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Reduced weight gain during gestation, which is caused by insufficient energy and protein 

intake, may still allow successful lactation, but results in thinner sows at weaning and 

delayed postweaning estrus (Johnston et al., 1989; Trottier and Johnston, 2001). 

The feed and energy requirements of the pregnant sow will vary with her body 

weight, target body weight gain during pregnancy, and other management and 

environmental parameters. NRC (1998) suggested the daily maintenance energy 

requirement as 106 kcal metabolizable energy (ME)/kg metabolic body size (BW0.75). 

However, in the latest version, it had been corrected to 100 and 110 kcal ME/kg BW0.75 

for gestating and lactating sows, respectively (NRC, 2012). The ME requirement can be 

adjusted by the sow’s activity (i.e. standing time) and environmental temperature.  

The nutrients in the diet should be sufficient not only for the maintenance and 

growth of the sow, but also for conception and for the developing embryo/fetus. NRC 

(1998) recommends that the daily energy requirement for protein accretion is 10.6 kcal 

of ME/g; for fat accretion is 12.5 kcal of ME/g; for the growth of the fetus is 35.8 kcal of 

ME per pig in the litter.  

To calculating the energy requirement for gestating sows using the numbers 

suggested by NRC (1998) is easy to apply. However, this single-phase feeding strategy 

may not be appropriate to support the nutrient needs of pregnant sows since their 

weight gain and fetus growth are not the same throughout the gestation period (Ji et al., 

2005; McPherson et al., 2004). Fetal growth increases dramatically in late gestation with 

60% of growth occurring during the last 30 days of gestation (Pluske et al., 1995; Ma 

2011), which indicates that it may be necessary to increase feed intake during this period 



 

6 
 

to accommodate the increased nutrients required for rapid fetus growth. NRC (2012) 

suggested the partial efficiency of ME used for protein and fat are 0.6 and 0.8, 

respectively. The energy requirement for conceptus (fetus, placenta, and uterus fluids) 

growth (ERc) can be calculated as:  

ERc = 11.72 – 8.62 exp (-0.0138 t + 0.0932 LS);  

where t = the gestation length and LS = expected litter size number (NRC, 2012). 

During late gestation (d 50 to 110), the ME requirement for sows is increased 

from 3 to 12% of total maternal energy intake. This period is also the occurrence of the 

acceleration in fetal weight (Pluske et al., 1995, Ma, 2011, Figure 2.1). In addition, milk 

production is a gradually accumulated process in mammary glands during gestation. 

Since the colostrum and milk are the main sources of energy and passive immunity for 

the neonatal pigs, the quantity and the quality of colostrum and milk are extremely 

important for having healthy piglets.  

 

 
Figure 2.1. Fetal Weight Change during Gestation. (Adapted from Ma, 2011) 
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An optimal feeding strategy, i.e. 2-phase feeding, for pregnant sows should be 

sufficiently flexible to adjust for the nutrient allowance of gilts according to their nutrient 

needs for both maternal and fetal growth (Ji et al., 2005). Cromwell et al. (1989) showed 

that additional feed provided to pregnant sows during the last 3 to 4 week of gestation 

increased pigs birth weight.  

NRC (1998) suggested that the crude protein (CP) requirement in the gestation 

sow’s diet is 12 – 13% based on corn-soybean meal diet, depending on the sow’s weight 

at breeding and/or the expected litter size. The latest NRC (2012) recommended two 

levels of nutrient requirements before and after 90 days of gestation.  

 

2.1.2. Nutrient requirement during lactation 

 After parturition, sow feed intake is even more important than it is during 

gestation which is because the feed intake not only directly affects the growth and 

development of the neonatal piglets via the milk produced but also influences the 

reproductive efficiency of the sow in the next parity. Sows with sufficient nutrient intake 

impact the nutrient composition in the milk that subsequently affects the piglets’ growth 

and health (Trottier and Johnston, 2001). On the other hand, insufficient nutrient intake 

will compromise the sow’s body composition, hence it takes time for the sow to recover 

and return to service after weaning. Koketsu et al. (1996) has shown that sows with 

either low feed intake throughout lactation or low feed intake at various times during 

lactation are more likely to have lower litter size at weaning and a longer period before 

the next estrus.  
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The daily energy needs during lactation include a requirement for maintenance of 

the sow and for milk production. The energy requirement for milk production can be 

estimated from the growth rate of the suckling pig and the number of pigs in the litter. 

The equation of estimated milk gross energy (GE) is derived from NRC (2012) as  

Milk GE (kcal) per day = (4.92 × ADGl) - (90 ×LS); 

Where ADGl = average daily gain of the litter (g), and LS = numbers of pigs per litter. 

Many studies have found that the survival rate of a heavier piglet at birth is higher 

than that of a lighter piglet (Smith et al., 2007; Tokach et al., 1992; Hall et al., 1987). The 

heavier piglet at birth is also heavier at weaning (Smith et al., 2007; Tokach et al., 1992). 

Furthermore, it has been studied that the weaning weight of a pig affects its growth rate 

during the growth-finishing period and its carcass characteristic (Gondret et al., 2005; 

Gondret et al., 2006; Wolter and Ellis, 2001). Similarly, a young, fast growing pig will also 

tend to be a healthy piglet because its immune system is promoted by rapid growth 

(Gadd, 2003). The good immune status reduces the possibility of being attacked by the 

pathogens and subsequently helps this fast growing piglet to be a fast growing nursery, 

and then finisher pig. 

Having heavier and healthier piglets costs the producer less money to feed and 

house as the pigs reach market weight earlier than lighter pigs. It also increases the profit 

from larger litter size and lower mortality of the piglets. Therefore, the nutrition for sows 

during gestation and lactation becomes an important issue for the swine nutritionist. 
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2.2. Nutrition of piglets during suckling and nursery and the effect on their further 

growth performance. 

2.2.1. Nutrition for neonatal piglets 

Major body constituents which potentially are used as energy-yielding substrates 

for new born piglets are protein, glycogen, and fats (Le Dividich et al., 2005). At birth, 

neonatal piglets have really low energy reserves in the body, including 1-2% fat, 8-25% 

liver glycogen, and approximately 12% protein (Pluske et al., 1995; Le Dividich et al., 

1991; Elliot and Lodge, 1977). However, due to the dramatically and rapidly depleted 

glycogen reserve within 12 hours post-partum (Elliot and Lodge, 1997), a varying low rate 

of protein catabolism and a low amount of body fat content, colostrum becomes the 

major energy source for neonatal piglets. 

 

 
Figure 2.2. A composite illustration of digestive enzymes development (developed 
from Manners et al., 1972; Veum and Odle, 2001; and Lindemann et al., 1986) 
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Many digestive enzymes are present at birth (Figure 2.2). The major energy 

source for neonates in colostrum is fat and lactose that 59% of fat and 100% of lactose 

are digested (Le Dividich et al., 1994). Lactose concentration in the colostrum is 3.4%, 

while its concentration in milk is 5.3% (Darragh and Moughan, 1998; Klobasa et al., 1987; 

Trottier and Johnston, 2001). Hydrolyzed lactose yields glucose and galactose which are 

readily absorbed into the piglet’s blood and are either metabolized directly, or used to be 

stored in the liver and muscle as glycogen (Darragh and Monghan, 1998). Lactase 

activities are high at birth, reaching a maximum at 1 week before declining to 6 or 8 

weeks of age; maltase activity, the enzyme used for a starch based diet from cereals, is 

low in intestinal mucosa at birth, but increases gradually from birth to 6 or 8 weeks of 

age; also sucrase activity is not found at birth, but is present by 1 week of age (Veum and 

Odle, 2001). 

The fat content in sow colostrum and milk are 5.9% and 7.9%, respectively 

(Darragh and Moughan, 1998; Klobasa et al., 1987; Trottier and Johnston, 2001). 

Pancreatic lipase activities are high at birth, drop transiently with the onset of suckling 

and weaning, and then increase with age (Lindemann et al., 1986; Veum and Odle, 2001). 

The high level of lipase and lactase helps neonates digest fat and lactose in colostrum 

faster, thereby helping them to utilize the energy for growth, activity, and heat 



 

11 
 

production. 

The quantity and quality of colostrum is influenced by sow genotype, parity, 

endocrine status, nutrition, environment, litter characteristics, or a combination of these 

factors (Farmer and Quesnel, 2009). On average, the content of fat, protein, and lactose 

in colostrum is 5.9%, 15.1%, and 3.4%, respectively; the content of fat, protein, and 

lactose in milk is 7.6%, 5.5%, and 5.3%, respectively (Darragh and Moughan, 1998; 

Klobasa et al., 1987; Trottier and Johnston, 2001).  

Proteins are the predominant components of total solids in the colostrum (Table 

2.1). There are 2 groups of proteins in colostrum and milk, including caseins and whey 

proteins. Casein is the main source of dietary essential amino acids; it also works as the 

carrier of calcium which helps the absorption of calcium. Colostrum energy and nitrogen 

are very efficiently utilized by the neonates, where the efficiency of ME utilization for 

protein and fat synthesis and of glycogen degradation is approximately 0.91 (Le Dividich 

et al., 1994). Conversely, whey proteins include blood serum albumin, α-lactoalbumin, β-

lactoglobulin, Immunoglobulin G (IgG), Immunoglobulin A (IgA), Immunoglobulin M 

(IgM), lactoferrin, and other minor proteins.  

 

 



 

12 
 

Table 2.1 Protein content in colostrum and in milk (adapted from Darragh and Moughan, 
1998). 
 Colostrum1 Milk2 
Total Protein, g/100g milk 15.14 5.47 
Casein, g/100g milk 1.48 2.74 
Whey Protein, g/100g milk 14.75 2.22 

IgG, mg/mL milk3 95.6 0.9 
IgA, mg/mL milk3 21.2 5.3 
IgM, mg/mL milk3 9.1 1.4 

1 Taken immediately postpartum. 
2 Classified as milk samples collected between 14 and 21 days postpartum. 
3 The total Ig in colostrum is 125 mg/mL which is equivalent to 12.5 g/100mL. 

 

Colostrum has a high concentration of total solids and protein but only low levels 

of fat and lactose. At the same time, the low proteolytic activity in the gastrointestinal 

tract of the neonatal piglets as well as the protease inhibitor in the colostrum allows the 

newborn piglet to ingest colostrum contents (Pluske et al., 1995; Le Dividich et al., 2005). 

Moreover, prenatally formed epithelial vesicles from the proximal and mid jejunum 

allows macromolecular absorption, e.g. immunoglobulins, and that they were activated 

as colostrum passed through the intestinal tube until the gut closure around day 2 of life 

(Elbrønd and Weström, 2007). 

The majority of proteins in colostrum are whey proteins (14.75% of total 

colostrum; Darragh and Monghan, 1998), but the percentage of protein dramatically 

decreases within 24 hours post-partum (Klobasa et al., 1987). In milk, the proportion of 

casein and whey proteins to milk are similar (2.74 % and 2.22 %, respectively; Darragh 



 

13 
 

and Monghan, 1998). 

Although most components of the immune system of the piglet are present at 

birth, it takes several weeks of life to become functionally developed. Furthermore, 

immune responses are not provoked in the fetal pigs, and placental transfer of immune 

antibodies is almost zero in the pig (Pond, 1973). Thus, the neonatal pigs are considered 

as immunological naïve and maternal immunoglobulins need to be provided for passive 

immune protection until the piglets are able to synthesize adequate amounts of 

antibodies (Le Dividich et al., 2005). Due to the low activities of the gastric and pancreatic 

proteolytic enzymes in neonatal pigs at birth, protease inhibitors in colostrum, and the 

loose alignment of the intestinal epithelial cells, piglets are able to absorb intact 

immunoglobulin (Ig) directly into their blood stream (Le Dividich et al., 200; Elbrønd and 

Weström, 2007). 

IgG is the predominant immunoglobulin in the colostrum (76% of total 

immunoglobulin), but its concentration in milk rapidly declines during the first 24 hours 

after parturition (approximately 85% of reduction; Klobasa et al., 1987). The 

concentration of IgA and IgM also declines with time, but the reduction is not as 

pronounced as in IgG. Thus, IgA becomes the dominant immunoglobulin in mature milk. 

Darragh and Moughan (1998) stated that the shift of the immunoglobulin level reflects 
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the changing needs of the piglet, as absorption of whole protein gives way to the 

maintenance of localized immune protection within the gut.  

In addition to the immunoglobulin, there are some other cells in colostrum and 

milk that help provide protection against infection in mammary glands and piglets’ 

gastrointestinal tract, including neutrophils, lymphocytes, macrophages, and epithelial 

cells (Darragh and Monghan, 1998). Leukocytes in colostrum are absorbed intracellular in 

the upper small intestine, enter the lymphatic vessels, and are transported to the 

mesenteric lymph nodes, which then stimulate the development of cellular immunity of 

the neonates (Blecha, 1998). Several cytokines including interleukin (IL)-1, IL-6, tumor 

necrosis factor-α (TNF-α), and interferon-γ (IFN-γ) also have been found in colostrum, 

which also confirmed that colostrum plays an immunostimulatory role to the neonates 

(Blecha, 1998).  

The energy and immunoglobulins in colostrum not only helps piglet growth and 

defense against disease, but also aids the development of the gastrointestinal tract and 

regulation of blood glucose of piglets (Devillers et al., 2004). Colostrum and milk contain 

high levels of growth factors that accelerate proliferation and maturation of the gut in 

neonatal animals (Kelly and King, 2001). For instance, epidermal growth factor (EGF) and 

insulin-like growth factor-1 (IGF-1) both contribute to neonatal gastrointestinal 
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development (Blecha, 1998; Odle et al., 1996). It has been found that EGF and IGF-1 

stimulate the activity of the digestive enzymes in the neonatal piglet’s intestine and 

increase villus length (reviewed by Odle et al., 1996). Kingsnorth et al. (1990; cited by 

Odle et al., 1996) suggest that supply EGF to 20-kg pig diet may aid in the recovery of 

devastated gastric and intestinal tissues. 

 

2.2.2. Nutrition for weaning piglets 

Piglets are usually weaned between 16 and 18 weeks of age in the semi-natural 

environment (Jensen and Recén, 1989). However, in a practical farm system, piglets are 

weaned between the age of 2 to 6 weeks which is prior to their digestive and immune 

systems being fully developed (Bailey et al., 2005). Regardless of the age of weaning, the 

various stressors, including physical stress (i.e. separation from dam, movement to new 

environment, regrouping with new pen mates, and building new social orders) and 

nutritional stress (i.e. feed type changing from liquid sow milk to solid feed), cause the 

reduction of growth performance and immunocompetence during this period (Blecha 

and Kelley, 1981). 
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Moreover, the removal of the growth factors from milk and the stress during 

weaning causes a change of the intestine morphology. Villous atrophy and crypt 

hyperplasia are believed to be a result of stress, but there is evidence that it is more 

closely related to the reduction of feed intake over the weaning transition (Kelly and 

King, 2001, Spreeuwenberg et al., 2001). Yet the low feed intake is also an effect caused 

by stress. It was observed that some newly weaned pigs may take 3 minutes to consume 

their first meal, but still some others may take even longer (up to 56 hours) to discover 

the food (Brooks et al., 2001). The morphological change as well as the decreased 

digestive enzyme activity influences the digestive and absorptive capacity and may lead 

to malabsorption, dehydration, enteric infection, and diarrhea. 

Improving feed intake during the immediate post-weaning period is very 

important for the development of the small intestine and subsequent growth 

performance (Pluske et al., 1995; McCracken et al., 1999). There are marked changes to 

the structure and function of the small intestine that happen within 24 hours of weaning, 

and generally comprise a decrease in villi height and an increase in crypt depth as well as 

reductions in the specific activity of the digestive enzymes, such as lactase and sucrase 

and a reduced absorptive capacity (Pluske et al., 1995). Epithelial cells need energy to 

maintain gut integrity. Glutamine is considered as the fuel for enterocytes and provides 
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as amine group to support their metabolism as well as the structure and the function of 

the small intestine (Pluske et al., 1997). The effect of post-weaning low feed intake on 

small-intestinal architecture might be ameliorated by providing adequate energy for the 

epithelial cells (Vente-Spreeuwenberg et al., 2003). 

It has been reported that high weaning weight usually leads to a rapid and 

healthy growth after weaning and all the way through to slaughter (Wolter and Ellis, 

2001). The post-weaning challenges cause the deterioration of health and growth which 

increases costs in the industry, including a longer feeding period before reaching market 

weight, less turnover rate of the facility, and possible requirements for specific nutrient 

supplements for weaker pigs. Therefore, the most important mission for the nutritionist 

to deal with the post-weaning growth check is to reduce the stress during the weaning 

transition and, thereby, to improve growth and immunity. 

The nutrients used as energy sources in animal feed are carbohydrates and fats. 

According to NRC (1998), the energy level in the diet for pigs weighing 3 to 20 kg should 

exceed 3,265 kcal/kg of metabolizable energy (ME). McNutt and Ewan (1984) estimate 

that the ME requirement for maintenance for the 4-week-old weaned pig is 115 

kcal/day/kg0.75. The latest version of NRC (2012) suggested the ME intake of pigs under 

20 kg of body weight (BW) should be calculated as: 
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ME intake (kcal/day) = -783.5 + 315.9 x BW – 5.7685 x BW2 

However, feed intake is usually low in the first days after weaning due to the 

unfamiliarity of the pig to the feed type and other stresses. This indicates that the energy 

intake is not sufficient. A high energy-content-diet may increase energy intake only if the 

right energy source is chosen. Fat utilization is inefficient at weaning because of the low 

lipase activity during this period (Lindemann et al., 1986; Maxwell and Carter, 2001). The 

energy sources for optimal utilization in newly weaned pigs are lactose, glucose, or 

sucrose, in dried whey or dried skim milk (Maxwell and Carter, 2001; Owsley et al., 1986).  

Proteins are complex components that form from various combinations of amino 

acids and/or other compounds, i.e. carbohydrates or lipids. Amino acids are the basic 

structure for body tissues, including muscles, skin, connective tissue, nerves, and organs. 

Amino acids are classified by their essentiality to the dietary protein requirement. The 

non-essential amino acids are those that can be synthesized by the animal itself while the 

essential amino acids have to be provided in the diet. To attain optimal growth, the 

dietary amino acid content must be balanced. 

Lysine has been considered the limiting amino acid in the porcine diet. Many 

studies indicate that pigs which are fed higher lysine levels than that recommended by 

NRC (1998) have a higher growth rate and improved feed efficiency (Maxwell and Carter, 
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2001). Under the concept of ideal protein, suggested by Fuller and Wang (1990), Chung 

and Baker (1992), and Cole and Van Lunen (1994), the amino acid requirements are 

presented as a ratio to lysine. NRC (2012) suggested that standardized ileal digestibility 

(SID) lysine requirements for pigs less than 20kg of BW can be calculated as: 

SID lysine requirements (% of diet) = 1.871- 0.22 x ln(BW) 

Vitamins and minerals are also important for growth of tissue and maintaining or 

aiding the regulation of the body. Ca and P are the major components of the skeleton 

while vitamin D is involved in the regulation of Ca and P absorption and accumulation in 

bones. Ca is quite low in cereal grains and most plant protein ingredients, thus most Ca is 

supplied by inorganic sources. In contrast to Ca, most cereal grains and most plant 

protein ingredients contain sufficient levels of P, but it is stored as a phytic phosphate 

which is almost indigestible by pigs. Moreover, phytate has the potential to form 

insoluble salts with Ca, Fe, Zn, Mn, and Cu (Shelton et al., 2004), which may decrease the 

availability of these minerals. Therefore, the needs of P and these minerals have to be 

added in an inorganic source in the same way as Ca.  

The requirements for standardized total tract digestible (STTD) P are related to 

BW and can be calculated as STTD P requirements (% of diet) = 0.6418 - 0.1083 x ln(BW) 

(NRC, 2012). In addition, NRC (2012) suggested that the ratio between total Ca and STTD 
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during late gestation and throughout lactation on reproductive performance, milk 

composition, and piglet growth during suckling; 2) to evaluate the effect of dietary 

nucleotide supplementation in the nursery diets on the growth performance and the 

intestinal morphology of the weaning pigs; and 3) to evaluate the immune responses of 

the weaning pigs when challenged with lipopolysaccharide (LPS) or ovalbumin (OVA) in 

the clean environment. 

 

3.2 Experimental procedures 

 This experiment was carried out in environmentally controlled rooms at the 

research farm of the University of Kentucky. The experiment was conducted under 

protocols approved by the Institutional Animal Care and Use Committee of the University 

of Kentucky. 

 

3.2.1. The Sow study 

Animal and dietary treatments 

A total of 37 gestating sows (Yorkshire, Landrace × Yorkshire, or Landrace × 

Yorkshire × Duroc) with an average parity of 3.57 ± 1.98 from two farrowing groups were 

randomly assigned to 2 dietary treatments, including 1) a corn-soybean meal control diet 

that met NRC [1998] nutrient requirement estimates or 2) the control diet with 0.5% 

soybean meal in gestation diet and 1.0% soybean meal in lactation diet replaced by 

NuPro® (NT; Alltech Inc.). NuPro®, a protein source derived from yeast cell contents, is 

rich in inositol glutamate and nucleotides, and contains about 44% CP and 6% total 

nucleic acids. 
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Sows were allotted to treatment based on breed, parity, and breeding weight and 

were housed in individual partially slatted gestation stalls (0.61 m x 2.13 m) with the rear 

0.66 m slatted with concrete slats. Individual floor feeding at a level of 1.82 kg/d was 

maintained throughout gestation and water was available from water nipples on an ad 

libitum basis. The experiment started about 14 or 28 days before the expected farrowing 

date, approximately day 101 or d 87 of gestation (see appendix I for more detail for the 2 

farrowing groups).  

On approximately d 108 of gestation, sows were moved to a temperature-

regulated farrowing facility and placed in farrowing stalls (0.61 m x 2.13 m) with plastic-

coated welded wire flooring. Lactation diets were then fed on an ad libitum basis until 

farrowing. Sows were provided 3.2 kg of lactation diet on the day of farrowing, and then 

increased 0.9 kg per day until the sow started leaving feed in the feeder. On the day of 

weaning, approximately d 20 of lactation, sows were returned to the breeding facility for 

detection of estrous and rebreeding. Gestation room temperature and 

farrowing/lactation room temperature and humidity were recorded daily. 
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Experimental diets    

The diets were based primarily on corn and soybean meal and were calculated to 

contain 3,390 kcal/g ME, 12.68 % CP, and 0.59% lysine for the gestation diet and 3,429 

kcal/g ME, 18.35 % CP, and 0.99% lysine for the lactation diet (Table 3.1). Minerals and 

vitamins were added to meet or exceed NRC (1998) nutrient requirement estimates. The 

treatment diets were made by adding 0.5% of the nucleotide product to the basal diet at 

the expense of soybean meal in the gestation diet or adding 1.0% the nucleotide product 

for soybean meal in the lactation diet.  

 

Table 3.1. Percentage composition of the basal diet for sows (as-fed basis) 
 Gestation Lactation 
Ingredient % % 

Corn 82.31 66.60 
Soybean meal, 48% CP 12.31 27.00 
Choice white grease 2.00 3.00 
Dicalcium phosphate 1.60 1.60 
Limestone 0.95 0.95 
Salt 0.50 0.50 
Mineral mix1 0.05 0.05 
Vitamin mix2 0.10 0.10 
Choline chloride – 60% 0.15 0.15 
Chromax3 0.05 0.05 

Calculated nutrient composition  
ME, kcal/g   3,390 3,429 
CP, %   12.68 18.35 
Lysine, %    0.59  0.99 
Calcium, %    0.76  0.80 
Phosphorus, %    0.61  0.67 

1 Provided (per kg of final diet): 100 mg Zn (ZnO); 80 mg Fe (FeSO4 * H2O); 8 mg Cu (CuSO4 * 5H2O); 30 
mg Mn (MnO); 1 mg I (CaI2), 0.2 mg Se (Na2SeO3), 13.2 mg Ca (CaCO3). 

2 Provided (per kg of final diet): 6,600 IU of vitamin A, 880 IU of vitamin D3, 44 IU of vitamin E, 6.6 
mg of vitamin K (as menadione sodiumbBifulfite complex), 8.8 mg of riboflavin, 22 mg of d-
pantothenic acid (as calcium pantothenate), 44 mg of niacin, 4.4 mg of vitamin B6 (as pyridoxine 
hydrochloride), 33 μg of vitamin B12, 220 μg of d-biotin, and 1,320 μg of folic acid. 

3 Chromax (Prince Agri Products, Inc., Quincy, IL) provided 200 ppb Cr as chromium tripicolinate. 
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Data and sample collection 

Sow feed consumption during lactation was recorded daily. Sows weight were 

obtained on the breeding day, pre-feeding (gestation d 101–102 for the first farrowing 

group and d 86-88 for the second farrowing group), pre-farrowing (gestation d 108-110), 

within 24 h post-farrowing, and at weaning. The number of pigs born (alive and dead) 

and the birth weight of each pig were recorded within 24 h of farrowing. In addition, pigs 

received ear-notches, clipping of needle teeth, and injection with 100 mg Fe as Fe 

dextran on the same day. Some of the piglets were cross-fostered to other litters within 

sow treatment within 3 days after birth to balance the litter size. No transferred piglet 

died during the experiment. Creep feed was not offered, but access to the sow’s feed was 

not restricted. Individual pig weaning weights were also recorded. 

Colostrum samples were collected within 24 h after farrowing. Milk samples were 

collected to represent early lactation (d 4-6 of lactation) and late lactation (d 15-17 of 

lactation) respectively. Oxytocin (1 mL) was administered IM in the neck and shoulder 

area post farrowing, and no further oxytocin was applied before collecting colostrum. 

Colostrum was hand-expressed from the third and fourth functional teats of both sides 

for a total collection of approximately 100 mL of the volume. A 1-mL oxytocin (20 USP) 

injection was administered in the ear vein to facilitate collection of the milk samples. Milk 

was hand-expressed from the third and fourth functional teats of the right side udders. 

All milk was drained out to avoid the difference in the milk due to different milking 

periods.  
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Colostrum and milk samples were centrifuged at 9,950 × g at 4 °C for 20 and 10 

min, respectively, to separate fat from skim milk. After the fat layer was removed and 

discarded, the skimmed colostrum and milk samples were centrifuged at 39,800 × g at 4 

°C for 45 and 20 min, respectively, to separate the whey fraction. Whey fractions from 

colostrum and milk samples were stored at –20°C before use for immunological analysis. 

 

3.2.2. The Nursery Study 

Animals and dietary treatments 

A total of 64 weaned piglets from sows on each treatment in the first farrowing 

group of the sow study were assigned to 2 diets within the litters, including 1) a control 

diet that met NRC [1998] nutrient requirements estimates of weaning pigs and 2) the 

control diet with the Nucleotide (NT) product [replaced 3.0% for Phase 1 and 2.5% for 

Phase 2 diets of soybean meal]. As each litter was weaned, equal numbers of barrows 

and gilts were assigned to each nursery diet (extra pigs were not used in the nursery 

experiment). This resulted in a 2 × 2 factorial arrangement with the experimental 

treatments as: 1) control sow diet with control nursery diet, 2) control sow diet with NT 

nursery diet, 3) NT sow diet with control nursery diet, and 4) NT sow diet with NT nursery 

diet. Each treatment was replicated with 4 pens of weaning pigs housed in a 1.2 m × 1.2 

m raised wire floor pen equipped with a 3-hole, plastic feeder and a nipple waterer. The 

average weaning weight of all piglets was 6.81 ± 0.96 kg. 
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Another group of 64 weaned piglets from sows not included in the previous sow 

nucleotide experiments was also used in the nursery study and randomly assigned to one 

of the two dietary treatments. The average weaning weight of these piglets was 6.40 ± 

1.08 kg. Each treatment was replicated with 8 pens of weaning pigs and 4 pigs per pen 

housed in a 1.2 m × 1.2 m raised wire floor pen equipped with a 4-hole, stainless steel 

feeder and a nipple waterer. Animals were allowed ad libitum access to feed and water. 

The room temperature was adjusted weekly to maintain it within the thermoneutral zone 

of the piglets. 

Another group of 48 weaned piglets from the second farrowing group sows was 

selected for the third nursery study consisting of 4 pigs per pen with 2 males and 2 

females. The average weaning weight of these piglets was 7.05 ± 0.99 kg. In this study, 

piglets from control sows were split into 2 dietary treatments, including Control or NT 

nursery diet. Meanwhile, the piglets from NT sows were only assigned for NT nursery 

diets, which resulted in a total of 3 nursery treatments including 1) Control sow x Control 

nursery; 2) Control sow x NT nursery; and 3) NT sow x NT nursery. Each treatment was 

replicated with 4 pens of weaning pigs housed in a 1.2 m × 1.2 m raised wire floor pen 

equipped with a 3-hole, plastic feeder and a nipple waterer. 

 

Experimental diets   

The nursery diets were based primarily on corn and soybean meal and were 

calculated to contain 3,401 kcal/g ME, 21.77 % CP, and 1.35 % lysine for the Phase 1 diet; 

3,402 kcal/g ME, 20.33 % CP, and 1.16% lysine for the Phase 2 diet; and 3,376 kcal/g ME, 
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19.00% CP, and 1.02 % lysine for the Phase 3 diet (Table 3.2). The Phase 3 diets were used 

only in the third nursery study when pigs were challenged with ovalbumin. Minerals and 

vitamins were added to the diets to meet or exceed the NRC (1998) requirement 

estimates. 

 

Table 3.2. Percentage composition of the basal diet for nursery pigs (as-fed basis) 

 
D 0 – 14 

(Phase 1) 
D 14 – 28 
(Phase 2) 

D 29 – 42  
(Phase 3) 

Ingredient % % % 
Corn 49.10 57.74 68.71 
Soybean meal, 48% CP 28.00 28.00 28.00 
Dried whey 10.00 8.00 0.00 
Spray dried plasma protein 1.50 0.00 0.00 
Fish meal 3.00 2.00 0.00 
Lactose 4.00 0.00 0.00 
Choice white grease 2.00 2.00 1.00 
L-Lysine 0.05 0.00 0.00 
Methionine 0.10 0.02 0.00 
Dicalcium phosphate 0.90 0.90 0.90 
Limestone 0.75 0.75 0.80 
Salt 0.40 0.40 0.40 
Mineral mix1 0.08 0.08 0.08 
Vitamin mix2 0.10 0.10 0.10 
Santoquin3 0.02 0.02 0.02 

Calculated nutrient composition 
ME, kcal/g   3,401 3,402 3,376 
CP, %   21.77 20.33 19.00 
Lysine, %   1.35 1.16 1.02 
Methionine, %   0.45 0.36 0.30 
Tryptophan, %   0.27 0.24 0.22 
Calcium, %   0.81 0.74 0.60 
Phosphorus, %   0.68 0.64 0.55 

1 Provided (per kg of final diet): 160 mg Zn (ZnO); 128 mg Fe (FeSO4 * H2O); 12.8 mg Cu (CuSO4 * 5H2O); 
48 mg Mn (MnO); 1.6 mg I (CaI2), 0.32 mg Se (Na2SeO3), 11.6 mg Ca (CaCO3). 

2 Provided (per kg of final diet): 6,600 IU of vitamin A, 880 IU of vitamin D3, 44 IU of vitamin E, 6.6 mg of 
vitamin K (as Menadione Sodium Bifulfite Complex), 8.8 mg of riboflavin, 22 mg of d-pantothenic acid 
(as calcium pantothenate), 44 mg of niacin, 4.4 mg of vitamin B6 (as pyridoxine hydrochloride), 33 μg 
of vitamin B12, 220 μg of d-biotin, and 1.32 mg of folic acid. 

3 Supplied 130 mg ethoxyquin per kg of basal diet. 
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Data and sample collection 

In the first nursery study, body weight and feed disappearance were recorded 

weekly through the fourth week. The experiment included Phase 1 (week 1-2) and Phase 

2 (week 3–4). Two males and two females from each treatment of the sow NT study (totally 

8 piglets) that were not selected for the nursery study were sacrificed on the day of 

weaning as the baseline for morphology analysis. One barrow or gilt in each pen (totally 

16 piglets, balanced gender within treatments) whose body weight was closest to its pen 

mean was sacrificed on d 7 of the nursery phase for obtaining intestine samples. At the 

end of the nursery (28 d post-weaning), one barrow and one gilt from each pen was 

sacrificed for intestine samples. 

The entire small intestine was cut and stretched out. Approximately 2 cm of 

duodenum (15~20 cm from pyloric end) and jejunum (mid-point of the whole intestine) 

segments were obtained from each pig. These segments were rinsed and the contents 

were washed out gently with PBS. After being washed, the segments were placed in a 

bottle filled with 10% formalin and stored at room temperature for at least 24 h to be fixed 

and stored until further processes for morphology analysis.  

Body weight and feed disappearance of the second nursery group were also 

recorded weekly through the fourth week. After 4 weeks of growth performance 

evaluation, 1 barrow and 1 gilt were selected from each pen of the 16 pens for continuance 

with assessment of immunocompetence. For the purposes of immunocompetence 

assessment, each pig received an intraperitoneal injection of 5 mL phosphate buffered 

saline (PBS) or LPS (50 μg/kg body weight) suspended in PBS. The pigs were fasted for a 
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12 h period prior to the LPS and PBS injections to prevent vomiting and for a better 

estimate of feed intake in response to the injections.  

The pigs were suspended by the hind legs and injected in the peritoneal cavity three 

nipples down from the caudal end almost lateral to the umbilical region on the left side of 

the pig. Starting at 0600 h, a pen consisting of two pigs was injected every 15 min until the 

completion of all four pens within the block. 

The LPS solution (serotype O111:B4; L-2630; Sigma, St. Louis, MO) was prepared 

using sanitized PBS solution (P-4417; Sigma, St. Louis, MO) to make 0.5 mg/mL solution. 

After the solution was made, it was stored at 4 °C for use the next day. Pigs were weighted 

before injection to determine the volume of LPS solution to deliver 50 μg/kg body weight 

in PBS filled up to a final volume of 5 mL. The 4 immune treatments were: 1) control diet 

pigs with PBS injection; 2) control diet pigs with LPS injection; 3) NT pigs with PBS injection; 

and 4) NT pigs with LPS injection.  

For immunocompetence, body weight, feed disappearance, rectal temperature, 

and respiration rate were measured before injection and every 2 hr after injection for 12 

hr. Body weight and feed intake continued to be measured every 24 hr until 1 week post 

injection. Blood samples were taken before injection and at 2, 4, 8, and 12 hr after injection 

via the jugular vein from pigs held in a V-trough. The blood samples were then centrifuged 

at 1390 x g at 4 °C for 20 min to obtain serum. These samples were stored at -20 °C until 

analysis of serum interlukin-6 (IL-6; a cytokine that stimulates immune response during 

infection) and tumor necrosis factor (TNF-α; a cytokine that is sometimes involved in the 

fever response).  
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In the third nursery study, body weight and feed consumption were also recorded 

weekly. On the day of weaning, the heavier male in Replicate 1 and 4 and the heavier 

female in Replicate 2 and 3 were bled after weighed to obtain the blood samples as the 

baseline reference. Started from the d7 post-weaning, all pigs were bleed weekly via 

jugular vein to collect approximately 10 mL of blood after weighed. On d7 post-weaning, 

pigs were injected i.m. with 2 mL of the ovalbumin (OVA) solution; 1 mL was injected into 

each semitendinosus muscle after bleeding as the first challenge. The OVA solution was 

prepared as 4 mg of ovalbumin suspended in 2mL of a 1:1(vol/vol) solution of PBS and 

Freunds’ incomplete adjuvant. The second OVA challenge was injected on d 21 post-

weaning after blood samples were collected. The serum samples were obtained by 

centrifuging the blood samples at 1,500 x g for 20 min at 4 °C and stored at -20 °C prior to 

immunological analysis. 

 

3.2.3. Laboratory analysis 

Approximately 50 mL of milk samples were stored as raw milk at – 20 °C before 

compositional analysis. The raw milk samples were thawed and delivered to the milk 

laboratory of the Division of Regulatory Services, University of Kentucky to analyze milk 

protein, fat, and lactose. The gross energy content of the complete milk was calculated 

from the concentration of protein, fat, and lactose, which contribute 16.4 kJ/g, 38.9 kJ/g, 

and 23.8 kJ/g respectively (Ramanau et al., 2004). 

Whey samples from colostrum and milks were sent to Venture Laboratories Inc. to 

analyze total immunoglobulin A (IgA), total IgG, and total IgM concentrations. Serum 
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samples obtained from the LPS/PBS challenged study were also sent to Venture 

Laboratories Inc. for TNF-α and IL-6 concentration analysis. Serum samples obtained from 

the OVA challenged study were sent to Venture Laboratories Inc. for analyzing OVA-specific 

IgA, IgG, and IgM concentrations. 

The intestine samples fixed in 10% formalin solution were processed under several 

steps, including dehydration, cleaning, and infiltration. Once the sample had gone through 

the processing, it was then embedded in paraffin wax so it could be stored indefinitely at 

room temperature. The embedded samples were then trimmed into very thin slices and 

mounted on a slide. Each sample was prepared with at least 4 slices on a slide and 3 slides. 

One of the prepared slides was continual for the staining step and the other two slides 

were stored as backup. Samples were stained using the alcian blue periodic acid Schiff (PAS) 

method (Prophet et al., 1994). Details of the processes are described in Appendix II. Ten 

fully structured villi and their adjacent crypts of each sample slide were randomly selected 

to measure villi height, crypt depth, goblet cell counts, and goblet cell density. The average 

of these 10 measurements of each criteria represent the measurement of this sample.   

   

3.2.4. Statistical analysis 

  All data were analyzed by ANOVA in a completely randomized design with pen as 

the experimental unit. Analysis of variance was performed using the GLM procedure of SAS 

(SAS Inst. Inc., Cary, NC). The model used for the sow experiment was:  

Y = k + ti + ei;  

In this equation, the parameters represent:  
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Y = response variables 

k = a constant 

ti = the treatment effect 

ei = error term of the model 

In addition, the model for evaluation of the two main effect (sow and nursery) and 

interaction within nursery study was as follows: 

Yij = k + αi + βj + (αβ)ij + eij; 

In this equation, the parameters represent:  

Y = responses variables 

k = a constant 

αi = the sow effect 

βj = the nursery effect 

(αβ)ij = the interaction of sow and nursery effect 

ei = error term of the model 

For the LPS challenge study, the data were analyzed with the GLM procedure of SAS 

for the two main effects (dietary treatments and challenge) and the interaction. It was also 

analyzed using the Mixed procedure of SAS to examine the effect of repeated 

measurements.  
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3.3. Results 

3.3.1. Sow performances 

The effects of supplying nucleotides to sow diets during late gestation and 

throughout lactation on their reproductive performance are shown in Table 3.3. In this 

study, there was no significant difference observed between treatments, including litter 

size, litter weight, and mortality at birth and at weaning. Individual piglet weight was not 

different between treatments at birth (P > 0.42), but piglets in the NT group were 

numerically smaller than those in control group (6.07 vs. 6.53 kg, P = 0.13) at weaning. 

The daily growth of the NT group during the suckling period was also numerically smaller 

than the control group (225 vs. 239 g/d, P = 0.23). These may be due to the slightly larger 

litter size in the NT group (P > 0.40).  

There was no difference between treatments in the colostrum and milk 

composition, including the concentration of fat, protein, lactose, and calculated gross 

energy (Table 3.4). No significant effect of NT on colostrum and milk immunoglobulin 

concentration was detected when it was supplied to the sow diet during late gestation 

and throughout lactation except IgM in late lactation milk (Table 3.5). IgM level in late 

lactation milk was numerically lower in the NT group (2.30 vs. 3.21 mg/mL, P = 0.10) 

compared to that in control group.  
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Table 3.7. Effects of dietary nucleotide supplementation on growth performance of 
weaned pigs1,2 (piglets from sows with no Nucleotide supplementation).  
Treatments   Control  NT  RMSE3  P-value 
Body weight ,kg        
 Week 0  6.65  6.66  0.82  0.98 

 Week 1  7.95  8.13  0.84  0.61 
 Week 2   10.61  10.84  1.16  0.64 
 Week 3  14.15  14.34  1.76  0.79 
 Week 4  18.90  19.04  1.89  0.85 

Average daily gain, g       
 Week 1  186.35  210.55  50.17  0.25 
 Week 2   381.02  387.45  71.67  0.83 
 Week 3  505.39  500.85  99.11  0.91 
 Week 4  678.51  671.33  43.15  0.69 
 Phase 1  283.50  299.00  48.22  0.44 
 Phase 2  592.33  586.28  61.19  0.81 
 total   436.97  442.64  52.31  0.79 

Average daily feed intake, g     
 Week 1  247.55  252.16  52.55  0.83 
 Week 2   588.77  594.86  111.19  0.89 
 Week 3  842.15  846.91  145.33  0.94 
 Week 4  1059.80  1062.86  119.69  0.95 
 Phase 1  410.21  417.54  122.26  0.82 
 Phase 2  951.16  955.24  126.78  0.94 
 total   684.48  689.25  95.87  0.90 

Feed/gain ratio        
 Week 1  1.45  1.22  0.41  0.18 
 Week 2   1.58  1.53  0.21  0.52 
 Week 3  1.69  1.69  0.11  0.89 
 Week 4  1.57  1.58  0.15  0.84 
 Phase 1  1.48  1.39  0.19  0.27 
 Phase 2  1.61  1.62  0.10  0.70 

  total    1.57   1.55   0.10   0.66 
1 Phase 1 is week 1 and 2; Phase 2 is week 3 and 4. 
2 N = 12 for each treatment. 
3 RMSE: Root mean square error, when divided by the square root of the number of observations provides 
the standard error associated with each mean. 
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3.3.3. Intestinal morphology 

The results of the intestinal morphology assessment are shown in Table 3.8. Sow 

treatments had no effect on the intestine villi height, crypt depth, villi height/crypt depth 

ratio, or goblet cell density at weaning, 7 days post-weaning, and 28 days post-weaning 

except the goblet cell density of the duodenum at 28d post weaning. At this time point, 

the duodenum goblet cells tended to have higher density (number of goblet cells per unit 

of surface area of a villous, mm2) in the piglets from NT sows than those from the control 

sows (1.19 vs. 1.01 , P = 0.06). 

Nursery treatments had no effect on intestinal morphology of the duodenum and 

jejunum at 7 day and 28 day after weaning. Meanwhile, no interaction of the sow 

treatment and the nursery treatment on intestinal morphology was detected except the 

duodenum villi height at 7 day post weaning and the duodenum goblet cell density at 28 

day post weaning. The villi height of the duodenum at 7 day post-wean was significantly 

higher in the pigs from control sow that received the control nursery diet, and the pigs 

from NT sows that received the NT nursery diet when compared with it in pigs from the 

NT sow that consumed control nursery diet (323 vs. 329 vs. 221 μm, P < 0.10). The goblet 

cell density in the duodenum at 28 day post-weaning was significantly higher in the group 

that consumed supplemental nucleotides in both sow and nursery period than that in the 

group from control sows that received nucleotide nursery diet (1.31 vs. 0.87, P < 0.05). 
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Table 3.8. Effects of dietary nucleotide supplementation on intestinal morphology of weaned pigs.  

Treatments 
Sow Control 

 
NT 

 RMSE6  
P-value 

Nursery Control   NT  Control   NT  Sow Nursery S x N 
Weaning1              

 Duodenum              
   Villi height, μm 333.81  357.37  54.41  0.62 - - 
   Crypt depth, μm 126.99  143.03  18.86  0.36 - - 
   VH:CD2 2.63  2.57  0.58  0.91 - - 
   VH:CD_avg2 3.12  2.77  0.46  0.40 - - 
   Goblet cell density3 1.23  0.98  0.31  0.35 - - 
 Jejunum              
   Villi height, μm 282.80  293.15  30.60  0.68 - - 
   Crypt depth, μm 97.67  97.47  10.22  0.98 - - 
   VH:CD2 2.91  3.01  0.28  0.67 - - 
   VH:CD_avg2 2.99  3.14  0.42  0.67 - - 
   Goblet cell density3 0.99  0.99  0.15  1.00 - - 

7d postweaning4              
 Duodenum              
   Villi height, μm 323.17  293.79  221.31  328.87  47.05  0.25 0.19 0.04 
   Crypt depth, μm 128.49  123.33  125.39  123.39  23.27  0.91 0.80 0.91 
   VH:CD2 2.54  2.56  1.81  2.68  0.68  0.45 0.29 0.31 
   VH:CD_avg2 2.88  2.73  2.01  2.77  0.70  0.34 0.47 0.29 
   Goblet cell density3 0.61  0.63  1.02  0.60  0.26  0.23 0.22 0.19 
 Jejunum              
   Villi height, μm 231.98  176.97  207.58  205.93  56.80  0.95 0.41 0.44 
   Crypt depth, μm 111.47  107.80  118.94  106.71  37.39  0.89 0.72 0.85 
   VH:CD2 2.08  1.82  1.82  2.05  0.65  0.97 0.97 0.54 
   VH:CD_avg2 2.34  1.98  1.99  2.22  0.76  0.90 0.89 0.51 
   Goblet cell density3 0.47  0.81  0.62  0.39  0.37  0.55 0.80 0.22 
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Table 3.8. (cont.) Effects of dietary nucleotide supplementation on intestinal morphology of weaned pigs.  

Treatments 
Sow Control 

 
NT 

 SEM  
P-value 

Nursery Control   NT  Control   NT  Sow Nursery S x N 
28d postweaning5              

 Duodenum              
   Villi height, μm 316.18  340.54  319.37  298.21  38.07  0.32 0.93 0.25 
   Crypt depth, μm 152.96  164.89  162.27  162.26  24.36  0.79 0.63 0.63 
   VH:CD2 2.08  2.06  2.05  1.90  0.28  0.50 0.57 0.68 
   VH:CD_avg2 2.30  2.30  2.31  2.15  0.31  0.66 0.61 0.60 
   Goblet cell density3 1.14  0.87  1.06  1.31  0.18  0.06 0.92 0.01 
 Jejunum              
   Villi height, μm 309.80  298.46  290.83  293.01  45.74  0.60 0.84 0.77 
   Crypt depth, μm 140.67  137.23  137.12  128.85  21.36  0.59 0.59 0.82 
   VH:CD2 2.21  2.19  2.17  2.32  0.30  0.78 0.66 0.57 
   VH:CD_avg2 2.45  2.49  2.36  2.53  0.33  0.90 0.53 0.71 

    Goblet cell density3 0.87   0.88   0.96   1.07   0.19   0.18 0.54 0.61 
1 Control N =3 in both duodenum and jejunum; NT N = 3 in duodenum and N = 4 in jejunum.  
2 5-10 intact villi and their adjacent crypts are chosen for each intestine sample. VH:CD was calculated by the average of VH over average of CD 
while VH:CD_avg was calculated by the average of VH over CD from each villous. 
3 Density of goblet cells was calculated as the number of goblet cells per unit of surface area of a villous (mm2). 

4 N = 3 in each treatment of each section. 
5 N = 4 in each treatment of each section. 
6 RMSE: Root mean square error, when divided by the square root of the number of observations provides the standard error associated with 
each mean. 
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3.3.4. LPS challenged immune responses 

The body weight was different between the challenge treatments (PBS or LPS) 

after 10 hours post challenge (P < 0.05, Figure 3.1 and Table 3.9). Furthermore, the 

cumulative gain (Figure 3.2 and Table 3.9) and feed intake (Figure 3.3 and Table 3.9) 

were significantly affected by LPS challenge (P < 0.05) throughout the total 

observation period.  

There was no difference in body weight, cumulative weight gain, and 

cumulative feed intake between the dietary treatments (Figure 3.1, 3.2, and 3.3 and 

Table 3.9). However, there were the tendency of the difference on the interaction of 

the dietary treatments (control or NT) and the challenge treatments (PBS or LPS) on 

the cumulative body weight gain for the 0-10h (P = 0.06), 0-12h (P = 0.07), 0-120h (P = 

0.10), and 0-144h (P = 0.06) post-injection times (Table 3.9).  

Comparing the two LPS challenge group, dietary nucleotide supplementation 

of pigs resulted in a tendency for losing less weight at 8 and 24 hours post injection (-

697 vs. -1297 g, P = 0.07 and -337 vs. -982g, P =0.08 respectively) and gaining more 

weight at 120 and 144 hours post injection (3185 vs. 2585 g, P = 0.09 and 4125 vs. 

3455, P = 0.09, respectively). Dietary nucleotide supplied groups consumed more feed 

at 24 hours post-challenge (392.5 vs. 257.5 g, P < 0.05), but no difference was 

detected after this period.  
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Table 3.9. Effects of dietary nucleotide supplementation on growth performance of 
lipopolysaccharide (LPS) challenged pigs1.  
  Diet   Control   NT   RMSE2   P-value 
  Injection   PBS   LPS   PBS   LPS    LPS NT L x N 
Body weight, kg             
 0h  19.82  19.26  19.81  19.94  1.30  0.75 0.62 0.61 

 2h  19.75  19.01  19.67  19.68  1.31  0.59 0.66 0.58 
 4h  19.69  18.61  19.68  19.42  1.29  0.33 0.55 0.54 
 6h  19.73  18.52  19.67  19.31  1.25  0.24 0.57 0.51 
 8h  19.89  17.97  19.82  19.24  1.39  0.11 0.41 0.36 
 10h  20.42  18.38  19.97  19.14  1.20  0.040 0.81 0.34 
 12h  20.72  18.29  20.26  19.09  1.16  0.013 0.77 0.30 
 24h  21.11  18.28  20.97  19.60  1.06  0.003 0.29 0.20 
 48h  22.09  19.47  21.89  20.90  1.00  0.006 0.25 0.14 
 72h  22.95  20.50  22.74  21.79  1.03  0.009 0.32 0.18 
 96h  23.64  21.28  23.54  22.48  1.03  0.009 0.31 0.24 
 120h  24.58  21.85  24.33  23.13  1.10  0.006 0.37 0.12 
 144h  25.52  22.72  25.15  24.07  1.14  0.008 0.41 0.17 

Cumulative body weight gain, g           
 0-2 h  -72.5  -255.0  -137.5  -257.5  119.12  0.032 0.58 0.61 

 0-4 h  -135.0  -655.0  -135.0  -525.0  175.53  0.001 0.48 0.48 
 0-6 h  -95.0  -745.0  -142.5  -630.0  214.17  0.001 0.76 0.47 
 0-8 h  67.5  -1297.5  2.5  -697.5  412.17  0.001 0.23 0.14 
 0-10 h  602.5  -880.0  162.5  -805.0  238.86  <0.001 0.16 0.06 
 0-12 h  900.0  -977.5  447.5  -847.5  277.22  <0.001 0.27 0.07 
 0-24 h  1272.5  -982.5  1160.0  -337.5  455.52  <0.001 0.29 0.12 
 0-48 h  2270.0  205.0  2075.0  962.5  633.72  0.001 0.40 0.17 
 0-72 h  3127.5  1232.5  2930.0  1852.5  500.17  <0.001 0.42 0.14 
 0-96 h  3817.5  2017.5  3725.0  2540.0  479.59  <0.001 0.39 0.23 
 0-120 h  4755.0  2585.0  4520.0  3185.0  453.48  <0.001 0.44 0.10 
 0-144 h  5697.5  3455.0  5340.0  4125.0  484.73  <0.001 0.54 0.06 

Cumulative feed intake, g           
 0-24 h  1355.0  257.5  1332.5  392.5  81.42  <0.001 0.20 0.09 

 0-48 h  2790.0  1380.0  2682.5  1412.5  232.84  <0.001 0.75 0.56 
 0-72 h  4202.5  2705.0  4072.5  2642.5  277.62  <0.001 0.51 0.81 
 0-96 h  5655.0  3967.5  5527.5  3947.5  307.62  <0.001 0.64 0.73 
 0-120 h  7135.0  5150.0  7022.5  5295.0  326.03  <0.001 0.92 0.45 

  0-144 h   8767.5  6675.0  8497.5  6790.0  430.22   <0.001 0.73 0.39 
1 N = 4 for each treatment. 
2 RMSE: Root mean square error, when divided by the square root of the number of observations provides the 
standard error associated with each mean. 
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Figure 3.1 Effect of dietary nucleotide supplementation on body weight of LPS challenged 
pigs.  

 
* LPS effect P < 0.05, analyzed with Mixed model. 

 

 

 

Figure 3.2 Effect of dietary nucleotide supplementation on cumulated body weight gain 
of LPS challenged pigs.  

 
* LPS effect P < 0.05, analyzed with Mixed model. 
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Figure 3.3 Effect of dietary nucleotide supplementation on cumulated feed intake of 
LPS challenged pigs.  

 
* LPS effect P < 0.05, analyzed with Mixed model. 

 

 

Figure 3.4 Effect of dietary nucleotide supplementation on bi-hourly body weight gain 
of LPS challenged pigs.  

 
* LPS effect P < 0.05, analyzed with Mixed model. 
** Diet effect P < 0.05, analyzed with Mixed model. 
*** LPS and Diet interaction P < 0.05, analyzed with Mixed model. 
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Figure 3.5 Effect of dietary nucleotide supplementation on bi-hourly feed intake of 
LPS challenged pigs.  

 
* LPS effect P < 0.05, analyzed with Mixed model. 

 

Table 3.10. Effects of dietary nucleotide supplementation on growth performance at each 
time interval of lipopolysaccharide (LPS) challenged pigs1.  
  Diet   Control   Nucleotide   

RMSE2 
  P-value 

  Injection 
  PBS   LPS   PBS   LPS    LPS Nucleoti

de L x N 
Body weight gain at each time interval, g         
 0-2 h  -72.5  -255.0  -137.5  -257.5  119.12  0.032 0.58 0.61 

 2-4 h  62.5  -400.0  2.5  -267.5  119.28  0.001 0.13 0.59 
 4-6 h  40.0  -90.0  -7.5  -105.0  98.13  0.046 0.54 0.75 
 6-8 h  162.5  -552.5  145.0  -67.5  390.16  0.041 0.26 0.23 
 8-10 h  535.0  417.5  160.0  -107.5  381.14  0.34 0.04 0.70 
 10-12 h  297.5  -97.5  285.0  -42.5  131.64  <0.001 0.75 0.62 
 12-24 h  392.5  -5.0  712.5  510.0  407.10  0.17 0.07 0.64 
 24-48 h  997.5  1187.5  915.0  1300.0  368.65  0.14 0.90 0.65 
 48-72 h  857.5  1027.5  855.0  890.0  229.82  0.40 0.56 0.57 
 72-96 h  690.0  785.0  795.0  687.5  151.82  0.94 0.96 0.22 
 96-120 h  937.5  567.5  795.0  645.0  160.51  0.01 0.70 0.20 
 120-144 h  942.5  870.0  820.0  940.0  266.49  0.86 0.85 0.49 

Feed intake at each time interval, g           
 0-24 h  1355.0  257.5  1332.5  392.5  81.67  <0.001 0.20 0.09 

 24-48 h  1435.0  1125.1  1350.0  1020.0  202.79  0.012 0.37 0.92 
 48-72 h  1412.5  1323.3  1390.0  1230.0  90.69  0.023 0.23 0.45 
 72-96 h  1452.5  1259.3  1455.0  1305.0  132.22  0.029 0.72 0.75 
 96-120 h  1480.0  1184.5  1495.0  1347.5  129.82  0.008 0.20 0.28 

  120-144 h   1632.5  1525.9  1475.0  1495.0  174.82   0.63 0.31 0.49 
1 N = 4 for each treatment. 
2 RMSE: Root mean square error, when divided by the square root of the number of observations provides the 
standard error associated with each mean. 
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To see the effect of the LPS challenge by time, body weight gain and the feed 

intake are also presented by each time interval. The breakdown results of the body 

weight gain showed the effect of LPS was most severe (P < 0.05) within 8 hours post-

injection analyzed using GLM model (Table 3.9). In the Mixed model, LPS affected 

period weight gain between 2-4 hour, 6-8 hour, 10-48 hour, and 96-120 hour post-

challenge (Figure 3.4). Moreover, the effect of LPS on feed intake was not recovered 

until 120 hours post injection (Table 3.9 and Figure 3.5, P > 0.05). The interaction of 

the dietary treatments and the challenge treatments was not detected on body 

weight gain or feed intake at each time interval when analyzed using the GLM 

program. In the Mixed model analysis, pigs that consumed the control diet gained 

more in 8-10 hours post-injection (0.48 vs. 0.03 kg, P < 0.05) but gained less in 12-24 

hours post-injection (0.19 vs. 0.61 kg, P < 0.05) compared to those that consumed the 

NT diet (Figure 3.4). The challenge and diet interaction was detected on the body 

weight gain at 6-8 hours post-injection when using the Mixed model (Figure 3.4), but 

not in the GLM analysis (Table 3.9). 

Other than the growth performance, the LPS effect was also examined for 

rectal temperature, respiratory rate, serum tumor necrosis factor-α (TNF-α) 

concentration, and serum interlukin-6 (IL-6) concentration. TNF-α is the cytokine 

produced mainly by macrophage and other white blood cells that induces acute 

immune responses such as fever and inflammation. IL-6 is the cytokine secreted by 

both T-cell and macrophage which stimulate immune responses. The results of LPS 

challenge in these criteria is shown in Table 3.11 and Figure 3.6, 3.7, 3.8., and 3.9. 
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Table 3.11. Effects of dietary nucleotide supplementation on growth performance of 
lipopolysaccharide (LPS) challenged pigs.1  
  Diet   Control   NT   

RMSE2 
  P-value 

  Injection   PBS   LPS   PBS   LPS     LPS NT L x N 
Rectal Temperature, °C          
 0h  39.02  39.28  39.66  38.98  0.25  0.13 0.21 0.004 

 2h  38.95  39.52  39.39  39.71  0.38  0.04 0.13 0.53 
 4h  39.53  39.24  39.49  39.88  0.59  0.88 0.34 0.28 
 6h  39.22  39.06  39.77  39.59  0.63  0.60 0.12 0.97 
 8h  39.53  38.98  39.67  39.70  0.44  0.27 0.08 0.22 
 10h  39.47  38.67  39.62  39.55  0.77  0.29 0.21 0.37 
 12h  39.48  39.33  39.74  39.63  0.37  0.51 0.16 0.91 
 24h  39.44  39.22  39.57  39.24  0.27  0.07 0.59 0.69 

Respiratory rate, breath/min          
 -1h  41.81  45.75  52.00  40.19  7.58  0.33 0.56 0.07 

 1h  56.00  80.25  64.00  55.00  18.36  0.43 0.37 0.10 
 3h  43.31  56.88  47.69  67.50  8.73  0.004 0.12 0.49 
 5h  33.56  58.44  34.75  55.63  11.17  0.003 0.89 0.73 
 7h  33.38  50.44  38.06  51.50  10.30  0.02 0.59 0.73 
 9h  41.50  44.31  40.94  45.44  10.28  0.49 0.96 0.83 
 11h  40.56  43.25  39.94  41.50  10.37  0.69 0.82 0.92 
 13h  47.81  47.00  51.25  40.81  7.60  0.17 0.73 0.24 
 24h  38.38 ab 33.63 b 43.88 ab 37.13 ab 4.94  0.05 0.10 0.70 

Serum TNF-α level, pg/mL          
 0h  53.72  51.34  42.10  64.77  20.17  0.34 0.93 0.25 

 2h  153.60  10872.80  150.00  4469.96  2611.52  <0.001 0.04 0.04 
 4h  132.72  6043.66  113.91  8721.36  2451.66  <0.001 0.31 0.30 
 8h  78.85  1718.00  57.90  1798.66  278.03  <0.001 0.83 0.72 
 12h  45.71  961.52  35.23  784.21  293.13  <0.001 0.54 0.58 

Serum IL-6 level, pg/mL          
 0h  0.81  .  3.76  .  1.33  - - - 

 2h  15.11  3027.74  17.51  4765.26  1939.29  0.001 0.32 0.32 
 4h  30.30  14648.58  24.49  4589.60  5468.52  0.007 0.10 0.10 
 8h  6.23  1662.20  5.47  506.23  997.47  0.06 0.28 0.28 

  12h   25.06  210.69  5.27  255.94  250.89   0.12 0.92 0.80 
1 N = 4 for each treatment. 
2 RMSE: Root mean square error, when divided by the square root of the number of observations provides the 
standard error associated with each mean. 
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Figure 3.6 Effect of dietary nucleotide supplementation on rectal temperature of 
LPS challenged pigs.  

 
* LPS effect P < 0.10, analyzed with Mixed model. 
** Diet effect P < 0.05, analyzed with Mixed model. 

 

Pigs injected with LPS had significantly higher rectal temperature at 2 hour 

post-injection compared to the PBS group (39.6 vs. 39.2 °C, P = 0.04), but it was 

numerically lower at 24 hour post injection (39.2 vs. 39.5 °C, P = 0.07). Pigs fed with 

the NT diet tended to have higher rectal temperature at 8 hour post-injection 

compared with those that consumed the control diet (39.7 vs. 39.3 °C, P = 0.08). 

Moreover, comparing the two LPS injection groups, pigs that consumed the NT diet 

had significantly higher rectal temperature than those that consumed the control diet 

(39.7 vs. 39.0 °C, P = 0.05). However, there was the diet/challenge interaction before 

injection (P < 0.01) which may have simply reflected the individual variation.  

The Mixed model showed similar results (Figure 3.6). Rectal temperature was 

numerically higher in LPS-challenged pigs than in PBS-challenged pigs at 2 hour (39.6 

vs. 39.2 °C, P = 0.08) post injection, but lower at 10 hour post injection (39.1 vs. 39.5 

°C, P = 0.09). Moreover, the rectal temperature was significantly higher in pigs that 

consumed the NT diet at 6 hour (39.7 vs. 39.1 °C, P = 0.03) and 10 hour post injection 
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(39.6 vs. 39.1, P = 0.04). 

The respiratory rate of the pigs injected with LPS was significantly higher than 

that of those injected with PBS at 3 hour (62.2 vs. 45.5 times/min, P < 0.01), 5 hour 

(57.0 vs. 34.2 times/min, P < 0.01), and 7 hour (51.0 vs. 35.7 times/min, P = 0.02) post 

injection. In contrast, the respiratory rate of LPS injected pigs was lower at 24 hour 

post-injection (35.4 vs. 41.1 times/min, P = 0.05). Dietary treatments had no effect on 

respiratory rate except at the 24 hour post-inject time. Pigs that consumed the NT 

diets tended to breathe more frequent than those that consumed the control diet 

(40.5 vs. 36.0 times/min, P = 0.10). 

 

 

 

Figure 3.7 Effect of dietary nucleotide supplementation on respiratory rate of LPS 
challenged pigs.  

 
* LPS effect P < 0.05, analyzed with Mixed model. 
** Diet effect P < 0.10, analyzed with Mixed model. 
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There was a tendency for a diet-challenge interaction at the 1 hour post 

injection time. Comparing the LPS-injected groups, pigs that consumed the NT diet 

tended to have lower respiratory rate that those that consumed the control diet (55.0 

vs. 80.3 times/min, P < 0.10). The Mixed model showed the same results (Figure 3.7). 

LPS significantly affected the serum TNF-α concentration from 2 hour post 

injection untill the 12 hour post injection (P < 0.01, Table 3.11). Dietary treatments 

also significantly affected the serum TNF-α concentration at 2 hour post injection (P = 

0.04). Moreover, merely comparing the LPS-injected groups, pigs that consumed the 

NT diets had lower serum TNF-α level than those that consumed the control diets at 2 

hour post-injection (4470 vs. 10873 pg/mL, P < 0.05). However, this effect was not 

observed after this time period. The Mixed model also had similar results (Figure 3.8). 

Challenge with LPS significantly increased the serum TNF-α concentration at 2, 4, and 

8 hour post injection. Dietary NT supplementation significantly reduced the LPS effect 

on serum TNF-α level at 2 hour post injection. 

 

Figure 3.8 Effect of dietary nucleotide supplementation on serum TNF-α 
concentration of LPS challenged pigs.  

 
* LPS effect P < 0.05, analyzed with Mixed model. 
** Diet effect P < 0.05, analyzed with Mixed model. 
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Figure 3.9 Effect of dietary nucleotide supplementation on serum IL-6 concentration 
of LPS challenged pigs.  

 
* LPS effect P < 0.05, analyzed with Mixed model. 
** Diet effect P < 0.05, analyzed with Mixed model. 

 

The result of serum IL-6 concentration (Table 3.11) showed that LPS challenge 

increased (P < 0.01) serum IL-6 at 2 and 4 hour post injection compared to PBS 

groups. This effect was continued but less severe at 8 hour post injection (P = 0.06). 

Pigs that consumed the NT diet had numerically lower serum IL-6 level at 4 hour post-

injection (P = 0.10). If only comparing the two LPS-challenged groups, pigs that 

consumed the NT diet had lower serum IL-6 concentration than those that consumed 

the control diet (4,589 vs. 14,649 pg/mL, P < 0.05). The results analyzed with Mixed 

procedure had the same result (Figure 3.9). 

  

3.3.5. Ovalbumin challenge on growth performance and immune responses 

The third nursery group was challenged with ovalbumin (OVA) at 1 week (1st 

injection) and 3 week (2nd injection) after weaning. The growth performance of these 

pigs is listed in Table 3.12. 
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Table 3.12. Effects of dietary nucleotide supplementation on growth performance of 
ovalbumin challenged pigs during nursery123. 
 Sow  Control  NT  RMSE5 P-value4 
  Nursery   Control  NT   NT   Sow Nursery S x N 
Body weight (kg)            

 week 0  7.05  7.06   7.02  0.16  0.78 0.98 0.80 
 week 1  8.17  8.30   8.26  0.26  0.85 0.51 0.63 
 week 2   9.68  9.89   9.87  0.41  0.94 0.47 0.52 
 week 3  12.49  13.02   12.76  0.58  0.56 0.25 0.53 
 week 4  15.54  16.18   15.98  0.69  0.69 0.24 0.40 
 week 5  20.20  20.56   20.84  0.81  0.64 0.55 0.30 
 week 6  25.91  26.45   26.48  0.70  0.95 0.32 0.30 

Average daily gain, (g)          
 week 1  186.21  206.91   206.29  39.28  0.98 0.48 0.50 
 week 2   215.14  228.26   230.23  30.97  0.93 0.57 0.52 
 week 3  401.68  446.23   412.55  46.07  0.34 0.22 0.75 
 week 4  435.62  451.70   459.57  29.20  0.72 0.47 0.29 
 week 5  665.58  625.73   695.06  56.53  0.13 0.36 0.49 
 week 6  816.16  840.94   805.14  46.08  0.31 0.48 0.75 
 phase 1  201.79  218.40   219.18  32.65  0.97 0.50 0.48 
 phase 2  418.65  448.96   436.06  26.07  0.51 0.15 0.38 
 phase 3  740.87  733.33   750.10  18.53  0.25 0.59 0.51 
 total   459.91  472.96   474.53  15.16  0.89 0.27 0.22 

Average daily feed intake, (g)          
 week 1  278.87  288.51   269.53  40.62  0.53 0.75 0.76 
 week 2   413.18  401.60   406.31  40.59  0.87 0.70 0.82 
 week 3  617.71  662.74   644.05  62.84  0.69 0.35 0.57 
 week 4  706.04  768.89   772.04  26.70  0.87 0.02 0.01 
 week 5  1190.74  1182.15   1255.40  35.97  0.03 0.75 0.04 
 week 6  1437.35  1430.50   1450.28  24.05  0.29 0.70 0.48 
 phase 1  351.19  349.40   322.34  54.53  0.51 0.96 0.48 
 phase 2  661.87  715.82   708.05  34.81  0.76 0.07 0.11 
 phase 3  1314.04  1306.33   1352.84  19.73  0.02 0.60 0.03 
 total   786.06  801.27   812.53  24.84  0.55 0.42 0.18 

1 N = 4 for each treatment. 

2 Phase 1 is Week 1 and Week 2; Phase 2 is Week 3 and Week 4; Phase 3 is Week 5 and Week 6. 
3 The pigs were injected i.m. with 2 mL of the ovalbumin solution; 1 mL was injected into each semitendinosus 

muscle on week 1 post-weaning for the first challenge and week 3 post-weaning for the second challenge. 

4 Sow p-value is obtained comparing the groups that consumed both Nucleotide nursery diet but different sow 
treatments. Nursery p-value is obtained comparing the two groups both from the control sow but consumed 
different nursery diets. S x N p-value is obtained comparing the two groups from different sow treatment and 
different nursery treatments. 

5 RMSE: Root mean square error, when divided by the square root of the number of observations provides the 
standard error associated with each mean. 
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Table 3.12. (cont.) Effects of dietary nucleotide supplementation on growth performance 
of ovalbumin challenged pigs during nursery123. 
 Sow  Control  NT  RMSE5 P-value4 
  Nursery   Control  NT   NT   Sow Nursery S x N 
Feed/gain ratio             

 week 1  1.51  1.45   1.31  0.23  0.43 0.71 0.26 
 week 2   1.94  1.76   1.79  0.24  0.86 0.34 0.42 
 week 3  1.54  1.49   1.57  0.15  0.50 0.66 0.80 
 week 4  1.62  1.71   1.68  0.10  0.74 0.26 0.40 
 week 5  1.79  1.91   1.81  0.16  0.43 0.35 0.87 
 week 6  1.76  1.70   1.80  0.08  0.14 0.36 0.50 
 phase 1  1.75  1.61   1.49  0.28  0.57 0.50 0.23 
 phase 2  1.58  1.60   1.63  0.08  0.58 0.76 0.40 
 phase 3  1.77  1.78   1.80  0.04  0.47 0.76 0.32 

  total    1.71   1.69     1.71   0.06   0.64 0.74 0.90 
1 N = 4 for each treatment. 

2 Phase 1 is Week 1 and Week 2; Phase 2 is Week 3 and Week 4; Phase 3 is Week 5 and Week 6. 
3 The pigs were injected i.m. with 2 mL of the ovalbumin solution; 1 mL was injected into each semitendinosus 

muscle on week 1 post-weaning for the first challenge and week 3 post-weaning for the second challenge. 

4 Sow p-value is obtained comparing the groups that consumed both Nucleotide nursery diet but different sow 
treatments. Nursery p-value is obtained comparing the two groups both from the control sow but consumed 
different nursery diets. S x N p-value is obtained comparing the two groups from different sow treatment and 
different nursery treatments. 

5 RMSE: Root mean square error, when divided by the square root of the number of observations provides the 
standard error associated with each mean. 

 

The result showed that sow treatments had no effect on the body weight and 

daily gain during the nursery period. Pigs from the Nucleotide sows had increased 

feed intake at Week 5 (1255 vs. 1182 g/d, P = 0.03) and for Phase 3 (1353 vs. 1306 

g/d, P = 0.02), but no sow effect in feed/gain ratio was observed. There is no 

difference between nursery treatments in body weight, daily gain, and feed/gain ratio, 

but pigs that consumed the NT nursery diet also had higher feed intake at Week 4 

(769 vs. 706 g/d, P = 0.02) and numerically higher feed intake for Phase 2 (716 vs. 662 

g/d, P = 0.07).  

Comparing the 2 groups from different treatment sows that consumed 

different diets, pigs that obtained NT in both sow and nursery treatment consumed 

more feed at Week 4 (772 vs. 706 g, P = 0.01), Week 5 (1255 vs. 1191 g, P = 0.04), and 

for Phase 3 (1353 vs. 1314 g, P = 0.03). However, there was no difference in body 
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weight, daily gain, and feed/gain ratio between these two groups. 

The results of OVA-specific immunoglobulin level in serum of OVA challenged 

pigs are presented in Table 3.13. Serum OVA-IgA concentration was increasing 

throughout the period. Serum OVA-IgG level decreased at Week 2 (1 week post 1st 

injection) then went back up and reached the peak at Week 4 (1 week post 2nd 

injection) and then declined. Serum OVA-IgM level also increased at Week 2 (1 week 

post 1st injection) but declined after the 2nd injection except for the group from the 

control sows that consumed the Nucleotide nursery diet which reached its IgM peak 

at Week 4 (1 week post 2nd injection). 

There was no difference in OVA- IgA level between treatments at Week 1, 2, 3, 

and 6. There was a sow-nursery treatment interaction detected at Week 4. Pigs from 

both NT treatments had lower OVA-IgA than pigs from control treatment at both 

period (0.15 vs. 0.27 mg/mL, P = 0.05). Pigs from NT sows showed less OVA-IgA at 

Week 5 compared to those from control sows (0.16 vs. 0.38 mg/mL, P = 0.05). 

However, nursery dietary treatment had no effect on OVA-IgA after challenge.  

Pigs from control sows that consumed the NT nursery diet had the highest 

serum IgG level whereas pigs from the NT treatment in both phases had the lowest 

before the OVA injection (Week 1, 0.5345 vs. 0.3330 mg/mL, P = 0.04) and 1 week 

after 1st challenge (Week 2, 0.0018 vs. 0.0006 mg/mL, P = 0.04). However, no 

difference was detected among treatments for the rest of the nursery period. No 

nursery effect nor interaction was detected throughout the challenge period except 

Week 2. The OVA-IgG was numerically decreased by NT in both sow and nursery 

period on Week 2 compared to the control treatments in both phases (0.0006 vs. 

0.0016 mg/mL, P = 0.07).  
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Table 3.13. Effects of dietary nucleotide supplementation on serum OVA-specific 
immunoglobulin concentration of ovalbumin challenged nursery pigs12.  
 Sow  Control  NT  

RMSE4 
 P-value3 

  Nursery   Control  NT   NT     Sow Nursery S x N 
Serum IgA, mg/mL            

 Week 1  0.0283  0.0270   0.0213  0.02  0.62 0.91 0.55 
 Week 2  0.0271  0.0446   0.0229  0.02  0.11 0.18 0.72 
 Week 3   0.15  0.19   0.14  0.11  0.57 0.64 0.92 
 Week 4  0.27  0.19   0.15  0.07  0.52 0.13 0.05 
 Week 5  0.27  0.38   0.16  0.13  0.05 0.26 0.27 
 Week 6  0.22  0.77   0.39  0.66  0.44 0.28 0.74 

Serum IgG, mg/mL            
 Week 1  0.42  0.53   0.33  0.11  0.04 0.20 0.29 
 Week 2  0.0016  0.0018   0.0006  0.0006  0.04 0.74 0.07 
 Week 3   0.56  0.49   0.42  0.30  0.75 0.74 0.52 
 Week 4  27.91  21.22   18.64  12.55  0.78 0.48 0.34 
 Week 5  19.82  13.77   11.17  7.31  0.63 0.29 0.15 
 Week 6  15.62  11.50   8.30  5.46  0.44 0.33 0.11 

Serum IgM, mg/mL          
 Week 1  0.08  0.10   0.13  0.06  0.61 0.53 0.27 
 Week 2  2.04  0.47   0.56  1.14  0.92 0.10 0.12 
 Week 3   8.72  4.93   6.05  5.17  0.77 0.34 0.49 
 Week 4  2.91  5.74   2.34  3.64  0.24 0.31 0.83 
 Week 5  1.06  2.31   0.84  0.97  0.08 0.12 0.76 

 Week 6   0.92  1.64    0.73  0.51   0.05 0.10 0.62 
1 N = 4 for each treatment. 

2 The pigs were injected i.m. with 2 mL of the ovalbumin solution; 1 mL was injected into each semitendinosus 
muscle on Week 1 post-weaning for first challenge and Week 3 post-weaning for second challenge. 
3 Sow p-value is obtained comparing the groups consumed both Nucleotide nursery diet but different sow 
treatments. Nursery p-value is obtained comparing the two groups both from control sow but consumed 
different nursery diets. S x N p-value is obtained comparing the two groups from different sow treatment and 
different nursery treatments. 
4 RMSE: Root mean square error, when divided by the square root of the number of observations provides the 
standard error associated with each mean. 

 

At Week 2, OVA-IgM in piglets from the control/control treatment was 

numerically higher than that in piglets from control/NT treatment (2.04 vs. 0.47 

mg/mL, P = 0.10) and piglets from the NT/NT treatment (2.04 vs. 0.56 mg/mL, P = 

0.12). However, the OVA-IgM at Week 5 was adverse. OVA-IgM in piglets from 

control/NT treatment was numerically higher compared to that in piglets from the 

NT/NT treatment (2.31 vs. 0.84 mg/mL, P = 0.08) and from the control/control 
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treatment (1.06 mg/mL, P =0.12). At the last week, pigs from control sows that 

consumed the NT nursery diet had the highest OVA-IgM while pigs from the 

treatments that consumed NT at both phases had the lowest (1.64 vs. 0.73 mg/mL, P 

= 0.05). 

 

3.4. Discussion 

3.4.1. Sow performances 

 There is limited research on the effect of nucleotide supplementation in the 

sows’ diet on the growth or the health status of the piglets. In the current study, 

dietary nucleotide supplementation in the sow diets had no effect on the sow weight 

change and feed intake during the experimental period, which agreed with Plante et 

al. (2011). Moreover, the litter size, litter or individual weight of the piglets at birth 

and wean, and mortality of birth and suckling were not affected by the sow 

treatments, which is also consistent with Plante et al. (2011). However, Vitagliano et 

al. (2014) reported that supplying yeast RNA with free nucleotides and nucleosides to 

sows from 3 days before parturition to weaning increased litter size and litter weight 

at weaning.   

In the current study, there was no difference in the milk composition (protein, 

fat, lactose, and calculated gross energy) and immunoglobulin concentration 

(including IgG, IgA, and IgM) of colostrum, milk, and sow serum between treatments. 

Mateo et al. (2004) analyzed the nucleotide concentration in the colostrum 

and milk at different stages of lactation. The higher concentration of nucleotide was 

present in early lactation compared to late lactation, which implies that neonatal 

piglets require more nucleotides in the first week of life. Plante et al. (2011) suggested 
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that dietary nucleotides may not be the source of increasing nucleotides in the sow 

milk. The current results indicated that supplying nucleotides to the sow may not 

affect the neonatal pig’s growth during suckling. 

 

3.4.2. Nursery growth performance 

It had been reported that nucleotide supplementary to infants improved their 

growth performance (Cosgove et al., 1996). The results of the continuing nursery 

study showed that dietary nucleotide supplementation in the sow diet did not affect 

the growth performance (body weight, ADG, ADFI, and Feed/Gain ratio) of the piglets 

during the nursery, which agrees with Plante et al. (2011).  

In the current study, dietary nucleotide supplementation to the nursery diet 

also showed not effect on the growth performance. This result agrees with other 

studies using different commercial nucleotide sources (Domeneghini et al., 2004; 

Martinez-Puig et al., 2007; and Lee et al., 2007). However, Zomborszky-Kovacs et al. 

(2000) reported that supplying purified uracil and adenine in the starter diet (500 

mg/kg) from 7 days before weaning to 2 weeks post weaning significantly increased 

weight gain (3.31 vs. 2.37, P < 0.05) and feed intake (57.3 vs. 47.2 kg, P < 0.05) at the 

end of the experimental period. Similarly, Weaver and Kim (2014) reported that 

supplying a commercial nucleotide additive which contains about 50 % of 5’IMP (and 

2% other nucleotides) significantly increased ADG and ADFI during the whole nursery 

period and gain/feed ratio during the first week of nursery. Moreover, Carlson et al. 

(2005) showed that adding yeast-derived nucleotides to the nursery diet not only 

improved ADG and ADFI of the piglets during the nursery period, but also improved 

ADG and ADFI in the overall growing-finishing period. In addition, Sauer et al. (2012) 
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reported that supplying nucleotides in water increased feed intake, but did not affect 

ADG, Gain/Feed ratio, and final body weight. 

These different results may be due to the concentration and the constitution 

of the nucleotides used in these trials. Most commercial nucleotide products only 

provide the inclusion rate of total nucleotides in the product, but not the individual 

nucleotides. Van Buren and Rudolph (1997) suggested that dietary pyrimidines may 

be more effective than purine. Moreover, the mice study showed different 

performance when supplying a single nucleotide in the diet (Navarro et al., 1996). 

Therefore, further study is needed to identify the effect of individual or mixture 

nucleotide supplementation.  

 

3.4.3. Intestinal morphology 

Chronic diarrhea diminished intestinal structure integrity by reducing villous 

height and increasing crypt depth and the number of the goblet cells (Bueno et al., 

1994). Weaning stress also caused atrophy of intestine cells and thus affected 

absorptive capacity (Pluske et al., 1995). It had been reported that dietary nucleotide 

supplementation reduced the incidence of diarrhea in human infants (Brunser et al., 

1994) and in pigs (Martinez-Puig et al., 2007). Moreover, dietary nucleotides also 

been reported to reduce the cell turnover of the gut epithelium in the term of 

decrease the mitosis/apoptosis rate of the intestinal epithelial cells which suggested 

that supplementation with dietary nucleotides provided more uniform small intestine 

epithelium (Godlewski et al., 2009).  
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In the current study, dietary nucleotide supplementation in the nursery diet 

had no effect on intestinal histology at d 7 and d 28 postweaning, which agrees with 

Kehoe et al. (2007) in calves and Andrés-Elias et al. (2007), Sauer et al. (2012) in 

weaning pigs. However, the report on mice suggested that a protein-free diet 

significantly reduced villi height, crypt depth, and intestinal wall thickness compared 

to a nucleotide-free casein diet. Adding a nucleotides mixture to the protein-free diet 

helped restore intestinal structure by increasing villi height, crypt depth, and intestine 

wall thickness, although the value were lower than that from the casein-

supplemented groups (Adjei and Yamamoto, 1995). Martinez-Puig et al. (2007) also 

reported that nucleotide supplementation to the diet of weaning piglets significantly 

increased villous height in the jejunum. Domeneghini et al. (2004) also showed similar 

results that nucleotide supplementation in nursery diet significantly increase villous 

height and crypt depth of the ileam, which resulted in decrease in villous height/crypt 

depth ratio. Moore et al. (2010) reported that nucleotide supplementation increased 

villous height in the duodenum, but not in the jejunum or ileum.  

Intestinal morphology variation is caused by several factors, including the 

handling process during sample collection and reading prejudice when selecting villi 

candidates. Domeneghini et al. (2004) reported increased villous height, crypt depth, 

and ileal mucosa with nucleotide supplied in the diet, but no difference in growth 

performance. Moreover, Martinez-Puig et al. (2007) reported increased villous height 

and reduced incidence of diarrhea with nucleotide supplementation, but no 

improvement in growth was observed. Andrés-Elias et al. (2007) reported that 

nucleotides had no effect on growth and intestinal morphology, but reduced the 

diversity of microbial profile in the ileum. Therefore, the nucleotide effects on the 
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relationship between growth and intestinal morphology need further examination to 

clarify. 

 

3.4.4. LPS challenged  

Nucleotides have not been considered as essential nutrients because they can 

be synthesized de novo or obtained by the salvage pathway. Moreover, low 

concentrations of nucleotides are naturally present in feed and may be sufficient for 

normal condition. However, under certain situation, including disease challenge, 

exogenous nucleotides may be required. Nucleotide-deficient diet diminished T-cell 

function and cause suppressed immune responses (Kulkarni et al., 1984). Many 

studies suggested that exogenous nucleotides supplementation contributes to the 

nucleotide pools not only for the metabolic energy but also for the nucleic acid 

synthesis (Carver and Walker, 1995). 

Lipopolysaccharides (LPS), consisting of a lipid and a polysaccharide, are found 

in the outer membrane of gram-negative bacteria and act as endotoxins that trigger 

strong immune responses in animals (van Heugten and Spears, 1997; Webel et al., 

1997). In the current study, LPS challenge significantly suppressed growth and feed 

intake after injection. Moreover, LPS challenge significantly increased respiratory rate 

at 3 hours post-injection and serum TNF-α and IL-6 concentration 2 hours post-

injection. These observations indicated that LPS successfully evoked the immune 

responses. 

In the current study, dietary treatments showed no effect on the body weight, 

cumulative body weight gain, and cumulative feed intake after the challenge. Rectal 

temperature and respiratory rate also were not affected by the dietary treatments. 
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However, if only the 2 LPS challenged groups were compared, the nucleotide supplied 

group had less weight loss within 24 hours post-injection (Figure 3.2), although this 

was not statistically significant. Cumulative feed intake and daily feed intake after 

injection were not affected by dietary treatments.  

LPS stimulated the immune reactions including fever, activation of 

macrophage, and production of acute phase proteins. Moreover, LPS stimulated the 

release of several cytokines, including TNF-α, and IL-1 which then stimulate acute 

phase protein production. In the current study, rectal temperature and respiratory 

rate were not affected by the dietary treatments after LPS injection. However, dietary 

nucleotide supplementation significantly reduced serum TNF-α (stimulate 

macrophage proliferation) at 2 hours post injection and IL-6 (stimulate B cell 

proliferation) concentration at 4 hours post injection.  

Mashiko et al. (2009) reported that UMP supplementation in the milk replacer 

for calves had no effect on peripheral blood mononuclear cells proliferation after LPS 

stimulation. However, UMP supplementation significantly increased peripheral blood 

mononuclear cells proliferation after CD3 antibody stimulation which target mainly on 

T cells. Nishida et al. (1980) reported that nucleotide metabolism was different 

between B cells and T cells. Kulkarni et al., (1984) found that nucleotide-deficient 

diets diminished T-cell function and caused deficient thymus-dependent immune 

responses. Navarro et al. (1996) suggested that the B cell differentiation was not 

affected by the dietary treatments (standard diet, nucleotide-free diet, and supplied 

nucleotide to nucleotide-free diet. 

 

  



 

94 
 

3.4.5. Ovalbumin challenge  

Although it had been suggested that dietary nucleotides affect cell-mediated 

immunity rather than humoral immunity (Navarro et al., 1996; Mashiko et al., 2009), 

several studies showed dietary nucleotide supplementation increased circulating 

antibodies (Nagafuchi et al., 1997; Lee et al., 2007; Moore et al., 2010; Sauer et al., 

2012; Weaver and Kim, 2014). Jyonouchi (1994) reported that nucleotides in mice 

increased specific antibody responses in vitro mainly through affecting resting T cells. 

The author suggested that the effect of nucleotide on the humoral immune response 

is on the surface of the T cell at the initial stage of antigen presentation. Before the 

antigen is presented, in vitro culture of Th cell appeared to be activated non-

specifically and resulted in nonspecific antibody production. When the antigen 

stimulus is presented, nonspecific T-cell activation by nucleotides would be 

suppressed at the beginning of antigen presentation. 

The current study challenged weaning pigs with ovalbumin (OVA) twice, 1 

week and 3 week after weaning. The results showed that dietary treatments did not 

affect body weight, ADG, and gain/feed ratio throughout the 6 weeks nursery study. 

However, pigs from sows fed nucleotides consumed more feed at Week 5. In contrast, 

pigs consumed nucleotide in nursery diet increased feed intake at Week 4 post 

weaning.  

In the current study, pigs from nucleotide supplemented sows had reduced 

serum OVA-specific IgA concentration at Week 5 post weaning, IgG at Week 1 and 

Week 2 post weaning, and IgM at Week 6 post weaning, compared to those from 

sows fed the control diet. Moreover, pigs that consumed nucleotides in the nursery 

diet had numerically increased IgM at Week 2, but decreased IgM at Week 6 post 
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weaning. 

These results were inconsistent with other studies. Both Lee et al. (2007) and 

Sauer et al. (2012) showed increased plasma IgA with nucleotide supplementation, 

but not in IgG and IgM. However, Moore et al. (2010) and Weaver and Kim (2014) 

reported that plasma or serum IgA, IgM, and IgG were not affected by nucleotide 

supplementation.  

As mentioned previously, these different results among the studies may be 

due to the concentration and the constitution of the nucleotides used in these trials. 

Sauer et al. (2012) used a purified nucleotides mixture which mimicked the 

nucleotides concentration in the milk. Moore et al. (2010) used 2 commercial 

products which were used in Lee et al. (2007) and the current study. Both products 

did not advertise their nucleotide profile in the products. The commercial product 

used in Weaver and Kim (2014) consisted with over 50% of IMP. 

Navarro et al. (1996) reported that mice that consumed a diet with mixed 

nucleotide supplementation increased IgG-forming cell compared to those that 

consumed a NT-free diet. However, mice that consumed a diet supplied with AMP, 

GMP, or UMP showed the same effect of increasing IgG-forming cell, but not dietary 

IMP or CMP supplementation. Nagafuchi et al. (2002) reported that fecal OVA-specific 

IgA level was significantly increased in the nucleotide supplied group compared to 

nucleotide-free groups. Mashiko et al. (2009) reported dietary UMP increased the 

concentration of IgA in the ileum which prevents pathogenic microbes from adhering 

to the mucosal epithelium and can neutralize toxins and viruses. 
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These studies suggested that nucleotides supplementation increased the 

immune protection via increased immunoglobulin in circulation or in mucosa. 

However, the current study showed decreased OVA-specific immunoglobulin 

concentration in the serum in the nucleotide supplied groups. The results of the 

current study were not consistent throughout the experimental period, thus it was 

assumed this resulted from the variation of the individual pigs rather than a true 

treatment effect. 

 

3.5. Implication 

It has been suggested that the challenge status of the environment affects the 

nucleotide requirement. In addition, the concentration and the constitution of the 

nucleotides used also showed different results on growth, intestinal morphology, and 

immune responses. Therefore, the inconsistent results of the nucleotide 

supplementation suggested that further experiments are required to determine the 

requirement of nucleotides (individual or mixture) on different environments. 
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CHAPTER 4: EVALUATE THE EFFECT OF NUCLEOTIDE SUPPLEMENTATION 

TO SOWS DURING LATE GESTATION AND LACTATION AND TO WEANING 

PIGS DURING NURSERY IN THE COMMERCIAL ENVIRONMENT 

 

4.1 Introduction 

At birth, neonatal piglets have quite low energy reserves in the body (Pluske et 

al., 1995; Le Dividich et al., 1991; Elliot and Lodge, 1977). Meanwhile, they are 

considered as immunological naïve and maternal immunoglobulins are needed to 

provide passive immune protection (Le Dividich et al., 2005). Colostrum and milk are 

the major energy and immune protection sources for neonatal piglets. Therefore, 

improving the quality of the milk with increased energy and immunoglobulins may be 

the most effective means to improve the health status of the piglets during suckling. 

Nucleotides have been considered a feed additive that improves immune 

responses in weaned animals. Nucleotide-deprived diet in mice suppressed normal 

immune function (Kulkarni et al., 1984; Van Buren et al., 1985) and diminished 

intestine structure (Adjei and Yamamoto, 1995). Exogenous nucleotide 

supplementation contributes to the nucleotide pools and helps reestablish the 

function of damaged tissues and cells, including intestinal cells and immune cells 

(Bueno et al., 1994; Nagafuchi et al., 2002).  

There is limited research on the effect of nucleotide supplementation in sow 

diets on growth or health status of the piglets. Therefore, the objectives of this study 

were: 1) evaluating the effect of dietary nucleotide supplementation in the sow diet 

during late gestation and throughout lactation on reproductive performance, milk 

constitution, and piglet growth during suckling; and 2) evaluating the effect of dietary 
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nucleotide supplementation in the nursery diets on the growth performance of the 

weaning pigs in the commercial environment. 

 

4.2 Experimental procedures 

 This experiment was carried out in the semi-open rooms at the research farm 

of Anyou Biotech Group in Anhui Provence, China. Animal management was 

conducted under the farm’s regular operation guidelines, including the feeding plan, 

newborn care and vaccination plan. The farm broke out with foot-and-mouth disease 

in the winter of 2012 and the experiment was conducted in the summer of 2013. 

Several sows aborted a few weeks before the experiment started, thus this farm was 

considered a disease-challenged environment  

 

4.2.1. The sow study 

Animal and dietary treatments 

A total of 40 gestating sows (mixed breed) with an average parity of 4.7 ± 1.9 

were assigned to 2 dietary treatments, including 1) a commercial feed provided by 

Anyou Biotech Group or 2) the commercial diet blended with 0.05% nucleotide product 

(Ascogen®; Chemoforma, Switzerland) in the gestation diet and 0.10% in the lactation 

diet. Ascogen® (NT) is a unique feed supplement and is composed of naturally occurring 

and biologically active metabolites of the nucleotide metabolism. The main active 

components are ribonucleic acid (RNA), nucleotides and nucleotide metabolites and 

the level of these active components is estimated as 14% of the product (including > 

2% of purines and > 10% of pyrimidines). 
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Sows were allotted to treatments based on parity and weight and were housed 

in a concrete floored gestation pen (2.00 m x 2.13 m) with 2 sows per pen. Each pen 

was provided about 4.0 kg feed on the floor daily and maintained throughout gestation. 

Daily feed consumption was not recorded but total feed consumption per period per 

pen was recorded. Water was available from water nipples on an ad libitum basis. The 

experiment started about 28 days before the expected farrowing date, approximately 

day 87 of gestation. The room temperature and ventilation of the gestation house and 

lactation house is controlled by the windows. Each farrowing crate was equipped with 

a nursing area, including heat lamp and floor mat, to keep piglets warm. 

On approximately d 108 of gestation, sows were moved to a farrowing facility 

and placed in farrowing stalls (about 0.65 m x 2.13 m) with welded wire flooring. The 

sows were maintained on the gestation diet and were fed approximately 3 kg daily until 

farrowing. On the day of farrowing, the diet was changed to the lactation diet and was 

provided two times per day, approximately 2 kg per time, the amount increased daily 

based on the consumption of the individual sow. Daily feed consumption was not 

recorded but total feed consumption during each period was recorded. On the day of 

weaning, approximately d 28 of lactation, piglets were removed to the nursery facilities 

and the sows were returned to the breeding facility for detection of estrous and 

rebreeding.  
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Experimental diets    

The commercial diets provided by Anyou Biotech Group were based primarily 

on corn and soybean meal and were guaranteed to contain 3,200 kcal/kg DE, 13.50 % 

CP, and 0.65% Lysine for the late gestation diet; 3,350 kcal/kg DE, 14.00 % CP, and 0.85% 

lysine for the lactation diet (Table 4.1). Minerals and vitamins were added in the premix 

to meet or exceed the NRC (1998) requirement estimate. The treatment diets were 

made by adding 0.05% the nucleotide product to the commercial gestation diet or 

adding 0.10% the nucleotide product in lactation diet.  

 

 

 

Table 4.1. Percentage composition of the basal diet for sows (as-fed basis) 
 Gestation Lactation 
Ingredient % % 

Corn and wheat 62.00 66.00 
Rice and/or wheat bran 16.00 2.50 
Soybean meal 7.50 23.00 
Corn DDGS 7.50 - 
Soy oil and/or  3.00 2.50 
Other* 4.00 6.00 

Guaranteed nutrient composition  
DE, kcal/kg   3,200 3,350 
CP, %   13.50 14.00 
Lysine, %   0.65 0.85 
Calcium, %   0.50-1.20 0.50-1.20 
Phosphorus, %   0.40 0.40 

* Others included calcium and phosphorous supplement, mineral premix, vitamin premix, salt, 
antibiotics, etc. 
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Data and sample collection 

Sow feed consumption during gestation and lactation were recorded by 

period. Sow weights were obtained on the day before the start of the experiment 

(gestation d 86-88), pre-farrowing (the day move to farrowing facility, gestation d 108-

110), within 24 h post-farrowing, and at weaning. The number of pigs born (alive and 

dead) and the birth weight of each pig were recorded within 24 h of farrowing. In 

addition, pigs received ear-notches, clipping of needle teeth, and injection with 100 

mg Fe as Fe dextran on the same day. Some of the piglets were cross-fostered to 

other litters, however some litters were cross-fostered between treatments thus their 

data were removed (see appendix III for more detail). No transferred piglet died 

during the experiment. Creep feed was offered but no nucleotide was blended with it. 

Access to the sow’s feed was not restricted as well. Individual pig weaning weights 

were also recorded. 

Colostrum samples were collected within 24 h of farrowing. Milk samples were 

collected on day 15-20 of lactation. Colostrum was hand-expressed from the third and 

fourth functional teats of both sides for a total collection of approximately 100 mL of 

volume. A 1 mL oxytocin (20 USP) injection was administered in the ear vein to 

facilitate collection of the milk samples. Milk was hand-expressed from the third and 

fourth functional teats of the right side udders. All milk was drained out to avoid the 

content difference in the milk due to different milking period. Colostrum and milk 

samples were stored at –20 °C before further processing and analysis. 
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4.2.2. The nursery study 

Animals and dietary treatments 

A total of 112 weaned piglets from sows on each treatment in Experiment 1 

were assigned to 2 diets within each litter, including 1) control commercial nursery diet 

provided by Anyou Biotech Group and 2) the commercial diet blended with 0.1% of 

Ascogen® (NT). As each litter was weaned, same numbers of barrows and gilts within a 

block (replication) were assigned to each nursery diet (extra pigs were not used in the 

nursery experiment). This resulted in a 2 × 2 factorial arrangement with the 

experimental treatments as 1) control sow diet with control nursery diet, 2) control sow 

diet with NT in the nursery diet, 3) NT sow diet with control nursery diet, and 4) NT sow 

diet with NT nursery diet. The average weaning weight of all piglets was 6.68 ± 0.95 kg. 

Each treatment was replicated with 6 pens, 7 or 8 weaned pigs per pen. The pigs were 

housed in a 2.5 m × 2.2 m concreted slatted floor pen equipped with a four-hole, metal 

feeder and a nipple waterer.  

 
Experimental diets    

The diets were provided by ANYOU Biotech Group, China. The diet sequence 

included Phase 1 (Week 1), Phase 2 (Week 2 and 3), and Phase 3 (Week 4–6). The 

guaranteed nutrient content were 3,500 kcal/kg DE, 18.50 % CP, and 1.25 % lysine for 

the Phase 1 diet; 3,450 kcal/kg DE, 18.5 % CP, and 1.25% lysine for the Phase 3 diet 

(Table 4.2). The Phase 2 diet was a mix of 50% Phase 1 feed and 50% Phase 3 feed. 

Minerals and vitamins were added to the diets to meet or exceed the NRC (1998) 

requirement estimate. The treatment diets were made by adding 0.10 % of the 

nucleotide product to the commercial diet in all phases. 
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Data and sample collection 

Pigs were group weighed on the day of weaning, at the end of Week 1, Week 2, 

Week 3, and Week 6 (the end of the experiment). Feed consumption was recorded at 

the end of each period. For the farm’s operation guideline, all pigs were vaccinated for 

hog cholera and Pseudorabies; foot and mouth disease on Week 2 and Week 6, 

respectively. Three pigs closest to the mean weight of each pen were selected for the 

blood sampling. Blood samples were collected on the day of weaning (Week 0), Week 

1, Week 2, Week 3, and Week 4. The blood samples were then centrifuged at 9,950 × g 

at room temperature for 15 min to obtain serum samples. A portion of the serum from 

the three pigs in the same pen were mixed in the ratio of 1:1:1 and the remaining serum 

samples were stored individually. All serum samples were stored at – 20 oC until further 

analysis.  

 

Table 4.2. Percentage composition of the basal diet for nursery pigs (as-fed basis) 
 D 0 – 7 (Phase 1) D 21 – 42 (Phase 3) 
Ingredient % % 

Corn and wheat 63.50 69.00 
Soybean meal  15.00 16.00 
Sugar 5.00 0.00 
Grease 3.70 3.10 
Others 12.80 11.90 

Guaranteed nutrient composition  
DE, kcal/kg   3,500 3,450 
CP, %   18.50 18.20 
Lysine, %   1.16 1.12 
Calcium, %   0.70 0.70 
Phosphorus, %   0.36 0.36 

* Others included calcium and phosphorous supplement, mineral premix, vitamin premix, salt, 
antibiotics, etc. 
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4.2.3. Laboratory analysis 

Approximately 50 mL of milk samples were stored as raw milk at – 20 oC before 

compositional analysis. The raw milk samples were thawed and delivered to the milk 

laboratory of the Nanjing Agriculture University to analyze milk components. The gross 

energy content of the complete milk was calculated from the concentration of protein, 

fat, and lactose, which contribute 16.4 kJ/g, 38.9 kJ/g, and 23.8 kJ/g respectively 

(Ramanau et al., 2004). 

Colostrum and milk samples were thawed and centrifuged at 9,950 × g at 4 oC 

for 20 and 10 min, respectively, to separate fat from skim milk. After the fat layer was 

removed and discarded, the skimmed colostrum and milk samples were centrifuged at 

39,800 × g at 4 oC for 45 and 20 min, respectively, to separate the whey fraction. Whey 

fractions from colostrum and milk samples were then stored at –20 oC before use for 

immunoglobulin concentration analysis. 

Colostrum/milk whey samples were sent to Dakewe Laboratories Inc. (China) to 

analyze total immunoglobulin A (IgA), total IgG, and total IgM concentration.  

 

4.2.4.  Statistical analysis 

Although sows were blocked by parity and weight, some sows were removed 

from the data due to non-pregnancy, abortion or other reason (appendix 3), thus all 

data were analyzed by ANOVA in a completely randomized design with pen (gestation) 

or sow (lactation) as the experimental unit. Analysis of variance was performed using 

the GLM procedure of SAS (SAS Inst. Inc., Cary, NC). The model used for the sow 

experiment is:  
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Y = k + ti + ei;  

In this equation, the parameters represent:  

Y = response variables 

k = a constant 

ti = the treatment diet 

ei = error term of the model 

In addition, the model for evaluation of the two main effect (sow and nursery) 

and interaction in the nursery study was as follows: 

Yij = k + αi + βj + (αβ)ij + eij; 

In this equation, the parameters represent:  

Y = response variables 

k = a constant 

αi = the sow diet 

βj = the nursery diet 

(αβ)ij = the interaction of sow and nursery diets 

ei = error term of the model 
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4.3 Results 

4.3.1. Sow Study 

 The result of dietary NT supplementation in the sow diet on the reproductive 

performance is listed in Table 4.3. There was no difference in the length of feeding 

during gestation, but sows from NT group did have a longer lactation period than 

control group (24 vs. 20 days, P < 0.05). In spite of the longer lactation, dietary NT 

supplementation had the tendency to reduce the days to rebreed (P = 0.10). Dietary 

treatments had no effect on weight change during late gestation or lactation. There 

was also no effect on the feed intake during late gestation. However, NT treatment 

group consumed more feed during lactation, which was due to the longer lactation 

period since there was no difference between the treatments on the average daily 

feed intake in lactation. 

There was no difference between the treatments in total or live litter size. 

However, the NT treatments had larger litter than control (11.3 vs. 9.0, P < 0.05) after 

the piglets were relocated to average the litters. In results, the litter size at wean was 

also increased in NT treatment than in the control treatment (10.6 vs. 8.7, P < 0.05). 

The total and live litter weight were not different between the treatments, but litters 

from NT treatments tended to be heavier than litters from control treatments (68 vs. 

57 kg, P = 0.06) at weaning, mainly due to the larger litter size. There was no 

difference between treatments in average piglet weight at total birth, alive birth, and 

weaning. NT treatment had numerically lower mortality at birth (2.4 vs. 9.5, P = 0.10), 

but no difference was observed at mortality during suckling. 

In addition, the result of dietary treatments on milk immunoglobulin 



 

107 
 

concentration are presented in Table 4.4. Dietary treatments of this study had no 

effect on the total immunoglobulin concentration in the colostrum, milk, serum at 

farrow, and serum at day 15 of lactation. 

 
Table 4.3. The effect of dietary nucleotide supplementation on the reproductive 
performances in sows. 
    Control   NT   RMSE5   P-value 
N  9  10     
Average parity 4.5  4.85     
Length, d        
 Experiment1 29.00  31.60  4.17  0.28 

 Lactation 19.67  23.90  3.72  0.02 
Days to rebreed 9.56  5.40  5.25  0.10 
Late gestation feed intake, kg2       

 Total 121.54  111.68  24.49  0.51 
 ADFI 4.14  3.58  0.82  0.27 

Lactation feed intake, kg        
 Total 97.46  123.26  18.26  0.01 
 ADFI 5.22  5.24  1.37  0.98 

Litter size         
 Total 11.33  11.80  2.05  0.63 
 Alive 10.22  11.50  2.09  0.20 
 Avg. age at transfer3 4.08  2.40  1.99  0.17 
 Post-trans 9.00  11.30  1.68  0.01 
 Wean 8.67  10.60  1.76  0.03 

Litter weight, kg        
 Total 17.83  19.36  3.14  0.31 
 Alive 17.23  18.66  3.44  0.38 
 Wean 56.90  67.84  11.97  0.06 

Average piglet weight, kg        
 Total 1.60  1.66  0.28  0.66 
 Alive 1.70  1.64  0.26  0.63 
 Wean 6.72  6.41  1.15  0.56 

Mortality, % 4        
 Birth 9.54  2.38  8.97  0.10 

  Weaned 4.55   5.67   7.93   0.76 
1 Experiment length was calculated from the day that experimental diet first fed to farrowing date. 
The recorded observations are 5 sows in control group and 10 sows in NT group. 
2 Data was obtained from 4 sows in control group and 10 sows in NT group. 

3 8 litters in control group and 5 litters in NT group had been cross-fostered within treatments. 
However, the cross-fostered piglets were not transferred within certain age.  
4 Birth mortality = (total litter - alive) / total * 100; Wean mortality = (post-transferred litter - 
wean)/post-transferred * 100. 
5RMSE: Root mean square error, when divided by the square root of the number of observations 
provides the standard error associated with each mean. 
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Table 4.4. The effect of dietary nucleotide supplementation on the immunoglobulin 
levels in colostrum, milk, or serum in sows. 
    Control   NT   RMSE1   P-value 
Colostrum         

 N 8  7     
 IgA, mg/ml 19.85  18.94  7.97  0.83 
 IgG, mg/ml 64.08  64.49  18.39  0.97 
 IgM, mg/ml 3.29  2.89  1.32  0.56 

Milk at d 15-20 of lactation        
 N 9  7     
 IgA, mg/ml 5.74  4.84  4.34  0.69 
 IgG, mg/ml 0.39  0.31  0.18  0.39 
 IgM, mg/ml 0.97  0.73  0.39  0.24 

Serum at farrow        
 N 7  10     
 IgA, mg/ml 1.17  1.26  1.00  0.86 
 IgG, mg/ml 10.74  8.86  4.81  0.44 
 IgM, mg/ml 5.77  4.85  1.64  0.28 

Serum at d15 of lactation       
 N 9  10     
 IgA, mg/ml 1.05  1.22  0.58  0.52 
 IgG, mg/ml 12.25  10.92  4.15  0.50 

  IgM, mg/ml 4.12   3.59   1.34  0.40 
1 RMSE: Root mean square error, when divided by the square root of the number of observations provides 
the standard error associated with each mean. 

 

4.3.2. Nursery Study 

 The growth performance of the piglets during the nursery is listed in Table 

4.5. The results showed that piglets from NT sows were significantly heavier than 

those from control sows at week 3 (12.7 vs. 11.7 kg, P = 0.02) and at week 6 (21.6 vs. 

20.1 kg, P = 0.01) after weaning. 

The body weight gain of the pigs from NT sows were significantly increased at 

Week 2 (312 vs. 255 g, P = 0.03), Phase 2 (365 vs. 293 g, P = 0.01), and the total 

nursery period (353 vs. 320 g, P = 0.01), compared to those from the control sows. 

Meanwhile, pigs from the NT sows consumed numerically more nursery diet during 

Phase 1 (227 vs. 206 g, P = 0.09), Phase 2 (515 vs. 448 g, P = 0.08), Phase 3 (765 vs. 

711 g, P = 0.07), and the total nursery period (592 vs. 539, P = 0.04) compared with 
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pigs from the control sows. As a result, the feed efficiency in nursery was not 

significantly different between sow treatments, except in Phase 1 that pigs from NT 

sows had higher feed/gain ratio (1.89 vs. 1.59, P = 0.02). 

There was no difference detected in the body weight, average daily gain, 

average daily feed intake, or feed/gain ratio between the nursery dietary treatments. 

There was also no sow-nursery interaction in the body weight, daily feed intake, or 

feed/gain ratio. No sow-nursery interaction in daily gain were detected as well except 

in Week 2. Pigs from NT sows that consumed the control nursery diet had the 

significantly increased daily gain compared with those from control sows that 

consumed control nursery diet (339 vs. 232 g, P < 0.05).  

In addition to the growth performance, the serum immunoglobulin 

concentration is shown in Table 4.6. Pigs from NT sows had higher total IgA level in 

the serum at wean (0.17 vs. 0.13 mg/mL, P = 0.01) and 1 week after wean (0.20 vs. 

0.16 mg/mL, P = 0.05), compared with pigs from control sows. There was no 

difference between the nursery treatments, but there was a sow-nursery interaction 

detected in the serum IgA level at wean (P < 0.05) and 1 week post-wean (P = 0.10).  

Serum obtained from pigs that consumed NT nursery diet tended to have 

higher serum IgG level at wean (5.29 vs. 4.26 mg/mL, P = 0.06) and 1 week post-wean 

(4.72 vs. 4.08 mg/mL, P = 0.10) compared with those consumed control nursery diet. 

However, there was no difference of the serum IgG level between sow treatments nor 

sow-nursery interaction. No difference was detected in serum IgM concentration 

between sow treatments, nursery treatments, or sow-nursery interaction. 
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Table 4.5. Effects of dietary nucleotide supplementation on the growth performance of 
weaning pigs12.  
Treatments        

RMSE3 
 P-value 

 Sow   Control  NT   
Sow Nursery Sow x 

Nursery   Nursery  Control   NT   Control   NT     
Pen weight (kg)             
 Week 0 46.62  46.57  47.50  47.68  4.99  0.70 0.98 0.96 
 Week 1 52.63  53.50  53.38  53.75  5.01  0.85 0.81 0.92 
 Week 2  64.00  67.13  70.00  67.75  6.11  0.31 0.89 0.40 
 Week 3 81.00 b 82.50 ab 87.88 ab 90.75 a 5.36  0.02 0.44 0.80 
 Week 6 137.75 b 143.63 ab 150.00 a 152.25 a 7.03  0.01 0.31 0.57 
Average body weight (kg)           
 Week 0 6.66  6.65  6.79  6.81  0.71  0.70 0.98 0.96 
 Week 1 7.52  7.64  7.62  7.68  0.72  0.85 0.81 0.92 
 Week 2  9.14  9.59  10.00  9.68  0.87  0.31 0.89 0.40 
 Week 3 11.57 b 11.79 ab 12.55 ab 12.96 a 0.77  0.02 0.44 0.80 
 Week 6 19.68 b 20.52 ab 21.50 a 21.75 a 1.00  0.01 0.31 0.57 
Average daily gain (g)           
 Phase 1 122.55  141.38  120.00  123.98  19.70  0.34 0.28 0.47 
 Week 2  232.15 b 278.05 ab 339.28 a 285.70 ab 42.89  0.03 0.86 0.05 
 Week 3 346.93 ab 313.80 b 364.80 ab 469.43 a 97.18  0.11 0.48 0.19 
 Phase 2 289.53 b 295.90 b 352.00 ab 377.55 a 40.43  0.01 0.45 0.65 
 Phase 3 386.08 y 415.83 xy 426.03 x 418.38 xy 29.99  0.19 0.48 0.24 
 Total  309.98 b 330.10 ab 350.35 a 355.70 a 21.77  0.01 0.27 0.51 
Average daily feed intake (g)         
 Phase 1 199.90 y 212.88 xy 228.08 x 226.70 xy 21.74  0.09 0.61 0.53 
 Phase 2 423.40 y 471.75 xy 514.05 x 515.10 x 68.29  0.08 0.49 0.51 
 Phase 3 705.43 y 716.23 xy 750.85 xy 779.43 x 52.88  0.07 0.48 0.74 
 Total  527.18 b 550.85 ab 584.78 ab 599.19 a 43.12  0.04 0.40 0.83 
Feed/gain ratio             
 Phase 1 1.67 ab 1.50 b 1.91 a 1.87 a 0.21  0.02 0.34 0.56 
 Phase 2 1.47  1.65  1.46  1.37  0.27  0.29 0.73 0.33 
 Phase 3 1.84  1.73  1.78  1.87  0.11  0.45 0.89 0.11 
  Total  1.70   1.67   1.67   1.69   0.11   0.92 0.85 0.69 
abc Means with the same letter are not significantly different (P < 0.05). 
xyz Means with the same letter are not significantly different (P < 0.10). 
1 Phase 1 is Week 1; Phase 2 is Week 2 and Week 3; Phase 3 is from Week 4 to Week 6. 
2 N = 4 for each treatment. 
3 RMSE: Root mean square error, when divided by the square root of the number of observations provides the 
standard error associated with each mean. 
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Table 4.6. Effects of dietary nucleotide supplementation on the serum immunoglobulin level of 
weaning pigs12.  
Treatments         

RMSE3 
 P-value 

 Sow   Control  NT   
Sow Nursery Sow x  

Nursery   Nursery  Control   NT   Control   NT     
Immunoglobulin A, mg/mL           
 Week 0 0.12 b 0.14 b 0.19 a 0.15 ab 0.02  0.01 0.50 0.04 

 Week 1 0.16 b 0.17 b 0.23 a 0.17 ab 0.04  0.05 0.26 0.10 
Immunoglobulin G, mg/mL           
 Week 0 4.36 ab 4.88 ab 4.16 b 5.70 a 0.94  0.53 0.06 0.31 

 Week 1 4.37 ab 4.41 ab 3.79 b 5.04 a 0.71  0.95 0.10 0.12 
Immunoglobulin M, mg/mL           

 Week 0 0.76  0.79  0.71  0.67  0.25  0.52 0.99 0.77 
 Week 1 0.95  1.05  1.13  1.17  0.34  0.40 0.68 0.85 

abc Means with the same letter are not significantly different (P < 0.05). 
xyz Means with the same letter are not significantly different (P < 0.10). 
1 Phase 1 is week 1; phase 2 is week 2 and week 3; phase 3 is from week 4 to week 6. 
2 N = 4 for each treatment. 
3 RMSE: Root mean square error, when divided by the square root of the number of observations provides the 
standard error associated with each mean. 

 

4.4. Discussion  

The cooperative farm broke with foot and mouth disease several months 

before the experiment started. The experiment was conducted after the disease was 

under control. However, there may be virus latency during the period of the trial. Thus 

the experiment was assumed being conducted under a disease-challenging 

environment.  

There is limited research on the effect of nucleotide supplementation in the 

sows’ diet on the growth or the health status of the piglets. In the current study, the 

total feed intake during lactation was significantly increased in the nucleotide-

supplied group (123 vs. 97 kg, P = 0.01). However, this was due to the increased 

lactation length (24 vs. 20 d, P = 0.02) that regulated by the farm stuff since no 

difference of the average daily intake during lactation between treatments was 

detected. Plante et al. (2011) suggested that supplying commercial yeast-derived 
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nucleotides to the sows during lactation had no effect on the weight, backfat 

thickness, and feed intake of the sow. 

Litter size and litter weight at birth were not different among dietary 

treatment. When dietary treatments are assigned about 4 weeks before farrowing, 

there would not be an expected diet effect on total litter size. Thus equal litter size is 

more of an indication of an appropriate manner of allotment of sows. Theoretically, 

there could be a difference in live litter size if the nucleotides affected late gestation 

mortality. The increased litter size at wean (10.6 vs. 8.7, P = 0.03) from the nucleotide 

supplied sow in the current study may mainly due to the cross-foster operating 

decided by the farm regulation. 

The body weight of the piglets at birth and at wean were not affected by the 

sow treatments. This result agrees with Plante et al. (2011). Vitagliano et al. (2014) 

showed similar results that supplying yeast RNA with free nucleotides and nucleosides 

to sows from 3 days before parturition to weaning had no effect on litter size and 

birth weight of the piglets. However, litter size and litter weight at weaning of the 

nucleotide-supplemented group was increased compared to non-supplementary 

groups.  

Although there was no difference of the litter size and piglet growth between 

treatments, the birth mortality was numerically decreased in the nucleotide-supplied 

group (2.4 vs. 9.5 %, P = 0.10) which agrees with Vitagliano et al. (2014). These results 

implied that there may be benefit effect of supplying nucleotide to the sows’ diet 

during late gestation.  

Plante et al. (2011) reported that nucleotide supplementation did not affect 

the milk composition, including dry matter, fat, protein, and lactose. In the current 
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study, there was no difference in the immunoglobulin concentration (including IgG, 

IgA, IgM) of colostrum, milk, and sow serum between treatments.  

The current study did not analyze the nucleotide concentration in the milk or 

colostrum. Vitagliano et al. (2014) reported that total RNA concentration in milk was 

increased with nucleotide supplementation, but this observation was not detected in 

colostrum. In contrast, Plante et al. (2011) reported no difference in nucleotide 

composition in the milk between nucleotide supplied and unsupplied groups. 

Mateo et al. (2004) analyzed the nucleotide concentration in the colostrum 

and milk at different stages of lactation. The higher concentration of nucleotide was 

observed in the early lactation than late lactation, which implies that piglets may 

require more nucleotide in the first week of life. Plante et al. (2011) suggested that 

dietary nucleotide may not be the source of increasing nucleotide in the sow milk. 

The current results indicated that supplying nucleotide to the sow may not affect the 

neonatal pig’s growth during suckling.  

In the following nursery study, the results showed that dietary nucleotide 

supplementation in the sow diet significantly increase the body weight at Week 3 

(12.7 vs. 11.7 kg, P = 0.02) and Week 6 post weaned (21.6 vs. 20.1 kg, P = 0.01). This 

result contrasts with Plante et al. (2011) who reported that supplying nucleotide to 

the sow showed no effect on pig body weight during the nursery. The feed intake of 

the piglets during nursery also not affected by the sow treatments (Plante et al., 

2011).  

In contrast, the current result showed that pigs from nucleotide supplied sows 

gained more at Week 2 (312 vs. 255 g, P = 0.03), Phase 2 (365 vs. 293 g, P = 0.01), and 

the total nursery period (353 vs. 320 g, P = 0.01). Meanwhile, pigs from the NT sows 
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consumed numerically more nursery diet during Phase 1 (227 vs. 206 g, P = 0.09), 

Phase 2 (515 vs. 448 g, P = 0.08), Phase 3 (765 vs. 711 g, P = 0.07), and the total 

nursery period (592 vs. 539, P = 0.04).  

The results of the current study showed that dietary nucleotide 

supplementation in the nursery diet had no effect on the growth performance of the 

nursery pigs, which agrees with Domeneghini et al. (2004), Martinez-Puig et al. 

(2007), and Lee et al. (2007). However, Zomborszky-Kovacs et al. (2000) and Carlson 

et al. (2005) reported that weaning pigs that consumed diets supplied with 

nucleotides had significantly higher weight and feed intake during nursery compared 

to the non-supplementary pigs. These various results may be due to the levels and the 

constitution of the nucleotides used in these trials. Van Buren and Rudolph (1997) 

reviewed several studies and concluded that dietary pyrimidines may be more 

effective than purine, because hepatic pyrimidine level is much more vulnerable to 

dietary restriction 

Pigs from nucleotide sows showed higher total IgA level in the serum at wean 

(0.17 vs. 0.13 mg/mL, P = 0.01) and 1 week after wean (0.20 vs. 0.16 mg/mL, P = 

0.05), compared with pigs from control sows. However, in the current study, the 

nucleotide supplementation in the nursery diet showed no difference on the serum 

IgA concentration. IgA plays important roles in mucosal immunity; it prevents 

pathogenic microbes from adhering to the mucosal epithelium and can neutralize 

toxins and viruses. Mashiko et al. (2009) reported that supplying UMP in the milk 

replacer for the calves increased the concentration of IgA in the ileum mucosa. It had 

also been reported plasma IgA increased when supplying nucleotide in the diet (Lee 

et al., 2007) or in the water (Sauer et al., 2012) during the nursery period.  
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Serum IgG and IgM concentration were not affected by the sow dietary 

treatments. However, the nucleotide supplementation in the nursery diet numerically 

increased serum IgG concentration at wean (5.29 vs. 4.26 mg/mL, P = 0.06) and week 

1 post wean (4.72 vs. 4.08 mg/mL, P = 0.10). Blood samples were collected before the 

diet provided to the animals, thus the effect of serum IgG concentration should 

resulted from the individual difference instead of dietary effect and is an artifact of 

allotment.  

Carver and Walker (1995) reviewed several studies and suggested that dietary 

nucleotide supplementation helped increasing antigen-specific T cell proliferation 

instead of non-specific T cell proliferation. It had been suggested that dietary NT 

supplementation affected the proliferation response of the T cell, but not the B cell 

(Navarro et al., 1996). Nagafuchi et al. (1997) reported that dietary nucleotide may 

down-regulate the TH2 immune response (stimulating B cell to produce antibody) and 

up-regulate the TH1 immune response (activating macrophage). Therefore, the 

nucleotide effect on the serum immunoglobulin concentration may need to be 

confirmed with the further examination of the specific-immunoglobulin levels. 

 

4.5. Implication 

The results from current study implied that nucleotide supplementation to the 

sows during late gestation and throughout lactation might not affect the litter size and 

the body weight of the piglets at birth and wean. However, nucleotide 

supplementation in the sow significantly improved the piglets growth rate and feed 

intake during nursery.  
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Dietary nucleotide supplementation in the nursery diet did not affect the 

growth performance or the serum immunoglobulin concentration after weaned in the 

current study. Further studies are needed to evaluate the effect of individual 

nucleotides on growth and immunoglobulin production. 
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CHAPTER 5. EVALUATE THE EFFECT OF NUCLEOTIDE SUPPLEMENTATION 

TO SOWS DURING LATE GESTATION AND LACTATION ON REPRODUCTIVE 

TRAITS IN A COMMERCIAL ENVIRONMENT 

 

5.1. Introduction 

At birth, neonatal piglets have really low energy reserves in the body, 

including 1-2% fat, 8-25% liver glycogen, and approximately 12% protein (Pluske et 

al., 1995; Le Dividich et al., 1991; Elliot and Lodge, 1977). Due to the dramatically and 

rapidly depleted glycogen reserve within 12 hours post-partum (Elliot and Lodge, 

1997), varying low rates of protein catabolism and a low amount of body fat content, 

colostrum becomes the major energy source for neonatal piglets.  

In addition, colostrum and milk also provide the very first immune protection 

for the neonates. The neonatal pigs are considered as immunological naïve and the 

maternal immunoglobulin are needed to provide passive immune protection until the 

piglets are able to synthesize adequate amounts of antibodies (Le Dividich et al., 

2005). IgG is the predominant immunoglobulin in the colostrum and IgA becomes the 

dominant immunoglobulin in mature milk (Klobasa et al., 1987).  

Nucleotides have been considered as a feed additive that improves immune 

responses in weaned animals. Mice fed nucleotide-deprived diet suppressed their 

normal immune function (Kulkarni et al., 1984; Van Buren et al., 1985) and diminished 

intestine structure (Adjei and Yamamoto, 1995). Exogenous nucleotide 

supplementation contributes to the nucleotides pools and helps reestablish the 

function of these damaged tissues and cells, including the intestinal calls and immune 

cells (Bueno et al., 1994; Nagafuchi et al., 2002).  
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There is limited research on the effect of nucleotide supplementation in the 

sows’ diet on the growth or the health status of the piglets. Therefore, the objectives 

of this study was to evaluate the effect of dietary nucleotide supplementation in the 

sow diets during late gestation and throughout lactation on reproductive 

performance, milk constitution, and piglet growth during suckling. 

  

5.2. Experimental procedures 

This experiment was carried out in the semi-open rooms at one of the 

commercial farms of the WENS Group in Louding, Gangdong Provence, China. Animal 

management was conducted under the farm’s regular operation guideline, including 

the feeding plan, newborn care and vaccination plan. This farm represented an 

average mid-class commercial farm in China. 

 

5.2.1. Animal and dietary treatments 

A total of 316 gestating sows (mixed breed, approximately day 87 of their 

gestating period) from 4 production lines were used to conduct this study. Each 

production line included 2 houses and each house contained 2 units, which resulted in 

around 20 sows per unit. All the gestating sows from production line 1 and 2 were fed 

a commercial feed provided by the WENS Group plus 3.5 g Nucleotide product (Harv-

con NT®, Interflavor Inc., China; NT) top dressed. The production line 3 and 4 were fed 

the commercial feed as the control group. The Nucleotide product, Harv-con NT®, is a 

feed supplement that composted with yeast extraction, enzyme-hydrolyzed yeast, and 

purified nucleotide. The main active components are ribonucleic acid (RNA), 

nucleotides and its precursors. 
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Figure 5.1 The experimental design. 

 

Approximately 1 week prior to the expected farrowing date, sows were moved 

to the farrowing facilities. Sows from 1 unit of each house were fed the control lactation 

feed during perinatal and lactating period. Sows from the other unit of each house were 

feed the control lactation feed plus top-dressed NT (8 g/d from the day of moving till 7 

days post farrowing and 12 g/d after d7 post farrowing). The experimental design can 

be seen in Figure 5.1.  

The diets were based primarily on corn and soybean meal. However, the 

cooperative farm did not provide the information about the diet formulation. The 

feeding regime followed the farm’s regular operation and the water was provided ad 

libitum. Piglets can be cross-fostered within each unit but not across the units, even in 

the same treatment. No cross-foster records were provided, nor individual piglet 

weights at birth or weaning. Each farrowing crate was equipped with a nursing house, 

including heat lamp and floor mat, to keep piglets warm. No creep feed was provided 

for the piglets. The room temperature and ventilation of the gestation house and 

lactation house is adjusted by the windows.  

 

Production Line 1 and 2 
NT gestation 

Production Line 3 and 4 
Control gestation 

Control 
Lactation 

NT 
Lactation 
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On the day of weaning, approximately d 28 of lactation, piglets were sold and 

the sows were returned to the breeding facility for detection of estrous and rebreeding.  

 

5.2.2. Data and sample collection  

To minimize extra work to the farm staff, all data was collected from the farm’s 

routine records, including total litter size and total litter weight at birth, number of 

healthy (determined by the farm) newborn, number of sow return to heat within 7 days 

after weaning, number of litters with observed diarrhea within a unit. Meanwhile, 5 

sows from each unit were randomly selected for collecting colostrum and milk samples 

for analyzing its nutrient content and immunoglobulin level.  

Colostrum samples were collected within 24 h of farrowing. Milk samples were 

collected on day 13-17 of lactation. Colostrum was hand-expressed from the third and 

fourth functional teats of both sides for a total collection of approximately 100 mL of 

the volume. A 1 mL oxytocin (20 USP) injection was administered in the ear vein to 

facilitate collection of the milk samples. Milk was hand-expressed from the third and 

fourth functional teats of the right side udders. All milk was drained out to avoid the 

content difference in the milk due to different milking period. Colostrum and milk 

samples were stored at –20 oC before further processing and analysis. 

  

5.2.3.  Laboratory analysis 

Approximately 50 mL of milk samples were stored as raw milk at – 20 oC before 

compositional analysis. The raw milk samples were thawed and delivered to the milk 

laboratory of Interflavor Inc. to analyze milk components. The gross energy content of 
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the complete milk was calculated from the concentration of protein, fat, and lactose, 

which contribute 16.4 kJ/g, 38.9 kJ/g, and 23.8 kJ/g respectively (Ramanau et al., 2004). 

Colostrum and milk samples were thawed and centrifuged at 9,950 × g at 4 oC 

for 20 and 10 min, respectively, to separate fat from skim milk. After the fat layer was 

removed and discarded, the skimmed colostrum and milk samples were centrifuged at 

39,800 × g at 4 oC for 45 and 20 min, respectively, to separate the whey fraction. Whey 

fractions from colostrum and milk samples were then stored at –20 oC before use for 

immunoglobulin concentration analysis. 

Colostrum/milk whey samples were sent to Dakewe Laboratories Inc. (China) to 

analyze total immunoglobulin A (IgA), total IgG, and total IgM concentration.  

 

5.2.4. Statistical analysis 

All data were analyzed by ANOVA in a completely randomized design with the 

housing unit as the experimental unit, which resulted in 4 observations in each 

treatment. Analysis of variance was performed using the GLM procedure of SAS (SAS 

Inst. Inc., Cary, NC). The model used for the sow experiment is:  

Y = k + ti + ei;  

In this equation, the parameters represent:  

Y = responses variables 

k = a constant 

ti = the treatment effect 

ei = error term of the model 
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5.3. Results  

5.3.1. Sow reproduction 

The results of dietary NT supplementation in the sow diet during late gestation 

and throughout lactation on the reproduction is listed in the Table 5.1. The litter size of 

total birth was not affected by the dietary treatment during gestation. However, the 

sows consumed control gestation diet had increased litter size of healthy born than the 

NT sows (10.8 vs. 9.9, P = 0.01). The healthy born were defined as the number of the 

piglets that were health and able to reach teats soon after birth in a litter. The healthy 

pig rate is calculated as the number of the healthy pigs divided by total litter size. The 

control litters had numerically higher healthy pig rate comparing with the NT litters (91 

vs. 88 %, P = 0.06). The litter weight of the health pigs were not different between 

dietary treatments, but the individual healthy piglet weight from the NT sows were 

significantly increased comparing with those from the control sows (1.45 vs. 1.35 kg, P 

= 0.01). 

Litters from sows that consumed NT gestation diet had numerically lower rate 

of diarrhea, although it is not statistical significant (12 vs. 34%, P = 0.21). In addition, 

more sows in the gestation NT group returned to heat within 7 days after weaned 

than those in the gestation control group, although, again, not statistical significant 

(88 vs. 80 %, P = 0.19). However, if excluded the sows that were culled after weaned, 

the heat returned rate of those from gestation NT groups was significantly increased 

compared to that from gestation control groups (95 vs. 82 %, P = 0.01).  

No lactation dietary treatments had effects on the diarrhea rate or heat return 

rate, nor gestation/lactation dietary treatment interaction.  
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5.3.2. Milk composition 

Dietary treatments during gestation had no effect on the colostrum 

composition, including the level of fat, protein, lactose, and calculated gross energy in 

the colostrum (Table 5.2). The immunoglobulin profile in the colostrum was not 

affected by the treatments as well.  

There was no difference in the day 13 to 17 milk composition between 

gestation treatments or lactation treatments. However, sows that consumed 

nucleotide in both gestation and lactation period had significantly higher fat content 

in the milk comparing with the milk obtained from the sows consumed control 

gestation diet and nucleotide-supplied lactation diet (6.9 vs. 6.3 %, P < 0.05). In 

contrast, sows fed control gestation diet and nucleotide lactation diet had numerically 

higher level of lactose in the milk comparing with the milk sample from sows 

consumed nucleotide in both gestation and lactation period (5.2 vs. 4.9 %, P < 0.10). 

Energy content calculated by the content of fat, protein, and lactose in day 13-17 milk 

from sows that consumed nucleotide in both gestation and lactation was numerically 

higher than the milk from the sows consumed control gestation diet but fed with 

nucleotide during lactation (4707 vs. 4520 MJ/kg, P < 0.10). 

Dietary treatment during gestation or lactation had no effect on the 

immunoglobulin profile of the milk sample. However, there was the tendency of the 

interaction between the dietary treatment of gestation and lactation. Sows from 

control treatment in both period had numerically higher IgA in the milk while the 

sows from control gestation and NT lactation treatment had the lower IgA in the milk 

sample (5.5 vs. 4.3 mg/mL, P < 0.10).  
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Table 5.1. The effect of dietary Nucleotide supplementation on reproductive performance in sows1 
 Gestation Nucleotide  Control  

RMSE6 
 P-value 

  Lactation Control   NT     Control   NT     Gestation Lactation G x L 
N  4  4   4  4       
Litter size                
 Total 11.44  11.47   11.97  11.79  0.59  0.18 - - 

 Health 9.79 c 10.06 bc  11.01 a 10.60 ab 0.52  0.01 - - 
 Healthy pig rate2 87% y 88% xy  92% x 90% xy 3.69  0.06 - - 

Litter wt. of healthy pigs, kg 14.30  14.44   14.81  14.03  0.63  0.88 - - 
Healthy piglet wt., kg 1.46 a 1.43 ab  1.37 bc 1.34 c 0.06  0.01 - - 
Diarrhea rate3 11%  13%   36%  33%  33.09  0.21 0.97 0.88 
Heat returned rate4 88%  87%   77%  83%  10.76  0.19 0.65 0.60 
RHR w/o culled sow5 97% a 94% a  78% b 86% ab 8.81  0.01 0.60 0.57 
abc Means with the same letter are not significantly different (P < 0.05). 
xyz Means with the same letter are not significantly different  (P < 0.10). 
1 House unit is set as an experimental unit, each house unit includes 19-20 sows which are live in the individual crates.  
2 Healthy pig rate is calculated as number of healthy pigs divided by the number of total pigs in a litter. The average healthy pig rate in the house unit is used for statistical 
analysis. 
3 Diarrhea rate is calculated as the number of observed diarrhea in the unit divided by the total number of litters in the unit. 
4 Heat returned rate is calculated as the number of sows showed heat within 7d post wean divided by the number of sows in the unit. 
5 Heat return rate calculated without culled sows in each unit. The reasons of culling including age and leg/feet problem. 
6 RMSE: Root mean square error, when divided by the square root of the number of observations provides the standard error associated with each mean. 
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Table 5.2. The effect of dietary Nucleotide supplementation on the milk composition1 
 Gestation Nucleotide  Control  RMSE4  P-value 
  Lactation Control   NT     Control   NT     Gestation Lactation G x L 
N  4  4   4  4       
Colostrum2               

 Fat, % 3.27 b/z 3.91 a/x  3.59 ab/xy 3.54 ab/yz 0.26  0.88 - - 
 Protein, % 17.17  17.10   17.13  16.99  1.04  0.89 - - 
 Lactose, % 2.95  2.85   2.92  2.92  0.20  0.83 - - 
 Energy, MJ/kg3 5840.90  6058.65   5954.22  5900.62  247.21  0.86 - - 
 IgA, mg/mL 12.56 xy 9.78 y  13.14 x 12.29 xy 2.63  0.26 - - 
 IgG, mg/mL 95.97 x 86.95 xy  83.02 y 88.16 xy 9.26  0.23 - - 
 IgM, mg/mL 4.90  4.65   4.53  4.61  0.84  0.64 - - 

D13-17 Milk2               
 Fat, % 6.55 ab 6.90 a  6.50 ab 6.35 b 0.35  0.11 0.61 0.18 
 Protein, % 4.89  5.15   5.07  5.04  0.32  0.81 0.46 0.36 

 Lactose, % 5.12 xy 4.87 y  5.08 xy 5.19 x 0.22  0.23 0.55 0.13 
 Energy, MJ/kg3 4552.13 xy 4707.53 x  4569.56 xy 4520.34 y 143.85  0.26  0.47  0.18  
 IgA, mg/mL 4.54 xy 4.86 xy  5.47 x 4.28 y 0.78  0.66  0.28  0.07  
 IgG, mg/mL 0.54  0.55   0.53  0.55  0.11  0.95  0.86  0.91  

  IgM, mg/mL 1.70   1.83     1.88   1.81   0.36   0.66  0.86  0.57  
abc Means with the same letter are not significantly different (P < 0.05). 
xyz Means with the same letter are not significantly different  (P < 0.10). 
1 House unit is set as an experimental unit, each house unit includes 19-20 sows which are live in the individual crates.  
2 Sows were randomly selected to collect both colostrum and milk samples in each unit. 
3 Gross energy content of the milk was calculated from the concentrations of protein (23.8 kJ/g), fat (38.9 kJ/g), and lactose (16.4 kJ/g). (Ramanau et al. 2004). 

4 RMSE: Root mean square error, when divided by the square root of the number of observations provides the standard error associated with each mean. 
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5.4 Discussion 

Many studies suggested that supplying nucleotide to the weaning pigs’ diet may 

have a benefit on improving growth (Carlson et al., 2005), maintaining intestine integrity 

(Carlson et al., 2005; Domeneghini et al., 2004) and improving immune responses 

(Domeneghini et al., 2004; Sauer et al., 2012). However, there are limited study of the 

effects on reproductive traits when supplying nucleotides to the sows.  

The results from current study showed that top dressing nucleotides to the sows’ 

diet for the last 4 weeks of gestation had no effect on total litter size compared to those 

obtained from non-supplied sows. Although the individual birth weight of healthy pigs 

were greater in nucleotide groups (Table 5.1), litter weight of these pigs was not affected 

by the treatments. This suggested that the increased body weight was mainly due to the 

smaller litters. This result agrees with the previous studies (Chapter 3 and 4) that 

nucleotide supplementation to the sow diet did not affect the litter size and the piglet 

body weight at birth. 

The cooperative farm did not weigh the piglets at weaning, therefore there is no 

data of the growth performance of the piglets during suckling. However, Plante et al. 

(2011) showed that top-dressing nucleotide to sows diet during lactation had no effects 

on the pig weight during suckling and nursery. Vitagliano et al. (2014) reported similar 

results that supplying yeast RNA with free nucleotides and nucleosides to sows from 3 

days before parturition to weaning had no effect on litter size and birth weight of the 

piglets. However, litter size and litter weight at weaning of the nucleotide-supplemented 

group was increased compared to non-supplemented groups.    
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In addition, litters from sows that consumed the NT gestation diet had a 

numerically lower rate of diarrhea, although it is not statistical significant (12 vs. 34%, P = 

0.21). In only comparing the units with diarrhea, less diarrhea was observed in litters 

from sows fed NT in gestation compared to those from Control sows (25 vs. 69%, P = 

0.07). Martinez-Puig et al. (2007) observed that dietary nucleotide supplementation 

significantly reduced the number of antibiotic treatments, which implied the reduced 

incidence of diarrhea in pig. The milk nucleotide content were not different among 

treatments (data not shown), thus the effect of reduced diarrhea needs further 

investigation.  

In the current study, nucleotide supplementation to the sows during late gestation 

significantly increased the re-mating rate in the sow that were not culled. This result was 

consistent with the previous study conducted in the commercial environment (Chapter 4) 

which showed that nucleotide supplementation numerically reduced the days from 

weaning to re-mating, but not with the study conducted in the university facility (Chapter 

3). There was no direct study of the nucleotide effects on reproductive organs. Therefore, 

the specific pathway of the dietary nucleotide need further research.  

The hypothesis of this study is that nucleotide supplementation to the sows may 

alter the milk composition, especially the concentration of nucleotides in the milk, and 

thus increasing the growth performance of the piglets during suckling.  However, the 

concentration of fat, lactose, and protein in colostrum or milk were not affected by 

treatments (Table 5.2), which is consistent with the results posted in Plante et al. (2011). 

Plante et al. (2011) also reported that the nucleotides contents in the milk (7 d or 20 d of 
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lactation) were not different between treatments, which was also consistent with this 

study (data not shown). In contrast, Vitagliano et al. (2014) reported that total RNA 

concentration in milk was increased with nucleotide supplementation, but this 

observation was not detected in colostrum. 

IgG is the predominant immunoglobulin in the colostrum, but it rapidly declines 

during the first 24 hours after parturition. The concentration of IgA and IgM also declines 

with time, but the reduction is not as pronounced as in IgG. Thus, IgA becomes the 

dominant immunoglobulin in mature milk (Klobasa et al., 1987). The IgG concentration in 

the colostrum was the highest among other immunoglobulins in colostrum. However, the 

immunoglobulins concentration in colostrum were not affected by the nucleotide 

supplementation during late gestation. 

The immunoglobulins concentration in the milk were also not affected by the 

nucleotide supplementation during late gestation or lactation. However, there was the 

tendency of the interaction of nucleotide supplementation period in IgA concentration. 

Grimble and Westwood (2000) reviewed several studies and suggested that tissues which 

are relied on salvage pathway to obtain nucleotides may be profoundly affected by 

dietary nucleotide supplementation. However, Kunjara et al. (1992) suggested that 

mammary gland may depend on de novo nucleotide synthesis more than salvage 

pathway. Thus the treatment effect on IgA concentration in the milk need further 

evaluation.   
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5.5 Implication 

The results from the current study implies that nucleotide supplementation to the 

sows during late gestation or lactation may not affect the litter size and the body weight 

of the piglets at birth. Moreover, milk composition is not affected by the nucleotide 

supplementation as well. However, nucleotide supplementation during late gestation 

may reduce the incidence of diarrhea and increase the percentage of re-mating for next 

letter. Therefore, further studies need to be conducted to evaluate the mechanism of 

nucleotide influence on these parameters. 
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CHAPTER 6: SUMMARY 

 

6.1. Conclusion of the dissertation 

Antibiotics have been used to improve animal growth performance and health 

(Cromwell, 2001). However, due to health concerns of consumers about animal products, 

antibiotic resistance, and environmental concerns, alternative products need to be 

provided to replace the usage of the antibiotics. Previous studies in mice suggested that 

nucleotides are beneficial under certain conditions, including rapid growth, stress, and 

periods of immune challenge (Van Buren et al., 1985; Bueno et al., 1994; Adjet and 

Yamamoto, 1995; and Nagafuchi et al., 2002). Weaning is considered one of the 

conditions that could respond to exogenous nucleotides because weaning pigs are 

stressed and susceptible to disease. Dietary nucleotide supplementation has been 

reported to restore damaged intestinal cells and replenish immune cells (Domeneghini et 

al., 2004; Carlson et al., 2005; Martinez-Puig et al., 2007; and Weaver and Kim, 2014).  

The results from these studies suggested that dietary nucleotide supplementation 

in a less stressful, well-managed environment had no effect on growth and intestinal 

morphology during the nursery period (Chapter 3). In the commercial environment used 

in these studies, nucleotide supplementation in the nursery diet had no effect on growth 

performance during nursery (Chapter 4). However, pigs challenged with LPS in the clean 

environment showed that dietary nucleotide supplementation reduced the severity of 

the impact and expedited a quicker recovery (Chapter 3).  
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The hypothesis of the current studies was that nucleotide supplementation to the 

sows may alter the milk composition, especially the concentration of nucleotides in the 

milk, and thus increase the growth performance of the piglets during suckling. Studies in 

this dissertation showed that dietary nucleotide supplementation to sows during late 

gestation and lactation did not affect the milk composition of fat, protein, lactose, 

nucleotides, or immunoglobulins in both clean (Chapter 3) and commercial environments 

(Chapter 4 and 5). Moreover, the growth of piglets during suckling was not affected by 

the sow treatments. These results were consistent with studies where milk composition 

(i.e. dry matter, fat, protein, lactose, and nucleotides) was not affected by treatments. 

However, the study conducted in the commercial farm showed that nucleotide 

supplementation to the sows may increase daily gain and feed intake during the nursery 

period (Chapter 4). The mechanism of dietary nucleotides in the sow diet affecting the 

piglet growth rate after weaning is unknown.  

Sow performances in terms of litter size, litter weight, individual pig weight at 

birth and weaning were not affected by supplying dietary nucleotides. However, 

nucleotide supplementation to the sow showed potential benefit in reducing 

mortality/diarrhea in piglets, as well as days between weaning and return to estrus for 

the sow in the commercial environment (Chapter 4 and 5). Both commercial farms that 

worked with these nucleotide studies experienced diseases before the experiment 

started, thus they can be considered as environments with potential challenges. Although 

the results were not significantly different between treatments due to the limited 

experimental units, they showed potential. It has been suggested that different 
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nucleotide bases showed different results (Van Buren and Rudolph, 1997; Navarro et al., 

1996). Comparing the results of current reports to that of other publications, the 

inconsistent results may be due to the concentration and constitution of the nucleotides 

used in these trials. Therefore, further studies are needed to clarify the effect of 

individual or optimal mixtures of nucleotides for sows or pigs. 

 

6.2. Challenges of conducting field study in the commercial farm. 

University research facilities, as well as big scale farms, are usually clean, well-

managed, and bio-secured environments. This type of research environment is 

considered less stressful and disease challenged, which is favorable for conducting 

experiments with limited and controllable impacted factors. Conducting a field study is 

another story. While it is expected that more stress in a commercial environment may 

increases the responses to a product, there are potential problems. The following 

sections will discuss challenges when running a trial in a commercial farm. 

 

6.2.1. Environment 

The research facilities of the University of Kentucky are closed and controlled. 

Room temperature and humidity are recorded daily. In contrast, the two commercial 

farms used with the current studies are both semi-open houses where room 

temperature, humidity, and ventilation were mainly controlled by windows. The windows 

are equipped with mesh screens to reduce contact with birds and other animals. In this 

case, assigning treatments to the location of the pens needs to be done cautiously, or 
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block the pens by their location within the house. Because of the wind and direct 

sunlight, differences could occur.  

 

6.2.2. Experimental design 

To plan an experiment, the first consideration is the availability of resources, 

including financial support, personnel, experimental material, equipment, and time. No 

matter whether running a trial in research facilities or in commercial farms, limited and 

balanced factors should be controlled within restrictions by block, experimental unit 

selection, and replications. One of the advantages of running a trial in the commercial 

farm is that one may have many experimental subjects to observe. However, not all the 

observations can be considered good/acceptable experimental units because of lack of 

control over all factors that can affect an experiment. Categorizing these observations 

after the experiment is finished and deciding which experimental units to use (based on 

records kept during the experiment) can help eliminate the effect of individual or 

environmental error and must be done as a part of good scientific method. However, it 

should be remembered that when observations are removed, it is possible to bias the 

results and extreme care should be given to avoid this error, also.  

For instance, there were 316 sows involved in the Han-conNT® experiment 

(Chapter 5). However, the farm manager suggested assigning the treatments by the 

house line instead of individual sow crates to diminish errors when the workers fed the 

sows. In this case, the statistical observations were reduced to 16 house units instead of 

316 sows.  
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6.2.3. Data collection 

Commercial farms are not usually equipped with apparati that are normally used 

in research facilities. Also, each farm has their own records that are used to evaluate their 

performance. For instance, the farm that conducted the Han-conNT® experiment 

(Chapter 5) did not have a scale to weigh the weaned pigs because they sell the piglets. 

The farm also cross fosters the piglets and did not track them, thus they did not record 

the litter size at wean. Therefore, there was no growth performance of the piglets during 

suckling in the experimental records.  

 

6.2.4. Communication with farm crews 

In some commercial farms, the farm workers have merit rewards based on the 

performance of the animals. When conducting the Ascogen® study (Chapter 4), we asked 

the farm workers to only cross-foster piglets within the litters in the same treatment if 

needed. Although there were labels of the treatments on each farrowing crates, the farm 

workers transferred piglets to any litters regardless of the treatments for the first 

weaning group. Therefore, the data from this group had to be withdrawn from the study. 

After communicating with the farm manager, who agreed not to count the performance 

of the pigs involved in the study for the workers merit rewards, there was no further 

inter-treatment cross fostering by the workers.  

In addition, before the Han-conNT® experiment (Chapter 5) started, there was a 

disease that broke out in the farm (the farm did not record which disease) and the study 

had to be postponed. After the disease was under control, the study restarted, but the 
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farm did not want any outsiders to enter the farm. They preferred to run the study with 

their own farm staff and thus experimental procedure and sample collection needed to 

be adjusted to avoid increasing extra work for the workers. 

The advantage of a field study is that it is practical. There are numerous factors 

that affect the performance of an animal in terms of stress, disease, comfort, etc. 

Minimizing these factors in the research facility usually leads to better performance of 

the animals and increases the representivity of the testing variables. The results of most 

studies are to be applied to the real world with limited bias. Therefore, field studies are 

necessary. To conduct a field study, it is necessary to consider the restriction of the 

equipment and collectible data, the experimental unit, and available labor. Last but not 

least, communication with the farm members is the most efficient method to clarify the 

experimental design and reduce possible mistakes. 

 

6.3. Future studies 

The results from this dissertation and several studies conducted to evaluate the 

effect of dietary nucleotides all agree that dietary nucleotides in sow or nursery diets 

show potential benefits in several aspects. However, the results for some response 

measures were variable among studies. For example, dietary nucleotides in nursery diets 

increased growth rate in some studies (Carlson et al., 2005; Zomborszky-Kovacs et al., 

2000; Weaver and Kim, 2014), but not in others (Domeneghini et al., 2004; Martinez-Puig 

et al., 2007; Lee et al., 2007; Moore et al., 2010). As discussed in previous chapters, these 

variations may be due to the environment, the health status of the animals, or the 
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composition and concentration of the nucleotides used in the studies.  

Therefore, to clarify the effects of dietary nucleotides, further studies are needed 

to evaluate: 1) individual nucleotide or specific combination of nucleotide 

supplementation, 2) effects of nucleotides in specific disease or health conditions, and 3) 

effects of nucleotides on specific reproductive organs.  
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APPENDIX I: SOW STUDIES CONDUCTED IN UK RESEARCH FARM WITH 

NUPRO® 

 

There were 2 farrowing groups of sows used to conduct the sow studies in the 

University of Kentucky facility. In the first farrowing group, the sows were fed the 

experimental diets from 2 weeks before the expected farrowing dates throughout the 

lactation period. The second farrowing group was from 4 weeks before the expected 

farrowing dates and throughout the lactation period.  

In the final analysis (Chapter 3), the data were pooled from both farrowing groups 

because the dietary treatment effects were not different in both farrowing groups. The 

original data from each farrowing was provided in this appendix; Tables A1-1 to A1-3 are 

the observations of reproductive performance, milk composition, and immunoglobulin 

profile obtained from the first farrowing group; Table A1-4 to A1-6 are the same 

observations from the second farrowing group.  
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Table A1-1. The effect of dietary nucleotide supplementation on reproductive 
performance in sows from the first farrowing group. 
    Control   NT   SEM   P-value 
N  11  11     
Average parity 3.82  3.64     
Length (d)        
 Gestation1 115.18  114.91  0.38  0.62 

 Lactation 20.73  20.45  0.32  0.56 
Days to rebreed2 4.43  4.56  0.45  0.84 
Weight change, kg3        
 Gestation 15.05  27.83  4.01  0.04 

 Lactation 4.58  4.08  6.07  0.95 
Lactation feed Intake, kg        
 Total 113.07  124.25  5.44  0.16 

 ADFI 5.47  6.08  0.27  0.12 
Litter size 4        
 Total 11.27  12.91  0.70  0.12 

 Alive 9.82  11.27  0.61  0.11 
 Post-trans 9.82  11.27  0.58  0.09 
 wean 8.91  9.91  0.53  0.20 

Mortality(%) 5        
 Birth 10.62  12.48  4.17  0.76 

 Weaned 8.75  11.34  3.22  0.58 
Litter weight, kg        
 Total 17.01  18.98  1.04  0.20 

 Alive 15.38  17.11  1.21  0.33 
 Post-transfer 15.38  17.17  1.15  0.29 
 wean 55.99  60.40  3.38  0.37 

Average piglet weight, kg        
 Total 1.57  1.47  0.08  0.42 

 Alive 1.59  1.50  0.08  0.45 
 Post-transfer 1.59  1.51  0.08  0.48 
 wean 6.40  6.08  0.26  0.39 

Average piglet daily growth, g       
    583.51   470.66   53.04   0.15 
1 Gestation length was calculated from the breeding to farrowing date.   
2 Control: N = 7; NT: N = 9.       
3 Gestation weight change is the weight difference between breeding and post-farrowing; d100-
postfarrow is the weight difference between before the experiment start and post-farrowing; 
Lactation weight change is the weight difference between post-farrowing and weaning. 
4 No transferred piglet died before wean.       
5 Birth mortality = (total litter - alive) / total * 100; Wean mortality = (post-transferred litter - 
wean)/post-transferred * 100. 
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Table A1-2. The effect of dietary nucleotide supplementation on sow milk 
composition from the first farrowing group (%) 
    Control   NT   SEM   P-value 
Colostrum        

 N 9  9     
 Fat 5.13  4.90  0.74  0.83 
 Protein 15.57  15.68  0.93  0.94 
 Lactose 3.17  3.30  0.13  0.47 
 Gross energy (MJ/kg) 2 6.22  6.18  0.22  0.89 

Early lactation milk1        
 N 11  11     
 Fat 6.63  6.11  0.56  0.51 
 Protein 5.41  5.44  0.20  0.93 
 Lactose 5.32  5.39  0.08  0.55 
 Gross energy (MJ/kg) 2 4.74  4.55  0.23  0.57 

Late lactation milk1        
 N 11  11     
 Fat 6.14  5.29  0.35  0.10 
 Protein 4.99  4.93  0.14  0.76 
 Lactose 5.58  5.65  0.06  0.36 

  Gross energy (MJ/kg) 2 4.49   4.16   0.15   0.13 
1 Early lactation milk sample was obtained on D 4-6 of lactation; Late lactation milk sample was 
obtained on D 15-17 of lactation.  

2Gross energy content of the milk was calculated from the concentrations of protein (23.8 kJ/g), fat 
(38.9 kJ/g), and lactose (16.4 kJ/g). (Ramanau et al. 2004). 

 

Table A1-3. The effect of dietary nucleotide supplementation on serum 
immunoglobulin level (mg/dL) in sows from the first farrowing group 1 
    Control   NT   SEM   P-value 
Colostrum        
 IgA 5743.0  6330.0  1195.6  0.73 

 IgM 994.9  867.7  158.4  0.58 
 IgG 154714.0  147085.0  17629.7  0.76 

Early lactation milk2        
 IgA 1362.9  1612.2  243.3  0.48 

 IgM 564.1  419.3  109.8  0.36 
 IgG 336.5  214.2  44.3  0.07 

Late lactation milk2        
 IgA 1873.8  1456.9  248.0  0.25 

 IgM 294.1  197.5  42.7  0.13 
  IgG 112.9   83.8   17.3   0.25 
1 N = 11 for each treatment        
2 Early lactation milk sample was obtained on D 4-6 of lactation; Late lactation milk sample was 
obtained on D 15-17 of lactation.  
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Table A1-4. The effect of dietary nucleotide supplementation on reproductive 
performance in sows from the second farrowing group 
    Control   NT   SEM   P-value 
N  11  8     
Average parity 3.82  3.64     
Length (d)        
 Gestation1 115.00  115.63  0.32  0.18 

 Lactation 20.45  19.38  0.53  0.17 
Days to rebreed2 4.73  5.00  0.36  0.60 
Weight Change (kg)3        
 Gestation 19.34  15.76  6.02  0.68 

 d100-postfarrow -1.07  -6.99  4.08  0.32 
 Lactation 4.08  8.33  5.44  0.59 

Lactation feed Intake (kg)        
 Total 123.42  111.59  7.61  0.29 

 ADFI 6.03  5.82  0.37  0.70 
Litter size 4        
 Total 11.09  11.63  1.03  0.72 

 Alive 9.45  9.00  0.99  0.75 
 Post-trans 9.82  8.50  0.86  0.30 
 wean 9.27  8.38  0.84  0.46 

Mortality(%) 5        
 Birth 12.49  21.70  6.75  0.35 

 Weaned 5.88  1.04  2.02  0.11 
Litter weight (kg)        
 Total 18.80  18.95  1.55  0.95 

 Alive 16.57  15.67  1.79  0.73 
 Post-transfer 17.31  14.65  1.67  0.28 
 wean 61.80  52.30  6.15  0.29 

Average piglet weight (kg)        
 Total 1.75  1.64  0.10  0.43 

 Alive 1.78  1.73  0.09  0.75 
 Post-transfer 1.77  1.72  0.09  0.67 
 wean 6.73  6.19  0.30  0.22 

Average piglet daily growth(kg)       
    0.60   0.63   0.11  0.83 
1 Gestation length was calculated from the breeding to farrowing date 
2 Control: N = 11; NT: N = 7       
3 Gestation weight change is the weight difference between breeding and post-farrowing; d100-
postfarrow is the weight difference between before the experiment start and post-farrowing; 
Lactation weight change is the weight difference between post-farrowing and weaning. 
4 No transferred piglet died before wean.     
5 Birth mortality = (total litter - alive) / total * 100; Wean mortality = (post-transferred litter - 
wean)/post-transferred * 100. 
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Table A1-5. The effect of dietary nucleotide supplementation on sow milk 
composition (%) from the second farrowing group 
    Control   NT   SEM   P-value 
Colostrum        

 N 9  7     
 Fat 5.98  5.48  0.57  0.55 
 Protein 15.38  15.33  1.08  0.98 
 Lactose 3.30  3.10  0.14  0.32 
 Gross energy (MJ/kg) 2 6.53  6.29  0.27  0.55 

Early lactation milk 1        
 N 11  8     
 Fat 7.40  8.44  1.33  0.59 
 Protein 5.53  5.62  0.16  0.69 
 Lactose 5.24  4.96  0.19  0.30 
 Gross energy (MJ/kg) 2 5.05  5.43  0.49  0.59 

Late lactation milk 1        
 N 11  8     
 Fat 7.34  6.80  0.93  0.69 
 Protein 4.69  4.72  0.13  0.89 
 Lactose 5.53  5.63  0.06  0.25 

  Gross energy (MJ/kg) 2 4.88   4.69   0.35   0.71 
1 Early lactation milk sample was obtained on D 4-6 of lactation; Late lactation milk sample was 
obtained on D 15-17 of lactation.  

2 Gross energy content of the milk was calculated from the concentrations of protein (23.8 kJ/g), fat 
(38.9 kJ/g), and lactose (16.4 kJ/g). (Ramanau et al. 2004). 

 

Table A1-6. The effect of dietary nucleotide supplementation on serum 
immunoglobulin level (mg/dL) in sows from the second farrowing group. 
    Control   NT   SEM   P-value 
Colostrum        
 N 10  7     
 IgA 6365.1  7318.2  1740.4  0.71 

 IgM 1874.2  1437.1  378.5  0.43 
 IgG 100256.1  133393.7  28599.9  0.43 

Early lactation milk1        
 N 11  8     
 IgA 1157.0  1892.7  299.6  0.10 

 IgM 526.1  652.36  98.5  0.38 
 IgG 420.8  704.6  137.2  0.16 

Late lactation milk1        
 N 11  8     
 IgA 1221.2  1528.9  170.2  0.22 

 IgM 314.7  282.4  51.3  0.66 
  IgG 84.0   102.0   15.7   0.43 
1 Early lactation milk sample was obtained on D 4-6 of lactation; Late lactation milk sample was obtained 
on D 15-17 of lactation.  
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APPENDIX II: PROCESSES FOR INTESTINAL MORPHOLOGY ANALYSIS 

 

After the intestine samples were collected, they were placed in a 10% formalin 

solution for over 24 hours for fixing. After fixation, they could be stored indefinitely in 

70% ethanol before further processing procedures.  

A piece of the intestine samples (about 0.5 cm) were transferred to a labeled 

plastic cassette before processing. After all sample cassettes were prepared, they were 

placed in the cage which was then dipped into several containers of an automatic tissue 

processor for dehydration and clearing. It was necessary for the tissue to undergo 

dehydration and clearing processing before it was ready for embedding into paraffin. The 

process procedure program of the automatic tissue processor is listed in Table A2-1.  

 

 

Table A2-1. Dehydration and clearing processing for embedding tissue  
Bucket Solution Time (h) RPM Temperature(°C) 
1 70 % Ethanol At least 8 hours n/a Room 
2 95 % Ethanol 1 70 Room 
3 95 % Ethanol 1 70 Room 
4 100 % Ethanol 1 70 Room 
5 100 % Ethanol 1 70 Room 
6 Citrisolv 1 70 Room 
7 Citrisolv 1 60 Room 
8 Paraffin wax 1 60 60 
9 Paraffin wax 1 60 60 
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For tissues to be embedded into paraffin completely, the water from the tissues 

had to be removed by dehydration, which is a series of steps of soaking in alcohols (70 % 

Ethanol to 100 % Ethanol). The volume of alcohols used for dehydration should be at 

least 20 times the volume of samples in case of the vaporization during the overnight 

processing. Prolonged time in a lower concentration of alcohol (75 %) can cause the 

tissue to fall apart while the prolonged time in higher concentration of alcohol (100%) 

can cause over-dehydration which resulted in loss of bound water and molecular 

collapse.  

Citrisolv, the cleaning agent that is soluble with absolute alcohol, was used to 

remove the alcohol and replace it with a fluid that is miscible with infiltration media. This 

process rendered the tissues more transparent and hardened the tissue. The final step of 

tissue processing is infiltrating the tissue with an embedding agent, paraffin which is 

widely used because of its density similar to that of tissues and provides, a medium for 

producing sections. Paraffin permeated the tissue in a liquid form and solidified rapidly 

by cooling. 

When the tissues were fully infiltrated with paraffin, they were ready to be 

embedded. The cassettes with sample tissues were transferred to the wax storage area. 

The tissues were transferred into a metal mold filled with melted paraffin wax and then 
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placed on a cold zone (-10°C) to be frozen. Tissues embedded in paraffin wax can be 

stored indefinitely at room temperature.  

The embedded samples were then trimmed into very thin slices and mounted on 

a slide. Each sample was prepared with at least 4 slices on a slide and 3 slides. One of the 

prepared slides continued to the staining step and the other two slides were stored as 

backup. The slides for staining were placed in 60 °C oven for 2 minutes to remove the 

wax. Samples were stained using the alcian blue periodic acid Schiff (PAS) method 

(Prophet et al., 1994). Table A2-2 lists the solution and time used for staining. The stained 

sections were coverslipped after the dehydration step and were ready to be read under 

microscope.  

 

Table A2-2. Solution and time for Alcian Blue/Periodic Acid-Schiff Reaction stain 
Purpose Solution Time (min) 
Hydration Histolene (Citrisolv) 10 

100 % Ethanol 2 
80 % Ethanol 2 
30 % Ethanol 2 

Stain Alcian Blue pH 2.5 5 
Rinse Distilled water  
Reduce pH Periodic acid 10 
Rinse Distilled water 3 
Stain Schiff’s reagent 15 
Dehydration Distilled water or tape 

water 
 

 70 % Ethanol 1 
 80 % Ethanol 1 
 100 % Ethanol 2 
 Histolene (Citrisolv) 5 
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Ten fully structured villi and their adjacent crypts of each sample slide were 

randomly selected to measure villi height, crypt depth, goblet cell counts, and goblet cell 

density. Figure A2-1 illustrate the example of the measurement where the black line 

represent the villous height and the green line represent the crypt depth. The purple dots 

within a villous were counted and measured their area to represent the goblet cells. The 

average of these ten measurements of each criteria represent the measurement of this 

sample. 

 

 
Figure A2-1 The example of the villous and crypt measurement 
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APPENDIX III: SOW STUDIES CONDUCTED IN ANYOU RESEARCH FARM 

WITH ASCOGEN® 

 

There were a total of 46 sows selected for the Ascogen® study that was conducted 

in the Anyou Farm in Xuanchen, Anhui Prov., China. Two sows (1 from each treatment) 

were removed because of no live pigs born. Two sows from the control group were 

removed because of the sickness after parturition. A sow from the nucleotide treatment 

was removed because false pregnancy. Tables A3-1 to A3-2 list the summary of the 

reproductive performance, milk composition, and immunoglobulin profile in the milk and 

the serum from the 41 sows involved in the study. 

Although colostrum and milk samples were collected for the milk composition 

analysis, it was not included in the results (Chapter 4). The milk composition was 

analyzed in the Nanjing Agriculture University. However, because the operator was not 

familiar with the machine used to analyze milk composition and may not have correctly 

calibrated the machine before operation, the values for the milk composition were not 

consistent with normal values.  

As mentioned in Chapter 6, several litters in the first weaning group in the study 

were cross-fostered between treatments. Moreover, the first two replications of the 

weaned pigs that continued to the nursery study from this weaning group were 
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withdrawn from the study due to the insufficient of nursery pens. Therefore, only 9 sows 

from control and 10 sows from the Ascogen® treatment were accounted for in the final 

presentation (Chapter 4).  

 
Table A3-1. The effect of dietary nucleotide supplementation on reproductive 
performance in sows in the commercial farm. 
    Control   NT   SEM   P-value 
N  22  19     
Average parity 4  5.11     
Length, d        
 Experiment1 29.22  30.00  1.05  0.60 

 Lactation 20.45  22.47  0.83  0.10 
Days to rebreed 8.33  6.11  1.01  0.13 
Late Gestation Feed Intake, kg       

 Total 113.89  112.43  4.82  0.83 
 ADFI 3.87  3.81  0.14  0.73 

Lactation feed Intake, kg        
 Total 113.29  121.71  4.77  0.22 
 ADFI 5.66  5.49  0.25  0.64 

Litter size2        
 Total 11.50  11.47  0.66  0.98 
 Alive 10.14  10.63  0.70  0.62 
 Post-trans 9.32  10.84  0.44  0.02 
 wean 8.91  10.16  0.41  0.04 

Litter weight, kg        
 Total 18.33  19.04  1.11  0.65 
 Alive 16.61  17.78  1.02  0.42 
 wean 60.52  63.73  3.16  0.48 

Average piglet weight, kg        
 Total 1.62  1.67  0.06  0.65 
 Alive 1.67 b 1.71 a 0.06  0.64 
 wean 6.85 b 6.24 a 0.23  0.06 

Mortality, % 3        
 Birth 11.27  8.19  3.13  0.49 

  Weaned 4.36   5.69   1.68   0.58 
1 Experiment length was calculated from the day experimental diet first fed to farrowing date 
2 Several piglets are cross-fostered not within treatments thus the number of litter performance needs to 
be reconsidered. 
3 Birth mortality = (total litter - alive) / total * 100; Wean mortality = (post-transferred litter - wean)/post-
transferred * 100. 
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Table A3-2. The effect of dietary nucleotide supplementation on milk compositions 
and immunoglobulin profiles in sows from the commercial farm. 
    Control   NT   SEM   P-value 
Colostrum         

 N 17  12     
 Fat, % 4.17  4.92  0.54  0.33 
 Protein, % 7.59  7.31  0.20  0.32 
 Lactose, % 11.32  10.90  0.29  0.33 
 Energy, MJ/kg1 5.28  5.44  0.23  0.64 
 IgA, ng/ml2 22120.89  19650.76  1836.66  0.35 
 IgG, ng/ml2 68341.94  61010.48  4218.56  0.23 
 IgM, ng/ml2 3478.45  2908.41  322.87  0.22 

Milk (d 13-17 of lactation)        
 N 16  15     
 Fat, % 5.88  5.42  0.47  0.50 
 Protein, % 4.28  3.84  0.24  0.21 
 Lactose, % 6.42 a 5.66 b 0.35  0.13 
 Energy, MJ/kg1 4.36  3.95  0.28  0.31 
 IgA, ng/ml3 5310.48  5371.53  764.87  0.96 
 IgG, ng/ml4 386.24  378.17  40.62  0.89 
 IgM, ng/ml3 908.20  949.07  93.63  0.76 

Serum at farrowing        
 N 19  19     
 IgA, ng/ml 1105.61  1085.25  157.02  0.93 
 IgG, ng/ml 10662.03  8554.51  949.89  0.13 
 IgM, ng/ml 5224.22  4711.25  334.75  0.29 

Serum at d15 of lactation        
 N 19  17     
 IgA, ng/ml 1282.58  1256.26  136.97  0.89 
 IgG, ng/ml 12991.28  10971.44  875.71  0.11 
 IgM, ng/ml 4419.86  3937.60  307.71  0.28 

1 Gross energy content of the milk was calculated from the concentrations of protein (23.8 kJ/g), fat 
(38.9 kJ/g), and lactose (16.4 kJ/g). (Ramanau et al. 2004). 

2N: Control: 17; NT: 14. 
3N: Control: 18; NT: 16. 
4N: Control: 18; NT: 15. 
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APPENDIX IV: COMPOSITION OF THE NUCLEOTIDE PRODUCTS USED IN THE 

STUDIES AS STATED ON THE PRODUCT TAG 

 

Table A4-1 and A4-2 list the composition of the nucleotide products used in 

Chapter 3 and Chapter 4, respectively. The composition of the nucleotide product used in 

Chapter 5, Harv-con NT®, was not provided. It was stated that Harv-con NT®consisted og 

a mixture of nucleotides, including adenine, guanine, cytosine, and uracil nucleotides. 

However, the representative of Harv-con NT® stated that the total nucleic acid content in 

the product is at least 20 %.  
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Table A4-1 Composition of NuPro® 
Parameter  Unit  Result  
Weende Analysis (per 100g)  

Crude Ash  %  5.4  
Crude Protein  %  43.7  
Crude Fiber  %  0.5  
Crude Fat  %  0.1  

Nucleotides  
Total nucleic acids, %  5.2-6.6  

Amino Acids (as fed base)  
Lysine  %  3.19  
Methionine  %  0.66  
Cystine  %  0.64  
Tryptophane  %  0.40  
Valine  %  2.61  
Leucine  %  3.10  
Isoleucine  %  1.93  
Histidine  %  1.44  
Threonine  %  1.99  
Phenylalanine  %  1.91  
Aspartic Acid  %  3.75  
Serine  %  2.28  
Glutamic Acid  %  5.64  
Proline  %  2.10  
Glycine  %  2.34  
Tyrosine  %  1.88  
Arginine  %  2.68 
Alanine  %  3.65  

Minerals and Trace elements  
Iron (Fe)  ppm  47 
Manganese (Mn)  ppm 15  
Copper (Cu)  ppm 4 
Zink (Zn)  ppm  97  
Phosphorous (P)  % 1.41 
Available Phosphorus % 1.20 
Potassium (K)  %  1.15 
Calcium (Ca)  % 0.02 
Sodium (Na)  %  0.27 
Magnesium (Mg)  % 0.24 
Sulfur % 1.20 

Vitamins  
Inositol mg/kg 5,828 
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Table A4-2 Composition of Ascogen® 
Parameter  Unit  Result  
Weende Analysis (per 100g)  

Dry matter  %  91.8  
Water  %  8.2  
Crude Ash  %  7.3  
Crude Protein  %  48.5  
Crude Fibre  %  0.3  
Crude Fat  %  1.4  

Nucleotides  
Total nucleotide content  %  > 14.00  
Purines  %  > 2.10  
Pyrimidines  %  > 10.50  

Amino Acids (per 100g)  
Lysine  %  1.66  
Methionine  %  0.46  
Cystine + Cysteine  %  0.41  
Tryptophane  %  0.36  
Valine  %  1.58  
Leucine  %  2.02  
Isoleucine  %  1.22  
Histidine  %  0.66  
Threonine  %  1.35  
Phenylalanine  %  1.42  
Aspartic Acid  %  2.41  
Serine  %  1.55  
Glutamic Acid  %  4.52  
Proline  %  1.92  
Glycine  %  1.46  
Tyrosine  %  1.02  
Arginine  %  1.23  
Alanine  %  1.99  

Minerals and Trace elements (per kg)  
Chrome (Cr)  μg  750  
Selenium (Se)  μg  750  
Iron (Fe)  mg  93  
Manganese (Mn)  mg  6.3  
Copper (Cu)  mg  16  
Zink (Zn)  mg  56  
Iodide (I)  mg  3  
Phosphorous (P)  mg  13000  
Potassium (K)  mg  10100  
Calcium (Ca)  mg  1550  
Sodium (Na)  mg  1150  
Magnesium (Mg)  mg  1410  
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Table A4-2 Composition of Ascogen® (cont.) 
Parameter  Unit  Result  
Vitamins (per 100g)  

Vitamin B2 (Riboflavine)  mg  1  
Vitamin B3 (Niacin)  mg  41  
Vitamin B9 (Folate)  mg  0.1  
Vitamin B12 
(Cyanocobalamine)  

mg  0.01 
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