11, while
pigs were individually housed, there were no differences among treatment groups for ADG,
ADFI, G:F,d4 BW, ord 11 BW for this period (P > 0.227; Table 2.5). From d11 to d21 there
were no differences in ADG, ADFI, or d21 BW (P > 0.253; Table 2.5), however there was a pre-
weaning fiber effect on G:F with pigs receiving supplemental fiber prior to weaning having an
increased G:F (P = 0.018; Table 2.5). During the overall post-weaning period, ADG was
assessed from dO to 21 and d4 to 21, while ADFI, and G:F were assessed from d4 to d21 since no
individual feed intake data could be collected from d 0 to4 while pigs were group housed.
Average daily gain from dO to 21 and d4 to 21, and ADFI, and G:F from day 4 to day 21 were

not different among treatment groups (P > 0.182; Table 2.5).

2.4.2 Histology
Pigs euthanized at weaning on d0 had no differences between treatment groups for villus
height, crypt depth, or villus height:crypt depth (P > 0.355; Table 2.4). However. differences in

intestinal histology were recorded in pigs euthanized at the end of the study on d 21. Providing
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supplemental fiber to pigs prior to weaning tended to decrease crypt depth (P = 0.097), while
villus height (P = 0.781; Table 2.6) and villus height:crypt depth ratio (P = 0.117; Table 2.6)
both remained unchanged. The addition of supplemental fiber after weaning resulted in no
differences in villus height, crypt depth, or villus height:crypt depth (P > 0.198; Table 2.7).
There were no diet x stage of supplementation interactions on villus height, crypt depth, or villus

height:crypt depth (P > 0.265; Table 2.8).

2.4.3 Microbiome Analysis

The top 16 genera based on relative abundance in the the ileum, cecum, and colon, were
the same between pre- and post-weaning pigs (Figure 2.3). The top 16 included lactic acid
bacteria (LAB) such as Lactobacillus, Megasphaera, Streptococcus and Bifidobacteria as well as
bacteria that may induce inflammation and disease such as Helicobacter and Campylobacter
(Figure 2.3).

No differences were observed between the pigs given soluble fiber or not and euthanized
prior to weaning for any sample type (Figure 2.3). Pigs that received supplemental fiber had
increased SCFA producing bacteria (g < 0.05) compared to pigs that never received
supplemental fiber in the cecum and colon for both mucosal and digesta samples (Table 2.9).
The SCFA producing bacteria that increased are genera such as Butyrivibrio, Butyricimonas,
Acetivibrio, and Turicibacter (Azman et al., 2015; Ulger Toprak et al., 2015; Zhong et al., 2015).
Pigs that never received supplemental fiber had increased Desulfovibrionaceae (¢ < 0.05), a
family with members implicated in increased inflammation (Figliuolo et al., 2017), in both

cecum and colon mucosal samples.
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2.44 Gene Expression

Pigs euthanized on d0 had no changes in GLP-2, HSP-70, or occludin expression in the
cecum (P >0.367; Table 2.4), and no changes in GLP-2 or occludin were observed in the ileum
(P >0.402; Table 2.4). For pigs harvested on d 21, adding supplemental fiber to the diet caused a
diet by stage of supplementation interaction for ileal GLP-2 gene expression. This resulted from
pigs that received supplemental fiber either pre- or post-weaning, but not both times, having
greater GLP-2 gene expression than pigs that never received fiber (P = 0.002; Figure 2.4). Fiber
supplementation also caused a trend for a pre-weaning effect (P = 0.086) and a trend for a post
weaning effect (P = 0.053) on occludin gene expression in pigs euthanized on d21, with pigs
being fed supplemental fiber prior to weaning having increased occludin expression, but pigs
being fed supplemental fiber post-weaning having decreased occludin expression (Figure 2.5).
There was a diet x stage of supplementation interaction for cecal GLP-2 expression (P = 0.049;
Figure 2.6). Pigs not fed supplemental fiber pre-weaning, but receiving supplemental fiber post-
weaning had a greater increase in cecal GLP-2 expression than pigs given supplemental fiber
both pre- and post-weaning and compared to pigs only receiving supplemental fiber pre-
weaning. There was a post-weaning main effect on cecal HSP-70 gene expression with pigs
receiving supplemental fiber post-weaning having higher HSP-70 gene expression (P = 0.012;
Figure 2.7) Occludin expression in the cecum was not affected by fiber supplementation (P >

0.121; Figure 2.8).

2.4.5 Volatile Fatty Acid (VFA) Analysis

For pigs euthanized on d21, adding fiber to the diet caused a diet x stage of
supplementation interaction for the total amount of VFAs (P = 0.054; Table 2.10). While pigs

receiving supplemental fiber at any point had greater concentrations of total VFAs compared to
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pigs that never received supplemental fiber, the interaction is due to pigs receiving fiber solely
prior to weaning having increased total VFA concentrations compared to pigs that received
supplemental fiber both pre- and post-weaning. Acetate (P > 0.115) and propionate (P > 0.266)
concentrations (mmol/L) were not different among treatment groups (Table 2.10). There was a
diet x stage of supplementation interaction for butyrate concentrations (P = 0.007) which was
explained by pigs receiving supplemental fiber at any point having increased butyrate
concentrations, however pigs that received supplemental fiber only prior to weaning or after
weaning had greater concentrations of butyrate when compared to pigs that received fiber for the
entire study (Table 2.10). A diet by stage of supplementation interaction was observed for
valerate concentrations. Pigs fed supplemental fiber pre-weaning but not post-weaning had
greater concentrations of valerate compared to all other treatment groups (P = 0.045; Table 2.10)
and pigs fed supplemental fiber for the entirety of the study had decreased fecal valerate
concentrations. Pigs receiving supplemental fiber prior to weaning had decreased isobutyrate (P
=0.050) and a tendency for decreased isovalerate (P = 0.058) concentrations compared to other
treatment groups (Table 2.10).

VFA data were analyzed as a concentration as well as a percent of total VFAs in the
feces. When analyzed as a percentage, acetate accounted for a larger proportion of VFAs for pigs
receiving supplemental fiber post-weaning (P = 0.047; Table 2.10). Propionate as a percentage of
total VFAs did not differ among treatment groups (P > 0.262; Table 2.10). There was a diet by
stage of supplementation interaction for butyrate percentages, with pigs being fed fiber only prior
to weaning having a greater proportion of butyrate (as a percentage of total VFAs) than all other
treatment groups (P = 0.029; Table 2.10). Pigs receiving supplemental fiber post-weaning had a

decreased valerate as a percentage of total VFAs (P = 0.038; Table 2.10). Decreases in
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isobutyrate (P = 0.040) and a tendency for isovalerate (P = 0.051), as a percentage of total VFAs
was observed in pigs that received supplemental fiber pre-weaning compared to pigs that did not

receive supplemental fiber pre-weaning (Table 2.10).

2.5 Discussion

This study was designed with the goal of alleviating the negative effects that are typically
observed around weaning. These negative effects may occur from the stress involved with
weaning, or due to decreased feed intake (Aherne et al., 1993). Prior to regulatory changes made
in 2017, antibiotics were more commonly included in feed to prevent pathogens from weakening
the immune system and causing intestinal distress, thus antibiotics increased weanling pig
growth performance. As the need for animal protein sources for human consumption rises, so
does the usage of antimicrobials in livestock production with the increased animal production to
meet these demands. Antimicrobials however, pose a threat to human health with the potential
rise of drug-resistant pathogens, which puts pressure on the swine industry to develop different
means of lowering the use of antimicrobials through supplementation of various pathogen-
suppressing feed additives (Van Boeckel et al., 2015).

Several researchers have reported the many benefits that are accompanied with adding
fiber to swine diets (Burkitt, 1952; Cleave, 1968; Trowell, 1973; Perry and Ying, 2016). Fiber
has been reported by Jenkins et al., (2002) to increase the concentration of short chain fatty acids
(SCFA) which are capable of being used by the microbiota as an energy source. SCFA have been
reported to boost the efficiency of the immune system by increasing the amount of natural killer
cells (Pratt et al., 1986), and by making the cells less dependent on glutamine (Zhang et al.,
1998) which then frees up glutamine to be used as an energy source by lymphocytes (Jenkins et

al., 1999). This was observed in this study as well with increases in total SCFA production with
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pigs fed dextrin. Most notable was the increase in butyrate production in pigs receiving
supplemental fiber pre-weaning, and an even greater increase in pigs that received supplemental
fiber solely pre- or post-weaning, which has been associated with reductions in inflammatory
genes, increased growth performance, increased intestinal absorptive capacity, and decreases in
E. coli (Lu et al., 2008). Fiber supplementation has also been reported to act as a prebiotic source
in the gut which allows the growth of more beneficial bacteria (Bauer et al., 2006). Rossi et al.,
(2001) reported a reduction of E. coli in pigs, incubated with the infectious bacteria, following
the inclusion of inulin into the diet. This same effect was noted in this study as well. A reduction
in the number of bacteria associated with gut inflammation was observed, with a subsequent
increase in the abundance of SCFA producing microbiota. Fiber consumption has also been
associated with reduced inflammation within the digestive tract (King et al., 2007). This has even
been reported on a cellular level in a study done by Baggio et al., (2019) who incubated TLR4
expressing cells with thamnogalacturonan which consequently activated TLR4 reducing trans-
epithelial resistance, thus reducing intestinal permeability. An increase in ileal and cecal GLP-2
expression was observed with fiber supplementation, which is associated with reduced intestinal
inflammation and permeability (Burrin et al., 2003). Ileal occludin increased when supplemental
fiber was fed prior to weaning indicating an improved gut barrier function (Oswald, 2006), but
oddly it decreased when fiber was fed after weaning. HSP-70 expression also increased in pigs
fed fiber post-weaning which may indicate that their intestines were better suited for intestinal
reparation, since HSPs assist in cellular respiration (Bianchi, 2007), but it could also indicate that
more were necessary to decrease inflammation that was already present. No changes in cecal

occludin expression were observed, which may be explained by the fact that this line of pigs is
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more highly susceptible to soy allergens, which may be due to a naturally more permeable
intestinal barrier, making all treatment groups similar (Hashimoto-Hill et al., 2019).

Weaning is associated with reductions in villus height and increases in crypt depths (Cera
et al., 1988). This is indicative of intestinal inflammation as well as increases in intestinal
sloughing (Land, 2015). In this study, no changes in villi heights or villus height:crypt depth
ratios were observed between treatment groups, though a trend for a reduction in crypt depths
was observed with fiber supplementation pre-weaning. This implies that addition of fiber did not
increase the absorptive capacity in the ileum but reduced the amount of stress placed on the small
intestine (Nabuurs and Hoogendoorn, 1993). With a reduction in intestinal stress coupled with
increased GLP-2 expression and SCFA production, growth performance would be expected to
increase. However, when analyzed over the entire study, there were no differences in ADG or
ADFI among treatment groups. The only growth performance data that showed any form of
significance was G:F from day 11-21. This indicated pigs fed fiber prior to weaning were more
efficient at this time, but this was not something that was observed over the course of the entire
study.

Pigs that received supplemental fiber only prior to weaning or only post-weaning
typically showed a more beneficial response than the pigs that received supplemental fiber for
the entirety of the study. This was seen for response variables such as ileal and cecal GLP-2
expression, total VFA concentrations, acetate concentration, and butyrate concentration. These
results were surprising as we expected pigs receiving supplemental fiber both pre- and post-
weaning to have an increased response to these variables. This could be due to differences in
carbohydrase production. Prior to weaning, lactase is the main carbohydrase being produced to

digest the lactose in the sow’s milk (Hartman et al., 1961). With the addition of dextrin, different
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carbohydrases will be produced since dextrin is capable of being broken down in the small
intestine due to the a-1,4 linkage (Takata et al., 2005; Singh et al., 2010). This could prepare the
pig to better digest the multitude of carbohydrates that are available in solid feed after weaning.
Pigs fed supplemental fiber prior to weaning could then be expected to perform better than those
that had not received supplemental fiber prior to weaning. Pigs fed supplemental fiber for the
entirety of the study then would digest more of the dextrin fed post-weaning, which limits the
amount of it that would make it to the cecum to be fermented. Pigs being fed fiber only post-
weaning would be expected to not have as high of carbohydrase production to break dextrin
down in the small intestine which would allow more dextrin to make it to the cecum where it
could be fermented by the bacteria to produce more SCFAs. This could explain the increases in
the response variables that we observed for pigs that only received supplemental fiber either pre-

or post-weaning.

2.6 Implications

Data from this study indicates that feeding supplemental soluble fiber prior to and/or after
weaning resulted in changes in SCFA production, crypt depth, intestinal gene expression, and the
cecal and colon microbiome. There were some benefits from feeding dextrin to pigs around
weaning. To increase SCFA production, it may be beneficial to supplement fiber to pigs post-
weaning. Including it prior to weaning is possible but proves to be more difficult while they are
nursing. Though some beneficial effects from the addition of supplemental fiber were observed,
the effects tended to be smaller than expected. Different types and sources of fiber have been
reported to produce different effects in pigs. More work on how different fibers benefit the pig at

weaning are warranted.
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Table 2.1 Composition of diets

Phase 1 Phase 2 Phase 3
Ingredient, % Control Treatment Control Treatment Control Treatment
Corn, yellow dent 35.71 35.71 40.57  39.57 45.69  44.69
Soybean meal, 47.5% CP 13.5 13.5 18.00 18.00 23.00  23.00
Soy protein concentrate 312 3.12 2.50 2.50 3.00 3.00
Soybean oil 3.62 3.62 4.00 4.00 1.66 1.66
Corn DDGS, 7% 0.00 0.00 0.00 0.00 10.00 10.00
Plasma, spray-dried 6.5 65 2.50 2.50 0.00 0.00
Selenium premix 0.05 0.05 0.05 0.05 0.05 0.05
Blood meal, spray-dried 1.00  1.00 1.00 1.00 0.00 0.00
Whey, dried 25.00 25.00 25.00  25.00 10.00 10.00
Fish meal, menhaden 4.00 4.00 4.00 4.00 4.00 4.00
Lactose 5.00 5.00 0.00 0.00 0.00 0.00
Limestone 1.17  1.17 0.94 0.94 0.93 0.93
Monocalcium Phosphate 21% 0.11 0.11 0.21 0.21 0.21 0.21
Trace Mineral premix’ 0.13 0.13 0.15 0.15 0.15 0.15
Vitamin premix? 0.25 0.25 0.25 0.25 0.25 0.25
Salt 025 0.25 0.25 0.25 0.47 0.47
Natuphos 600° 0.10 0.10 0.10 0.10 0.10 0.10
L-lysine-HCI 0.28 0.28 0.26 0.26 0.28 0.28
L-threonine 0.04 0.04 0.04 0.04 0.03 0.03
DL-methionine 0.18 0.18 0.15 0.15 0.15 0.15
L-tryptophan 0.00 0.00 0.03 0.03 0.03 0.03
Fiber premix* 0.00 0.00 0.00 1.00 0.00 1.00
ME, Kcal/lb 1594 1594 1592 1577 1543 1527
Crude Protein, % 23.26 23.26 2227 2219 23.57 2349
Lysine, % 1.79 1.79 1.62 1.62 1.54 1.53
SID Lysine, % 1.64 1.64 1.48 1.48 1.37 1.37
SID Threonine, % 0.96 0.96 0.87 0.87 0.81 0.81
SID Tryptophan, % 0.28 0.28 0.28 0.28 0.26 0.26
SID Methionine, % 0.50 0.50 0.47 0.47 0.47 0.46
SID Methionine + Cysteine, % 0.90 0.90 0.81 0.81 0.76 0.76
SID Valine, % 1.07 1.07 0.98 0.97 0.97 0.96
SID Isoleucine, % 0.84 0.84 0.82 0.82 0.87 0.86
SID Leucine, % 1.88 1.88 1.76 1.75 1.58 1.57
Calcium, % 0.94 0.94 0.88 0.88 0.78 0.78
Phosphorous, % 0.64 0.64 0.64 0.64 0.63 0.62
Available Phosphorous, % 0.43 0.43 0.42 0.42 0.35 0.35

!Trace mineral premix provided the following guaranteed minimums per kg diet: iron, 84.7 mg;

zinc, 84.7 mg; manganese, 10.5 mg; copper, 7.87 mg; iodine, 0.32 mg.
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2Vitmain premix provided the following guaranteed minimums per kg diet: vitamin A, 9000 IU;
vitamin E, 187 IU; vitamin K (hetrazeen), 2.62 mg; vitamin B, 1.857 mg; vitamin B2, 17.25 pg;
riboflavin, 5.25 mg; d-pantothenic acid, 11.25 mg;

niacin, 18.75 mg.

3Contains 600 U/g of phytase activity

Table 2.2 Analyzed composition of diets

Phase 1 Phase 2 Phase 3

Nutrient! No Fiber Fiber No Fiber Fiber

Nitrogen, % 3.81 343 3.67 3.54 3.49
Metabolizable Energy, Kcal/kg 4152 3506 4160 4037 4019
Dry Matter, % 88.42 86.97  87.75 86.8  87.25
Ash, % 52 5.37 5.27 4.67 4.6
Phosphorous, % 0.667 0.703  0.685 0.739  0.628
NDF, % 1.83 5.15 3.95 10.26  13.29
ADF, % -0.765 1.86 0.114 3.12 5.73

! Analyzed at Purdue University



Table 2.3 Primer Sequences used for Intestinal Gene Expression.

71

Gene Sense (5°-3’) — Forward Antisense (5°-3”) - Reverse References
GLP-2  TCCCGGTGCTCTTTGTTGTC  TACCCAGCACCCTGTGTTCTC Clarke et
HSP70 GCCCTGAATCCGCAGAATA  TCCCCACGGTAGGAAACG ?’lifoioeltg
Occludin  TCGTCCAACGGGAAAGTGAA ATCAGTGGAAGTTCCTGAACCA ?’le:arzc?eozt
GAPDH GAAGGTCGGAGTGAACGGAT CATGGGTAGAATCATACTGGAACA ill ’e%(;f

2005
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Table 2.4 Effects of soluble fiber supplementation prior to weaning on growth performance,

histology, and gene expression.

Treatment No Fiber Fiber SE Prob}e)ﬂilhty,
BW d-14, pigs killed dO (n=8) 2.89 2.53 0.369 0.525
BW d-14, all pigs (n=40) 3.19 3.12 0.089 0.587
BW d-3, pigs killed dO 5.32 5.25 0.831 0.956
BW d-3, all pigs 5.51 5.55 0.101 0.771
BW dO, pigs killed dO 6.09 5.90 0.942 0.890
BW dO0, all pigs 6.15 6.20 0.122 0.778
ADG day -14 -0, pigs killed dO 0.229 0.240 0.048 0.872
ADG day -14 -0, all pigs 0.211 0.219 0.009 0.510
Pigs Harvested d0 (n=8)

Villus Height, um 348 311 26.4 0.355
Crypt Depth, um 168 157 11.6 0.526
Villus Height:Crypt Depth 2.07 1.98 0.106 0.580
Ileal GLP-2, relative fold change 17.21 7.78 7.40 0.402
Ileal Occludin, relative fold change 2.84 2.63 1.37 0.920
Cecal GLP-2, relative fold change 2.93 1.24 1.18 0.367
Cecal HSP-70, relative fold change 3.57 2.14 1.83 0.587
Cecal Occludin, relative fold change 3.47 1.86 1.55 0.504
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Table 2.5 Effect of soluble fiber supplementation post-weaning on growth and development.

Pre-Weaning

Fiber No No Yes Yes
Post-Weaning No Yes No Yes Probability, P<
Fiber
Number of Pre-wean  Post-wean  Diet x Stage
pigs after 8 7 8 8 SE Main Main
weaning Effect Effect
Day 0-4
ADG, kg/d 0.108 0.137 0.086 0.070 0.043 0.261 0.873 0.571
ADFTI, kg/d 0.139 0.165 0.132 0.119
d 4 Wt, kg 6.70 638 647 6.61 0.216 0.984 0.643 0.256
Day4-11
ADG, kg/d 0.185 0.123 0.130 0.103 0.057 0.474 0.402 0.737
ADFTI, kg/d 0.271 0.261 0.294 0.225 0.046 0.873 0.351 0.497
G:F 0.538 0.210 0.344 0.286 0.170 0.706 0.227 0.395
d11 Wt, kg 8.00 724 738 7.33 0.503 0.574 0.389 0.448
Day 11- 21
ADG, kg/d 0.261 0.348 0.363 0.359 0.045 0.208 0.337 0.304
ADFI, kg/d 0.486 0.612 0.562 0.529 0.071 0.956 0.491 0.253
G:F 0.528 0.541 0.655 0.672 0.052 0.018 0.763 0.968
d21 Wt, kg 10.7 109 11.1 103 0910 0.921 0.697 0.566
Overall Post-Weaning
Day 4 - 21
ADG, kg/d 0.235 0.290 0.272 0.215 0.057 0.698 0.977 0.262
ADFTI, kg/d 0.402 0.485 0.455 0.376 0.068 0.643 0.970 0.182
G:F 0.568 0.573 0.599 0.521 0.072 0.868 0.557 0.501
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Table 2.6 Effects of soluble fiber supplementation prior to weaning on villus height, crypt depth,

and villus height:crypt depth for pigs euthanized on d21.

Pre-weaning Fiber No  Yes SE Probability, P<
Villus Height, um 387 393 15.22 0.781
Crypt depth, pm 342 309 14.81 0.097
Villus Height:Crypt Depth 1.14 128 0.065 0.117
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Table 2.7 Effects of soluble fiber supplementation post-weaning on villus height, crypt depth, and
villus height:crypt depth on d 21 post-weaning.

Post-weaning Fiber No Yes SE Probability, P<
Villus Height, um 391 389 14.58 0.932
Crypt depth, pm 338 313 14.18 0.198

Villus Height:Crypt Depth 1.25 1.17 0.062 0.365




Table 2.8 Interactive effects of fiber supplementation pre- and post-weaning on villus height, crypt depth, and villus height:crypt depth

on d 21 post-weaning

Fiber pre-weaning No No Yes Yes Probability, P<
Fiber post-weaning No Yes No Yes SE Pre-wean Post-wean Diet x Stage
Villus Height, um 377 405 398 381 214 0.781 0.932 0.265
Crypt depth, pm 358 319 327 299 20.8 0.097 0.198 0.775
Villus Height:Crypt Depth ~ 1.08  1.27  1.21 1.29  0.091 0.117 0.365 0.479

9L



Table 2.9 Effects of soluble fiber supplementation either pre-weaning and/or post weaning on relative abundance of a specified bacterial
genus

Relative Abundance in Cecum Relative Abundance in Large Intestine
Bacterial Genus Fiber No Fiber Fiber No Fiber
Butyrivibrio 0.000451 0
Butyricimonas 0.000761 0
Acetivibrio 0.002366 0 0.007606 0
Turicibacter 0.000263 0 0.000423 0
Desulfovibrionaceae 0 0.000254 0 0.000676
unclassified
Desulfovibrionaceae 0.000282* 0 0.000254 0
bilophila

! Analysis was done by Dr. Tim Johnson’s lab at Purdue University

Data represents pigs that received fiber at any given point versus pigs that did not receive fiber
3Blank spaces indicate no analysis was done in that organ

“This value only represents pigs that received fiber only prior to weaning

LL
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Table 2.10 Main and interaction effects of soluble fiber supplementation pre- and post-weaning on
fecal VFA concentrations and percentages

Pre-Weaning No No Yes Yes

Fiber
Pgst—Weanlng No Yes No Yes Probability, P<
Fiber
Number of b Pre-wean Post-wean Diet x Stage
f?m cr ol pigs 8 7 8 8 SE  Main Main
after weaning Effect Effect
Total VFAs, 144 182 180 164 140  0.507 0.401 0.054
mmol/L
Acetate, mmol/L 73 96 87 86  7.68  0.773 0.141 0.115
Acetate, % of 51 52 48 53 154 0.595 0.047 0.216
total
Propionate, 38 47 44 43 484  0.830 0.452 0.266
mmol/L
irt‘glflonate’ % of 26 25 25 26 1.06 0.486 0.966 0.262
Butyrate, 24 30 37 28 270 0.057 0.497 0.007
mmol/L
E)‘tl;lyrate’ % of 17 17 21 16 102 0070 0.047 0.029
Valerate, 6.07 629 972 592 0990  0.096 0.072 0.045
mmol/L
V]
;’;‘;fmte’ 7o of 415 368 540 351 0555 0314 0.038 0.190
Isobutyrate, 123 143 0884 0.829 0237  0.050 0.746 0.571
mmol/L
0
Isobutyrate, % ) e73 0923 0503 0497 0190  0.040 0.905 0.878
of total
Isovalerate, 122 144 0765 0.845 0304  0.058 0.745 0.961
mmol/L
Isovalerate, % of 953 0988 0438 0504 0253  0.051 0.832 0.949

total




Figure 2.1 Sample collection locations within the pig ileum, cecum, and large intestine.



Figure 2.2 Histological cross section of ileum with lines drawn to represent measurements for
villus height and crypt depth.
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Figure 2.3 Effect of soluble fiber supplementation on top 16 genera present in intestinal
microbiome.
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Figure 2.4 Effect of soluble fiber supplementation on Ileal GLP-2 gene expression analyzed by
relative fold change d21 post-weaning.

Pre-weaning main effect (P = 0.337). Post-weaning main effect (P = 0.725). Diet x stage
interaction effect (P = 0.002). NF-NF is control group that did not receive supplemental fiber
either before or after weaning. F-NF only received supplemental fiber before weaning. NF-F
received supplemental fiber only after weaning. F-F received supplemental fiber both before and
after weaning. SE = 0.525
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Figure 2.5 Effect of soluble fiber supplementation on Ileal occludin gene expression analyzed by
relative fold change d21 post-weaning.

Pre-weaning main effect (P = 0.086). Post-weaning main effect (P = 0.053). Diet x stage
interaction effect (P = 0.890). NF-NF is control group that did not receive supplemental fiber
either before or after weaning. F-NF only received supplemental fiber before weaning. NF-F
received supplemental fiber only after weaning. F-F received supplemental fiber both before and
after weaning. SE = 0.346
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Figure 2.6 Effect of soluble fiber supplementation on cecal GLP-2 gene expression analyzed by
relative fold change d21 post-weaning.

Pre-weaning main effect (P = 0.338). Post-weaning main effect (P = 0.007). Diet x stage
interaction effect (P = 0.049). NF-NF is control group that did not receive supplemental fiber
either before or after weaning. F-NF only received supplemental fiber before weaning. NF-F
received supplemental fiber only after weaning. F-F received supplemental fiber both before and
after weaning. SE = 0.689



85

8.19

Relative fold change

2.21

NF-NF NF-F F-NF F-F
Cecal HSP-70 Expression

Figure 2.7 Effect of soluble fiber supplementation on cecal HSP-70 gene expression analyzed by
relative fold change d21 post-weaning.

Pre-weaning main effect (P = 0.388). Post-weaning main effect (P = 0.012). Diet x stage
interaction effect (P = 0.148). NF-NF is control group that did not receive supplemental fiber
either before or after weaning. F-NF only received supplemental fiber before weaning. NF-F
received supplemental fiber only after weaning. F-F received supplemental fiber both before and
after weaning. SE = 1.59
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Figure 2.8 Effect of soluble fiber supplementation on cecal occludin gene expression analyzed by
relative fold change d21 post-weaning.

Pre-weaning main effect (P = 0.132). Post-weaning main effect (P = 0.121). Diet x stage
interaction effect (P = 0.619). NF-NF is control group that did not receive supplemental fiber
either before or after weaning. F-NF only received supplemental fiber before weaning. NF-F
received supplemental fiber only after weaning. F-F received supplemental fiber both before and
after weaning. SE = 0.494
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CHAPTER 3. CONCLUSIONS AND FUTURE DIRECTION

3.1 Conclusions

The objective of this study was to determine if supplementing soluble fiber into the diet
of pigs, either before or after weaning, aids in eliminating some of the negative effects that
commonly occur after weaning. Finding ways to increase health and growth of pigs post-
weaning, which is one of the more susceptible times of their life, has been an important area of
research for the swine industry. Chapter 2 of this thesis demonstrates that supplementing fiber at
different times can alter the gut microbiome, volatile fatty acid (VFA) production, intestinal
morphology, and intestinal gene expression.

Chapter 2 demonstrates that soluble fiber supplementation, either before and/or after
weaning, can alter the intestinal microbiome. Bacteria that have been shown to produce short
chain fatty acids (SCFA) increased in pigs that were fed soluble fiber at any point in the study.
This indicates that fiber supplementation is able to increase SCFA producing bacteria which then
increases the amount of SCFA’s available to the pig. These SCFA’s can then be used as a source
of energy for enterocytes and improve gut health. An increase in bacteria associated with
intestinal inflammation was also observed in pigs that never received supplemental fiber, which
indicates increased intestinal permeability. However, one bacterial genus of the
Desulfovibrionacea family, bilophila, had a higher concentration in pigs that only received
supplemental fiber prior to weaning.

Total VFA concentrations were greater in pigs receiving supplemental fiber, with pigs only
receiving supplemental soluble fiber prior to or after weaning having the highest concentrations.
This proves to be beneficial to the pig’s health as it provides a source of energy for the intestinal

mucosa and increases the effectiveness of the immune system (Pratt et al., 1986; Jenkins et al.,
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1999; Segain et al., 2000). Most notably, there were increased butyrate concentrations in some
treatment groups that had received supplemental soluble fiber. Differences were observed in
intestinal morphology as well. Fiber supplementation tended to cause pigs to have increased
crypt depths when fed prior to weaning. This does not indicate increased absorptive capacity;
however, the shorter crypts indicate less intestinal stress around the time of weaning, which is
very crucial due to the low feed intake that typically occurs around weaning (Nabuurs and
Hoogendoorn, 1993; Wijtten et al., 2011).

A few different changes were observed among treatment groups for the gene expression of
proteins known to be associated with intestinal inflammation or intestinal recovery. In the ileum
there was a difference among treatment groups for both GLP-2 and occludin gene expression,
and in the cecum there was a difference among treatment groups for GLP-2 and HSP-70 gene
expression. Pigs that received supplemental soluble fiber only after weaning had increased gene
expression of GLP-2 in the cecum and the ileum, and pigs that received soluble fiber prior to
weaning only had increased GLP-2 expression in the ileum, which indicated that these pigs were
better suited to recover from intestinal inflammation. This increase in GLP-2 expression is
usually indicative of a reduction in intestinal permeability and inflammation, and an increase in
cell proliferation (Burrin et al.,2003). Pigs that received supplemental fiber only after weaning
had the greatest cecal GLP-2 expression, almost over twice that of any other treatment group,
and over 4 times higher than pigs that never received supplemental fiber at any point during the
study. This could be due to the fact that more of the dextrin was able to reach the cecum for
fermentation since the pigs have not been exposed to it before weaning and thus have not
increased the development of carbohydrases that are capable of breaking down dextrin in the

small intestine. GLP-2 is activated via a G-protein receptor located within the intestinal mucosa
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and is released from intestinal L-cells (Burrin et al., 2003). The GLP-2 receptor does not localize
in the enterocytes however, but in the endocrine cells which suggests that it is controlled through
a secondary signaling system (Figure 3.1). Heat shock protein 70 is a chaperonin protein that
aids in the recovery of the small intestine following a form of stress and is typically known to
increase in pigs following weaning (Lalles et al., 2004; Bianchi, 2007). Pigs that received
supplemental fiber after weaning had higher HSP-70 gene expression. This could be interpreted
as if the stress of weaning was greater in pigs receiving fiber so an increased expression of HSP-
70 was necessary for reparation, or this could be interpreted as if they were better suited for
intestinal recovery with increased expression of the beneficial chaperonin protein, which seems
more likely given the other effects observed. Occludin expression increased in the ileum in pigs
that were fed fiber prior to weaning but decreased in pigs that were fed fiber after weaning. Pigs
that only received fiber after weaning had a much lower occludin expression than the other
treatment groups, which partially caused these significances to occur. The reason that this
treatment group had much lower occludin expression is unknown. Cecal occludin expression was
nearing a trend for pre-wean and post-wean main effects, with pigs being fed fiber having
numerically greater levels of occludin expression though it was not quite significant or a trend.
Due to weaning causing intestinal permeability and inflammation, a breakdown in tight junctions
typically occurs. Occludin expression was expected to increase with fiber supplementation which
occurred with supplementation prior to weaning but oddly not with supplementation after
weaning. The reason for this is unknown, but due to the pigs having an increased responsiveness
to the soy allergen B-conglycinin, intestinal inflammation may have been worsened by the
presence of soybean meal in the feed and negated increased occludin expression to a certain

degree.
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3.2  Future Direction

Though we did see that adding supplemental soluble fiber in the form of dextrin to the
diet of pigs around weaning ameliorated some negative effects that occur around weaning, we
did not see all the effects that were expected. Some of the changes that did occur were of smaller
magnitude than expected as well. This could partly be due to the ability of the pig’s body being
able break down dextrin prior to cecal fermentation (Singh et al., 2010). More work needs to be
done on testing different sources of fiber before and/or after weaning. Other fiber sources have
been reported to cause increased growth rate and intestinal reparation when pigs have intestinal
distress (Chen et al., 2013). This study also focused more on the inclusion of fiber at different
time points, not on the ideal inclusion level of fiber in the diet, which could warrant future
research. Some of the data shows that the pigs that either switched on or off fiber at weaning had
a numerically increased beneficial response than the pigs that received supplemental fiber for the
entirety of the study. This could indicate that the fiber inclusion level was too great, or that if fed
the same fiber source for an extended period of time, the body is capable of breaking the fiber
down earlier in the digestive tract, thus limiting the effect it has on the microbiota. Due to the
varying effects of fiber supplementation from different sources, mixing different fiber sources, or
periodical switching of fiber sources may prove to be beneficial and requires more research. This
study looked at the effects of fiber supplementation around weaning, and some conclusions were
drawn, but this study only scratched the surface of the many response variables that can indicate
intestinal distress. For instance, more gene expression work could be performed as fiber
supplementation may not have affected occludin expression, but it may have impacted other tight
junction protein gene expression, or possibly the expression of other inflammatory markers.
Different cytokines involved in the inflammatory or healing process should be studied to see if

their expression is affected such as TNF-q, IL-2, IL-6, and IL-10. More work on other genetic



strains of pigs may be warranted as well, it is possible that the increased sensitivity to the soy
allergy offset some of the intestinal recovery in the pigs, so testing the same fiber on pigs with

less reactivity to soy proteins may yield different results.
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Figure 3.1 Schematic overview of factors affecting GLP-2 secretion (from Burrin et al., 2003)



