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The transition of weaning is one of the most crucial periods for the development of piglets. Diets
offered to piglets at weaning can have a significant effect on the ease of this transition, as well as
growth performance in the weeks following. Epidermal growth factor (EGF) is a peptide found in
the sows’ milk that plays a major role in the development of pigs. In this thesis, research is
reported investigating the effects of incorporating EGF producing Lactococcus lactis (EGF-LL)
and its fermentation products into weaned piglet diets on their growth performance and intestinal
development. When EGF-LL culture was incorporated into diets with and without blood plasma,
EGF-LL only increased growth of piglets not receiving blood plasma, but their growth
performance equaled that of piglets receiving blood plasma. This supplementation also increased
jejunal alkaline phosphatase activity in piglets not receiving blood plasma. Second, the
effectiveness of including the supernatant of the EGF-LL fermentation into piglet diets was
investigated. Piglets receiving the supernatant showed increased growth performance and feed
efficiency compared to pigs receiving EGF-LL containing fermentation product and controls.
They also had increased levels of jejunal sucrase, and increased relative trefoil factor 3
expression after eight days of treatment compared to controls. To understand the mechanisms
behind improved growth and intestine development stimulated by EGF, the dynamics of
intestinal gene expression was evaluated from birth to 6 weeks of age, and subsequently, how

EGF treatment alters this expression. Increases in mucin 2, keratinocyte growth factor, and
interleukin-13 gene expression were observed in EGF treated piglets. The later is consistent with
the observed increased goblet cell count. EGF treatment also lead to increased sodium-glucose
linked transporter 1 and glucagon-like peptide 2 (GLP2) receptor gene expression, which could
support increased glucose absorption, enhanced response to GLP2 (an intestinal growth
promoter) and increased villi height. The results presented in this thesis suggest that feeding
early-weaned pigs EGF containing supernatant improves growth performance in the weeks
following weaning, and that this performance is associated with alterations in jejunal
morphology, physiology, and gene expression which improve the piglets ability to digest,
transport, and utilize nutrients.

ACKNOWLEDGEMENTS

First and foremost, I would like to express my most sincere gratitude to my supervisor,
Dr. Julang Li. Throughout my time under her supervision, she has challenged me to be my best
self, and supported me in my pursuit of knowledge and discovery. Her inexhaustible insight,
passion, and commitment have been more valuable than I could say in helping me complete my
Ph.D. program.
I would also like to extend thanks to my committee members, Dr. Kees de Lange, and Dr.
Joshua Gong. Their extensive range and depth of knowledge in their respective fields allowed for
unique input and encouragement that has been much appreciated.
Without my lab mates, I cannot say this all would have been possible. Derek Toms,
Samantha Medeiros, Evanna Hyunh, and Bo Pan, thank you all for your genuine friendship, and
for always having time to brainstorm about an experiment or just have a laugh.
I must also express my thanks to the technical staff from the lab of Dr. Kees de Lange,
Doug Wey and Julia Zhu, the staff at the University of Guelph Arkell Swine Research Station,
the staff at INVE in Shenzhen, as well as Ontario Pork, OMAFRA, and NSERC for financial
support.
Finally, I would like to thank my closest friends and family for always being there for me
and always having love to give, no matter what. All that I have accomplished so far, and all that
the future holds for me would not be possible without your support.

	
  
iv	
  

TABLE OF CONTENTS

Page
ACKNOWLEDGEMENTS…………………………………………………………………iv
TABLE OF CONTENTS…………………………………………………………………...v
LIST OF TABLES…………………………………………………………………………..viii
LIST OF FIGURES…………………………………………………………………………ix
LIST OF ABBREVIATIONS………………………………………………………………xii

GENERAL INTRODUCTION……………………………………………………………...1

LITERATURE REVIEW……………………………………………………………………3
1.1 Weanling Piglet Management…………………………………………………..…3
1.2 Epidermal Growth Factor………………………………………………………….6
1.3 Recombinant Bacteria……………………………………………………………..9
1.3.1 Recombinant Lactic Acid Bacteria……………………………………...10
1.3.2 EGF producing Lactococcus lactis and their influence
on intestine development.......................................................................12
1.4 Development of the Piglet Small Intestine………………………….……………13
1.4.1 Intestine Development at the Cellular and Tissue
Levels……………………………………………………….…………14
1.4.2 Gene Expression and Intestinal Enzyme Activity
during Development………………………...…………………………16

	
  
v	
  

RATIONALE AND RESEARCH OBJECTIVES…………………………………………21
CHAPTER 1: Epidermal growth factor-expressing Lactococcus lactis
enhances growth performance of early-weaned pigs fed diets devoid
of blood plasma……………………………………………………………………….23
1.1 ABSTRACT……………………………………………………………………….23
1.2 INTRODUCTION…………………………………………………………………24
1.3 MATERIALS & METHODS……………………………………………………...25
1.4 RESULTS ………………………………………………………………………....30
1.5 DISCUSSION……………………………………………………………………...36

CONNECTIVE STATEMENT 1……………………………………………………………39

CHAPTER 2: Growth performance of early-weaned pigs is enhanced
by feeding epidermal growth factor -expressing Lactococcus lactis
fermentation product………………………………………………………………...40
2.1 ABSTRACT……………………………………………………………….………40
2.2 INTRODUCTION………………………………………………………………....41
2.3 MATERIALS & METHODS………………………………………………….…..43
2.4 RESULTS……………………………………………………………………….…50
2.5 DISCUSSION……………………………………………………………………...58

CONNECTIVE STATEMENT 2……………………………………………………………64

	
  
vi	
  

CHAPTER 3: The effects of epidermal growth factor containing
fermentation supernatant on the small intestine development of
early-weaned pigs: potential in vivo mechanisms .……………………...………....65
3.1 ABSTRACT………………………………………………………………………65
3.2 INTRODUCTION………………………………………………………………...66
3.3 MATERIALS & METHODS………………………………………………….….68
3.4 RESULTS…………………………………………………………………………78
3.5 DISCUSSION……………………………………………………………………..95
SUMMARY, GENERAL DISCUSSION AND CONCLUSIONS…..…………………….102

REFERENCES……………………………………………………………………………….107

APPENDIX A............................................................................................................................128

APPENDIX B…………………………………………………………………………………129

	
  
vii	
  

LIST OF TABLES
Table 1: Ingredient composition (%) of blood plasma containing and blood
plasma free diets………………………………………………………….....28
Table 2: Growth performance and feed efficiency (gain:feed) of newly-weaned
pigs fed blood plasma containing or blood plasma free diets with
or without EGF containing fermentation products...……………...….……...34
Table 3: Ingredient composition (%) of phase I and phase II diets…………………………46
Table 4: Growth performance and feed efficiency (gain:feed) of newly-weaned
pigs during each week of treatment with EGF-LL fermentation………...….53
Table 5: Analysis (calculated) of the piglet starter diet……………………………………72
Table 6: Ingredient composition (%) of phase I and phase II diets……………………...…73
Table 7: Pig-specific Primers………………………………………………………………128

	
  
viii	
  

LIST OF FIGURES
Figure 1: Western blot analysis of EGF in 11 h fermentation product………………………33
Figure 2: Effect of blood plasma containing or blood plasma free diets
with or without EGF-LL fermentation products on jejunal
sucrase and alkaline phosphatase activities…………………………………..35
Figure 3: Western blot analysis of EGF in 22 h fermentation product………………………51
Figure 4: Percentage of piglets with diarrhea during each week of feeding
EGF-LL fermentation products....……………………………………………55
Figure 5: Changes in jejunal alkaline phosphatase and sucrase levels after 8
and 15 days of EGF-LL supplementation……………………………………56
Figure 6: Relative expression levels of jejunal COX-2 and TFF3 after 15
days of EGF-LL supplementation...………………………………………....57
Figure 7: Influence of feeding EGF containing fermentation supernatant on
early-weaned pig growth, and jejunal alkaline phosphatase
& sucrase activities in vivo………………………………………….……….79
Figure 8: Influence of EGF containing fermentation supernatant
supplementation on early-weaned pig jejunal villi height
and crypt depth ……………………………………………………………...83

	
  
ix	
  

Figure 9: EGF containing fermentation supernatant supplementation increased
IL-13 expression, and decreased villi lamina propria
thickness in vivo.………………………………………………………..…….85
Figure 10: Effect of EGF containing fermentation supernatant supplementation
on intestine goblet cell number, and the expression of factors
associated with goblet cell growth and maturation in vivo..…………..……..86
Figure 11: Expression of glucose transporters during postnatal development
and their response to feeding an EGF containing fermentation
supernatant after weaning…………………………………………………...89
Figure 12: Expression of EGFR and IGF1R during postnatal development
and their response to feeding EGF containing fermentation
supernatant after weaning…….……………………………………………..91
Figure 13: Expression of GLP2R during development and its response to
feeding EGF containing fermentation supernatant after weaning
on mRNA and protein levels..………..……………………………………. 93
Figure 14: Proposed mechanism of function of EGF in the piglet jejunum…..……………101
Figure 15: The effect of blood plasma containing or blood plasma free
diets with or without EGF-LL fermentation products on
small intestine length and empty weight……………………………….…..129
Figure 16: The effect of 8 and 15 days of EGF-LL supplementation on
small intestine weight and length……………………………………….….130

	
  
x	
  

Figure 17: Effect of feeding an EGF containing fermentation supernatant
on the growth of the early-weaned pig digestive tract………………………131
Figure 18: The effect of supplementing and EGF containing fermentation
supernatant on average daily feed intake…………………………...……….132

	
  
xi	
  

LIST OF ABBREVIATONS
AKT

protein kinase B

ANOVA

analysis of variance

AP

animal protein

AV

animal vegetable

BP

blood plasma

BPF

blood plasma free

BSA

bovine serum albumin

COX2

cyclooxygenase 2

CP

crude protein

EGF

epidermal growth factor

EGF-LL

epidermal growth factor producing Lactococcus lactis

EGFR

epidermal growth factor receptor

ERK

extracellular signal-related kinase

GIT

gastrointestinal tract

GLP2

glucagon-like peptide 2

GLP2R

glucagon-like peptide 2 receptor

GLUT2

glucose transporter 2

GMO

genetically modified organism

GRAS

generally regarded as safe

hrEGF

human recombinant epidermal growth factor

HT-29

human colon adenocarcinoma cell line

IAP

intestinal alkaline phosphatase

IGF-1

insulin-like growth factor 1

IGF-1R

insulin-like growth factor 1 receptor

IGF-2

insulin-like growth factor 2

IL-4

interleukin 4

	
  
xii	
  

IL-13

interleukin 13

JAK

Janus kinase

KGF

keratinocyte growth factor

LAB

lactic acid bacteria

M17GE

M17 broth with 1% glucose and 1 µg/mL erythromycin

Muc2

mucin 2

NEC

necrotizing enterocolitis

PBS

phosphate buffered saline

PCNA

proliferating cell nuclear antigen

PI3

phosphoinositide 3

RPII

RNA polymerase II

SBM

soybean meal

SGLT1

sodium-glucose linked transporter 1

SLC5A1

solute carrier family 5 (sodium/glucose co transporter), member 1

STAT

signal transducer and activator of transcription

TFF

trefoil factor

TGFα

transforming growth factor alpha

YWHAZ

tyrosine 3-monoozygenase/tryptophan 5-monooxygenase activation
protein, zeta

	
  
xiii	
  

GENERAL INTRODUCTION
With the industry trend to wean piglets at a younger age in order to increase sow
productivity and limit sow-piglet pathogen transfer, much research is being done to determine the
best nutritional management strategy to maintain growth and health of these immature pigs. At
weaning piglets are denied access to a high quality, highly digestible food source, as well as the
growth and protective factors that are present in sow milk. Providing these animals with an
alternative weaning diet is complicated by their high nutritional demands to satisfy requirements
for growth and development, and the cost of higher quality, and more digestible, feedstuffs. Due
to the immaturity of the piglet’s digestive system, common plant-source ingredients are poorly
digested, and feeding these may lead to health complications. However, high-quality animalsource protein is costly, and the addition of therapeutic levels of antibiotics is questionable when
considering public health and safety. An alternative to these animal protein sources may be
helpful in improving post-weaning piglet performance.
Epidermal growth factor is a peptide found in high levels in the colostrum and milk of the
sow. The action of EGF in the gastrointestinal tract of neonatal pigs has a large influence on the
development of digestive function. Withdrawal from this growth factor source at weaning may be
a contributing factor to the decreased performance seen at this stage.
This thesis aims to better understand the effects of feeding EGF containing fermentation
products to early-weaned pigs. First, a literature review that will cover the topics of weanling
piglet management, epidermal growth factor, recombinant bacteria, and the development of the
piglet intestine. This will be followed by a statement of the rational and research objectives of
this thesis. In the first chapter, EGF containing fermentation products will be fed to pigs
receiving diets with or without blood plasma to determine if diet quality has an effect on growth
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response. In the second chapter, the genetically modified L. lactis will be removed from the
supplemented culture fluid to determine whether its incorporation is necessary to observe
increased performance. In the third chapter, the underlying genetic mechanisms behind the
developmental responses seen with supplementation of the EGF containing fermentation fluid
will be investigated. This thesis will be concluded with a summary of the research presented, a
general discussion, and conclusions.
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LITERATURE REVIEW
1.1

Weanling Piglet Management
In commercial pork production, pigs are weaned abruptly and well before natural weaning

would occur. There are two main reasons for this practice (Main et al., 2004). First, in order to
maximize sow reproductive performance: the sooner the piglets are weaned, the sooner the sow
can be rebred. Second, in order to reduce transfer of pathogens from the sow to her offspring.
The optimal age for piglet weaning is a topic of debate. Over the past sixty years, piglet
weaning ages have decreased from eight weeks of age to about three weeks of age, and even
younger in segregated early weaning practices (Pluske et al., 2003). However, at these current
industry weaning ages, the digestive system of piglets is immature and incapable of properly
digesting and absorbing nutrients from typical plant-based swine diets. When this digestive
immaturity is compounded with characteristic low post-weaning feed intakes, there are
commonly associated reductions in growth rates during the period immediately after early
weaning, which is one of the major problems in nursery pig management (Pluske et al., 2007).
Piglets experience stress at weaning due to changes in environment, and mixing with nonlittermates. This stress is augmented by changes in food composition. Switching from the
nutrient-rich milk of a sow to a difficult-to-digest solid feed often leads to a damaged intestinal
mucosa and reduced nutrient digestion and absorption. As a result, more substrate is available for
enteric pathogenic bacteria and piglets become more susceptible to infection and diarrhea.
Together, these stressors can cause a lag in growth performance, even though relatively
expensive and easily digestible feed ingredients are used in diets for newly-weaned piglets.
Through the process of weaning the supply of intestinal growth factors and antibodies from milk
and colostrum, such as epidermal growth factor (EGF), is compromised. The absence of these
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factors contributes to disturbed gut motility, reduction in absorptive functions, decreased mucosal
defenses, and compromised regenerative capability of the intestine. During this critical transition
period, pigs are therefore more susceptible to intestinal complications.
For the past sixty years in North America, a common practice to circumvent these
problems is to use in-feed antibiotics as growth promoters and for therapeutic treatment of
gastrointestinal diseases for newly-weaned piglets (Verstegen et al., 2002). Studies as early as
1950 have shown that the inclusion of antibiotics in weaning diets helps improve the growth
performance of weaned piglets (Jukes et al., 1950; Yokoyama et al., 1982). However, concerns
about the development of antibiotic resistance in human pathogens were raised, and
recommendations to ban sub-therapeutic use in animal feeds were made (Swann, 1969). The use
of antibiotics increases selective pressure in bacteria population, allowing antibiotic resistant
bacteria to thrive. Consequently, an antibiotic resistance gene may readily spread through the
population. While the existence of these bacteria in the swine industry is problematic on its own,
evidence has shown that this resistance can be transmitted from animal to human microbiota
(Greko, 2001). After the introduction of olaquindox to pig diets as a growth performance
enhancer in 1982, the prevalence of resistance in fecal E. coli increased from 0.004 to 6% (Linton
et al., 1988). In 2006, European Union countries completely banned the use of antibiotics as
growth promoters in animal feed as a part of the European Union’s food safety strategy. In 2011,
South Korea followed suit and became the first Asian country to enforce an in-feed antibiotic
ban. While the use of in-feed antibiotics is still legal in North America, one of the current trends
is to reduce their inclusion, thus reducing the chance of spreading antibiotic resistant bacteria in
swine production, and eliminating the risk of meat contamination and transfer of resistant
bacteria to humans.
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Another approach to improve weaned piglet growth is to incorporate highly digestible,
high quality animal protein into weaning diets. These animal-source proteins include blood
plasma, whey, fishmeal, and many others. These products are more digestible by young piglets,
and therefore better utilized. Multiple studies have shown how the inclusion of these ingredients
can help counter growth problems post-weaning. The addition of spray-dried animal plasma and
fish meal to weaning diets have been shown to increase gain:feed ratios (Bergstrom et al., 1997;
Hansen et al., 1993). Despite the positive effects observed when these ingredients are
incorporated, high-quality animal source protein can be expensive, and may increase the risk of
pathogen spread, limiting its inclusion and practicality.
Liquid diets have also been used in an effort to increase piglet nutrient intake postweaning. By mixing a weaning diet with water, the feed more closely resembles the consistency
of familiar sow’s milk. These diets may be fermented, in an attempt to increase nutrient
availability, or non-fermented. Non-fermented liquid feed involves mixing feed and water
immediately prior to feeding, while fermented liquid feed is mixed and then stored at a specific
temperature for a period of time prior to delivery to animals. Fermented liquid feeds can be
further manipulated through the introduction of any specific bacterial strain. Strains for feed
fermentation have been chosen based on their probiotic potentials, and their ability to digest
certain feed ingredients that may be less accessible to piglets. The benefits of liquid feeding
include increased weaning transition ease, improved gut health, use of inexpensive by-products
from the food industry, ease of diet delivery, and ability to manipulate feed ingredients (Brooks
et al., 2001; Demeckova et al., 2002). However, there have been mixed results when looking at
the growth response of piglets weaned to a liquid diet (Canibe et al., 2003; Lawlor et al., 2002).
In a study where newly-weaned pigs were placed on identical diets, fed either in a liquid or dry
form, liquid-fed pigs had increased growth performance over the first two weeks post-weaning,
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and this advantage was maintained through to market (Kim et al., 2001). Conversely, in a study
comparing dry feeding to liquid feeding of the same diet, or liquid feeding a diet in which whey
was replaced with condensed whey permeate, performance was best with the dry-fed group
(Woods et al., 2006). It was suggested that this result was likely due to the highly variable feed
intake of newly-weaned piglets.
The period immediately following weaning, and how the piglet develops during this
period has a significant effect on the future performance of the animal (Mahan, 1993). Therefore,
it is critical that the health and development is not compromised. While the aforementioned
strategies may help in achieving improved piglet performance, there is a clear need for additional
nutritional strategies to stimulate intestinal health and development in early-weaned pigs in order
to optimize growth performance.
1.2

Epidermal Growth Factor (EGF)
As previously stated, the colostrum and milk of the sow contains growth factors,

antibodies, and other bioactives that help boost the immune system and influence the
development of the piglet. These include insulin, insulin-like growth factor 1 (IGF-1), insulinlike growth factor 2 (IGF-2), epidermal growth factor (EGF), and immunoglobulins A, M, and G
(Klobasa et al., 1987; Odle et al., 1996). The piglet is born with very few protective antibodies
that are necessary for the proper defense against bacteria and viruses and is reliant on the sow’s
colostrum and milk to obtain them. Together, these bioactives are capable of stimulating cell
growth and expression of differentiated function.
One factor that has been of recent interest in regards to piglet intestinal growth and
development is EGF. EGF is a 6 kDa single-chain polypeptide that binds to a single-chain
transmembrane receptor, epidermal growth factor receptor (EGFR), to induce a tyrosine kinase
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cascade (Scheving et al., 1989). This cascade increases cytosolic calcium, DNA synthesis and
cellular growth (Odle et al., 1996). EGF was first isolated from murine submandibular glands,
and is produced mainly by the salivary glands, but has been found in a variety of tissues of all
mammalian species that have been studied (Marti et al., 1989). In sow colostrum, EGF levels are
high, around 1500 µg/L; these levels drop in mature milk to around 200 µg/L (Donovan et al.,
1994a).
EGFR is a cell-surface receptor located both on the brush border surface of the intestinal
lumen, and the basolateral membranes (Scheving et al., 1989). As the name implies, EGF is the
major ligand of EGFR, however, TGF-α, amphiregulin, epiregulin, epigen, heparin-binding EGFlike growth factor, and betacellulin also bind to elicit response (Harris et al., 2003; Schneider et
al., 2009; Smith et al., 2009). Any of these ligands binding to EGFR induces the growth and
differentiation of epithelial and mesenchymal cells (Scheving et al., 1989). Previous work has
shown an upregulation of EGFR expression in the piglet intestine during early postnatal
development, suggesting a role of importance in intestinal maturation (Scholven et al., 2009).
Binding to EGFR activates PI3 kinase/AKT, JAK/STAT, and ERK signaling pathways which
lead to cell proliferation and migration, as well as the inhibition of apoptosis (Schlessinger,
2004). In mammals, ligand binding effects the development of the gastrointestinal tract,
pericardium, kidney capsule, bile duct, skin, and lung (Wells, 1999). This occurs through the
stimulation of DNA synthesis, especially in the gastrointestinal tract (GIT) (Francis et al., 1988).
Ligand binding to EGFR also seems to have an important role in cytoprotection in the GIT, and
regulation of gastrointestinal secretion (Hardin et al., 1993). Further, EGF appears to be required
for the development and maintenance of the intestinal epithelium, and is among an organism’s
most important polypeptide hormones for the activation of tissue repair mechanisms (Marti et al.,
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1989).
Many groups have focused their research on EGF and how it impacts intestinal growth
and development. Shin et al. (1998) investigated the effects of a small bowel resection (removal
of 50% of the small intestine) on mice in regards to EGF and EGFR (Shin et al., 1998). They
noted that following the procedure, the expression and activation of EGFR was considerably
increased. In a further study, adaptation following resection was significantly enhanced by the
administration of exogenous EGF (Iskit et al., 2005). Additionally, it has been shown that the
inhibition of EGFR impairs intestinal regrowth and repair following a small bowel resection
(O'Brien et al., 2002). These results indicate the importance of both EGF and EGFR in intestinal
growth and repair.
EGF has also been shown to have protective attributes in the event of gastrointestinal
colonization by enteropathogenic Escherichia coli (E. coli) (Buret et al., 1998). Enteropathogenic
E. coli infections are thought to be the leading cause of death from bacterium-mediated diarrheal
disease worldwide (Sack, 1975). Buret et al. (1998) found that the oral administration of EGF to
rabbits during infection with E. coli prevented both the occurrence of diarrhea and reduction of
weight gain. These effects were associated with a decrease of E. coli colonization in the large
and small intestine.
In addition to its role in intestinal repair, EGF has also been shown to play a role in the
pathogenesis and prevention of necrotizing enterocolitis (NEC). NEC is a condition primarily
seen in premature infants where portions of the bowel undergo tissue death. It is the most
common gastrointestinal emergency occurring in neonates. It has been reported that infants
diagnosed with NEC have lower levels of EGF in the serum and saliva (Shin et al., 2000).
However, it was impossible to determine whether this caused by, or a consequence of NEC. In
later studies, supplementation of EGF to murine models of NEC decreased the incidence of NEC,
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downregulated the production of inflammatory cytokines, and decreased apoptosis at the site of
injury (Nair et al., 2008). While NEC is not of great concern in piglets, the effects of EGF seen in
NEC cases would also be beneficial in the developing piglet.
Other studies have looked at the effect of EGF on intestinal development. Infusion of
exogenous EGF in utero to rabbits has been shown to quicken the development of intestinal
enzyme activity, and also increase intestinal development (Buchmiller et al., 1993). Another
experiment infused EGF through a catheter into the ileum lumen of adult rats. This was shown to
significantly increase intestinal development (Ulshen et al., 1986). In pigs, the oral administration
of EGF significantly increased jejunal lactase and sucrase activities (Jaeger et al., 1990; James et
al., 1987), suggesting that EGF modulates enterocyte differentiation.
While administration of EGF has been shown to have multiple positive effects, acquiring
EGF for delivery is a hurdle. Synthesis and purification of recombinant EGF using conventional
methods is possible, but costly. If we wish to deliver EGF to benefit early-weaned pigs, a costeffective approach to produce EGF is crucial for large-scale applications.
1.3

Recombinant Bacteria
Recombinant bacteria are those whose genetic make up has been altered by the deliberate

introduction of new genetic components. The process of producing recombinant bacteria involves
inserting the desired DNA (including a selectable marker) into a vector, transforming this vector
into a bacterial host cell, and then selecting those bacteria that have successfully taken up the
vector. One common way of selecting recombinant bacteria is through the incorporation of an
antibiotic resistance gene. By including a gene that provides the bacteria resistance to a specific
antibiotic, only those who have taken up the vector will survive. Recombinant bacteria pass on an
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exact copy of their genome to the next generation, thus offspring of these bacteria also carry the
inserted genes.
Recombinant bacteria are created to produce, and often to secrete, a specific protein. This
protein can either be beneficial or detrimental to the host, or act as a marker. While the same
peptides can often be synthesized in lab, this production can be expensive. Because bacteria
reproduce quickly and can produce recombinant proteins at high rates, once the strain is created
the recombinant product can be obtained in a fast, easy, and inexpensive manner.
1.3.1 Recombinant Lactic Acid Bacteria
Lactic acid bacteria (LAB) are a group of gram-positive bacteria that produce lactic acid
through the fermentation of carbohydrates. These bacteria have complex nutritional requirements
for amino acids and vitamins. For this reason, LAB are generally only abundant where these
requirements can be met. Such places include the oral cavities and GIT of mammals, as well as
decaying plant or animal matter. Because LAB are found naturally in the human and animal GIT,
they are a logical choice to use in the production of recombinant protein for delivery to the GIT.
The genera that make up the majority of LAB are Lactobacillus, Leuconostoc,
Pediococcus, Lactococcus, and Streptococcus. They are gram-positive, spherical or rod-shaped,
and characterized by an increased tolerance to a low pH range. LAB are named such because of
their ability to convert lactose, and other sugars, to lactic acid (Ljungh et al., 2006). LAB are a
good choice for delivery into human and animal systems for multiple reasons. Firstly, LAB have
been used for centuries in the fermentation and preservation of food, and have been assigned a
generally regarded as safe (GRAS) status (Adams, 1999). Secondly, they have the ability to
survive in low pH environments; this means they are able to survive throughout the GIT. Thirdly,
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certain strains are non-commensal, meaning they do not colonize the GIT, so can be used for
transient protein delivery.
One specific LAB that has become of interest for the delivery of recombinant protein is L.
lactis. L. lactis, a gram-positive bacterium, is one of the most important microorganisms in the
dairy industry, used in the production of buttermilk, yoghurt and cheese. It is nonpathogenic,
noninvasive, and non-commensal, and is considered a cost-effective live vaccine delivery vehicle
for mucosal immunization (Pouwels et al., 1998). Because of its tolerance to low pH, it is
metabolically active in all parts of the GIT. This makes the delivery of recombinant protein
throughout the intestine possible. Another reason why L. lactis is considered as a good candidate
for recombinant protein secretion is because it secretes relatively few endogenous proteins (Le
Loir et al., 2005), meaning less competition for excretion pathways. Furthermore, L. lactis strains
do not produce proteases, which often cause extracellular degradation of protein (van de Guchte
et al., 1992).
With the use of L. lactis as a recombinant protein producer, success has been achieved in
targeting the protein secretion to the cytoplasm, and extracellular medium. Numerous
heterologous proteins have been produced by recombinant L. lactis including chitinase, lipase,
interleukin-10, interleuin-27, and trefoil factors (Brurberg et al., 1994; Caluwaerts et al., 2010;
Drouault et al., 2002; Steidler et al., 2000; Vandenbroucke et al., 2004). While the administration
of EGF has been shown to have multiple positive effects, synthetic EGF production and
purification using conventional methods is costly. Generation of a genetically modified L. lactis
producing recombinant EGF would be a cost-effective approach to express and deliver EGF to
the intestine for large-scale applications.
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1.3.2 EGF Producing L. lactis and their influence on intestine development
Our laboratory has previously constructed a recombinant strain of L. lactis that secretes
biologically active porcine EGF (EGF-LL) (Cheung et al., 2009). Early-weaned mice were orally
gavaged with a liquid culture of EGF-LL twice daily for nine consecutive days. Mice who
received EGF-LL showed a significantly greater weight gain than control mice, and the weight
gain was comparable to mice fed the same dose of recombinant human EGF. EGF-LL also
increased villous mean height, crypt depth, and enterocyte proliferation in the small intestine.
These findings suggest a potential strategy to avoid the problem of digestive dysfunction and
growth lag in other early-weaned animals.
A similar study applied the EGF-LL to a small group of early-weaned pigs (Kang et al.,
2010). The EGF-LL was orally gavaged twice daily for 14 consecutive days. Increased mean
villous height in the small intestine and increased small intestine length was reported in EGF-LL
treated pigs compared to controls, but there was no difference in crypt depth. There was also no
significant difference observed in daily body weight gain between treatment groups, which may
be attributed to the small sample size. Proliferating Cell Nuclear Antigen (PCNA) staining of
small intestine tissue showed that EGF-LL treated pigs had an increased level of cell proliferation
compared to controls. EGF-LL treated pigs also showed a decrease in incidence of diarrhea.
These results proved the principle that EGF-LL enhances intestine development of early-weaned
piglets. However, future studies on a large scale are required to further verify the findings and
determine the effect of EGF-LL on early-weaned piglet growth performance.
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1.4

Development of the Piglet Small Intestine
The development of the gastrointestinal tract is a complex process involving the

formation of a specialized intestinal epithelium that is responsible for the digestion and
absorption of nutrients, as well as fulfilling endocrine and immunological functions. Early
development begins during gestation to prepare the GIT for post-natal life, but even more
changes occur after birth through the suckling and weaning periods (Buddington et al., 2012).
These changes are at both a physical and molecular level. The development of the intestine is
affected by multiple factors including interactions with enteropathogenic bacteria, maladaptation
to the stressors at weaning, withdrawal from sows’ milk, and diet form changes at weaning.
A newborn piglet, which has previously depended solely on in utero nutrition, is required
to live an independent life, and its GIT must take over the responsibility of recruiting nutrients
for growth and development. Before birth, the piglet GIT is exposed to the substances from
swallowed amniotic fluid, which are likely important for gastrointestinal development (Trahair et
al., 1992). However, colostrum is very different from amniotic fluid as it is nutrient dense and
contains high levels of immunoglobulins, enzymes, hormones, and growth factors (Koldovsky,
1989; Xu, 1996). In 1976, it was demonstrated for the first time that the GIT increased
significantly in weight, size, and DNA content during the first day of postnatal life of suckling
pigs (Widdowson, 1976).
The small intestine is the longest part of the GIT, and consists of the duodenum, jejunum,
and ileum. The major functions of the small intestine include the digestion of proteins,
carbohydrates, and lipids, and the absorption of various nutrients such as amino acids and
monosaccharides.
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1.4.1 Intestine Development at Cellular and Tissue Levels
Intensive growth of the piglet’s small intestine begins in the weeks before parturition
when its growth is faster than the growth of the whole organism (Sangild et al., 2000). The initial
ingestion of colostrum induces an acceleration of the small intestine growth, resulting in a
doubling of its weight, and a 30% increase in length within three days after birth (Xu et al.,
1992). Further, the intestinal crypt depth increased by 40% while villi height increased by 35%
within the first three days after birth (Godlewski et al., 2005). This rapid growth is attributed to
both the physical presence of colostrum proteins, and an increased cell proliferation rate,
preceded by enhanced DNA replication in the mucosa (Barszcz et al., 2011). Stem cells, situated
in the crypts, constitute a replication center of the intestinal epithelium, and are characterized by a
high rate of mitotic division. The fate of newly differentiated epithelial cells depends on the
direction of their migration. Some cells go into the crypts and become Paneth cells, while the
majority migrate upwards into the villi and differentiate into enterocytes, goblet cells, or
endocrine cells. Shortly after birth, the mitotic index has been shown to increase by 40 to 50%
(Barszcz et al., 2011). This increased mitosis is accompanied by a significant reduction of
apoptosis in the first two days after birth, which contributes to enlargement of the absorptive area
of the intestinal mucosa (Barszcz et al., 2011).
Another critical phase in the development of a piglet’s GIT is weaning. After weaning,
the intestinal environment changes drastically due to the replacement of highly digestible sow
milk by solid, mainly plant-source, feed. In response to this change, the GIT adapts through
changes in enzyme secretion and activity, as well as the composition of bacterial flora (Skrzypek
et al., 2005). Profound morphological changes are also associated with weaning, including villous
atrophy and crypt hyperplasia. Villous atrophy is caused by either an increased rate of cell loss,
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or a reduced rate of cell renewal. If villous shortening is due to an increased rate of cell loss, then
this is associated with increased crypt-cell production and increased crypt depth, as can be seen
during a microbial challenge or in response to antigenic feedstuffs (Pluske et al., 1997). If villous
atrophy is due to a reduced rate of cell renewal, this is the result of reduced cell division in the
crypts, as can be seen in association with fasting (Pluske et al., 1997). It has been reported that
following weaning at 21 days of age, villous height was reduced to 75% of pre-weaning values
within 24 hours (Hampson, 1986). Further, reduction in villus height continued until the fifth day
after weaning, at which point the height was approximately 50% of the initial values at weaning
(Hampson, 1986).
A decrease in crypt-cell production rates after weaning, a mechanism attributed to suboptimal intakes of energy and protein, have also been reported (Hall et al., 1989). Since crypt
depth was found to be reduced at three days after weaning, it was proposed that villous stunting
was due to a slowed production of new cells, and not necessarily an increased loss of mature
enterocytes from the surface of villi (Hall et al., 1989). Studies have shown that the number of
cells in crypts are not increased two days after weaning, but increase steadily from that point until
the eleventh day post-weaning (Hampson, 1986).
Due to these changes in villous height and crypt depth after weaning, the ratio of these
two items in weaned pigs is markedly reduced compared to unweaned animals. It has been
suggested that this represents a balance of cell production in the crypts and cell loss from the villi
beginning on the fifth day post-weaning and continuing for at least five weeks (Hampson, 1986).
This ratio change causes villi to transform from longer, and finger-like to wider, tongue-like
structures (Hampson, 1986).
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1.4.2 Gene Expression and Intestinal Enzyme Activity during Development
Reductions in villous height and increases in crypt depth in the small intestine after
weaning are generally associated with reductions in the activity of brush-border digestive
enzymes (Pluske et al., 1997). Sucrase is an enzyme responsible for catalyzing the hydrolysis of
sucrose into fructose and glucose. Sucrase levels at birth are low, but detectable, suggesting
piglets are provided with a limited capacity to process non-lactose carbohydrate sources (Zhang
et al., 1997). Sucrase levels increase slowly through suckling followed by significant decreases
associated with weaning, with levels reaching their minimum values four to five days after
weaning (Hampson et al., 1986; Manners et al., 1972).
Alkaline phosphatase is a hydrolase enzyme responsible for removing phosphate groups
from molecules such as nucleotides, proteins, and alkaloids. The expression of intestinal alkaline
phosphatase is enterocyte differentiation dependent, and as such, is regarded as a key marker
enzyme when considering changes in the primary digestive and absorptive functions of the small
intestine (Hodin et al., 1995). The ingestion of colostrum has been shown to stimulate the
development of intestinal alkaline phosphatase activity (Wang et al., 1996). Alkaline phosphatase
levels have been found to be significantly decreased in response to early weaning, which may
contribute to the susceptibility of these piglets to increased occurrence of enteric diseases and
growth lag (Lackeyram et al., 2010). Previously, the oral administration of EGF to early-weaned
pigs was shown to stimulate jejunal alkaline phosphatase activity, accompanied by increased
mRNA expression (Lee et al., 2008).
While many of the molecular mechanisms of early intestinal development are unknown,
significant changes in regulatory gene expression have been observed in response to weaning
(Wang et al., 2008). These genes range in function from peptide degradation, to lipid metabolism,
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to immune function, to growth regulation, to intestinal transport. Generally, weaning alters small
intestine gene expression by increasing expression of genes that promote oxidative stress and
immune activation and decreasing expression of genes related to nutrient utilization and cell
proliferation, leading to the intestinal atrophy and dysfunction often observed in early-weaned
pigs (Wang et al., 2008).
Trefoil factors (TFF) are small proteins co-expressed with mucins in the gastrointestinal
tract (Taupin et al., 2003). They contain one or two trefoil domains that create a characteristic
leaf-like structure (Madsen et al., 2007). TFF3, formerly known as intestinal trefoil factor, is
secreted by goblet cells of the small and large intestine in response to mucosal damage (Paulsen
et al., 2005). Trefoil factors have a critical role in the maintenance of intestinal mucosal integrity
by stimulating wound healing, cell motility and adhesion (Kjellev, 2009; Scholven et al., 2009).
TFF3 knock out mice have been shown to have impaired mucosal healing properties (Mashimo et
al., 1996). It has been reported that TFF3 exerts its effects through an EGFR dependent
mechanism (Rodrigues et al., 2003). An increase in TFF3 expression in the piglet intestine has
been reported in response to weaning (Scholven et al., 2009).
Cyclooxygenase 2 (COX-2) is an enzyme that is responsible for the formation of
prostanoids, including prostaglandins, which mediate and are active in various phases of
inflammation (Hla et al., 1992). The inhibition of COX-2, as caused by anti-inflammatory drugs
such as ibuprofen, can provide relief from the symptoms of inflammation and pain (Ehrich et al.,
1999). COX-2 is undetectable in most normal tissues, but is an inducible enzyme and becomes
abundant in activated macrophages and other cells at sites of inflammation. It has been shown
that COX-2 is expressed during inflammatory states in the gastrointestinal epithelium, and that its
expression can be activated by ligand binding to EGFR (Pham et al., 2008; Tan et al., 2000). In
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the developing piglet, small intestinal COX-2 levels were not found to differ significantly from 5
to 56 days of age (Lauridsen et al., 2010).
Glucagon-like peptide-2 (GLP2) is a 33-amino acid peptide released from the
enteroendocrine L cells in the distal small intestine and colon (Orskov et al., 1986). GLP2 is a
product of the breakdown of proglucagon, along with glucagon, and glucagon-like peptide-1. The
secretion of GLP2 in piglets is stimulated by enteral nutrient intake and is thought to mediate the
response of the small intestine to luminal ingredients (Burrin et al., 2000; Xiao et al., 1999). Fatty
acids and glucose have been shown to stimulate secretion of GLP2 from L cells (Tappenden et
al., 2003). GLP2 has been shown to significantly stimulate brush border membrane enzyme
secretion and epithelial cell proliferation, leading to and increased small intestine mucosal mass,
colon mass, crypt depth, and villi height, as well as increased nutrient uptake and increased
mucosal barrier function (Drucker et al., 1996). GLP2 has also been shown to increase sodiumglucose linked transporter 1 (SGLT1) transport, and promote glucose transporter 2 (GLUT2)
membrane insertion, leading to increased intestinal glucose uptake (Cheeseman, 1997). In piglets,
supplementation with GLP2 has been shown to increase intestinal growth by decreasing
proteolysis and apoptosis (Burrin et al., 2000). The actions of GLP2 are mediated through
binding to the glucagon-secretin G protein-coupled receptor, GLP2 receptor (GLP2R) (Munroe et
al., 1999). GLP2R is expressed on rare subsets of enteric neurons, enteroendocrine cells, and
myofibroblasts and exerts its actions indirectly, through activation of downstream mediators (Lee
et al., 2012). It has been shown that the abundance of GLP2R mRNA is inversely related to
circulating plasma GLP2 levels under normal conditions (Petersen et al., 2003). Because of the
intestinal growth and development response seen due to GLP2, the abundance of GLP2, as well
as its receptor, GLP2R, are of interest when considering piglet performance post-weaning.
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Keratinocyte growth factor (KGF) is a member of the fibroblast growth factor family
which influences the proliferation, migration, and differentiation of epithelial cells (Werner,
1998). The expression of KGF has been shown to induce the differentiation of goblet cells
through the induction of goblet cell silencer inhibitor-binding protein, a goblet cell specific
transcription factor (Iwakiri et al., 2001). Studies have also shown that KGF has a protective
function, and plays an important role in epithelial repair processes (Danilenko et al., 1995;
Staiano-Coico et al., 1993). Because of these attributes, KGF expression in the piglet intestine
during development could be beneficial, and indicative of health status through weaning.
The high-affinity sodium glucose cotransporter, SGLT1, plays a critical role in the
absorption of glucose across enterocytes (Toms et al., 2010). Mutations in SLC5A1, a gene
encoding SGLT1, resulted in gastrointestinal symptoms caused by the impaired absorption of
monosaccharides (Toms et al., 2010). SGLT1 is located on the brush border membrane and is
responsible for glucose transport from the lumen into epithelial cells, while GLUT2 is located
mainly on the basolateral membrane, transporting glucose into circulation. Increased expression
of glucose transporters such as GLUT2 and SGLT1 enhance glucose uptake, leading to increased
glucose stores, and improved growth performance (Song et al., 2010).
Interleukins are a group of cytokines, small peptide molecules, important in the mediation
of the regulation of immune and inflammatory responses, which also have an influence on early
development. Interleukin-13 (IL-13) is an anti-inflammatory cytokine that has been shown to
stimulate both goblet cell differentiation and mucin secretion (Mannon et al., 2012). In a study
using primary epithelial cells from the guinea pig trachea, IL-13 treatment induced differentiation
into mature goblet cells (Kondo et al., 2002). In addition to its role in increasing goblet cell
number, IL-13 is also recognized for its role in anti-inflammation (Watson et al., 1999).

	
  
19	
  

Interleukin-4 (IL-4) is known to induce the differentiation of native T helper cells, and has also
been shown to directly induce the differentiation of epithelium into goblet cells (Dabbagh et al.,
1999).
These factors encompass a range of functions, but each have the potential to impact to
growth and development of a piglet from birth through weaning, not only individually, but in
interactive combinations as well. Mapping how these factors change through suckling and
weaning, as well as considering other variables that could influence these changes, including
EGF, would lead to an increased understanding of the development of the small intestine, and
potentially help establish superior weaning plans.
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RATIONALE AND RESEARCH OBJECTIVES
With current industry trends for weaning at younger ages, determining a cost-effective,
piglet-friendly method for managing piglets through the immediate post-weaning period, and
avoiding the commonly observed post-weaning growth lag would allow for significant
improvements in the swine industry. Sow’s milk and colostrum contain a number of growth
factors, which aid in the initial development of the newborn piglet’s GIT (Klobasa et al., 1987).
Among them, EGF is present in the highest concentration (Klobasa et al., 1987). As its name
implies, EGF acts by stimulating epidermal cell growth, proliferation and differentiation.
Removal of the immature piglet from this growth-factor source during early-weaning may be a
contributing factor to the performance lag observed. Supplementing EGF beyond weaning may
be an effective strategy to counter poor post-weaning piglet performance.
A recombinant L. lactis producing and secreting biologically active porcine EGF was
previously developed in our laboratory (Cheung et al., 2009). The addition of this bacterial
culture to the diets of mice was shown to be beneficial in regards to growth performance, and
intestinal development (Cheung et al., 2009). Thus far, the effects of this recombinant porcine
EGF when fed to piglets have only been demonstrated in a small scale study, with a controlled
EGF intake (Kang et al., 2010).
Based on current research related to piglet development and the incorporation of EGF into
the diets of early-weaned pigs on a small scale, it is hypothesized that the supplementation of
EGF into early-weaned piglet diets will prove beneficial in easing the weaning transition by
enhancing piglet intestinal development, leading to increased growth performance. Several
specific objectives were set to test this hypothesis, including:
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1) To establish whether the supplementation of the culture of a recombinant L. lactis,
producing and secreting biologically active porcine EGF, in a larger scale
performance study has a positive effect on piglet growth and development postweaning, and whether the effect of EGF is depending on the quality and digestibility
of ingredients in the piglet’s diet (Chapter 1).
2) To address public concerns over the incorporation of a GMO into a production
animal’s diet by assessing the effectiveness of supplementing the fermentation
supernatant of a recombinant L. lactis producing and secreting biologically active
porcine EGF to early-weaned pigs (Chapter 2).
3) To investigate the potential underlying mechanisms behind the enhanced growth and
intestinal development effects caused by feeding an EGF-containing fermentation
supernatnat to early-weaned pigs (Chapter 3).
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CHAPTER 1
Epidermal growth factor-expressing Lactococcus lactis enhances growth performance of
early-weaned pigs fed diets devoid of blood plasma
As partially published in Bedford A, Li M, Ji S, de Lange CFM, and Li J (2012) Epidermal
growth factor-expressing Lactococcus lactis enhances growth performance of early-weaned pigs
fed diets devoid of blood plasma. Journal of Animal Science 90 Suppl. 4: 4-6.
1.1 ABSTRACT
Previously we have shown that feeding early-weaned piglets Lactococcus lactis (L. lactis) that
was engineered to express epidermal growth factor (EGF-LL) improves mean intestinal villous
height. In this study, we examined the effect of supplementing EGF-LL to early-weaned pigs fed
diets with typical levels of blood plasma (5%) or diets without blood plasma (blood plasma was
substituted with soybean meal and fish meal, based on amino acid supply). A total of 108 newly
weaned piglets (19-26 d of age; mean initial BW 6.58 kg; 9 pigs per pen) were fed ad libitum
according to a 2-phase feeding program without growth promoters. Three pens were assigned to
each of four treatments: 1) blood plasma containing diet with blank bacterial growth medium
(BP-Con), 2) blood plasma containing diet with fermented EGF-LL (BP-EGF), 3) blood plasma
free diet with blank bacterial growth medium (BPF-Con), and 4) blood plasma free diet with
fermented EGF-LL (BPF-EGF). The amount of EGF was determined in the fermentation product
and pigs were allotted 60 µg EGF/kg BW/d for 3 weeks post-weaning. There were no differences
(P > 0.10) in overall growth performance between BP-Con and BP-EGF pigs and no differences
(P > 0.05) in overall growth performance between BPF-Con and BPF-EGF pigs. BPF-EGF pigs
showed increased daily BW gain (410 vs. 260 g/d; P < 0.01) and Gain:Feed (0.67 vs. 0.58; P <
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0.05) compared to BPF-Con pigs in the week 3 post-weaning; this was comparable to values for
the BP-Con group (400 g/d and 0.64). These results indicate that supplementation with EGF-LL
can be effective in enhancing the performance of early-weaned piglets fed a low complexity diet,
and reduces the need for feeding high-quality animal proteins and antibiotics.

1.2

INTRODUCTION
Early weaning of pigs in an effort to increase reproductive performance of sows is

common practice. This separation, abrupt change in feed composition, and changes in penmates
and environment cause stress. Due to this stress and incomplete gastrointestinal tract
development, weanling piglets often suffer from post-weaning diarrhea, and a reduced feed
intake, and nutrient digestion and absorption, leading to a lag in growth performance (Gu et al.,
2002). Various measures have been taken to improve feed intake and health after weaning,
including the addition of certain ingredients to the diet. Often these ingredients include animal
protein (AP) sources such as fishmeal, plasma, milk products, and animal by-products. While AP
products are desirable as they are more digestible, and have a better amino acid profile than plant
source proteins, they are also more expensive, and their inclusion raises contamination concerns.
Since the first case of bovine spongiform encephalopathy in December, 2003, there has been
increased attention from veterinary and public health professionals regarding the quality and
safety of animal feed, along with the safety of animal-based food products (Sapkota et al., 2007).
Animal protein products, such as spray-dried porcine plasma, have been shown to contain
immunoglobulins, and growth factors, including epidermal growth factor (EGF), that may add to
their beneficial effects (Coffey et al., 1995; van Dijk et al., 2001; Yi et al., 2005). EGF is a
growth factor that stimulates cell growth, proliferation, and differentiation, and is found at levels
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of 125-200 µg/L in sow milk (Jaeger et al., 1990; Odle et al., 1996). Being removed from this
supply at weaning may be one of the causes of reduced digestive and absorptive functions, as
well as decreased mucosal defenses, seen post-weaning. Supplementing recombinant EGF postweaning has been shown to provide beneficial effects to young pigs, including increasing jejunal
enzyme activity (James et al., 1987), and increasing villus height and intestinal cell proliferation
(Kang et al., 2010). These studies indicate that non-plasma source EGF post-weaning may be
able to provide similar effects as plasma EGF.
Lactococcus lactis is a food grade, Gram-positive lactic acid bacteria that is metabolically
active in all compartments of the intestinal tract (Drouault et al., 1999). This allows delivery of
recombinant protein throughout the gastrointestinal tract. We have previously generated EGFsecreting L. lactis (EGF-LL) using a recombinant approach and showed its ability to survive in,
and enhance performance of early-weaned mice (Cheung et al., 2009), and early-weaned pigs
(Kang et al., 2010). The objective of the current investigation was to study the effect of
supplementing a plasma-free diet with L. lactis producing recombinant EGF, compared to a nonsupplemented diet containing plasma, on growth performance and intestinal development in
early-weaned pigs.
1.3

MATERIALS & METHODS

Bacterial Strains & Media
The EGF producing Lactococcus lactis was generated as previously described (Cheung et
al., 2009). Briefly, total RNA was isolated from pig salivary gland tissue and the mature EGF
sequence was amplified by reverse transcription and polymerase chain reaction. This product was
then ligated into pGEM-T Easy vector (Promega, WI, USA) to produce pGEM-EGF. After
transformation into E. coli DH5α, pGEM-EGF was digested to release the EGF insert. This insert
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was subsequently ligated into the expression vector pAMJ399 (Bioneer, Denmark) to produce
pAMJ399-EGF which was transformed into L. lactis MG1363. The resulting bacterium was
fermented in M17 broth (Oxoid, Basingstoke, United Kingdom) supplemented with 1% glucose
and 1 µg/ml erythromycin (M17GE broth). To maintain fermentation conditions, 2N H2SO4,
10N NH4OH, and 50% glucose were used.
Fermentation
Fermentations were performed in a 5L Beauty-CN fermentor system filled with 3.2 L of
autoclaved M17GE broth, and inoculated with a 10 mL preculture. The fermentor was operated at
32ºC with continuous agitation (40 rpm). The pH was allowed to drop to 5.8, after which
fermentor pH control maintained the pH at 6.25. Following the switch to controlled pH, the
fermentation was fed glucose at the rate of 5 mL/hr. Prior to the trial start, 10mL precultures were
frozen at -80ºC. These precultures were all taken from one 20 h fermentation, OD600 11.
Western blot analysis
Bacterial cell pellet and supernatant samples from random fermentations throughout the
trial were analyzed via Western blotting for EGF content as previously described (Cheung et al.,
2009). A total of 30 µL of each culture was centrifuged at 2300 x g for 10 min at 4°C. The
supernatant and cell pellet were stored separately at -80°C before analysis.
Animals & Diets
A total of 108 weanling pigs (Landrace x Yorkshire) of both sexes weaned at 19-26 days
of age were randomly assigned to one of the following four treatment groups: 1) blood plasma
containing diet with M17GE broth (BPCon), 2) blood plasma containing diet with fermented
EGF-LL (BP-EGF), 3) blood plasma free diet with M17GE broth (BPF-Con), or 4) blood
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plasma free diet with fermented EGF-LL (BPF-EGF). Pigs were divided into twelve pens of nine
so that each pen had average initial weight between 6.5 and 6.6 kg and contained 4 male and 5
female pigs. There were three pens per treatment group. Diets were based on corn and soybean
meal, contained similar nutrient levels and no antibiotics, but differed in their AP contents. Blood
plasma containing diets included 1% fishmeal, and 5% spray-dried porcine plasma; blood plasma
free diets included 4.9% fishmeal, and no spray-dried porcine plasma (Table 1). The level of EGF
inclusion in experimental diets was based on an initial dose response study (data not shown). BPEGF and BPF-EGF pigs were given 80 µg/kg BW/d of EGF throughout the trial. BP-Con and
BPF-Con pigs were given matching volumes of M17GE broth. Broth or fermentation products
were mixed with feed twice daily at 0730h and 1930h for 21 d. Pigs had ad libitum access to
water and feed, feed was replenished 4 times daily, and remaining feed was weighed back at
0700 each morning. Body weight of individual pigs was recorded every 7 d. Any signs of
sickness and abnormal behavior were monitored throughout the trial. Twenty-one days after
weaning, the average male and female from each pen was sacrificed for sample collection. Pigs
were housed on farm in Enping, China.
Tissue Collection
Twenty-one days after weaning, small intestinal samples were taken from the jejunum.
Immediately following euthanasia, the entire small intestine was removed and straightened out.
Jejunal samples were taken 1m distal of the pylorus. Approximately 1cm cross-sections were
taken from the first 10cm of tissue at this location. Tissues were rinsed thoroughly in 1 x
phosphate buffered saline (PBS) and frozen immediately in liquid nitrogen, then lyophilized.
Following tissue collection, the small intestine was emptied, then weighed.
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Table 1. Ingredient composition (%) of blood plasma containing and blood plasma free
diets. Blood plasma (BP) and blood plasma-free (BPF) diets fed to piglets for the duration of the
trial.
BP

BPF
Inclusion (%)

Soybean meal & corn mix

74.21

74.43

2.5

2.5

Whey, dried

6

6

Spray-dried Porcine Plasma

5

0

Fishmeal, herring (66% CP)

1

4.9

Soycomil (65% CP)

2.5

3.86

Lysine-HCl

0.33

0.37

DL-Methionine

0.24

0.21

Threonine

0.21

0.2

Dextrose

3.5

3.25

1

0.89

Salt

0.15

0.33

Bicalcium phosphate (17% P, 24% Ca)

1.1

0.8

L-Tryptophan (10%)

0.8

0.8

Vitamin mix1

0.25

0.25

INVE premix2

0.73

0.73

Trace Mix3

0.48

0.48

Digestible Energy (MJ/kg)

14.82

14.79

Crude Protein

20.55

20.51

Crude Fat

6.16

6.43

Calcium

0.81

0.85

Phosphorus

0.71

0.71

Sodium

0.30

0.30

Soyoil

Limestone
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1

1kg feed includes vitamin A (16,000 IU), vitamin D3 (3,500 IU), vitamin E (120 mg), vitamin

K3 (4 mg), vitamin B1 (4 mg), vitamin B2 (12.5 mg), vitamin B3 (40 mg), vitamin B6 (5 mg),
niacin (70 mg), folic acid (8 mg), vitamin B12 (0.06 mg), biotin (0.80 mg), choline chloride
(1,000 mg).
2

Includes sweetener, flavor, enzyme, Luctanox, mildewcide and acidifiers.

3

1 kg feed includes copper (184.65 ppm), iron (233.55 ppm), manganese (94.50 ppm), iodine

(0.60 ppm), cobalt (0.65 ppm), selenium (0.45ppm).
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Enzyme Assays
Lyophilized jejunal tissue was reconstituted in ice-cold homogenization buffer (50mM Dmannitol, pH 7.4) and homogenized using a Microson XL-2000 Ultrasonic Cell Disruptor
(Qsonica, LLC., CT, USA). This homogenate was centrifuged at 2000 x g for 15 min. This
supernatant was used for enzyme assays. The sucrase assay was performed as previously
described (Kelly et al., 1991). Briefly, jejunal homogenate supernatants were incubated with
sucrose at 37ºC for one hour; this reaction was stopped by boiling. Glucose levels were
determined using Glucose Liquicolor (Stanbio Laboratory, TX, USA) according to manufacture’s
instructions. Alkaline phosphatase levels were determined as previously described (Lackeyram et
al., 2010). Briefly, jejunal homogenate supernatants were incubated with P-nitrophenyl substrate
at 37ºC for 20 minutes; this reaction was stopped with the addition of NaOH. The supernatant
resulting from the incubation was then read at absorbance 400 nm to detect P-nitrophenol. All
samples and standards were run in triplicate. Protein content of the supernatant fraction was
determined using a Bio-Rad protein assay kit (Bio-Rad, CA, USA) using bovine serum albumin
as a standard.
Statistical Analysis
The data were analyzed by two-way analysis of variance (ANOVA) using Prism version
5.0b analysis software (La Jolla, CA). Data sets were further analyzed by using Bonferroni’s test
for multiple comparisons to determine statistical differences between groups. The pen considered
the experimental unit in growth performance analysis; the pig was considered the experimental
unit in enzyme activity analysis. Treatment effects were considered significant at P < 0.05 and a
trend at 0.05 < P < 0.10.

	
  
30	
  

1.4

RESULTS

Quantification of the amount of EGF in EGF-LL fermentations
To investigate the amount of EGF produced in each 11 h fermentation, and determine the
required volume of culture to give to each pig, Western blot analyses were performed by using a
specific antibody against EGF. EGF levels in the supernatant were determined to be ~4 ng/µL
after comparison to human recombinant EGF (hrEGF) standards. Fermentations were delivered
so that pigs were offered approximately 80 µg/kg/day of EGF throughout the trial (Figure 1).
Blood Plasma and EGF-LL increased Piglet Performance
Although similar in nutrient content, pigs fed the blood plasma containing diet had
better growth performance compared to pigs fed the blood plasma free diet (Table 2). As shown
in Table 2, while no differences in growth performance were observed between BP-Con and BPEGF (P > 0.10), BPF-EGF pigs showed increased daily BW gain (410 vs. 260 g/d; P < 0.01) and
Gain:Feed (0.67 vs 0.58; P < 0.05) compared to BPF-Con pigs during week 3 after weaning; this
was comparable to the performance of the BP-Con group (400 g/d) . The overall growth
performance was similar for BPF-Con and BPF-EGF pigs (P < 0.10). There was no interactive
effect of blood plasma and EGF in the first week of treatment (P > 0.10), but there was a trend
for an interactive effect in the second and third weeks of treatment (P = 0.057 and P = 0.079,
respectively). There were no significant differences in small intestine weight or length between
groups (P > 0.10; Appendix B, Figure 15A, B).
EGF-LL increased Enzyme Activity in the Absence of Blood Plasma
While no differences were shown between the BP-EGF and BP-Con groups, jejunal
alkaline phosphatase levels in the BPF-EGF group were significantly higher than the BPF-Con
group (P < 0.05) (Figure 2). There was no significant difference in jejunal sucrase activity
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between groups (P > 0.10).
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Figure 1. Western blot analysis of EGF in 11h fermentation product. Western blot
quantification of EGF in the supernatant of two 11 h EGF-LL fermentations. 60 and 30 µl of
reconstituted supernatant samples from two 11 h fermentations, one AM and one PM. Samples
were compared to a recombinant human EGF (rhEGF) standard. EGF levels were determined to
be 4 ng/µl in the supernatant.
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Table 2. Growth performance and feed efficiency (gain:feed) of newly-weaned pigs fed
blood plasma containing or blood plasma free diets with or without EGF containing
fermentation products.
Treatment1
Item

BP-Con

BP-EGF

BPF-Con

BPF-EGF

SEM

Initial BW, kg

6.57

6.57

6.57

6.60

0.038

Final BW, kg

13.07

12.68

12.15

12.62

0.190

ADFI, kg/pig/day

0.398

0.364

0.357

0.365

0.009

Week 1

186

176

180

162

7.44

Week 2

401b

378ab

316a

367ab

10.27

Week 3

399b

419b

279a

410b

13.97

Week 1

0.646

0.635

0.632

0.613

0.017

Week 2

0.806b

0.794b

0.719a

0.795b

0.012

Week 3

0.635ab

0.707b

0.580a

0.674b

0.017

Body weight gain,
g/d

Gain:Feed, kg/kg

a-b
1

Means within a row without common superscripts differ (P < 0.05).

Dietary treatments were blood plasma containing (BP) or blood plasma free (BPF) diets with

either M17 broth (Con) or fermentation product containing epidermal growth factor secreting
Lactococcus lactis (EGF). Numbers represent the average of 27 pigs from three pens per
treatment (n = 3).
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Figure 2. Effect of blood plasma containing or blood plasma free diets with or without
EGF-LL fermentation products on jejunal sucrase and alkaline phosphatase activities.
Dietary treatments were blood plasma containing (BP) or blood plasma free (BPF) diets with
either M17 broth (Con) or fermentation product containing epidermal growth factor secreting
Lactococcus lactis (EGF). Data represents the average of six pigs per treatment (n = 6); different
letters signify statistical difference (P < 0.05).
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1.5

DISCUSSION
Traditional piglet weaning diets are formulated using soybean meal (SBM) as their

main protein source. While SBM is an inexpensive protein source, it contains several antinutritional factors that limit the digestibility, as well as the inclusion rate (Kiers et al., 2003). As
it is a plant protein source, piglets do not have the optimal set of digestive enzymes to fully
utilize and manage SBM. It has also been shown that SBM may retain antigenic factors that are
associated with villous atrophy, increased crypt cell mitosis, and crypt hyperplasia, thereby
causing nutrient malabsorption in piglets (Li et al., 1990; Miller et al., 1984b). These
complications with SBM can lead to digestive upsets, and growth retardation in piglets (Li et al.,
1991; Miller et al., 1984a).
Recycling animal waste and using animal-source protein in animal feed has become routine
to reduce costs, and improve diet digestion and absorption and corresponding growth
performance. However, there are concerns over whether this is safe practice. Due to natural
variation, the environment, and potential interaction with other biological organisms, it is
impractical to guarantee food safety in absolute terms (Hamilton, 2002). Several etiologic agents
believed to originate from animal-source supplements have been detected in animal feed
including bacterial pathogens, antibiotic-resistant bacteria, prions, and mycotoxins (Hinton, 2000;
Orriss, 1997) . The prion proteins of mammalian meat- and bone-meal have recently emerged as
important feed contaminants, and their presence could heighten risks of prion disease acquisition
(Johnson et al., 2011).
On the other hand, along with being of a higher digestibility, spray-dried porcine plasma
can contain beneficial factors such as growth factors (EGF, IGF). These factors, also present in
sow colostrum and milk (Jaeger et al., 1990), have been shown to be important in stimulating
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intestinal epithelium proliferation, differentiation, and intestinal maturation (Dignass et al.,
2001). EGF is a 53-animo acid single chain polypeptide with a molecular weight of 6.045 kDa
(Cohen, 1965). The EGF receptor is a 170-kDa protein expressed in the intestine on both the
luminal and basolateral enterocytes of newborn, and early-weaned pigs (Kelly et al., 1992).
Previous studies by our group have shown the ability of EGF-LL to survive and produce
functional EGF in the gastrointestinal tract, and to enhance the intestinal development of mice
and pigs (Cheung et al., 2009; Kang et al., 2010).
When supplemented in place of plasma protein, EGF-LL did not cause a change in the
overall three-week performance of the pigs, but after two weeks the performance of the BPF-EGF
pigs was approaching that of the BP-Con, which was significantly improved over the BPF-Con
(P < 0.05). After three weeks, the BPF-EGF group significantly outperformed the BPF-Con
group (P < 0.05), with BPF-EGF performance being similar to BP-Con performance (P > 0.10).
Comparing gain:feed ratios, BPF-EGF pigs utilized feed more efficiently than BFP-Con
pigs after both two and three weeks of treatment, and to a similar efficiency of BP-Con pigs.
These results indicate that EGF supplementation can be as beneficial as including blood plasma
in weaning diets. It is possible that this recombinant EGF requires a time period to take effect, as
there was a delay seen in body weight gain response to treatment. This could be countered by
supplementing recombinant EGF earlier in the form of a creep feed.
No differences were seen between BP-Con and BP-EGF groups. This could be due to the
fact that blood plasma is more digestible, and contains EGF along with other growth stimulators,
and thus the piglets did not require supplemental EGF to improve their growth potential. Using
EGF-LL to supplement diets of a lower digestibility could be an economic way to improve piglet
performance without the use in animal feed products.
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Sucrase and alkaline phosphatase are glycoproteins responsible for the final stages of
macronutrient digestion, thus their activity levels reflect the maturity of the intestine (Alpers et
al., 1994; Semenza, 1986). Intestinal alkaline phosphatase (IAP) is regarded as a key marker
enzyme when considering changes in the primary digestive and absorptive functions of the small
intestine (Hodin et al., 1995). Physiological functions of IAP include participation in the
absorption of fat (Zhang et al., 1996), transcellular solute transport (Gasser et al., 1987), and a
role in increasing bicarbonate secretion into the gut (Akiba et al., 2007). Weaning has been
reported to significantly reduce small intestinal IAP digestive capacity and maximal enzyme
activity in pigs (Lackeyram et al., 2010). This reduction could leave piglets vulnerable to enteric
infections, and susceptible to developing diarrhea and growth-check. Supplementation with EGFLL significantly increased the jejunal IAP activity at three weeks after weaning in the BPF-EGF
group compared to the BPF-Con group. This increase is likely linked to the improved growth
performance we also saw at this time.
We have previously demonstrated that EGF-LL feeding to early-weaned pig increased
proliferation of intestinal cells (Kang et al., 2010). This, together with the current finding that the
recombinant L. lactis enhanced intestinal maturation status, reflected by the increased alkaline
phosphatase activity, may be responsible for the increased gain/feed ratio, and BW gain of earlyweaned pigs on blood plasma free diets. Our findings suggest that L. lactis may be an alternative
means to deliver beneficial factors to the intestine and may be as effective as in-feed blood
plasma.
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CONNECTIVE STATEMENT 1
Chapter 1 described the application of EGF-LL provided by the culture of recombinant L.
lactis in feeding newly-weaned piglets in a larger scale performance study, and in diets
containing or devoid of a highly digestible, high-quality animal protein, blood plasma. Through
this experiment it was determined that EGF-LL has a positive effect on growth performance, and
can support equal performance as blood plasma in the feed. Due to the public concern over
genetically modified organisms (GMO), in chapter 2, the effect of the fermentation supernatant
alone, after the removal of EGF-LL, on piglet growth and performance is investigated.
Furthermore, it will investigate a more optimized EGF-LL fermentation system, and how it
impacts the culture that is obtained and its effect on piglet health and performance.
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CHAPTER 2
Growth performance of early-weaned pigs is enhanced by feeding epidermal growth factor
-expressing Lactococcus lactis fermentation product
As published in Bedford A, Huynh E, Fu M, Zhu J, Wey D, de Lange C, Li J (2014) Growth
performance of early-weaned pigs is enhanced by feeding epidermal growth factor -expressing
Lactococcus lactis fermentation product. Journal of Biotechnology 173: 47-52.
2.1 ABSTRACT
In early-weaned pigs, digestive capacity limits expression of growth potentials. This
limited growth is exacerbated by feeding traditional corn and soybean diets which are less
digestible by these young piglets. In an effort to counter-act this, high-quality animal proteins and
antibiotics are commonly supplemented into piglet diets. However, these ingredients are costly,
and can raise concerns about consumer health. Previously, we have shown that feeding earlyweaned piglets Lactococcus lactis that was engineered to express epidermal growth factor (EGFLL) improves various measures of digestive function. To address public concern over the use of
genetically modified organisms (GMO), the aim of the current study was to investigate the effect
of feeding the EGF-LL fermentation product, after separation from the genetically modified
EGF-LL, on growth performance and indicators of digestive capacity of newly-weaned piglets. A
total of 124 newly weaned piglets (19-21 days of age; mean body weight 6.46 kg; 8 or 10 pigs
per pen) were fed ad libitum according to a 2-phase feeding program with moderate amounts of
animal protein and without antibiotics. Four pens were assigned to each of three treatments: 1)
full EGF-LL fermentation (FullF), 2) supernatant of EGF-LL fermentation (SuperF), or 3) blank
M17GE media (Con). The amount of EGF was determined in the fermentation product and pigs
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were given 80 µg EGF/kg/day during the first 3 weeks post-weaning; growth performance was
monitored for 4 weeks. Daily body weight gain (197 vs. 200 g/d; SEM 12) and Gain:Feed (0.450
vs 0.454; SEM 0.020) of pigs on the FullF group was similar to that of Con pigs; these measures
of performance were significantly improved (254 g/d and 0.540; P < 0.01) for SuperF pigs.
Sucrase levels on day 8 of treatment were increased in SuperF pigs (166.3 ± 62.1 vs. 81.4 ± 56.5
nmol glucose released/mg protein; P < 0.05) compared to Con pigs; sucrase levels of FullF pigs
were variable (202.2 ± 155.5 nmol glucose released/mg protein). The lack of growth response
with FullF pigs was likely attributed to an overload of bacteria (daily dose included 9.13x109
CFU/mL EGF-LL). These results suggest that the EGF-LL fermentation product, after removal of
EGF-LL, is effective in increasing growth performance of early-weaned piglets and can be used
to reduce post-weaning growth lag, and may reduce reliance on feeding antibiotics and high
quality animal proteins.
2.2

INTRODUCTION
In pork production, piglets are weaned abruptly and well before natural weaning would

occur in an effort to optimize sow reproductive performance and reduce pathogen transfer from
the sow to her offspring (Main et al., 2004; Whiting et al., 2008). Early weaning not only
removes piglets from a readily digestible food source, but also from milk derived growth factors
that are known to improve overall piglet health and development, and specifically, intestinal
development (Odle et al., 1996). In combination with the stress of a new environment and
changes in food composition, immature and disturbed digestive function can lead to an associated
reduction in piglet growth rates during the period after early-weaning (Pluske et al., 2003).
During this transition period, pigs are more susceptible to intestinal complications such as
disturbed gut motility, reduced absorptive functions, decreased mucosal immune defenses and
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reduced regenerative capability of the intestine. These complications can cause piglets to be more
susceptible to infection.
Epidermal growth factor (EGF) is a growth factor found in the milk and colostrum of the
sow. In colostrum, the concentration of EGF is more than 500 times higher than that of other
growth factors such as amphiregulin and transforming growth factor alpha (TGFα) (Nojiri et al.,
2012), indicating the importance of EGF in early intestine development. In newborn and weaned
piglets, systemic or oral administration of EGF significantly increased secretion and activity of
digestive enzymes (Jaeger et al., 1990; James et al., 1987). Supplementation of EGF into feed
formulas has also been shown to facilitate recovery of the intestine from rotavirus infection
(Donovan et al., 1994b) as well as facilitating the protection against colonization of intestinal
pathogens (Buret et al., 1998; Elliott et al., 2000; Hardin et al., 1993; Lamb-Rosteski et al., 2008).
The production of EGF using current recombinant techniques and purification methods is
too costly for routine use in a commercial swine production. We have previously generated a
strain of Lactococcus lactis (L. lactis) capable of expressing porcine EGF (EGF-LL), and
demonstrated that the local delivery of EGF to the intestine stimulates intestinal development to
maintain mucosal integrity, thereby enhancing the growth and body weight of early-weaned mice
and piglets (Cheung et al., 2009; Kang et al., 2010). Despite the potential benefits of using
L.lactis as a vehicle to deliver recombinant proteins to the intestinal mucosal surface,
controversies and potential risks regarding the use of genetically modified organisms (GMO)
remain. To address these concerns, the objective of this study was to investigate the effect of
feeding a bacteria-free EGF-LL fermentation product on the growth performance and digestive
capacity of early-weaned piglets.
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2.3 MATERIALS & METHODS
Bacterial Strains & Fermentation.
EGF-LL was generated as previously described (Cheung et al., 2009), with minor
modifications to improve EGF expression and fermentation conditions. The DNA sequence
encoding porcine EGF was designed with L. lactis codon bias, using Gene Designer Tool and
synthesized commercially by DNA 2.0 (Mento Park, CA, USA). EGF-LL was fermented in 3 L
batches in M17 media (Oxoid, Basingstoke, United Kingdom) supplemented with 1% glucose
and 1 µg/ml erythromycin (M17GE broth). Fermentations ran for 22 h in a Winpact fermentation
system (Montreal Biotech, Montreal, Canada) filled with M17GE broth at 32ºC with continuous
agitation (40 rpm). Each fermentation batch was inoculated with a 10 mL preculture. The culture
pH was allowed to drop naturally to 5.8, after which it was maintained at 6.25 and glucose was
added at 5mL/hr. To regulate fermentation conditions, 2N H2SO4 , 10N NH4OH, and 50%
glucose were used. Precultures were all taken from one 22 h fermentation with an optical density
of 14 at 600 nm, and frozen at -80ºC prior to trial fermentations.
Western blot analysis.
Bacterial cell pellet and supernatant samples from random fermentations throughout the
trial were analyzed using Western blotting for EGF content as previously described (Cheung et
al., 2009). A total of 30 µL of each culture was centrifuged at 10,000 x g for 15 min at 4ºC. The
supernatant and cell pellet were stored separately at -80ºC before analysis.
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Animals & Diets.
A total of 120 weanling pigs (Landrace x Yorkshire) of both sexes at 19-21 days of age
were randomly assigned to one of the three following treatment groups 1) complete EGF-LL
fermentation product (Ferm), 2) supernatant of EGF-LL fermentation product, after removal of
EGF-LL (Supern), or 3) blank M17GE media (Control). Due to piglet availability, the trial was
run in two consecutive and equal blocks, each block having 2 pens per treatment, 6 female and 4
male pigs per pen, with mean initial BW between 6.3 and 6.5 kg; totaling 40 pigs in 4 pens per
treatment. Diets were corn and soybean meal based and contained no antibiotics (Table 3). The
concentration of EGF in the fermentation was determined by Western blot. The supernatant was
prepared by centrifuging the whole fermentation at 10,000 x g for 15 minutes, then removing the
bacterial pellet. Ferm and Supern groups were fed 80 µg EGF/kg BW/day of supernatant EGF
throughout the trial, based on analyzed EGF contents. Control pigs were fed the same volumes of
M17GE broth. Treatments were mixed in with solid feed at 0900 daily for three consecutive
weeks, while growth performance was measured for 4 weeks, allowing assessment of carry over
effects 1 week after cessation of feeding EGF. Pigs had ad libitum access to water and feed; feed
was replenished throughout the day and remaining feed was weighed back at 0830 each day.
Body weights were recorded every 7 d. Any signs of sickness or abnormal behavior were
monitored throughout the trial. On day 8 and 15 of treatment, the average male and female from
each pen was euthanized using Euthansol (0.3 mL/kg BW; Intervet Canada Corp., QC, Canada)
for tissue sample collection. All piglets were housed at the Arkell Research Station at the
University of Guelph. The experimental use of animals and procedures followed were approved
by the University of Guelph’s Animal Care Committee in accordance with the Canadian Council
on Animal Care’s guidelines.
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Fecal Scoring.
Pigs were scored for feces consistency daily on a per pen basis and weekly on a per pig
basis. Pens were observed visually after treatment was delivered. Individual pigs were observed
at the time of weighing. The consistency of feces was scored from 1 to 5 where 1 corresponded to
hard, 2 to firm, 3 to moist, 4 to semi-liquid, and 5 to watery. Scores of 4 and 5 were considered to
represent diarrhea.
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Table 3. Ingredient composition (%) of phase I and phase II diets. Phase I and Phase II piglet
diets. Piglets were fed Phase I diet for 14 days post-weaning, then were switched to Phase II for
another 14 days.

Phase I

Phase II

44.04

49.57

Wheat, soft red winter

10

10

Whey, dried

8

0

2.5

2.5

Fishmeal, herring

5

0

Soybean meal, dehulled

24

34

Lysine.HCl

0.16

0.25

DL-methionine

0.06

0.11

Threonine

0.04

0.09

3

0

Limestone

0.7

1.18

Salt

0.2

0.3

Monocalcium phosphate

1.30

1.40

Acidifier, 50/50 calcium formate & calcium propionate

0.4

0

Vitamin & mineral mix1

0.60

0.60

Digestible Energy (MJ/kg)

13.94

13.87

Crude Protein

21.37

21.34

Crude Fat

5.19

4.76

Calcium

0.84

0.88

Phosphorus

0.71

0.69

Sodium

0.35

0.30

Corn

AV fat blend / tallow

Sucrose
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1

Supplied per kg of complete diet: vitamin A, 10,000 IU in the form of retinyl acetate (2.5 mg)

and retinyl palmitate (1.7 mg); vitamin D, 1,000 IU in the form of cholecalciferol; vitamin E, 56
IU in the form of dl-α-tocopherol acetate (44 mg); vitamin K, 2.5 mg in the form of menadione;
choline, 500 mg; pantothenic acid, 15 mg; riboflavin, 5 mg; folic acid, 2 mg; niacin, 25 mg;
thiamine, 1.5 mg; vitamin B-6, 1.5 mg; biotin, 0.2 mg; vitamin B-12, 0.025 mg; Se, 0.3 mg in the
form of Na2SeO3; Cu, 15 mg in the form of CuSO4.5H2O; Zn, 104 mg in the form of ZnO; Fe,
100 mg in the form of FeSO4; Mn, 19 mg in the form of MnO2; and I, 0.3 mg in the form of KI
(DSM Nutritional Products Canada Inc., Ayr, ON).	
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Tissue Collection.
Immediately following euthanasia, jejunal samples for enzyme activity and gene
expression analyses were taken 1m distal of the pylorus. The entire small intestine was removed
and straightened for length measurements. Cross-sections of 1cm in length were taken from the
first 10cm of tissue at these locations. Tissues were rinsed thoroughly in 1 x PBS and frozen
immediately in liquid nitrogen. Following tissue sampling, the empty weight of the small
intestine was taken.
Enzyme Assays.
Jejunal tissue was thawed in ice-cold homogenization buffer (50mM D-mannitol, pH 7.4)
and homogenized. This homogenate was centrifuged at 2000 x g for 15 min and the resulting
supernatant was assessed for enzyme activity. The sucrase activity assay was performed as
previously described (Kelly et al., 1991). Briefly, jejunal homogenate supernatants were
incubated with sucrose at 37ºC for one hour; this reaction was stopped by boiling. Glucose levels
were determined using Glucose Liquicolor (Stanbio Laboratory, TX, USA) according to
manufacture’s instructions. Alkaline phosphatase levels were determined as previously described
(Lackeyram et al., 2010). Briefly, jejunal homogenate supernatants were incubated with Pnitrophenyl substrate at 37ºC for 20 minutes; this reaction was stopped with the addition of
NaOH. The supernatant resulting from the incubation was then read at absorbance 400 nm to
detect P-nitrophenol. All samples and standards were run in triplicate. Protein content of the
supernatant fraction was determined using a Bio-Rad protein assay kit (Bio-Rad, CA, USA)
using bovine serum albumin as a standard.
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Real-time quantitative RT-PCR.
To assess the gene expression profile of cyclooxygenase 2 (COX-2) and trefoil factor 3
(TFF3), three cross-sections of approximately 1 mm were cut from a 1 cm segment of frozen
intestine. These three sections were pooled and lysed in Total RNA kit lysis buffer (Norgen
Biotek Corporation, ON, Canada) using an automated homogenizer (Microson Misonix, CT,
USA). Total RNA was isolated using Total RNA kit (Norgen Biotek Corporation, ON, Canada)
according to the manufacture’s instructions. Samples were treated with DNase (Invitrogen, CA,
USA) by adding 1 µl of 10x DNase buffer and 1 U amplification-grade DNase (Invitrogen, CA,
USA) for 15 min at room temperature. 1 µl EDTA (25 mM; Invitrogen, CA, USA) was then
added to the samples and incubated for 10 min at 65°C to inactivate DNase. First-strand
complementary DNA was synthesized using 1 µl MMLV reverse transcriptase (Invitrogen, CA,
USA) and 1.25 µl random hexamer primers (Applied Biosystems, Inc, CA, USA) according to
manufacturer’s protocol. Real-time quantitative PCR was performed as described (Park et al.,
2013) using Mx3005 cycler (Strategene, CA, USA) with SYBR Premix Ex Taq (Takara
Clontech, Otsu, Japan). Each PCR reaction was performed in duplicate under the following
conditions using COX-2 and TFF3 primers previously characterized (Scholven et al., 2009):
denaturation at 95°C for 10 min, three-step amplification including denaturation at 95°C for 15
sec, annealing at specified temperature previously described (Scholven et al., 2009) for 30 sec,
extension at 72°C for 30 sec and a subsequent melting curve (55-95°C) with continuous
fluorescence measurement and final cooling to room temperature. Relative COX-2 and TFF3
mRNA levels were determined using the comparative Ct method, with RNA polymerase II (RPII)
as the reference (Schmittgen et al., 2008).
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Statistical Analysis.
Analysis of covariables was performed with the statistical software R version 3.0.3 (R
Foundation for Statistical Computing, Vienna, Austria) using a linear fixed effect model. Weight
data were analyzed by one factor analysis of variance (ANOVA) using Prism version 5.0b
analysis software (CA, USA). Data sets were further analyzed by using Tukey’s test for multiple
comparisons to determine statistical differences between groups. The pen was considered the
experimental unit in growth performance and diarrhea analysis; the pig was considered the
experimental unit in enzyme activity and gene expression analysis. The results were considered
significant at a P value of <0.05 and a trend at 0.05 < P > 0.10.
2.4

RESULTS

Porcine EGF Content in EGF-LL Fermentation Products.
Western blot analyses showed that the 6-kDa porcine EGF protein was present in both the
cell lysate and supernatant of the 22h fermentation culture (Figure 3). Samples for this analysis
were taken randomly from fermentations throughout the trial. Quantification of EGF produced by
recombinant L. lactis using known quantities of recombinant EGF as standard revealed that
~1200 ng of EGF was present per milliliter of the fermentation product. Average EGF
concentrations (determined by Western blot) were determined to be 12 ng/µL in the supernatant
and 5 ng/µL in the cell pellet (Figure 3). With the volumes given, this equated to pigs receiving
80 µg EGF/kg BW/day throughout the trial.
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Figure 3: Western blot analysis of EGF in 22 h fermentation product. Western blot
quantification of EGF in the supernatant (Super) and cell pellet of a 22 h EGF-LL fermentation. 5
µl of a 22h fermentation was centrifuged to obtain a supernatant and cell pellet fraction. The cell
pellet was lysed to release non-secreted EGF. Samples were compared to a recombinant human
EGF (rhEGF) standard. EGF levels were determined to be 12 ng/µl in the supernatant, and 5
ng/µl in the cell pellet.
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Growth Performance
Pigs in the Ferm group performed similarly to Control pigs based on final BW (12.07 ±
0.59 vs. 12.06 ± 0.53 kg; SEM 0.242), daily BW gain (197 ± 16.7 vs. 200 ± 8.4 g/d; SEM 10.3),
and Gain:Feed (0.450 ± 0.02 vs. 0.454 ± 0.007; SEM 0.016) over the 4 week trial period (Table
4). All three of these growth performance parameters were increased (P < 0.05) in Supern pigs
compared to Control pigs: final body weight (13.63 ± 0.57 vs. 12.07 ± 0.59 kg; SEM 0.338),
daily body weight gain (255 ± 11.0 vs. 200 ± 8.4 g/d; SEM 12.1), Gain:Feed (0.541 ± 0.02 vs.
0.454 ± 0.007; SEM 0.020) (Table 4). During the first two weeks of treatment and the fourth
week (off treatment), the daily BW gain of piglets did not significantly differ across treatments (P
> 0.05). There was a trend (P < 0.10) for Supern pigs to have an increased daily BW gain in week
four when compared to Ferm pigs (473.3 ± 34.2 vs. 379.4 ± 21.9 g/d; SEM 25.9) (Table 4). In the
third week of treatment, the daily BW gain of Supern piglets was significantly increased (P <
0.05) over both Control and Ferm piglets (330.5 ± 18.6 vs. 243.0 ± 26.2 and 270.8 ± 40.4 g/d;
SEM 19.1) (Table 4). Neither initial body weight, nor sex had significant effects on BW gain (P
> 0.10). Gain:Feed was significantly increased (P < 0.05) during week one in Supern pigs over
Ferm pigs (0.282 ± 0.032 vs. 0.070 ± 0.01; SEM 0.063). In the second week of treatment, the
Gain:Feed was significantly increased (P < 0.05) in Supern pigs over Control pigs (0.502 ± 0.018
vs. 0.369 ± 0.012; SEM 0.04) (Table 4). Gain:Feed did not differ between treatment groups
during the third week of treatment or the fourth week (off treatment) (P > 0.10). There was no
significant difference in relative empty small intestine weight or intestine length between
treatment groups at day 8 or day 15 (P > 0.10; Appendix B, Figure 16A, B, C, D).
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Table 4. Growth performance and feed efficiency (gain:feed) of newly-weaned pigs during
each week of treatment with EGF-LL fermentation. Ferm: Full fermentation of EGF-LL.
Supern: Fermentation product of EGF-LL after removal of bacteria. Control: blank M17GE
media. Mean of 4 pens per treatment, and 24 piglets per treatment (n = 4).

Control

Treatment
Ferm

Supern

SEM

Initial BW, kg

6.38

6.45

6.54

0.062

Final BW, kg

12.07a

12.06a

13.63b

0.338

ADFI, kg/pig/day

0.339

0.276

0.369

0.021

Week 1

6.8

4.8

21.1

3.98

Week 2

143.7

132.5

153.2

10.15

Week 3

243.0a

270.8a

330.5b

19.08

Week 4

407.8

379.4

473.3

17.99

Overall

200.5

a

196.9

a

254.8

b

10.31

Week 1

0.124ab

0.070a

0.282b

0.043

Week 2

0.369a

0.441ab

0.502b

0.033

Week 3

0.531

0.564

0.625

0.027

Week 4

0.613

0.584

0.623

0.016

Overall

0.453a

0.450a

0.540b

0.016

Item

Body weight gain,
g/d

Gain:feed, kg/kg

a, b

Means within a row without common superscripts differ (P < 0.05).
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Incidence of Diarrhea
Fecal scores were converted into the percentage of piglets per pen with diarrhea. In the
first and fourth weeks of treatment, incidence of diarrhea did not differ between Ferm, Supern,
and Control pigs (P > 0.10). In the second week, Ferm pigs had a higher incidence of diarrhea
than Supern pigs (36.6 vs 16.5%; P < 0.05). In the third week, Ferm pigs had a higher incidence
of diarrhea than Control, and Supern pigs (41.6% vs 16.6 % vs 8.3% ; P < 0.05) (Figure 4).
Intestinal Sucrase and Alkaline Phosphatase Activity
On day 8 after weaning mucosal sucrase activity was increased in Supern pigs over
Control pigs (166.3 ± 25.38 vs 81.4 ± 23.07 nmol glucose / mg protein / hour; P < 0.05), and
there was a trend for Ferm pigs to have higher sucrase activity than Control pigs (202.1 ± 63.5 vs
81.4 ± 23.07 nmol glucose / mg protein / hour; P < 0.10; Figure 5). There were no differences in
sucrase activity on day 15 after weaning (Fig. 5). There was a trend for Supern pigs to have
higher mucosal alkaline phosphatase activity than Control pigs after 15 days of EGF
supplementation (43.18 ± 5.8 vs 39.53 ± 1.4 nmol p-nitrophenol liberated / mg protein / hour; P <
0.10).
TFF3 and COX-2 Expression after 15 Days
There was a trend towards a decrease in relative jejunal COX-2 expression with Ferm and
Supern groups on day 15 compared to Control pigs (P < 0.10), (Figure 6). In addition, an
increase in relative jejunal TFF3 expression was observed in Ferm pigs in comparison to Control
pigs on day 15 (21.61 ± 5.8 vs 7.87 ± 2.0; P < 0.05).
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Figure 4: Percentage of piglets with diarrhea during each week of feeding EGF-LL
fermentation products. Ferm: full EGF-LL fermentation; Supern: supernatant of EGF-LL
fermentation with GMO removed; Control: M17GE media. Data represent the mean ± SE on a
per pen basis (n = 4). Different letters denote statistically significant differences among treatment
groups (P < 0.05).
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Figure 5: Changes in jejunal alkaline phosphatase and sucrase levels after 8 and 15 days of
EGF-LL supplementation. Jejunal sucrase activity on day 8 (A) and day 15 (B). Jejunal
alkaline phosphatase activity on day 8 (C) and 15 (D). Ferm: full EGF-LL fermentation; Supern:
supernatant of EGF-LL fermentation with GMO removed; Control: M17GE media. Data
represent the mean ± SE of 6 animals (n = 6). Different letters denote statistically significant
differences among treatment groups (P < 0.05).
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Figure 6: Relative expression levels of jejunal COX-2 and TFF3 after 15 days of EGF-LL
supplementation. Expression levels of COX-2 (A) and TFF3 (B) were determined by real time
RT-PCR and values were normalized against RPII. Jejunal tissue was obtained on day 15 from
animals administered bacteria growth media control (Control), EGF-LL fermentation full culture
(Ferm) and fermented supernatant after EGF-LL removal (Supern). Data are expressed as mean ±
SEM of RNA samples obtained from six animals in each group (n = 6). Different letters denote
statistically significant differences among treatment groups (P < 0.05).
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DISCUSSION
Weaning comes with sudden changes in diet and environment, and thus is one of the most

distressing stages in a pig’s life. These changes, accompanied by an immature gastrointestinal
tract, often lead to a decrease in feed intake, and a lag in growth performance. In an effort to
counter these challenges, common management practices include incorporating high quality,
highly digestible ingredients (such as animal plasma), growth-promoting agents (antibiotics,
copper sulfate, zinc), more palatable feedstuffs, and/or flavors into the diets (Dong et al., 2007).
While having a beneficial effect on the piglets, some of these approaches, for example, animal
plasma, can be costly. Moreover, there is concern over the incorporation of antibiotics and high
levels of copper and zinc in the diet as this may lead to antibiotic resistant microbes and
excessive nutrient losses into the environment (Dunlop et al., 1998). While nursing, piglets
receive growth factors via the milk such as EGF, insulin, insulin-like growth factor 1, and
insulin-like growth factor 2 (Odle et al., 1996). These growth factors initiate cellular growth and
expression of differentiated function in the piglet gastrointestinal tract. Early weaning removes
piglets from the valuable source of these growth factors.
EGF is a 53-amino acid single-chain polypeptide with a molecular weight of 6.045 kDa
(Cohen, 1965). EGF was first isolated from mouse submandibular glands and has since been
found in various tissues of all mammalian species examined (Burgess, 1989). Maternal colostrum
and milk are the main sources of EGF for piglets during the postnatal stage (Jaeger et al., 1990),
though EGF is also produced in the salivary glands of mature pigs (Playford et al., 1996).
Concentrations of EGF in sow milk have been shown to be 125-200 µg/L (Jaeger et al., 1990;
Odle et al., 1996).	
  Piglets possess EGF receptors in various tissues throughout their body
including skeletal muscle, liver and the digestive system (Peng et al., 1997). Interestingly, EGF

	
  
58	
  

receptors are present on both the microvillar and basolateral membranes of enterocytes of pigs,
suggesting that both circulating and luminal EGF may influence intestinal development (Kelly et
al., 1992). Previous studies have demonstrated that oral delivery of EGF stimulates
gastrointestinal development in pigs, specifically enhancing epithelial proliferation and
differentiation, and initiation and stimulation of enzyme production (James et al., 1987).
Lactic acid bacteria are commonly used as probiotics for multiple reasons: their generallyregarded-as-safe status, their ability to survive transport in the gastrointestinal tract, and their
ability to be metabolically active in both the small and large intestine (Naidu et al., 1999).
Specific strains can be selected for their ability to modify the intestinal microbiota by production
of microbicidal compounds, how they compete for cell surface binding sites, or their influence on
the immune system (Ljungh et al., 2006). L. lactis is a non-invasive, non-pathogenic, noncolonizing Gram-positive bacteria that is commonly used in the cheese industry. This bacteria
was chosen for its potential to express and secrete recombinant protein, therefore making live
delivery of EGF to the intestine feasible (Morello et al., 2008). We have previously demonstrated
that feeding the whole fermented EGF-LL culture increased piglet growth, intestinal
development, and feed efficiency (Bedford et al., 2012). The current study sought to examine if
supplementing the supernatant, after removing the genetically modified L. lactis, is also effective
in promoting intestinal development and growth.
With the addition of the L. lactis-free EGF-LL fermentation supernatant to the feed,
piglets exhibited increased overall BW gain during weeks three and four post-weaning when
compared to Control pigs. This suggests the effects of EGF may take at least two weeks to be
seen as a growth performance improvement. The continued improvement in daily BW gain
through week four show that EGF can have a positive effect on growth performance after dosage
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has stopped. Over the four trial weeks, the Supern pigs utilized the feed more efficiently than
Control pigs. This overall increased feed efficiency was largely due to the improvements in feed
utilization seen in the first two weeks of treatment. This early improvement suggests that EGF
can have an immediate effect on enhancing small intestine development, and epithelial cell
proliferation, which has been previously reported (Kang et al., 2010). This advanced
development may have allowed the Supern piglets to better digest, absorb, and utilize feed
nutrients.
Contrary to previous results (Bedford et al., 2012), the Ferm pigs did not show an
improved growth performance. The difference between this trial and the previous trial is the
manner in which the EGF-LL was fermented. Previously, cultures were performed in 4 L flasks
at 30°C in otherwise uncontrolled conditions (Kang et al., 2010). In the current study,
fermentation conditions were optimized and more closely controlled in order to produce more
EGF. This also allowed bacteria to grow to a much higher density. L. lactis levels in flask culture
were 1-3 x 109 CFU/mL, while levels in a controlled fermentation system reached ~0.5-1 x 1011
CFU/mL. It was estimated that approximately ten times more L. lactis were fed to the animals in
the current study compared the previous one (Bedford et al., 2012). The high concentration of
bacteria entering the intestine in the current study may be overdose, and could have overwhelmed
the physiological balance of the gastrointestinal tract. The negative effect of overdosing
probiotics has been reported previously (Veizaj-Delia et al., 2010). Similar dose-dependent effect
were also reported on production performance and immune response in broiler chickens (Huang
et al., 2004). In our current study, the high dose of L. lactis may have disrupted the intestinal
bacteria balance and led to decreased intestinal integrity, counteracting the positive effects of
EGF. Our observation of increased incidence of diarrhea in the Ferm group supports this notion.

	
  
60	
  

Trefoil factors have a critical role in the maintenance of intestinal mucosal integrity by
stimulating wound healing, cell motility and adhesion (Kjellev, 2009; Scholven et al., 2009;
Vandenbroucke et al., 2004). It has been reported that TFF3 exerts its effects through an EGFR
dependent mechanism (Rodrigues et al., 2003). At day 15, the Ferm pigs had higher relative
TFF3 mRNA levels in comparison to Control pigs (Figure 6). It is possible that this increase is
due to an additive effect: the high bacterial load may be detrimental to the small intestine
integrity, stimulating TFF3 expression as a self-protective response; supplementation of
recombinant EGF in the intestinal lumen activates an EGFR-dependent pathway, further
increasing TFF3 expression. Weaning piglets changes the intestinal microbiota, morphology, and
function of the intestine of piglets (Miller et al., 1986). These changes frequently cause diarrhea.
This proposed disruption of small intestine integrity may have added to the normal stress due to
weaning to cause the increased incidence of diarrhea seen in Ferm pigs in weeks 2 and 3.
Together, the increase in TFF3 expression and increased incidence of diarrhea caused by
feeding the full fermented culture, may contribute to the lack of positive growth effects caused by
EGF. As the Supern pigs had significantly improved gains compared to controls, and the Ferm
pigs received the same amounts of EGF, the overload of L. lactis appears to be the
disadvantageous factor. It is likely that the positive growth effects caused by the EGF treatment
were countered by the negative effects caused by the high bacterial density in the treatment,
causing the Ferm pigs to have growth patterns similar to Control pigs.
Cyclooxygenase-2 is an enzyme involved in mucosal repair by promoting the
synthesis of cytoprotective prostanoids (Gilroy et al., 2000). COX-2 is known to be expressed
and up-regulated at sites of inflammation (Gilroy et al., 2000; Tan et al., 2000). There was a trend
towards a decrease in relative COX-2 mRNA levels the Supern group at day 15 (P < 0.10). This
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suggests a lower inflammatory reaction in the intestine in this group, possibly due to an
enhancement of intestinal integrity caused by EGF. The absence of a decreasing trend in Ferm
pigs may be due to small intestinal inflammation, and thus COX-2 expression, caused by high
bacterial load. Further, this indicates that EGF-LL fermentation product after removal of EGF-LL
is effective in reducing inflammation associated with early-weaning, thereby contributing to the
growth performance enhancement of early-weaned piglets.
The nutritional transition during weaning requires the small intestine to adapt to digest
larger amounts of disaccharides. Disaccharidase activities, including sucrase, have often been
used as indicators of gut maturity. Sucrase is a brush border membrane enzyme responsible for
the terminal digestion of sucrose. In rats and piglets, treatment with EGF has been shown to
stimulate sucrase activity (Foltzer-Jourdainne et al., 1993; James et al., 1987). This increased
activity in EGF-treated piglets was suggested to be due to young enterocytes continuing to
accumulate sucrase in their brush-border membranes when stimulated by exogenous EGF (James
et al., 1987). In the present study, the increase in sucrase levels at day 8 of treatment observed in
the Supern pigs is consistent with previous EGF studies (Bedford et al., 2012). Sucrase levels in
Ferm pigs on day 8 post-weaning appeared to increase over Control pigs, but were variable. This
could be due to small intestine disruption caused by the high levels of L. lactis given to Ferm
pigs.
Alkaline phosphatase is known to be involved in fat absorption (Zhang et al., 1996),
monophosphate esters hydrolysis (Safadi et al., 1991), and plays a role in detoxification of
luminal pathogenic bacterial lipopolysaccharide (Geddes et al., 2008). It is regarded as an
enterocyte differentiation marker enzyme (Hodin et al., 1995). Previous work revealed decreased
intestinal alkaline phosphatase expression and activity in early-weaned pig (Lackeyram et al.,
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2010), suggesting the decrease may be responsible of growth decrease at the stage. Our data
shows increased alkaline phosphatase activity at 15 days, suggesting a stimulatory effect of EGF
on intestine differentiation.
The results of this study suggest that the supernatant of an EGF-LL fermentation product,
after removal of EGF-LL, can improve piglet growth performance and intestinal development.
These improvements can be seen within one week of EGF delivery, and up to one week
following cessation of EGF delivery. The inclusion of live EGF-LL bacteria is not necessary, and
high concentration of the L. lactis may counter the positive effects due to EGF on the
performance of piglets. After further research to assess practical incorporation of EGF-LL
fermentation product into post-weaning diets for industry, this alternative could be used to reduce
post-weaning growth lag, and may reduce reliance on feeding antibiotics and high quality animal
proteins.
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CONNECTIVE STATEMENT 2
Both previous chapters have shown the positive effects of incorporating EGF-LL into
post-weaning diets, both with and without the GMO bacteria. While the observed growth and
development results stand alone in representing the effectiveness of supplemental EGF, a lot can
be gained by looking deeper into how EGF affects gene expression that could lead to this
performance improvement. Chapter 3 demonstrates the repeatability of the growth response of
piglets to the supernatant of the fermentation of EGF-LL, as well as investigating the
histomorphological changes in the jejunum caused by this EGF supplementation. The dynamic
changes in expression of genes relevant during early development, such as glucose transporters,
growth factor receptors, and interleukins, is determined, then the changes in the expression of
these genes in response to EGF is reported.
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CHAPTER 3
The effects of epidermal growth factor containing fermentation supernatant on the small
intestine development of early-weaned pigs: potential in vivo mechanisms
Written to meet the format requirements of the American Journal of Physiology – Endocrinology
and Metabolism.
3.1 ABSTRACT
We have previously generated epidermal factor expressing Lactococcus lactis (EGF-LL)
using a bioengineering approach, and shown that feeding newly-weaned the extracellular culture
fluid produced by EGF-LL improves growth performance and digestive function. In order to
understand the mechanisms behind this improved performance, the objective of this study was to
investigate the dynamics of gene expression in the jejunum of piglets fed the extracellular culture
fluid, and determine how this differs from normal, unsupplemented development. First, 8
untreated pigs of each age group, from 0, 1, 2, 3, 4, 5, and 6 weeks of age, were euthanized and
jejunal tissue samples were collected. Second, sixty-four newly-weaned piglets were fed ad
libitum according to a 2-phase feeding program. Four pens were assigned to each of two
treatments: 1) extracellular culture fluid from EGF-LL fermentation (SuperEGF), or 2) blank
M17GE media (Control). The extracellular culture fluid was fed to the piglets in the first three
weeks post-weaning; their growth performance was monitored through this period. SuperEGF
pigs had a significantly increased average daily gain after the third week of treatment (433.4 ±
10.86 vs 388.7 ± 7.76 kg; P < 0.05) and overall gain:feed ratio (0.757 ± 0.03 vs 0.677 ± 0.01
kg/kg, P < 0.05). After the three weeks of supplementation, four pigs per pen were euthanized
and jejunal tissue samples were collected. SuperEGF pigs had a trend for increased sucrase
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activity, and significantly increased alkaline phosphatase activity compared to control pigs (14.05
± 1.14 vs 16.09 ± 1.56 nmol glucose released/ mg protein; P > 0.10 and 35.40 ± 0.09 vs 35.93 ±
0.13 nmol p-nitrophenol liberated/ mg protein; P < 0.05, respectively). Jejunal structure
development was enhanced, and inflammation was minimized in SuperEGF pigs as indicated by
increased villi height (588.9 ± 28.1 vs 511.3 ± 21.4 µm; P < 0.05), decreased lamina propria
width (73.3 ± 2.7 vs 58.8 ± 3.4 µm; P < 0.05), and higher expression of anti-inflammatory
cytokine, IL-13 (P < 0.05) compared to control pigs. Further, goblet cell numbers (0.011 ±
0.0004 vs 0.017 ± 0.0005 goblet cells/µm villus height; P < 0.05) and Muc2 levels (P < 0.05)
were increased in SuperEGF pigs compared to controls. The gene expression of jejunal IGF-1R
and GLP2R were also increased in SuperEGF pigs compared to controls (P < 0.05). These newly
identified links between EGF and the growth and development of early-weaned pigs add to our
understanding of the mechanisms behind enhancing piglet performance during this stage.
3.2 INTRODUCTION
The initial neonatal stage of development is important for the future performance of the
pig. Many genes in the intestine are known to have an important role in intestinal growth and
maturation during this stage. For example, the high-affinity sodium glucose cotransporter
sodium-glucose linked transporter 1 (SGLT1) plays a critical role in the absorption of glucose
(Toms et al., 2010). Mutations in SLC5A1, a gene encoding SGLT1, resulted in gastrointestinal
complications caused by the impaired absorption of monosaccharides (Toms et al., 2010).
Increased expression of glucose transporters such as glucose transporter 2 (GLUT2) and SGLT1
levels enhance glucose uptake, which can lead to improved growth performance (Song et al.,
2010). SGLT1 is located on the brush border membrane and is responsible for glucose transport
from the intestinal lumen into epithelial cells, while GLUT2 is located mainly on the basolateral
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membrane, transporting glucose into circulation. In addition, there are numerous growth factors
present in milk and expressed in the gastrointestinal tract, whose role in intestinal tract growth
and differentiation, as well as immune function, has been well documented (Ballard et al., 2013).
For optimal response to growth factors and other regulators, such as epidermal growth factor
(EGF), Insulin-like growth factor (IGF), and glucagon-like peptide-2 (GLP-2), the expression of
the corresponding receptors is essential. These receptors influence the architecture of the
intestine, the composition and proliferation of intestinal cells, and the presence of specific
transporters on the brush border membrane (Castellano et al., 2010; Pluske et al., 1997). Previous
studies have revealed that intestinal EGFR, and GLP2R expression is stage dependent during
neonatal development (Petersen et al., 2003; Scholven et al., 2009) , although the expression
patterns of SGLT1, GLUT2, and IGF-1R during this important period, and the influence of
weaning on their expression, is unclear.
Weaning is one of the most stressful stages in piglet development. The abrupt removal
from the sow and a high-density, growth factor containing nutrient source, and placement onto a
less digestible, solid diet has important effects on the ontogeny of the gastrointestinal tract (Lalles
et al., 2007). Sow’s milk is not only easily digestible and nutrient dense, but also contains
important growth factors such as EGF, IGF-1, and transforming growth factor-α (TGF-α) (Odle
et al., 1996). Together, these factors facilitate the development of the gastrointestinal tract, and
thus the early growth of the piglet (Odle et al., 1996). Because early weaning is now common in
the pork industry, piglets are removed from these beneficial factors much earlier than they would
be naturally (Worobec et al., 1999). This results in piglets being switched onto a plant-based,
solid food source with an immature digestive system, causing them digestive difficulties. As a
result, a lag in growth performance is commonly reported in the weeks following weaning.
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EGF is the most plentiful of the growth factors found in the milk (Odle et al., 1996). In
human colostrum, the concentration of EGF is more than 500 times higher than other growth
factors such as amphiregulin and TGF-α (Nojiri et al., 2012), indicating the importance of this
growth factor in early intestinal development. Previous studies using human intestine cell lines as
a model suggested that EGF stimulates DNA synthesis, the absorbance of water and glucose, and
protein synthesis in enterocytes (Chang et al., 2002; Read et al., 1984). In rats, it was found that
EGF protects the neonatal intestine via its inhibition of apoptosis, correcting intestinal and liver
tight junction protein alternation induced by pro-inflammatory cytokines (Khailova et al., 2009).
EGF levels are highest in colostrum and decrease through lactation (Donovan et al., 1994a).
Although lower in concentration compared to colostrum, the level of EGF in mature milk is still
100-fold higher than in the sow’s serum (Read et al., 1984).
We have previously generated a strain of porcine EGF producing Lactococcus lactis
(Cheung et al., 2009), and demonstrated that supplementation of early-weaned piglets with this
recombinant EGF increases body weight gain and gain to feed ratio (Bedford et al., 2014). The
current study sought to further understand the in vivo mechanisms behind the improved growth
and development observed with EGF treatment through the investigation of the dynamic changes
of the key genes involved, jejunal enzyme activity, as well as histomorphological changes.
3.3 MATERIALS & METHODS
Production of recombinant EGF using L. lactis.
Porcine EGF expressing L. lactis was generated as previously described (Cheung et al.,
2009) and fermented in 3 L batches in M17 media (Oxoid, Basingstoke, United Kingdom)
supplemented with 1% glucose and 1 µg/mL erythromycin (M17GE broth). Fermentations ran
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for 22 h in a Winpact fermentation system (Montreal Biotech, QC, Canada) filled with M17GE
broth at 32ºC with continuous agitation (40 rpm). Each fermentation batch was inoculated with a
10 mL preculture. The culture pH was allowed to drop naturally to 5.8, after which it was
maintained at 6.25 and glucose was added at 5 mL/hr. To regulate fermentation conditions, 2N
H2SO4 , 10N NH4OH, and 50% glucose were used. Precultures were all taken from one batch of a
22 h culture with an optical density of 14 at 600 nm, and frozen at -80ºC prior to the start of the
trial. Fermentations were prepared for delivery to piglets by centrifuging the whole fermented
culture at 10,000 x g for 15 min to pellet the bacteria cells and obtain the fermentation
supernatant. Due to the scale of the trial some fermentation supernatant was prepared in advance
of the trial start and stored at -80ºC. Western blot analysis was performed to determine EGF
content in the fermentation supernatant. Samples for this analysis were taken randomly from the
fermentation supernatant given throughout the trial, including treatments of fresh fermentation
supernatant mixed with freeze-thawed fermentation supernatant prepared before trial start.
Mixing with freeze-thawed fermentation supernatant had little to no effect on the amount of EGF
detected. Average EGF concentrations in the fermentation supernatant were determined to be 15
ng/µL.
Animals & Diets
Post natal developmental pigs – A total of 56 pigs (Landrace x Yorkshire), eight pigs of
each age group, 0, 1, 2, 3, 4, 5, or 6 weeks of age, male and female, were randomly selected from
a pool of 12 litters of piglets so that no age group contained littermates and euthanized using
Euthansol (0.3 mL/kg BW; Intervet Canada Corp., QC, Canada) for tissue sample collection.
Prior to euthanasia, pigs were raised under normal farm conditions with ad libitum access to a
corn and soybean starter diet (Table 5) and water, weaned at three weeks of age, and did not
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receive any special treatment.
Early-weaned pigs for EGF supplementation study – A total of sixty-four pigs (Landrace
x Yorkshire) weaned at 19-21 days of age were randomly assigned to one of two treatment
groups: 1) supernatant from EGF-LL fermentation (SuperEGF), or 2) blank M17GE media
(Control). Each treatment group had 4 pens of pigs, with four male and four female pigs per pen.
Diets were corn and soybean meal based and contained no antibiotics (Table 6). The
concentration of EGF in the fermentation product was determined by Western blot. SuperEGF
pigs were given volumes of the fermentation to achieve 80 µg EGF/kg BW/day of supernatant
EGF throughout the trial, based on analyzed EGF content. Control pigs were fed matching
volumes of M17GE broth. Treatments were mixed in with solid feed at 0900 daily for three
consecutive weeks. Pigs had ad libitum access to water and feed; feed was replenished
throughout the day and remaining feed was weighed weekly. Body weights were recorded every
7 d. Any signs of sickness or abnormal behavior were monitored throughout the trial. On day 22,
after completion of 3 weeks on treatment, the two male and female pigs from each pen with body
weights closest to the pen average were euthanized using Euthansol (0.3 mL/kg BW; Intervet
Canada Corp., QC, Canada) for tissue sample collection. All piglets were housed at the Arkell
Research Station at the University of Guelph. The experimental use of animals and procedures
followed were approved by the University of Guelph’s Animal Care Committee in accordance
with the Canadian Council on Animal Care’s guidelines (1993).
Tissue Collection
Jejunal samples for enzyme activity, western blotting, and gene expression analyses were
taken within 5 min of euthanasia. The entire stomach, small intestine, and large intestine were
removed. The small intestine was straightened for length measurements, the large intestine and
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stomach were emptied for weight measurement. Jejunal cross-sections 1cm in length were taken
from the first 10 cm of tissue 1 m distal of the pylorus. Tissues were rinsed thoroughly in 1 x
PBS and either frozen immediately in liquid nitrogen for enzyme activity evaluation, 10%
formaldehyde for histology, or stored in RNAlater (Life Technologies, CA, USA) for gene
expression analysis. The small intestine was then emptied for weight measurements.
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Table 5: Analysis (calculated) of the piglet starter diet. The nutrient composition of the starter
diet fed to developmental pigs from weaning (three weeks of age) through six weeks of age.
Inclusion
Crude Protein

19.5%

Crude Fat

3.0%

Crude Fibre

3.5%

Calcium

0.80%

Phosphorus

0.66%

Sodium

0.25%

Copper

125 mg/kg

Zinc

150 mg/kg

Vitamin A

10,000 IU/kg

Vitamin D

1,500 IU/kg

Vitamin E

70 IU/kg
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Table 6: Ingredient	
  composition	
  (%)	
  of	
  phase	
  I	
  and	
  phase	
  II	
  diets.	
  Piglets	
  were	
  fed	
  
Phase	
  I	
  diet	
  for	
  7	
  days	
  post-‐weaning,	
  followed	
  by	
  the	
  Phase	
  II	
  diet	
  for	
  14	
  days.	
  

Phase I

Phase II

44.04

49.57

Wheat, soft red winter

10

10

Whey, dried

8

0

2.5

2.5

Fishmeal, herring

5

0

Dehulled solvent extracted soybean meal

24

34

Lysine.HCl

0.16

0.25

DL-methionine

0.06

0.11

Threonine

0.04

0.09

3

0

Limestone

0.7

1.18

Salt

0.2

0.3

Monocalcium phosphate

1.30

1.40

Acidifier, 50/50 calcium formate & calcium propionate

0.4

0

Vitamin & mineral mix1

0.60

0.60

Digestible Energy (MJ/kg)

13.94

13.87

Crude Protein

21.37

21.34

Crude Fat

5.19

4.76

Calcium

0.84

0.88

Phosphorus

0.71

0.69

Sodium

0.35

0.30

Corn

AV fat blend / tallow

Sucrose
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1

Supplied per kg of complete diet: vitamin A, 10,000 IU in the form of retinyl acetate (2.5 mg)

and retinyl palmitate (1.7 mg); vitamin D, 1,000 IU in the form of cholecalciferol; vitamin E, 56
IU in the form of dl-α-tocopherol acetate (44 mg); vitamin K, 2.5 mg in the form of menadione;
choline, 500 mg; pantothenic acid, 15 mg; riboflavin, 5 mg; folic acid, 2 mg; niacin, 25 mg;
thiamine, 1.5 mg; vitamin B-6, 1.5 mg; biotin, 0.2 mg; vitamin B-12, 0.025 mg; Se, 0.3 mg in the
form of Na2SeO3; Cu, 15 mg in the form of CuSO4.5H2O; Zn, 104 mg in the form of ZnO; Fe,
100 mg in the form of FeSO4; Mn, 19 mg in the form of MnO2; and I, 0.3 mg in the form of KI
(DSM Nutritional Products Canada Inc., Ayr, ON).
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Enzyme Activity Assays
Jejunal tissue was thawed in ice-cold homogenization buffer (50 mM D-mannitol, pH 7.4)
and homogenized. This homogenate was centrifuged at 2000 x g for 15 min and the resulting
supernatant was assessed for activity. The sucrase activity assay was performed as previously
described (Kelly et al., 1991). Briefly, jejunal homogenate supernatants were incubated with
sucrose at 37ºC for one hour; this reaction was stopped by boiling. Glucose levels were
determined using Glucose Liquicolor (Stanbio Laboratory, TX, USA) according to manufacture’s
instructions. Alkaline phosphatase levels were determined as previously described (Lackeyram et
al., 2010). Briefly, jejunal homogenate supernatants were incubated with P-nitrophenyl substrate
at 37ºC for 20 minutes; this reaction was stopped with the addition of NaOH. The supernatant
resulting from the incubation was then read at absorbance 400 nm to detect P-nitrophenol. All
samples and standards were run in triplicate. Protein content of the supernatant fraction was
determined using a Bio-Rad protein assay kit (Bio-Rad, CA, USA) using bovine serum albumin
as a standard.
Real-time quantitative RT-PCR
To assess the gene expression profiles of the small intestine, cross-sections of
approximately 1 mm were cut from a 1 cm segment of frozen jejunal samples. These sections
were lysed in Total RNA kit lysis buffer (Norgen Biotek Corporation, ON, Canada) using an
automated homogenizer (Microson Misonix, CT, USA). Total RNA was isolated and first-strand
complementary DNA was synthesized according to manufacture’s instruction. PCR was
performed using Mx3005 cycler (Strategene, CA, USA) with SYBR Premix Ex Taq (Takara
Clontech, Otsu, Japan). Each PCR reaction was performed in triplicate under the following
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conditions: denaturation at 95°C for 10 min, three-step amplification including denaturation at
95°C for 15 sec, annealing at 60°C for 30 sec, extension at 72°C for 30 sec and a subsequent
melting curve (55-95°C) with continuous fluorescence measurement and final cooling to room
temperature. Primers used are outlined in Appendix A. Relative mRNA levels were determined
using the comparative Ct method, with tyrosine 3-monoozygenase/tryptophan 5-monooxygenase
activation protein, zeta (YWHAZ) as the reference (Schmittgen et al., 2008).
Histomorphology
Jejunal cross-sections were fixed in 10% formaldehyde before being transferred to 70%
ethanol. After overnight processing in a Excelsior™ ES Tissue Processor (Thermo Scientific,
MA, USA), sections were embedded in paraffin then cut into 5 µm pieces and mounted on
Histobond glass slides (VWR, PA, USA). Slides were stained with hematoxylin and eosin by
going through the following stages: deparaffinization in xylene, hydration in isopropanol,
staining in modified harris hematoxylin (Fisher Scientific, NH, USA), rinsed in acid alcohol (1%
HCl, 70% isopropanol), blued in ammonia water, stained in eosin, dehydrated in isopropanol, and
cleared in xylene. Slides were then coverslipped. Villus height, crypt depth, and lamina propria
width were measured in 10 well-defined villi and crypts in each of 8 cross sections per treatment
group. Goblet cells and intraepithelial lymphocytes were identified and counted in the same 10
well-defined villi in each of 8 cross sections per treatment group, as previously described
(Manzanilla et al., 2006). Measurements were taken in a blind fashion using OpenLab software
(PerkinElmer, MA, USA) at 10X magnification for villi height, crypt depth, and lamina propria
width measurements, and 40X magnification for goblet cell and lymphocyte measures.
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Western blot analysis.
Two-millimeter cross-sections of jejunal samples from EGF and control pigs were thawed
in ice-cold homogenization buffer (50 mM D-mannitol, pH 7.4) and homogenized. This
homogenate was centrifuged at 2000 x g for 15 min and the resulting supernatant was assessed.
Samples were separated on 11% sodium dodecyl sulfate–polyacrylamide gel electrophoresis and
then transferred to polyvinylidene fluoride membranes at 4°C for 12 h. The blots were blocked at
room temperature for 1 h in 5% skim milk–phosphate-buffered saline (PBS) and then incubated
with primary anti-GLP2R (1:2000 dilution; LifeSpan BioSciences, Inc., WA, USA) at room
temperature for 1 h. Membranes were washed in PBS-0.2% Tween 20 and then blotted in antirabbit IgG horseradish peroxidase–linked antibody (1:2000 dilution; Cell Signaling Technology,
MA, USA) at room temperature for 1 h. After washing, the ECL plus Western Blotting Detection
System kit (Amersham, NJ, USA) was used to visualize the EGF protein band according to the
manufacturer's instructions. Blots were then imaged using the ChemiDoc™ MP System (BioRad,
CA, USA).
Statistical Analysis.
Growth performance data were analyzed with the statistical software R version 3.0.3 (R
Foundation for Statistical Computing, Vienna, Austria) using a linear fixed effect model to assess
weekly trends and the influence of covariables. All other data pairs were analyzed using Prism
version 5.0b analysis software (Graphpad, CA, USA). Student t-test was used to for comparison
of difference between two groups. The results were considered significant at a P value of <0.05
and a trend at 0.05 < P < 0.10. Outliers were removed following application of the Grubbs test
(Grubbs, 1969).
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3.4 RESULTS
EGF enhanced early-weaned piglet growth
Trends for improved performance in EGF pigs were developing in the first two
weeks of treatment, however, these differences were not significant (Figure 7A). In the third
week of treatment, EGF piglets had increased average daily gain compared to control pigs (433.4
± 10.86 vs 388.7 ± 7.76 g/d; P < 0.05; Figure 7A). This was carried through to a trend for
increased overall average daily gain (272.1 ± 6.27 g/d, P < 0.10; Figure 7A) and a significantly
increased gain:feed ratio (0.757 ± 0.03 kg/kg, P < 0.05; Figure 7B) in EGF treated pigs compared
to control pigs (253.9 ± 5.02 g/d and 0.677 ± 0.01 kg/kg, respectively). Analysis showed that
there was no significant effect of block, sex, or initial body weight on the reported growth results
(P > 0.10). Supplementation with an EGF containing fermentation supernatant had no effect on
small intestine weight, small intestine length, stomach weight, or large intestine weight relative to
body weight (P> 0.10; Appendix B, Figure 17). No difference was observed in average daily feed
intake between the two groups (P > 0.10; Appendix B, Figure 18).
EGF increased intestinal enzyme activities in vivo
There was no significant difference in sucrase activity between SuperEGF and
Control pigs (14.05 ± 1.14 vs 16.09 ± 1.56 nmol glucose released / mg protein / hour; P > 0.10;
Fig 7C). SuperEGF pigs had significantly increased alkaline phosphatase activity compared to
Control pigs (179.6 ± 0.64 vs 177.0 ± 0.46 nmol p-nitrophenol liberated / mg protein / hour; P <
0.05; Fig 7D).
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Figure 7: Influence of feeding EGF containing fermentation supernatant on early-weaned
pig growth, and jejunal alkaline phosphatase & sucrase activities in vivo. SuperEGF: EGFLL fermentation supernatant; Control: M17GE media. A) Average daily gain through each week
of treatment. B) Total trial gain:feed ratio. Data represents the mean ± SE of 5 pens of 8
animals/pen (n = 5). C) Jejunal sucrase activity on day 22. D) Jejunal alkaline phosphatase
activity on day 22. Data represent the mean ± SE of 8 animals. *P < 0.05 (compared with
control).
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EGF enhanced intestine development and decreased inflammation indicators in vivo
Villi height and crypt depth measurements revealed an increased villi height in
response to EGF (588.9 ± 28.1 vs 511.3 ± 21.4 µm; P < 0.05; Fig 8A), but no difference in crypt
depth (P > 0.10; Fig 8B). Figure 8C and D are representative images of jejunal sections from the
Control and SuperEGF groups, respectively.
There was no difference observed in lymphocyte number in jejunal villi between
SuperEGF and Control pigs (P > 0.10; Fig 9A). IL-13 transcript levels were increased (P < 0.05;
Fig 9B), and the mean lamina propria width was decreased in SuperEGF pigs compared to
control pigs (73.3 ± 2.7 vs 58.8 ± 3.4 µm; P < 0.05; Fig 9C).
Goblet cell count examination revealed that the number of goblet cells was
significantly higher in the jejunum of EGF treated pigs compared to control pigs (0.011 ± 0.0004
vs 0.017 ± 0.0005 goblet cells/µm villus height; P < 0.05; Fig 10A). Although no significant
difference was detected in IL-4 expression (P = 0.18; Fig. 10C), the levels of KGF and IL-13
were significantly higher in the jejunum of SuperEGF pigs, compared to that of the control group
(P < 0.05; Fig. 9B,10D, respectively). A significant increase in Muc2 gene expression levels was
observed in the jejunum tissue of SuperEGF pigs compared to controls (P < 0.05; Fig 10B).
Expression of important intestinal genes during postnatal development, and their response to
feed and EGF containing fermentation product in vivo
SGLT1 levels were high at birth and dropped to about 28% of newborn SGLT1
levels at week 1 (week 0 vs 1; P < 0.05; Fig 11A). SGLT1 levels remained significantly lower
than at birth, except after the third week, and without week-to-week change until week six, when
expression was the lowest (Fig 11A). Real time RT-PCR revealed SGLT1 expression in the
SuperEGF group was three-fold higher than that of Control pigs (P < 0.05; Fig 11B). This fold
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difference is similar to that of between week 3 (before weaning) and the week 6 (after weaning)
in developmental pigs (Fig 11A).
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Figure 8: Influence of EGF containing fermentation supernatant on early-weaned pig
jejunal villi height and crypt depth. SuperEGF: EGF-LL fermentation supernatant; Control:
M17GE media. Upper panel: A) Villi Height. B) Crypt Depth. Lower panel: C) Control D)
SuperEGF. Representative images of jejunal histomorphology. Images were taken at 100x
magnification; the scale bar is equivalent to 100 µm. Data represent the mean ± SE of 8 animals.
*P < 0.05 (compared with control).
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Figure 9: Feeding EGF containing fermentation supernatant increased IL-13 expression,
and decreased villi lamina propria thickness in vivo. SuperEGF: EGF-LL fermentation
supernatant; Control: M17GE media. Expression levels were determined by RT-PCR and values
were normalized against YWHAZ. A) Intraepithelial lymphocyte count. B) Jejunal IL-13
expression. C) Jejunal lamina propria thickness. Data represent the mean ± SE of 8 animals. *P
< 0.05 (compared with control).
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Figure 10: Effect of feeding an EGF containing fermentation supernatant on intestine
goblet cell number, and the expression of factors associated with goblet cell growth and
maturation in vivo. SuperEGF: EGF-LL fermentation supernatant; Control: M17GE media.
Expression levels were determined by RT-PCR and values were normalized against YWHAZ. A)
Jejunal goblet cell counts. B) Relative jejunal Muc2 expression. C) Relative jejunal KGF
expression. D) Relative jejunal IL-4 expression. Data represent the mean ± SE of 8 animals. *P <
0.05 (compared with control)
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Jejunal expression of GLUT2 in piglets at birth was high, followed by a drop at the
end of the first week (P < 0.05; Fig 11C). However, GLUT2 levels did not differ significantly
from weeks one through six with the exception of week 5, in which there was a large variation in
expression between individuals. EGF supplementation had no effect of the expression of GLUT2
in the jejunum compared to control pigs (P > 0.10; Fig 11D).
EGFR mRNA was expressed in the jejunal tissue at all weeks examined; the levels
did not vary significantly from birth through six weeks of age (P > 0.10; Fig 12A). The
supplementation of an EGF containing fermentation supernatant resulted in a trend for a decrease
in EGFR levels, but it was not statistically significant (P < 0.10; Fig 12B). IGF1R was detected
through all weeks examined. IGF1R decreased after weeks one and two compared to levels at
birth (week 0). Large variation in expression levels was observed among different individuals at
weeks three and four, and another drop was observed in weeks 5 and 6 following weaning and
the switch from the phase I diet to phase II diet (Figure 12C). The supplementation of an EGF
containing fermentation product resulted in a trend for an increase in IGF-1R (P < 0.10; Figure
12D). There was a significant decrease of GLP2R expression from birth through week 1 (P <
0.05; Fig 13A). Similar levels of expression were maintained across weeks 1 to 3 (P > 0.10; Fig
13A). A further decrease of GLP2R expression was detected after weaning from week 4 to week
6. An approximately five-fold decrease between week 3 (right before weaning) and week 6 (3
weeks after weaning) was observed (P < 0.05; Fig 13A). EGF supplementation resulted in a fivefold increase in GLP2R mRNA levels compared to control pigs (P < 0.05; Fig 13B). As shown in
Figure 7 CD, GLP2R protein expression is higher in EGF treated pigs compared to control pigs.
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Figure 11: Expression of glucose transporters during postnatal development and their
response to feeding an EGF containing fermentation supernatant after weaning. SuperEGF:
EGF-LL fermentation supernatant; Control: M17GE media. Expression levels were determined
by RT-PCR and values were normalized against YWHAZ. A) Relative jejunal SGLT1 expression
levels through development. B) Relative jejunal SGLT1 expression levels after 3 weeks of
treatment with an EGF containing fermentation supernatant. C) Relative jejunal GLUT2 levels
through development. D) Relative jejunal GLUT2 levels after 3 weeks of treatment with an EGF
containing fermentation supernatant. Data represent the mean ± SE of 8 animals. Different letters
and stars denote statistically differences among treatment groups (P < 0.05).
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Figure 12: Expression of EGFR and IGF1R during postnatal development and their
response to feeding EGF containing fermentation supernatant after weaning. SuperEGF:
EGF-LL fermentation supernatant; Control: M17GE media. Expression levels were determined
by RT-PCR and values were normalized against YWHAZ. A) Relative jejunal EGFR expression
levels through development. B) Relative jejunal EGFR expression levels after 3 weeks of EGF
containing fermentation supernatant treatment. C) Relative jejunal IGF1R expression through
development. D) Relative jejunal IGF1R expression levels after 3 weeks of EGF containing
fermentation supernatant treatment. Data represent the mean ± SE of 8. Different letters denote
statistical differences among treatment groups (P < 0.05).
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Figure 13: Expression of GLP2R during development and its response to feeding EGF
containing fermentation supernatant on mRNA and protein levels. SuperEGF: EGF-LL
fermentation supernatant; Control: M17GE media. Expression levels were determined by RTPCR and values were normalized against YWHAZ. A) Relative jejunal GLP2R expression levels
through development. B) Relative jejunal GLP2R expression levels after 3 weeks of EGF
containing fermentation supernatant treatment. C) Jejunal GLP2R protein expression levels after
3 weeks of EGF containing fermentation supernatant treatment. D) A representative western blot
of GLP2R (73 kDa) with GAPDH as a loading control (36 kDa). Lanes 1-3 are homogenized
jejunal samples from SuperEGF pigs; lanes 4-6 are from control pigs. Lane 7 is a negative
control, porcine ovary tissue. Data represent the mean ± SE of 8. Different letters and stars denote
statistical differences among treatment groups (P < 0.05).
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3.5 DISCUSSION
The current study first confirmed our previous finding that dietary supplementation of an
EGF containing fermentation supernatant to early-weaned pigs improves growth performance
(Bedford et al., 2014). In the current study, we revealed the following mechanisms that may be
involved with the effect of EGF containing fermentation supernatant on intestine development
and growth enhancement: 1) increased jejunal villi height, and intestinal alkaline phosphatase; 2)
decreased weaning stress associated inflammation response, reflected by elevated IL-13
expression, and decreased lamina propria thickness; 3) increased expression of regulators of
goblet cell proliferation, and maturation, and goblet cell count in jejunal villi; 4) enhanced gene
expression of glucose transporter SGLT1, and G protein-coupled receptor GLP2R.
In our earlier studies, EGF-producing L. lactis culture was delivered via oral gavage
to early-weaned mice and pigs and contributed to an increased jejunal villi height (Cheung et al.,
2009; Kang et al., 2010). In the current study, L. lactis was removed from the EGF containing
culture liquid, and this fermentation supernatant was mixed in with the piglet feed. Our finding
that villi height was increased by the supplementation confirmed intestine growth enhancement
effect by the EGF containing fermentation supernatant. The current finding that EGF containing
fermentation supernatant increased intestinal alkaline phosphatase activity is consistent with our
previous report of a trend for pigs supplemented with EGF containing fermentation supernatant
to have higher alkaline phosphatase activity after 15 days of supplementation compared to
controls (Bedford et al., 2014), and further extended that this enhancement is statically significant
after 21 days of EGF supplementation (Fig 7D).
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Intestinal goblet cells are responsible for the production of glycoproteins known as
mucins, which are the major components of the protective mucus layer which are important for
intestinal lubrication, limiting bacteria adhesion, and maintaining proper intestinal permeability
(Deplancke et al., 2001). In addition, goblet cells also produce trefoil factors (TFF), which are
small proteins that play an important role in repair and healing of the gastrointestinal tract cells
(Iwakiri et al., 2001; Paulsen et al., 2008; Taupin et al., 2003). Keratinocyte growth factor (KGF)
is an epithelial cell-specific growth factor that has been shown to induce the differentiation of
epithelial cells in the gastrointestinal tract (Housley et al., 1994). KGF has also been shown to
increase human colonic epithelial cell differentiation into goblet cells (Iwakiri et al., 2001).
Interleukin-13 (IL-13) is a cytokine that has been shown to stimulate both goblet cell
differentiation and mucin secretion (Mannon et al., 2012). In a study using primary epithelial
cells from the guinea pig trachea, IL-13 treatment induced differentiation into mature goblet cells
(Kondo et al., 2002). In our study, the EGF containing fermentation supernatant significantly
increased KGF and IL-13 expression compared to control pigs. The upregulation of these two
factors resulted in an increased goblet cell number, and function, as reflected by increased Muc2
expression observed in the SuperEGF pigs. Interestingly, ligand binding to GLP2R has been
shown to induce KGF production (Orskov et al., 2005). Whether the increase of KGF expression
in the SuperEGF group is via the up-regulation of GLP2 is to be further explored. IL-4 has been
shown to directly induce the differentiation of epithelium into goblet cells (Dabbagh et al., 1999).
We observed a significant increase in IL-13, and a trend for an increase in IL-4 levels in
SuperEGF pigs compared to controls. These increases may have impacted the increase in goblet
cells observed in the jejunum of EGF treated pigs. In addition to its role in increasing goblet cell
number, IL-13 is also recognized for its role in anti-inflammation (Watson et al., 1999).
Previously, a study in rats showed that EGF increased intestinal expression of another anti-
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inflammation cytokine, IL-6 (Halpern et al., 2003). Our finding that EGF reduced lamina propria
thickness, an index intestine inflammation is consistent with this notion.
Suckling and weaning are crucial stages in piglet development. Revealing the
expression patterns of genes in the small intestine during postnatal development allows for the
outlining the normal patterns through these stages, and how they change in response to treatment
with EGF. SGLT1 is a glucose transporter expressed mainly in the small intestine, which
transports dietary glucose from the intestinal lumen into enterocytes. Expression levels of SGLT1
are important for the provision of glucose to the body, and thus influence energy supply and
animal growth (Moran et al., 2010). The high SGLT1 mRNA levels at birth observed in our
study are consistent with the high levels of the transporter protein and activity reported in
neonatal pigs by others (Puchal et al., 1992; Yang et al., 2011). The sharp decrease in SGLT1
transcript levels observed at the end of the first week (week 1) could possibly be due to the
decreased transporter density in the rapidly developing intestine. Similar decreases of intestinal
glucose transport rate between newborn and 10-day-old pigs was reported previously (Puchal et
al., 1992). We also observed a second drop of the transporter expression after weaning (week 6).
It is possible that impaired or disrupted intestine development associated with weaning stress is
one of the causes of the decrease in SGLT1 expression. The postnatal expression pattern of
another intestinal glucose transporter, GLUT2, is similar to that of SGLT1, with the exception of
week 2, and 5 which were highly variable. The expression of SGLT1 increased significantly in
response to EGF containing fermentation supernatant in the present study. Consistent with our
finding, EGF containing fermentation supernatant was shown to upregulate SGLT1 in Caco-2
cells, a cell line derived from colon tissue (Mehta et al., 1997).

	
  
97	
  

Previous immunohistochemistry studies focusing on EGFR expression in fetal, neonatal,
and weaning stages reported that EGFR is absent in the fetal piglet’s intestine, but is detectable at
just one day of age, and after weaning (Van Ginneken et al., 2007). The same study also reported
the presence of IGF-1R expression at all of these stages (Van Ginneken et al., 2007). Our
detection of EGFR transcript from 0 to 49 days of age was consistent with the report. However,
no treatment effect was observed for EGFR levels, which is inconsistent with a previous report
by Scholven et al. (2009) showing a decrease between day 71 week of age and post weaning
(Scholven et al., 2009). It is not known if the pig breed difference could account for this
discrepancy. The reason for the numerical, but not statistical, decrease in EGFR expression in the
SuperEGF pigs is unclear. It is possible that EGFR expression is suppressed when the EGF
supply in the intestine is high to avoid over response to EGF stimulation. Similar receptor-ligand
relationships have been reported; when there is a high concentration of ligand available,
expression of the receptor is decreased (Petersen et al., 2003). The decreased expression of IGF1R after weaning at weeks 5 and 6 may reflect a suppression of intestine cell activity due to the
stress associated with weaning, or a dilution of IGF-1R expressing cells due to the rapid
development of the small intestine.
Intestinal GLP2R levels from birth to 25 days of age have been previously reported,
showing a decrease between days 0 and 6, and a further decrease at day 25, after weaning
(Petersen et al., 2003). A similar GLP2R expression pattern was observed here, with this
decreased expression level remaining fairly consistent until 42 days of age. Again, this decrease
could be due to the rapid intestinal mucosal growth resulting in a dilution of intestinal GLP2R
transcripts, or due to intestinal atrophy associated with the stress of weaning. Binding to its
receptor, GLP2 stimulates intestinal crypt cell proliferation and inhibits villus cell apoptosis
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(Bulut et al., 2004; Burrin et al., 2000). The increased GLP2R levels in response to EGF
containing fermentation supernatant could accommodate a more efficient response to GLP2 in
vivo, thus contributing to the increased intestine development observed in the current study.
Interestingly, GLP2 is also known to increase disaccharide absorption by increasing the
expression and activity of SGLT1 (Cheeseman, 1997; Cheeseman et al., 1996). It is possible that
the upregulation of GLP2R allowed for a better response to GLP2, which is one of the
mechanisms by which EGF increases SGLT1 expression. It is also possible that EGF influences
enteroendocrine L cells to promote the release of GLP2, leading to a further effect on intestinal
growth and development, although this connection has yet to be shown.
In summary, our data from the examination of intestinal morphology, enzyme activities,
inflammation status, and associated gene expression suggest that the enhancement of jejunum
development as well as growth performance of early-weaned pigs may be via multiple
mechanisms. EGF containing fermentation supernatant may act as a mitogen to increase
intestinal enterocyte proliferation, as demonstrated in our previous studies (Cheung et al., 2009;
Kang et al., 2010). It is possible that via its upregulation of GLP2R expression, EGF containing
fermentation supernatant increases KGF expression and goblet cell differentiation, and
subsequently, muc2 expression. This GLP2R upregulation, also leads to increased SGLT1
expression, which together with the intestinal cell proliferation stimulation effect caused by EGFLL produced culture demonstrated in our previous studies (Cheung et al., 2009; Kang et al.,
2010), may have contributed to the increased growth performance observed here. In addition,
EGF containing fermentation supernatant decreases jejunal inflammation, reflected by decreased
lamina propria width, and elevated Muc2 expression, possibly via its up regulation of IL-13
expression. A proposed model of the pathways by which EGF increases small intestine
development and health during the weaning stage is presented in Figure 14. These newly
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identified links between EGF and the growth and development of early-weaned pigs add to our
understanding of the mechanisms behind enhancing piglet performance during this stage.

	
  
100	
  

Figure 14: Proposed mechanism of the effects of EGF on the piglet jejunum. EGF in the
small intestine causes increased epithelial cell proliferation, and in turn, increased villi height.
EGF leads to upregulated IL13, GLP2R, and SGLT1 expression, which cause decreased lamina
propria width, increased KGF expression, and increased glucose uptake, respectively. Together,
the increase in IL-13 and KGF expression leads to increased goblet cell differentiation, which
results in increased Muc2 expression. Higher SGLT1 levels lead to increased glucose uptake,
which can result in increased piglet growth.

	
  
101	
  

SUMMARY, GENERAL DISCUSSION AND CONCLUSIONS
Research reported in this thesis demonstrates that the supplementation of an epidermal
growth factor (EGF) containing fermentation product to early-weaned pigs improves their growth
performance, suggesting that these EGF products can be effective natural supplements in diets for
newly-weaned pigs. EGF containing culture fluid appears to consistently improve growth
performance of newly-weaned piglets when supplemented into their diets for the first three weeks
post-weaning. While further research is required to determine the optimal dose, duration of
treatment, and long-term carry-over effects on performance up to slaughter, the positive impact
post-weaning has been well established. As previously discussed, there are currently many
approaches applied in the attempt to ease the weaning transition for piglets, in order to avoid the
post-weaning growth lag that is commonly seen. This growth lag is the result of many stressors
associated with weaning, including a change in diet (both form and composition), environment,
and pen-mates, which often result in lower feed intake of a diet that they are less capable of
digesting. Of the multiple approaches used to counter this lag, the incorporation of antibiotics has
been used extensively. However, this increases the risk of generating antibiotic resistant bacteria,
which could threaten both animal and human health. The incorporation of high quality animal
source proteins is another commonly used approach, however this can be costly. Further work to
develop an efficient and practical way to routinely incorporate the EGF supernatant product into
piglet diets could lead to improvement of weaned piglet performance while reducing reliance on
in-feed antibiotics and highly digestible, expensive, animal protein sources in piglet diets.
In this thesis, the incorporation of the full fermented culture of EGF-producing L. lactis
(EGF-LL) into weaned piglet diets on a larger scale was investigated. This was done as a
continuation of previous work in our laboratory, which showed positive growth performance
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effect of feeding EGF-LL on a small scale. Additionally, the initial trial presented here looked at
how pigs responded to EGF containing fermentation products when fed diets with or without the
incorporation of blood plasma (a high quality, highly digestible animal-source protein) into the
diet. Following the piglets through three weeks of feeding EGF containing culture fluid, after
weaning at three weeks of age, there was no improvement seen when fed in conjunction with a
blood plasma (BP) containing diet. However, when fed with a blood plasma-free (BPF) diet, the
growth performance of pigs receiving EGF containing fermentation products was approaching
that of BP control pigs after two weeks, which was significantly improved over BPF control pigs.
After three weeks, BPF-EGF pigs had significantly outperformed BPF control pigs, and to a level
that was similar to BP control pigs. The treatment effects were similar for feed efficiency.
Additionally, BPF-EGF pigs had significantly increased jejunal intestinal alkaline phosphatase
activity compared to BPF controls. These results suggest that EGF containing culture liquid
supplementation maintains its growth performance enhancing effect when used on a larger scale,
but may not be beneficial when used in conjunction with a high quality animal-source protein.
However, EGF containing culture liquid was shown successful as a replacement for rather
expensive in-feed blood plasma in supporting growth performance.
In order to improve the amount of EGF produced in liquid fermentations, culture
conditions were further optimized, increasing both the yield of EGF, and the density of bacteria
in the culture. In order to address potential concerns regarding the incorporation of a GMO into
the feed, the use of just the fermentation supernatant of an EGF-LL fermentation for in-feed
supplementation was explored. Additionally, piglet performance was monitored for one week
beyond EGF containing fermentation supernatant supplementation to observe potential carry-over
effects on growth performance. Although piglets received the same amount of EGF as in the
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initial larger-scale trial, the performance of piglets receiving the fermentation product containing
L. lactis was not improved compared to controls. This result may have been due to an overdose
of Lactococcus lactis as bacterial density in the fermentation product was approximately ten
times higher than in the initial larger-scale trial. Piglets receiving the EGF-LL fermentation
supernatant had improved average daily gain and gain:feed during the three week treatment
period and also during the one week after administering the product, compared to control pigs.
EGF containing fermentation supernatant supplementation also improved intestinal sucrase
activity levels after 8 days. The results of this study suggest that the supernatant from a fermented
EGF-LL culture can improve growth performance and intestinal development of newly-weaned
pigs. Further, the advantages provided by the EGF containing fermentation supernatant carry
through to performance for at least one week after supplementation ceases. It was also
determined that the inclusion of live EGF-LL bacteria is not necessary, and in fact, may counter
the effects of feeding EGF containing fermentation products when fed at high levels.
While the increased growth performance observed after treatment with EGF-LL culture
supernatant is encouraging, the underlying intestinal mechanisms behind this improvement
remain to be determined. In an effort to explore these mechanisms, first, developmental curves of
the expression patterns of genes of interest in jejunal tissue were established from birth through
six weeks of age. Next, jejunal samples from six-week-old piglets treated with EGF-LL culture
supernatant for three weeks after weaning were assayed and compared to controls. Additionally,
histological development was monitored. Again, increased growth performance was observed in
EGF containing fermentation supernatant supplemented piglets compared to controls. This was in
parallel with increased villi height, indicating improved intestinal development, and decreased
villus lamina propria width, indicating decreased inflammation, in the jejunum of EGF containing
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fermentation supernatant supplemented pigs. When investigating gene expression, EGF
containing fermentation supernatant pigs had increased jejunal KGF, and Muc2 levels, which
could explain and confirm the increased goblet cell counts also observed. Together, the increased
GC counts, and Muc2 levels contribute to increased luminal barrier function, which could follow
through to improved growth performance. Increased SGLT1 and GLP2R levels in the jejunum of
EGF containing fermentation supernatant pigs are consistent with observed improvements in
growth performance and feed efficiency. Together, these results provide a clearer outline of the
possible mechanisms behind the increased growth performance observed in EGF supernatant
treated pigs, and serve as a reference point for future work with the developing piglet intestine.
This thesis has established that EGF-LL fermentation products can be used as an
alternative feed supplement for early-weaned pigs on a larger scale, and that the inclusion of the
bacteria cells is not required for an increase in growth performance. Further, several underlying
jejunal mechanisms behind the increase in intestinal development observed were outlined.
There are several unanswered questions remain to be addressed before L. lactis
produced EGF can be used commercially. Firstly, a practical way of incorporating this EGF
containing supernatant in the feed needs to be established. Manually mixing the EGF containing
fermentation product is impractical for large-scale industry use. The EGF containing supplement
should be available in a form that is easily incorporated into the feed. Experimentation to
concentrate and improve handling of the EGF containing product could be beneficial by using
techniques such as freeze-drying or vacuum evaporation. Secondly, studies need to be carried out
to determine the stability of EGF when incorporated in piglet diets, including through the
pelleting process and storage. The pelleting process can expose feed ingredients to temperatures
upwards of 80ºC, and also creates shearing stress. Further, after processing, feed may be stored
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for several months. Whether EGF maintains its biological activity through processing and storage
needs to be considered. Thirdly, potential interactions between EGF and other products that
stimulate gut health could prove beneficial. These products include organic acids, essential oils,
as well as pre- and probiotics. Synergistic activity with another compound could increase the
application potential of this EGF containing fermentation product. Fourthly, different doses of
EGF should be tested to determine what the optimal, minimal amount required is for promoting
health and growth performance. While this thesis has shown the effectiveness of EGF when fed
at 80 µg/kg BW/day, increasing this dose may lead to improved piglet performance. However, it
is possible that there is an upper limit to its effectiveness, and determining this would optimize
incorporation strategies in industry.
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APPENDIX A
Table 7. Pig-Specific Primers
Primer

EGFR
IL -13
SGLT1
IL-4
GLUT2
KGF
GLP2R
IGF1R
IGF1
TFF3
COX2
YWHAZ
Muc2
RPII

Sequence

Accession

Amplicon

number

size (bp)

NW_003613569.1

299

NC_010444.3

243

NC_0.10454.3

153

NC_010444.3

134

NC_010455.4

120

NC_010443.4

175

NC_010454.3

195

NC_010443.4

200

NC_010447.4

164

NC_010455.4

174

Fwd: 5’ ATGATCTACCCGCCTCACAC 3’
Rev: 5’ GCAGCTCTGGGTCAAACTTC 3’

NC_012095.1

279

Fwd: 5’ TGATGATAAGAAAGGGATTGTGG 3’
Rev: 5’ GTTCAGCAATGGCTTCATCA 3’
Fwd: 5’ ATCCCAACGACAAGGTGTCC 3’
Rev: 5’ TCCACCACGTAGTTGATGCC 3’
Fwd: 5’ ACCGCTCATGAAATGCTCCT 3’
Rev: 5’ GTCATCCCGCTCCGTCCA 5’

NC_010446.4

203

NC_000011.10

187

NM_009089.1

231

Fwd: 5’ GCCTTAGCCGTCTTATCCAA 3’
Rev: 5’ TGGGCACAGATGACTTTGGT 3’
Fwd: 5’ CCAGCCTACAAGTCTGCTCC 3’
Rev: 5’ TACTGCATGCTGGTGGTCAG 3’
Fwd: 5’ GGCTGGCGAAGTATGGTGT 3’
Rev: 5’ ACAACCACCCAAATCAGAGC 3’
Fwd: 5’ CTCCCAACTGATCCCAACCC 3’
Rev: 5’ TGCACGAGTTCTTTCTCGCT 3’
Fwd: 5’ TTGCCTTGGATGAGTTATGTGA 3’
Rev: 5’ GCGTGGTCCTTGACTGAAAA 3’
Fwd: 5’ CAGCCCTGAGCGACATACAA 3’
Rev: 5’ AACTGCCACGGTCCTGATTT 3’
Fwd: 5’ CCCTGCTGTTTCTGGTTTCC 3’
Rev: 5’ GGCAGGGAACAGAAACGTTT 3’
Fwd: 5’ CTGTGGGGGCTCCTGTTTTT 3’
Rev: 5’ GTGAGCTTGGGAAAGCGGTA 3’
Fwd: 5’ GCACATCACATCCTCTTCGC 3’
Rev: 5’ ACCCTGTGGGCTTGTTGAAA 3’
Fwd: 5’ GGGAGTATGTGGGCCTGTC 3’
Rev: 5’ AGGTGCATTCTGTTTCCTGC 3’
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APPENDIX B
Figure 15: The effect of blood plasma containing or blood plasma free diets with or without
EGF-LL fermentation products on small intestine length and empty weight. Dietary
treatments were blood plasma containing (BP) or blood plasma free (BPF) diets with either
M17GE broth (Con) or fermentation product containing epidermal growth factor-secreting
Lactococcus lactis (EGF). A) Small intestine length relative to body weight. B) Small intestine
empty weight relative to body weight. Data represent the mean ± SE of 6 animals.
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Figure 16: The effect of 8 and 15 days of EGF-LL supplementation on small intestine
weight and length. Small intestine weight on day 8 (A) and day 15 (B) relative to body weight.
Small intestine length on day 8 (C) and day 15 (D) relative to body weight. Ferm: full EGF-LL
fermentation; Supern: supernatant of EGF-LL fermentation with GMO removed; Control:
M17GE media. Data represent the mean ± SE of 6 animals.
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Figure 17: Effect of feeding an EGF containing fermentation supernatant on the growth of
the early-weaned pig digestive tract. SuperEGF: EGF-LL fermentation supernatant; Control:
M17GE media. A) Empty small intestine weight relative to body weight. B) Small intestine
length relative to body weight. C) Empty stomach weight relative to body weight. D) Empty
large intestine weight relative to body weight. Data represent the mean ± SE of 8 animals.
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Figure 18: The effect of supplementing and EGF containing fermentation supernatant on
average daily feed intake. SuperEGF: EGF-LL fermentation supernatant. Control: M17GE
media. Data represent the mean ± SE of 4 pens.
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