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Overall Summary

Effects of Bacteriophage and Choline as Feed Additives on Physiology

and Productivity in Broilers and Pigs

These experiments were performed to investigate 1) effects of
bacteriophage on prevention of Salmonella enteritidis in broilers, 2) effects of
bacteriophage on growth performance, fecal properties, blood profiles, and immune
response in weaning pigs, and 3) effects of bacteriophage and choline
supplementation on physiological responses, growth performance, microbial
population, and blood profiles of lactating sows and piglets. Summarized results

from each experiment are described as followings:

Experiment I. Effects of Bacteriophage on Prevention of Salmonella enteritidis

in Broilers

The experiment 1 was conducted to investigate the effects of bacteriophage
on prevention of Salmonella enteritidis in broilers. A total of 320 one day old male
broilers (Ross 308) were allotted by randomized complete block (RCB) design in 8
replicates with 10 chicks per pen. The experimental diets were formulated for 2 phase
feeding trial (phase I; 0-2™ wk, phase II; 3"-5" wk), and 4 different levels (0%, 0.05%;
5x10°pfu/g, 0.1%; 1x10°pfu/g, and 0.2%; 2x10°pfu/g, respectively) of Salmonella
enteritidis targeted bacteriophage were supplemented in the basal diet. There were no
differences in body weight (BW) gain, feed intake and feed conversion ratio (FCR)
during the whole experimental period (P>0.05). Relative weights of liver, spleen,
abdominal fat, and tissue muscle of breast obtained from each bacteriophage
treatment were similar to control and those values tended to increase when 0.2%
(2x10°pfu/g) bacteriophage was supplemented. In addition, a numerical difference of

glutamic-oxaloacetic transaminase (GOT), glutamic-pyruvic transaminase (GPT) and



low density lipoprotein (LDL) cholesterol level were observed when 0.2% (2x10°pfu)
of bacteriophage were provided even though blood profiles were not affected by
supplemented levels of bacteriophage (P>0.05). In the result of a 14 d feeding after
Salmonella enteritidis challenge to 160 birds from 4 previous treatments, mortality
and Salmonella enteritidis concentration in the cecum were decreased with increasing
bacteriophage level (P<0.05). This result demonstrated that supplementation of 0.2%
(2x10°pfu) Salmonella enteritidis targeted bacteriophage might not cause negative
effect on growth, meat production, and it reduced mortality from Salmonella
enteritidis challenge. Consequently, bacteriophage could be used as an alternative

feed additive to antibiotics in broiler diets.

Experiment II. Effects of Bacteriophage on Growth Performance, Fecal
Properties, Blood profiles and Immune Response in Weaning

Pigs

The experiment 2 was performed to determine the effects of bacteriophage
on growth performance, fecal properties, blood profiles and immune response in
weaning pigs. A total of 160 pigs [(Yorkshire x Landrace) x Duroc] (BW = 6.78 +
1.72 kg; weaned at day 24 + 3) were allotted to 4 groups in a randomized complete
block (RCB) design with 5 replication for 5 week growth trial. The experimental
diets were formulated for 2 phase feeding trial (phase I; 0-2" wk, phase II; 3"-5"
wk), and 4 different levels (0%, 0.05%; 5x10°pfu/g, 0.1%; 1x10°pfu/g, and 0.2%;
2x10°pfu/g, respectively) of 16 types of pathogen targeted bacteriophage were
supplemented in the basal diet. During the whole experimental period, average daily
gain, average daily feed intake, and gain:feed ratio were not affected by
bacteriophage levels, resulting in similar BW among all treatments (P>0.05). With
increasing bacteriophage level in the diets, fecal microbial population of pathogenic
Salmonella spp. (linear, P<0.01; 2wk) and Escherichia coli (linear, P=0.053; 5wk)
were decreased. However, the concentration of Lactobacilli was increased in feces

when pigs were fed 0.2% of bacteriophage, showing linear response to



bacteriophage levels (linear, P<0.05, 2wk; linear, P<0.01, 5wk). The inclusion of
bacteriophage in weaning pig diets resulted in decreasing the incidence of diarrhea
(linear, P<0.01). In blood immune response, there was a linear decrease in IgA
concentration as bacteriophage increased (linear, P<0.05). Although GOT and GPT
levels were not affected by bacteriophage levels, total cholesterol (linear, P<0.01,
quadratic, P<0.05, 2wk; linear, P<0.01, Swk) and LDL cholesterol (linear, P<0.01,
2wk) levels were decreased by dietary bacteriophage. This experiment suggested
that 16 types of pathogen targeted bacteriophage supplementation did not influence
on growth performance. However, 0.2 % (2x10°pfu/g) bacteriophage
supplementation might have beneficial influences on microbial population, fecal

status, immune response, and blood profiles in weaning pigs.

Experiment III. Evaluation of Bacteriophage and Choline Supplementation on
Physiological Responses, Growth Performance, Microbial
Population and Blood profiles of Lactating Sows and Piglets

The experiment 3 was conducted to investigate the effects of bacteriophage
and choline supplementation on physiological responses, growth performance,
microbial population and blood profiles of lactating sows and piglets. A total of 50
mixed-parity (average= 4.64) crossbred sows (F1, Yorkshire x Landrace; Darby,
Korea) with an initial BW of 228.71 + 15.81 kg were used in a 3 week lactation
period and sows were allotted to one of five treatments based on BW and backfat
thickness with 10 replicates by 1+2x2 factorial arrangement. The experimental
treatments were divided by two levels of bacteriophage (0.05%; 0.5 10%pfu/g, or
0.1%; 1x 10°pfu/g) and choline chloride (0.05%; 250ppm or 0.1%; 500ppm) and
NRC (1998) requirement is regarded as control treatment. The experimental diets
were formulated based on corn-soybean meal diets, which contained 3,265 kcal of
ME/kg, 16.8% crude protein, 1.08% lysine, respectively. There were no significant
differences in BW, backfat thickness and feed intake of lactating sows by

bacteriophage and choline supplementation. The BW changes were quadratically



decreased in lactation (day O to 21) as dietary choline increased (P<0.05).
Supplementation of bacteriophage and choline to lactating diets did not influence on
mortality, litter weight and piglet weight. However, numerically higher litter weight
and piglets weight gain were observed in bacteriophage and choline treatment
groups compared to control. No differences were found in estimation of milk
production, dry matter, and energy content of milk in lactating sows during the
whole lactational period. Bacteriophage and choline supplementation in diets did
not alter the population of Escherichia coli and Salmonella spp. in feces of sows as
well as piglets. However, the use of bacteriophage to lactation diets altered the
concentrations of fecal Lactobacilli (P<0.001). In blood profiles, GOT, GPT, and
non-esterified fatty acid (NEFA) levels of lactating sows and piglets were not
affected by dietary treatment, while increasing bacteriophage levels tended to
decrease GOT levels of lactating sows (linear, P=0.074). Inclusion of bacteriophage
and choline did not influence on immunoglobulin concentration of sows at day 21
postpartum. This experiment suggested that choline supplementation in lactating
diet showed an improvement of body reserves of lactating sows and increasing of
fat contents in sow milks during lactation. But, bacteriophage had no effects on
reproductive performance and physiological responses except of sow’s fecal
Lactobacilli population.

Three experiments demonstrated that positive responses were observed by
bacteriophage supplementation in broilers and weaning pigs. However, sows did not
show positive performance by dietary bacteriophage but body condition of sows

was improved by choline supplementation.
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Chapter I. General Introduction

The swine statistics in Korea showed that the number of market pigs per
sow per year (MSY) in 2010 was 15.1 (Korea pork producers association, 2011),
whereas those in Netherlands and Denmark were 26.0, and 25.5 respectively (Pig
international, 2011). There were several reasons for lower productivity in Korea
compared to advanced countries in swine industry, such as absence of standard
manuals for pig production, and inadequate management technique without the
verification experiment, resulting in high mortality from birth to slaughter pig
production. In need, high mortality was happened in nursery and weaning period
caused by problem of sanitary and malnutrition. Therefore, the strategies of
practical nutritional management for decreasing mortality and maintaining of pig
health is important to increase swine productivity in Korea.

Salmonellosis is a severe disease in humans caused by contamination of
Salmonella bacteria in food. Salmonella enteritidis is a genetically homogeneous
serotype of Salmonella, and it is well known as one of the most common types in
food poisoning (Hudson et al., 2001; Chung et al., 2003; Gong et al., 2007).
Chickens and eggs are frequently reported as the cause of outbreaks of
Salmonellosis (St. Louis et al., 1988; Molbak and Neiman, 2002), and outbreaks of
Salmonella bacteria are often detected in broiler flocks. From these aspects,
prevention of Salmonella enteritidis infection is an important issue for maintaining
food safety particularly in the poultry industry.

For improving productivity and health in animals, antibiotics were
generally supplemented in the diet to prevent growth retardation and bacterial
pathogens of diarrhea disease (Dierick et al., 1983; Cromwell, 2002). However, the
use of antibiotics in the livestock industry revealed the risk of bacterial resistance in
both livestock and human, creating public worries. As a reaction to that, those in

European countries and Korea banned use of antibiotics for growth promotion

1



purpose and increased the need for researches on alternatives to antibiotics. As these
materials are feed additives, animal producers are concerned about reducing feed
cost with improvement of feed efficiency and animal growth. In this aspect, it may
be noteworthy to focus on many ways and strategies for reduction in mortality and
improving health status as well as increasing animal productivity for livestock
industrial competitiveness in Korea.

Bacteriophage is a kind of virus that infects and multiplies in specific
bacteria (McGrath et al., 2004). It commonly appears to have involved bacteria in
nature and their characteristics was host specific and infect only one bacterial
species (Ackerman, 1978). Numerous studies have indicated that use of
bacteriophages in humans and animals was very safe and did not reported serious
adverse effects (Weber-Dabrowska et al., 2000; Sulakvelidze et al., 2001; Summers,
2005; Kropinski, 2006; Parisien et al., 2008). Bacteriophage has two types of life
cycle, lytic cycle and lysogenic cycle (Guttman et al., 2005). In lysogenic cycle,
bacteriophages insert their DNA to host and come to be a prophage by DNA
replication. In lytic cycle, bacteriophages however make some damage on DNA of
host or host itself and break out by cell division. Due to physical mechanism of
bacteriophage, lytic cycle of bacteriophages can be used for therapeutic use for
bacterial infections. By administering a specific bacteriophage for pathogenic
bacteria to a host, these bacteria can be completely destroyed. Their mechanism of
recognition and destruction of bacteria will help reduce the transmission of bacterial
resistance (Hanlon, 2007). When bacteriophage is applied in livestock for
therapeutic use, also any bacterial resistance will not be arisen in humans and it
helpful to feed cost because of the relatively easy production and cheap price.

Dietary choline are commonly used in animal feed industry as feed
additives. It is essential materials for the formation of acetylcholine, which is
released at the termination of parasympathetic nerves (Wauben and Wainwright,

1999). Another function is a source of labile methyl groups for formation of



methionine from homocysteine. Lastly, choline plays a major role for fat
metabolism in the liver, as a lipotropic factor that affected on fat metabolism by
decreasing of fat deposition. Fat metabolism with choline is most important for
lactating animals because of choline levels within their milk are correlated with
choline levels in maternal blood (Holmes McNarry et al., 1996; Ilcol et al., 2005).
Choline reaches the maternal milk through a transporter from the maternal blood
into mammary epithelial cells (Chao et al., 1988). In addition, liver triglycerides can
be packaged into very low density lipoproteins (VLDL) and exported into blood.
Choline may affect the synthesis of the apolipoprotein components of VLDL to
increase triglycerides export from liver. Due to the fat metabolism of the mobilized
fatty acids from adipose tissue to the mammary gland, choline can affect milk
production. Therefore, enhancing the adequate milk supply to newborn piglets by
supplying choline could be one of the nutritional manipulation to improve litter
performance.

Consequently, three experiments were conducted to suggest proper
application of bacteriophage and choline by examining 1) effects of bacteriophage
on prevention of Salmonella enteritidis in broilers, 2) effects of bacteriophage on
growth performance, fecal properties, blood profiles, and immune response in
weaning pigs, and 3) effects of bacteriophage and choline supplementation on
physiological responses, growth performance, microbial population, and blood

profiles of lactating sows and piglets in this dissertation.



Chapter II. Literature Review

1. Bacteriophage
1.1 General Characteristic of Bacteriophage

In general, bacteriophage (informally, phage) in common that only infect
and inject their DNA or RNA into host bacteria where new bacteriophage particles
can be produced in their host cell, resulting in the destruction of the host. In 1917,
bacteriophage were firstly discovered by Felix d ‘Herelle (Beckerich and Hauduroy,
1923). Bacteriophages have been extensively studied and used for therapeutic
purposes by kill bacteria in humans in the 20th century (Babalova et al., 1968;
Zhukov-Verezhnikov et al., 1978; Slopek et al., 1987). They observed that use of
bacteriophage as an alternative was effective materials for treat (Meladze et al.,
1982).

Bacteriophages has many different sizes that range in size from 24-200 nm
in length. Most of bacteriophage have a tail and head with a genome that consists of
either ssDNA, ssRNA or dsRNA (Ackermann, 1988). Phenotype of bacteriophage
differ greatly, whereas new bacteriophage virion is relatively similar and it consist
of capsid there in genetic materials (Sulakvelidze, 2005; McGrath, 2007; Abeton,
2008).

Bacteriophage are widely spread in all natural environments and are
related to locations of bacteria, such as soil, sea water and the intestine of animals.
Indeed, they are most stable entities, and can survive on hostile environments.

With many similarities between bacteriophages and animal cell virus, their
life cycle can be viewed as model systems for animal cell viruses. They are
extremely specialized and attacks a different kind of bacteria. Due to bacteriophage
infection of the obligate intracellular bacterial parasites, they are usually use of host
biosynthetic machinery in the host. Therefore, information of the life cycle of

bacteriophage is necessary to understand of mechanism bacterial genes transferred
4



from one host to another host.
1.2 Mode of Action of Bacteriophage

Bacteriophage have a two different major mode of action can take place in
the host cell (Figure 1). Bacteriophage characteristics were divided into lytic cycle
and lysogenic cycle. But, some type of viruses are capable of carrying out both. The
decision for bacteriophage’s lambda genes to enter the lytic or lysogenic cycle is
determined by the concentration of the repressor and another protein (e.g. cro) in the
host cell. Environmental conditions of the host cell, favoring the production of
another protein will lead to the lytic cycle while favor the production of the
repressor will lead to lysogenic cycle. Therefore, bacteriophage which develop both

lytic and lysogenic cycles (Benett and Howe, 1998).

1.2.1 The Lysogenic Cycle of Bacteriophage

The lysogenic bacteriophage called such as temperate phage do not
experience multiplication or lysis in the cytoplasm of the bacterium. When this
cycle was started by infection, the phage genetic materials (e.g. viral DNA) may
integrate into the bacterial DNA without causing lysis in the cytoplasm. Their
bacteriophage (known as prophage) will be integrated into the host genome and
hereby of genetic host materials will be transduced to a new bacterium. This step
initiates the reproductive step, resulting in lysis of the host cell. In case of lysogenic
cycle, bacteriophage allows the host cell enable to survive and reproduce. However,
under certain circumstances, such as host condition, low energy level, heat shock

and stress signals that the lytic cycle can occur (McGrath, 2007).



1.2.2 The Lytic Cycle of Bacteriophage

The lytic bacteriophage called virulent phage, get inside the bacterial cell
and destroyed after immediate replication of the virion by lysing or by repturing the
host cell wall (e. g. T, T2, T4, and T6 phages). Bacteriophage’s lysis is usually
regulated by two proteins; endolysin and holin (Ackermann, 1998). The initial lytic
cycle step is beginning to infection and transcription of phage DNA. This step is
needed for m-RNA's code for phage DNA synthesis and protein biosynthesis. Due
to increasing the phage lysis protein and intracellular phage, intracellular
bacteriophage begin to lysis and released into the host cell. Lytic cycle takes 20-60
minutes, resulting in the host cell lyses and the hundreds of new bacteriophage
(virions) move on to new host. Due to those characteristics, lytic phages are suitable

for bacteriophage therapy.
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1.3 Bacteriophage Resistance Mechanism of Bacteria

With characteristics of symbiotic relationship of bacteria and
bacteriophage over millions of years, bacteriophage acquired bacterium supplying
the energy necessary to replicate and transferring virulence genes from bacteria. In
addition, lytic bacteriophage can be harmful to bacteria and bacteria have developed
in various ways to host evation which constructed the potential barriers against
attacking of bacteriophage (Weinbauer, 2004; Hermoso et al., 2008). However,
bacteriophage can be very effective in specific conditions and has some advantages
compared to antibiotics. Although bacteria also develop resistance to bacteriophage,
which is incomparably easier to develop new bacteriophage adjust to bacteria.

To protect themselves against bacteriophage, bacteria can make a biofilm
such as protective layer that called extracellular polymer substance. Moreover,
extracellular polysaccharides and surface proteins was blocked. But, bacteriophage
is recognizing about biofilm formation because phages possess enzyme which can
digest or depolymerize (Ravenscroft et al., 1994; Doolittle et al., 1995). These sites
are also known to phage recognition place and bacteriophage use extracellular
polysaccharides to recognize, resulting in better environment were provide for
phage proliferation (Rodriguez et al., 2008). After bacteriophage adhesion to
bacteria, bacteria escape infection and mutations of the bacteriophage docking site
(Koprivnjak et al., 2008). But, various type of bacteriophage that can infect a
resistant bacteria which evade bacterial immune response and adapt to bacteria
mutations (Brussow et al., 2004; Matsuzaki et al., 2005; Pepin et al., 2008). These
observation were successfully used with enterotoxigenic E. coli (ETEC) diarrhea in
calves (Smith et al., 1987), cecal Salmonella enteritis in broiler (Fiorentin et al.,
2005), and Salmonella from poultry carcass rinses (Higgins et al., 2005).

Deoxyribonucleic acid-injection blocking can inhibit infection which

associated with resistance to lysin in lactic acid bacteria (Marshall, 1997; Forde and



Fitzgerald, 1999). The bacteriophage DNA also be recognized and demolished by
bacterial endonucleases. Finally, bacteriophage multiplication can be also avoided
by inhibition of the bacteriophage processing in the bacteria (Forde and Fitzgerald,
1999). Therefore, bacteriophage resistance mechanism against bacteria will lead to

destruction of bacteria, resulting in the preservation of the bacteriophage.



2. Therapeutic Application of Bacteriophage
2.1 Bacteriophage Utilization for Gastro-Intestinal Health

Gastrointestinal microflora is very complex and limited knowledge on
their composition. Pigs and poultry had relatively small group of bacteria means
that dominance of useful intestinal bacteria in gastro-intestinal tract (GIT) is
important of their health and growth. Indeed, dominating bacterial groups will be
ones which win the competition since they can uptake nutrients. Thus,
bacteriophage therapy to harmful bacteria (such as Salmonella ssp., and E. coli) will
be maintained and improve the bacterial composition in GIT. As a result, optimizing
gut integrity and health state helps immune function and increase nutrient

absorption.

2.1.1 Salmonella ssp.

Salmonella enterica is well-known a gram-negative, rod-shaped, and
flagellated bacterium that is causative agents of disease in humans and animals.
Salmonella typhimurium is a common pathogens in poultry and commonly
considered harmless in mature birds (Berry, 2001). Therefore, various studies have
been conducted about bacteriophage therapy for reduction of Salmonella.
typhimurium in broilers. Salmonella gallinarum is also pathogens in poultry. Fowl
typhoid and pullorum disease are caused by Salmonella gallinarum that is affects
fetal to young broilers. Salmonella enteritidis have been invasive in young broilers,
resulting in high mortality in broiler flocks (Anon, 1988; Hinton et al., 1989). In
contrast to interest about poultry Salmonella disease, porcine salmonellosis has been
far less interest with regard to pigs, because of higher danger level of poultry
transmission of Sa/monella to humans compared to pork. However, rapid increase
of Salmonella positive pigs becomes a great concern in the farm (Lee and Harris,
2002). Salmonella choleaesuis and typhisuis can cause sepsis. These diseases are

breaking out only on pigs. Salmonella typhimurium and enteritidis are also
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causative agent of chronic digestive disorder in pigs. Salmonella typhimurium was
infected in all species that bring about food poisoning. In spite of higher level of

exposure of Salmonella choleaesuis, frequencies of disease is low in pigs.

2.1.2 Escherichia coli

Escheriachia coli (E. coli) are gram negative that are often found in the
intestine of animals such as pigs and chicken. Most of E. coli strains are harmless
but some type of serotype of E. coli are food-born pathogen of humans. Pathogenic
E. coli are important cause of diarrhea in piglets and weaning pigs, resulting in high
mortality and morbidity (Fairbrother et al., 2005). In contrast to pigs, £. coli can
cause enteritis in poultry but, incidence rate is less abundant. Various researches
were been reported bacteriophage with E. coli with regard to therapy (Chibani-
Chennoufi et al., 2004; Xie et al., 2005; Raya et al., 2006). Smith and Huggins
(1983) suggested that diarrhea was prevented with supplementation of
bacteriophage after treating respiratory E. coli infection in piglets and chicken.
Further, bacteriophage treatment in piglets indicated that reduction of colonization
of pathogenic E. coli in the GIT and mortality in weaning pigs. Similarly, the
intestinal £. coli concentration were reduced bacteriophage was orally administrated
(Raya et al., 2006) and bacteriophage supplementation in the weaning diets showed
lower E. coli concentration compared to control, resulting in provide a better
ecosystem for development of Lactobacillus (Wang et al., 2013). According to the
respiratory infection experiment, orally administered 10 PFU of bacteriophage
showed that no mortality and increment of growth were observed in chicken.
Moreover, incidence of death caused by bursal disease was three fold reduction
compared antibiotic and control treatment (Xie et al., 2005). Barrow et al. (1998)
observed that bacteriophage inoculated intramusculary in chickens after inoculated
intramuscularly with E. coli H247 were effective in preventing and treating

septicemia and cerebritis or meningitis in chickens. Therefore, supplementation of
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against E. coli bacteriophage is effective to prevent E. coli infection in pigs and
chickens.
2.2 Effects of Bacteriophage in Monogastric Animals

2.2.1 Poultry

Research work indicated that use of bacteriophage to treat and prevent
bacterial infection. Barrow et al. (1988) suggested that use of lytic bacteriophage
could effectively prevent and reduce E. coli septicemia and meningitis in chickens.
A various trial on the use of bacteriophage to prevent pathogenic bacteria was
published by Huff et al (2002). They reported that bacteriophage with E. coli prior
to challenging the bird showed that Colibacillosis could be prevented (Huff et al.,
2002). Also, they demonstrated that administration of bacteriophage as aerosol
spray before challenging E. coli could be prevented for up to 3 days (Huff et al.,
2002). Other types of therapeutic administration were positive effect in treatment of
a Colibacillosis. Intramuscular injection with single or multiple of bacteriophage
showed greater therapeutic effects (Huff et al., 2003). These researches indicated
that bacteriophage could prevent and treat pathogenic bacteria for therapeutic
treatment of poultry diseases.

But, little information is available for the effects of bacteriophage as feed
additives. Lee (2010) indicated that anti-Sa/monella gallinarum bacteriophage in
broiler diets did not affect on growth performance with no infected Salmonella
gallinarum. Moreover, after Salmonella gallinarum challenge, the mortality was
decreased with bacteriophage supplementation. Another study reported the inclusion
of bacteriophage could reduce the feed conversion ratio (FCR), E. coli, and
Salmonella concentration (Wang et al., 2013). In laying hens with bacteriophage
supplementation. They were beneficial effects on egg production and excreta
microflora concentration in feces (Zhao, 2012). Therefore, use of bacteriophage for
prevent or treat and pathogenic bacteria suggests that bacteriophage could be

positive effects on poultry production.
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2.2.2 Swine

Various experiments were conducted to reduce mortality and GIT
pathogens with bacteriophage supplementation for swine (Jamalludeen et al., 2007;
Cha et al., 2010; Gebru et al., 2010). Especially, E. coli targeted bacteriophage has
already been extensively tested. Jamalludeen et al. (2007) indicated that ten
bacteriophage against porcine post-weaning diarrhea relate to 0149 ETEC in vitro
tested after indicated that the nine bacteriophages are suitable for therapy of porcine
post weaning diarrhea. After in vivo studies showed that ETEC challenge and
bacteriophage administration resulted in significantly reduced diarrhea and
increased growth performance compared to control.

In the state of low pH and lytic . coli bacteriophage that functioned stably
as phage titer in the stomach and intestine (Chibani-Chennoufi et al., 2004). Cha et
al. (2010) suggested that bacteriophage administration after Salmonella injection
showed lower lesions and clinical signs compared to no bacteriophage treatment in
weaning pigs. Bacteriophage supplementation as feed additives showed improve
swine performance. Gebru et al. (2010) has shown that supplementation of anti-
Salmonella enterica serotype Typhimurium bacteriophage resulted in improve
growth performance with lower fecal Salmonella contents during 28 days. Another
result was reported that administering a bacteriophage by gavage to pigs before
exposure bacteria contaminated environment can effectively reduce pathogenic
bacteria concentration in naive pigs (Wall et al., 2010). Moreover, Kim et al. (2011)
reported the effects of bacteriophage against ETEC infection in piglets with
bacteriophage supplementation treatment were lower villus atrophy and crypt
hyperplasia.

Thus, phage therapy has the advantage of nontoxic, lytic against bacteria
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and lower bacteriophage price could be a useful tool for Salmonella reduction
materials prior to slaughter. It may be prevent of Salmonella contamination with
fecal Salmonella contact with pork during processing (Morgan et al., 1987).

2.3 Actual Application in Bacteriophage

2.3.1 Feed additives

Recently, researchers have focused on bacteriophage therapy for animals
and evaluated the therapeutic efficacy. However, published data about
supplementation of bacteriophage as feed additives indicated that body condition
and growth of animal were not affected because of bacteriophage host specificity. In
the unsanitary situation, use of bacteriophage could be helpful to animals with
improvement health status and their growth.

However, using of bacteriophage as feed additives must know about and
understand the ecology of host pathogen and bacteriophage. All bacteriophage are
not equally applicable for all pathogenic bacteria. Microflora can inhabit a wide
range of environmental GIT conditions, including in pH ranging from 1 to 11
(Kobayashi et al., 2000). Furthermore, bacteriophage have different eco system with
specificity, virulence, and lytic potential sensitivity which means that have very
diverse survival conditions. However, bacteriophage are relatively susceptible to
ultra violet light, heat, and a very high and low pH (Sulakvelidze, 2005).

After onset of diarrhea, connection of bacteriophage with ETCT was
limited because most of ETEC associated with the epithelial lining of the small
intestine (Moon et al., 1977; Kasman, 2005). At the same time, fast excretion of
fluid GIT contents may affect a removal of the bacteriophage particles.
Consideration of interactions between gastrointestinal response and diarrhea,
bacteriophage dosage levels should be increased compared to the dosage level of
approximately 10® to 10° used for bacteriophage therapy.

Based on these observations, developing of bacteriophage as feed additives

must be confirm that survive residency in GIT, feed, and oral application route with

13



reduction of specific pathogens. In Korea, bacteriophage have been approved as
feed additives for the first time since January 2010. Four types of bacteriophage
(targeted Salmonella garlinarum, Salmonella enteritidis, Salmonella thyphimurium,
and Clostridium perpringens) were approved in Control of Livestock and Fish Feed
Act of Korea in recent years. Dietary specific pathogen-targeted bacteriophage as
feed additives were presented in Table 1. The products of bacteriophage from CJ
Cheiljedang (Seoul, South Korea) and CTCbio (Seoul, South Korea) were used in

three experiment and their pathogen-targeted bacteriophage were listed in Table 1.

Table 1. Specific pathogen-targeted bacteriophage as feed additives

Pathogenic bacteria Induction of disease symptom

Salmonella gallinarum Fowl typhoid
thyphimurium Diarrhea, paratyphoid fever
Enteritidis Diarrhea, food poisoning
choleasuis Diarrhea, sepsis
derby Diarrhea, food poisoning

Staphylococcus aureus Mastitis, secondary infection
coli K88 Diarrhea

Eschericia coli K99 Diarrhea
coli F41 Diarrhea
coli F18 Edema
coli 987P Diarrhea

Clostridium Perfringens type A | Diarrhea, food poisoning
Perfringens type B | Diarrhea, food poisoning
Perfringens type C | Diarrhea, food poisoning
Perfringens type D | Diarrhea, food poisoning
Perfringens type E | Diarrhea, food poisoning
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(From: CTCbio Co., Ltd., Seoul, South Korea)

2.3.2 Alternative to antibiotics

Bacteriophage therapy is an important alternative to antibiotics against to
resistant pathogens. Previous studies also suggested that significant efficacy of
phages against E. coli, Acinetobacter spp., Pseudomonas spp., and Staphylococcus
aureus (Kawano et al., 1983; Huff et al., 2002, 2003; Debarbicux et al., 2010;
Turton et al, 2012). These results indicated that bacteriophage therapy may be
proved as an important alternative to antibiotics for treating multidrug resistant
pathogens.

However, not all bacteriophage would be suitable for therapy and some
factors are affected their activity. Some bacteriophages are produce their progeny
without destroying specific host, others have temporarily integrate their genome and
potentially injects new traits or modifiers the expression to host cell. Animal’s GIT
environmental conditions were also affected limit their activity. Bacteriophage
circulating in the blood stream, they can be attacked by antibodies, resulting in
moved from circulation by the reticuloendothelial system. Also, gastrointestinal
tract of pH, presence of enzyme and digestive compounds were limited bacterial
activity. Most bacteriophage are able to survive between pH 5 to 8, some targeted
Enterobacter and E. coli bacteriophage resistant to acid. In consideration of
alternative to antibiotics, persistence of the bacteriophage in the host and optimum
dosage level were determine the efficacy of bacteriophage therapy in animals.
Despite of limited condition, bacteriophage still has a merit as antibacterial therapy.
First, bacteriophages are observed here and by others (McLaughlin et al., 2006;
O’Flynn et al.,, 2006). Second, bacteriophage activity is available in adequate
condition (Hurley et al., 2008; El-Shibiny et al., 2009). Third, bacteriophage would
be shipped in high initial concentration and a very short period time (~6 to 12 h)
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was required for treat.

Consequently, antibiotic resistance concern on the food-born bacterial
pathogen is widely transmitted to the human for public health. As one of the
bacteriophage as alternative to antibiotics have been made to control the bacterial

disease.

2.3.3 Bacteriophage display

Since bacteriophage displayed in 1985, it has been variously applied to
immunology, cancer research, drug display, and infectious disease (Smith, 1985). It
has been used to identify small peptide ligands and antibody inhibiting the function
of targeted receptors for a wide range of applications. Bacteriophage display has
become a powerful tool for binding of antibody against epitopes of the cell surface
on intact live cell (Fong et al., 1994), and this technology is based on the
construction of a peptide library connected to a bacteriophage coat protein. Both
M13 and fd filamentous bacteriophage are most commonly used because of cell
lysis occurs during their life cycle (Figure 2). Filamentous bacteriophages consist of
a genome of ssDNA and a rod-shaped cylinder.

Using this bacteriophage display, therapeutic peptide have been isolated
for pathogens such as fungal zoospore (Bishop-Hurley et al., 2002; Fang et al.,
2006), bacteria (Bishop-Hurley et al., 2002; Sorokulova et al., 2005) and insects
(Ghosh et al., 2002). After bacteriophage display development, it has shown great
potential in the discovery of therapeutics (Christensen et al., 2001; Giuliani et al.,
2007). In addition, bacteriophage display is playing an important role for the
discovery of peptides and antibodies. These targets are generally divided into two
categories; one is molecular targets such as replication/cell division enzymes and

host-pathogen virulence factor, the other is whole bacteria cell (Huang et al., 2012).
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3. Dietary Choline

3.1 General Characteristic of Choline

Choline is a water soluble essential nutrient and remains in the vitamin B
category even though it does not entirely satisfy “trace organic nutrient” the strict
definition of vitamin. Choline refers to the various quaternary ammonium salts
which containing the N, N, N-trimethyl ethyl ammonium ion. The ion appears in the
head groups of phosphatidylcholine and lecithin. Two types of phospholipid are
abundant in all biological cell membranes. Choline is the precursor molecule for the
neurotransmitter acetylcholine, which is involved in many functions including

memory and muscle control.

CHs

|
CHs3 - N'— CH2—- CH20H

|
CHs

Figure 3. Structure of Choline
(McDowell, 1989)

Unlike B vitamins, it can be synthesized in the liver which greater amount
required in the body and mostly function as a structural constituent rather than as a
coenzyme. Choline is required to make essential the animal organism and choline
with their compounds are utilized both as a building unit and as an essential
component in regulation of certain body metabolism (Food and Nutrition Board,
1998; SH, 1999; Zeisel, 2000).

The role of choline nutrition was not known until 1930s and choline was
observed to be active component of lecithin with prevent a fatty liver in rat. After
the 1930s, lipotropic activity of choline related to transfer of methyl groups and

sparing effects of choline on methionine, folacine and vitamin B, were observed.
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From 1940 to 1960, choline was prevent a perosis in turkey and spraddled-leg in
pigs (Wintrobe et al.,, 1942; Johnson and James, 1948; Neumann et al., 1949).
Recently research about choline reported that it was affected mobilization of liver
lipid, other methyl donors on carcinogenesis and the neurotransmitter related

syndromes.

3.2 Chemical Structure, Property and Metabolism of Choline

Characteristic of choline’s chemical structure is its triplet of methyl group
that would be allowed to serve as methyl donor. The chloride salt of this compound
(e. g. choline chloride) is produced by chemical synthesis for use in the animal feed
industry. Choline chloride exist as soluble white crystals that water and alcohol
soluble. Choline is widely distributed in all plant and animal cells as a form of
phospholipids phosphatidylcholine, lysophosphatidylcholine, choline plasmalogens,
and sphingomyelin-essential components of all membranes (Zeisel, 1990). Lecithin
is the predominant phospholipid in most animal membranes. Disaturated lecithin is
the most active component of surface active agent in the lung (Brown, 1964).
Choline is a precursor for the biosynthesis of the neurotransmitter acetylcholine.
Glycerophosphocholine and phosphocholine are storage forms for choline within
the cytosol and principal forms found in milk (Rohlfs et al., 1993).

Choline is present in the diet primary in the form of lecithin and as free
base or sphingomyelin type also present. It is released from lecithin and
sphingomyelin with hydrolysis by digestive enzyme in the intestinal rumen (Chan,
1991). Pancreatic secretion and intestinal mucosal cells contain enzymes were able
to hydrolyzing lecithin in the diet. In need, digestion by pancreatic lipase is
important process because most ingested lecithin absorption as a
lysophosphatidylcholine (Zeisel, 1990). In the cells of the intestinal wall,
lysophosphatidylcholine is able to deacylate to form glycerophosphocholine or

reconstitute into lecithin.
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Choline is absorbed from the jejunum and ileum by the energy and sodium
dependent of the several carrier-mediated mechanisms. In contrast to choline
absorption, choline is released from lecithin in the upper part of small intestine.
Also, only one-third of ingested choline absorbed intestinal tract while the two-
thirds is metabolized by intestinal microorganism to trimethylamine (De La Huerga
and Popper, 1952). Absorbed choline is transported into the lymphatic circulation
with the form of lecithin bound to chylomicron, which transported into the tissue as
phospholipids associated with the plasma lipoproteins.

Choline was accumulated in all tissues as an essential component of
phospholipids in membranes. Especially, choline uptake sites in liver, mammary
gland, kidney, placenta, and brain are important. Indeed, Uptake of choline by
mammary cells are able to concentrate choline almost 70-fold versus maternal blood
(Chao et al., 1988). Almost of species are able to synthesize choline by the
methylation of phosphatidylethanolamine with phosphatidylethanolamine-N-
methyltransferase. This process is due to use of S-adenosylmethionine (SAM) as the
methyl donor for numerous biochemical reactions that is greatest in liver, but other
tissues also occurred.

Choline may be oxidized in the body to form a metabolite called betaine in
the liver and kidney (Mann et al., 1938; Weinhold and Sanders, 1973). They are
released in free form in the tissues by phospholipase C activity, which lecithin to
yield a diglyceride and phosphorylcholine. Firstly, free choline can be oxidized by
the mitochondrial enzyme choline dehydrogenase to yield betaine aldehyde.
Secondly, betaine aldehyde dehydrogenase to betaine by the cytosolic enzyme with
the presence of NAD" (Tsuge et al., 1980). Choline dehydrogenase activity occurs
in the mitochondria (Kaiser and Bygrave. 1968; Wilken et al., 1970; Streumer-
Svobodova and Drahota. 1977). Betaine aldehyde is then oxidized to betaine by the
NAD-dependent enzyme betaine aldehyde dehydrogenase both in mitochondria
and cytosol (Dragolovich; 1994). Betaine is the actual source of methyl groups.
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Although, small fraction of choline is acetylated, amount of neurotransmitter
acetylcholine were provided.
3.3 Function in Body
The numerous function of choline and compounds derived from choline
were extensively published (Zeisel, 1981, 2000; Food and Nutrition Board, 1998;
Shils et al., 1999). This review focuses primarily on the choline function and

physiologic roles in some categories in the animal body (Figure 3).

3.3.1 Structural integrity of cell membranes

Choline is used in the synthesis of the phospholipids, lecithin
(phosphatidyl choline), plasmalogens, and sphingomyelin for building and
maintaining animal cell structure. Choline is incorporated incorporation into cellular
phospholipids by being converted to phosphoryl choline, and finally reacting with
phosphatidic acid to lecithin. Phospholipids consist of the cell membrane bilayers
and their primary role is to regulate cell membrane porosity by changing the ionic
characteristics of the membrane. Lecithin is a part of animal cell membranes and
transfer of the lipid in cell plasma membranes. It is also an essential component of
very low density lipoprotein (VLDL), the blood transport molecule for triglyceride
(Lombardi et al., 1966). Considering of symptom of perosis in animals, choline is
required as a constituent of the phospholipids due to normal maturation of the

cartilage matrix of the bone.

3.3.2 Lipid transport and metabolism

Choline plays an essential role in fat metabolism in the liver. Cell
membrane structure characteristics of their choline, lack of choline is closely related
phospholipid functions such as fatty liver, lesions of the kidney and lipoprotein
metabolism. In addition, choline prevents abnormal accumulation of fat (e. g. fatty

livers) by promoting its transport as lecithin or by increasing the utilization of fatty
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acids in the liver. Jacobs et al. (2004) indicated that increasing of triglyceride in the
liver and decreasing of serum triglyceride were observed when a choline deficient
diet was fed to mice. Therefore, it’s called lipotropic agent because of its function of
acting on fat metabolism by control fat concentration in liver.

Choline also affect hepatic secretion of VLDL. The triacylglycerol
produced by liver is delivered to other tissues mainly in the form of VLDL (Yao
and Vance, 1988; 1989). Phosphatidylcholine is a required component of the VLDL
particle, and in choline deficiency decreased in capacity of liver cells to synthesize
phosphatidylcholine molecules, resulting in the intracellular accumulation of
triglycerides. It has been indicated that accumulation of triglyceride in the liver was
choline and methyl group deficient resulting from impairment in the synthesis of
VLDL with their function of attachment of triglycerides to VLDL (Mookerjea,
1971).

3.3.3 Signal transduction

The choline containing phospholipids, phosphatidylcholine and
sphingomyelin, are precursors for the agent released at the termination of the
parasympathetic nerves (Wauben and Wain weight, 1999) and terminate the
signaling process by generating inhibitory second messengers (Zeisel, 1993).

It is available for transmission of nerve impulses from presynaptic to
postsynaptic fibers of the sympathetic and parasympathetic nervous systems.
Apparently, brain tissue lacks the ability to synthesize sufficient choline (Ansell and
Spanner, 1971) for neural function. However, apparently circulating choline is the
major source of choline for acetylcholine synthesis.

Platelet activating factor (PAF) and sphingo-phosphorylcholine, are also
known to be cell signaling molecules. The PAF affected through specific receptors
located on cells and has a various biological functions, as the mediators of

parturition, mediation of many processes of inflammation and allergy (Snyder, 1987;
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Kumar and Hanahan, 1987 Prescott et al., 1990).

The sphingolipids are components of mammalian cells and are necessary
for cellular survival and growth (Hanada, 1992). Their activation may constitute one
of the signal transduction pathways for triggering differentiation (Kim et al., 1991;
Dressler et al., 1992). After activated sphingomyelinase in cellular ceramide levels,
a compound with potent biological activities including the triggering of apoptosis
(Obeid et al., 1993). As a result of formation of sphingosine from ceramide may be

critical for regulating PAF signal transduction.

3.3.4 Methyl donor

Choline, as a source of labile methyl groups for methionine and creatine,
may be oxidized in the body to form a betaine (Figure 4).

Betaine is a source of methyl (CH3) groups that required for methylation
reactions. Methyl groups from betaine is able to convert homocysteine to
methionine. Elevated homocysteine in the blood, resulting in increased risk of
cardiovascular diseases (Gerhard and Duell, 1999). However, there were little
choline-homocystine interrelationship with feeding animals because natural protein
contains were very little of the metabolic intermediate homocystine (Ruiz et al.,
1983).

Methyl groups are synthesis of purine and pyrimidine which are used in
production of DNA. Methionine is converted to SAM in a reaction catalyzed by
methionine adenosyl transferase. Methyl group metabolism with folacin, Vit. By, in
de novo choline synthesis are allowed these substances to substitute in some portion
of choline. Severe folacin deficiency has been observed that liver choline deficiency

in rats (Kim et al., 1994).

3.4 Choline Contents in Feed

In general, choline is found in the form of phosphatidylcholine or
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sphingomyelin in most feed ingredients (Neill et al., 1978). Most cereal grains and
fruits and vegetables with high starch content are low in choline content. Major
mono-gastric animals feed ingredients of corn and corn by-products are very low in
choline. Wheat, barley and oat containing approximately twice as much choline
contents compared corn. On the contrary to cereal grains, oil seeds such as peanuts,
cottonseed, and soybeans are good sources of choline (Engel, 1943) with their

relatively high phospholipid contents.

Methylation Pathways
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Figure 4. Metabolic pathways for choline and its relationships with folic acid
and methionine (Krishnan Rajalekshmy, 2010)
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4. Dietary Choline in Lactating Sows
4.1 Lactogenesis and Milk Yield in Lactating Sows

Lactogenesis is the onset of milk secretion and is generally divided into
two stage process. It is the process of the functional differentiation of mammary

tissue when change from a non-lactating to a lactating state. Lactogenesis I occurs
during pregnancy, the organelles associated with milk synthesis appear in mammary
epithelial cells and there is gradual accumulation of pre-colostrum in the alveola
lumina. Lactogenesis II is the onset of copious milk secretion associated with
parturition. It can be considered to be the period from the start of normal milk
production until a steady production level is reached (Fleet et al., 1975; Tucker,
1988). Kengsinger et al. (1986) suggested that stage I of lactogenesis occur
between d 90 and 105 of pregnancy with stage II occurring just prior to
parturition in sows. However, definition of colostrum and transitional milk,
traditionally used to describe the mammary secretion product during the first 4 days
postpartum and from days 4 to 10 postpartum is not define clear-cut temporal
changes in milk composition.

The piglets in the first two weeks after farrowing is important period and
they are mainly dependent on the sow’s milk for nutrition (King’ori, 2012).
Approximately, 20-30% of early piglet mortality is due to lack of adequate nutrition
with inadequate milk production by the sows (Fahmy and Benard, 1971). In general,
Litter size (Quensel, 2011), birth weight (Smits et al., 1997), number of parity
(Boyce et al., 1997), genetic (Eissen et al., 2000), endocrine status (Kveragas et al.,
1986), during and after farrowing, and nutrition seem to influence sow’s milk yield.
To increase milk yield, various researches were conducted to supplementation of
feed intake and fat levels (Coffey et al., 1982; Mullan and Williams, 1989).
However, little information is available for the inclusion of another nutrition for

improving milk yield in lactating sows.
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4.2 Choline and Milk Production

Donkin (2011) reported that choline supplementation to improved the milk
production on daily cow. Choline is important for assembly of VLDL to export
triglyceride from liver. Especially, phosphatidylcholine is critical for VLDL
formation. Increasing need for mobilize hepatic TG from the liver may increase the
requirement for choline. Triglyceride which stored in adipose tissue release of non-
esterified fatty acids (NEFA) into blood through lipolysis. The NEFA extracted by
liver are either esterified to TG or partially oxidized to ketones to provide energy
(adenosine triphosphate) for liver metabolism. Liver TG can be stored as droplets
(fatty liver) or packaged into VLDL and exported into blood (Figure 4).
Consequently, choline may affect the synthesis of the apolipoprotein components of
VLDL to increase TG export from liver or the metabolism of ketones by peripheral
tissues. Due to the fat metabolism of transport mobilized fatty acids from adipose
tissue to the mammary gland, choline can affect milk production. However, there
was lack of data on milk production and reproductive performance with choline

supplementation in lactating sows.
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4.3 Requirements of Choline for Lactating Sows

The NRC (2012) requirement for gestating and lactating sows were 1.25
g/kg and 1.00 g/kg, respectively, for maintenance, fetal growth, maternal tissue
accretion and optimum reproductive performance. However, the requirement for
choline may depend on the feed ingredient source. Barley (1,027 mg/kg) and wheat
(778 mg/kg) is higher than in corn (440 mg/kg). It means that barley-wheat diets
may not meet the requirement of choline for optimum reproduction in sows
(Anonymous, 1980).

Many previous studies have showed that the level of methionine in the diet
is important for determine the choline requirements. Pigs synthesize choline by
methylating phosphatidyl ethanolamine in a three-step process involving methyl
transfer from SAM. Thus, excess dietary methionine can eliminate the requirements
for choline in pigs (Neumann et al., 1949; Nesheim et al., 1950; Kroening and Pond,
1967). Choline from soybean meal has been estimated to be 65 to 83 percent
bioavailable compared to choline chloride as feed additives (Molitoris and Baker,
1976; Emmert and Baker, 1997). Because of high bioavailability in soy products,
weaning to finishing pigs have not shown responses to supplemental choline when
it was supplemented to corn—soy bean meal (SBM) or corn-isolated soy protein
diets (Bryant et al., 1977; Russett et al., 1979b; North Central Region-42 Committee

on Swine Nutrition, 1980).

4.4 Effects of Dietary Choline Levels of Sows
Feeding gestation gilts and sows fed grain-SBM diets with 434 to 880 mg
of choline/kg supplementation has increased the number of live pigs at weaning. It
may be noteworthy that choline supplementation would be helpful in gestation
period (Kornegay and Meacham, 1973; Stockland and Blaylock, 1974; North
Central Region-42 Committee on Swine Nutrition, 1976). Stockland and Blaylock

(1974) also reported that corn-SBM diets with choline supplementation improved
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conception rate. In addition, supplementation of choline in gestation diet can
improve conception rate and the number of piglet born alive (Grandhi and Strain,
1980). Gilts fed choline supplementation during gestation farrowed heavier pigs
(Luce et al., 1985). Cast et al. (1977) also observed an improvement in survival
when sows fed lipid and additional choline during the last 5 day of pregnancy.
During lactation, lactating sows with choline supplementation showed the
improvement of litter performance. A level of 1,000 mg of choline/kg of diet
improved weight gain and prevented fat infiltration of the liver and kidneys in 2 day
old pigs (Neumann et al., 1949). Kornegay and Meacham (1973) reported that sow
fed choline supplemented diet farrowed more total pigs per litter and more weaning
pigs per litter during the fifth and sixth parity. Cast et al. (1977) published that
survival rate of piglets increased due to high level of choline. Supplementation of
260 mg of choline/kg to a diet consisting of 30 % vitamin-free casein, 37 %
glucose, 26.6 % lard, and 2 % sulfathaladine, which contained 0.8 % methionine,
showed prevention of choline deficiency in neonatal pigs (Johnson and James,
1948). However, choline supplementation of diets did not improve piglet survival or
lipid mobilization when 500 ppm supplemental choline was included in the diet
throughout lactation (Seerley et al., 1981). Moreover, a higher level of choline (824
mg/kg) diet did not improve the performance compared a lower level of choline
(412 mg/kg) diet (Stockland and Blaylock, 1974). One possible reason for these
observation can be explained by met the choline requirements of diet for
reproduction in sows (Grandhi and Strain, 1981). In spite of the conflicting results,
previous researches indicated that choline supplementation of sow diets may
increase litter size at weaning, and may keep older sows in the producing swine
farm longer. However, there is still lacking of published data for the effect of
choline on sows which were conducted over the few decades. Recently, genetic
improvement in lean yield and reproductive parameters such as litter size (CCSI,

2007) indicate that the choline effects and requirement for sows should be
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reevaluated.
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