
ABSTRACT 

SNYDER, JESSICA LYNN READ. Genomic Analysis of the Influence of 
Selenium Sources in Broiler Chickens Challenged with an Enteric Avian 
Reovirus. (Under the direction of Dr. Frank Edens and Dr. Christopher Ashwell.) 
 

Technological advances in animal nutrition have shown that organic 

selenium in yeast protein is superior to inorganic selenium as a feed supplement. 

Reasons for improved performance of farm animals fed organic selenium remain 

unresolved. The objective of this research was to examine the differences 

between inorganic selenium (sodium selenite) and organic selenium (Sel-Plex) 

and their influences on genomic responses in control and enteric avian reovirus 

(ARV-CU98)-challenged chickens.  

Sel-Plex-feeding induced an apparent faster recovery from ARV challenge 

as indicated by intestinal histomorphology in three weeks old broilers. The small 

intestine villi were taller, narrower and had greater villus height/crypt depth ratios 

indicating a healthier intestinal tract. Body weights of Sel-Plex-fed chickens, 

although not significantly different among the ARV-challenged birds, had greater 

two to three week weight gains.  

To determine whether dietary organic selenium, provided via Sel-Plex, 

had influenced faster recovery after ARV challenge, investigations were 

conducted to ascertain if there were differences among control and ARV-

challenged chickens in selenoprotein P (sepp1; a selenium-dependent protein) 

expression, expression of polymeric immunoglobulin receptor (pIgR), which 

transposes secretory IgA through the intestinal enterocytes for release into the 



intestinal lumen, and examine with microarray experiments whether there were 

groups of genes differentially affected by ARV, selenium sources and/or aging.    

Five tissues (brain, liver, pancreas, bursa of Fabricius, and thymus) were 

selected for investigation of sepp1 expression. Sepp1 expression was found to 

decrease with age. Dietary selenium supplementation, generally up-regulated 

sepp1 expression, and Sel-Plex tended to induce the greatest expression of 

sepp1. In brain, liver, thymus, and bursa of Fabricius, sepp1 expression was 

down-regulated after ARV challenge. Sepp1 expression in brain and liver was 

greatest in 7 days old chickens, but aging to 14 and 21 days of age down-

regulated sepp1 expression in all tissues. In Sel-Plex-fed birds, sepp1 was up-

regulated in brain, liver and thymus. 

Another experiment, using qRT-PCR, examined the influence of dietary 

selenium on pIgR expression in specific tissues of ARV-challenged broilers. Sel-

Plex increased pIgR expression in the liver of ARV-infected chickens, and ARV 

increased pIgR expression in pancreas and bursa of Fabricius. PIgR expression 

increased with aging in bursa, liver and pancreas, but not in the thymus.  

Two microarray experiments were conducted in which dietary selenium 

supplementation was examined using the liver of 14 days old broilers, and ARV 

influences were examined in liver of selenium-deficient, torula yeast-fed broilers 

at 7, 14, and 21 days of age. In experiment 1, Sel-Plex up-regulated more genes 

then did the control or sodium selenite diets. Sel-Plex up-regulated genes 

involved with metabolism, protein synthesis, and immune functions and this was 

somewhat different from the effects due to control and sodium selenite diets.  



The ARV-infected birds up-regulated more genes than controls. ARV infection 

seemed to elevate the intensity patterns for all of the genes noted as up-

regulated by Sel-Plex and Control diets. Genes up-regulated by sodium selenite 

were not as intense as those up-regulated by Sel-Plex and control diets. In 

experiment 2, gene expression appeared to decrease as the bird aged. The 

control birds up-regulated a few more genes then did the ARV-infected chickens. 

Decreased gene expression due to aging alone was more apparent than 

treatment effects.  

It was concluded that selenium sources and ARV infection exert 

differential influences on the genome of young broilers. Organic selenium has a 

greater influence on gene expression than inorganic selenium. 
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CHAPTER 1: LITERATURE REVIEW 

 

MINERALS 

 Dietary minerals are the chemical elements required by all living 

organisms in addition to the four essential elements carbon, hydrogen, nitrogen, 

and oxygen, which are present in common organic molecules. Sometimes 

minerals come from natural sources such as ground oyster shells. Some 

minerals have to be added to the diet separately from food such as iodine in 

iodized salts. Some people practice pica, which is a medical disorder, 

characterized by an appetite for non-nutritious substances, such as coal, soil, 

feces, chalk, paper, etc. Pica can also be characterized by an abnormal appetite 

for food items such as flour, raw potatoes, starch, ice, etc. Some of those 

suffering from pica indulge in dirt eating, which is a means of supplementing the 

diet with various undefined elements. However, the chemical composition of soils 

will vary depending on their location. Vitamins are not minerals, but they are 

organic compounds that can contain elements such as iodine, cobalt and sulfur. 

Appropriate intake of certain elements is required to maintain optimal health. 

Usually, the requirements are met with a conventional diet but excessive intake 

of any element will lead to poisoning.  

Dietary minerals can be classified as macrominerals, which are required in 

relatively large amounts and microminerals or trace minerals, which are required 
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 in relatively minute amounts. Dietary minerals are vital for supporting life. In 

biochemistry, a micronutrient is also referred to as a trace element. It is a 

chemical element that is needed in minute quantities for the proper growth, 

development, and physiology of the organism.  

 

SELENIUM 

History 
The element selenium was discovered in Sweden in 1817 by Jons Jacob 

Berzelius, when he found a residual slime forming during the oxidation of sulfur 

dioxide from copper pyrites. Nearly 150 years would elapse before the role 

played by selenium in nutrition would be elucidated. However, selenium toxicity 

did receive considerable attention before its essentiality was established.   

Marco Polo probably had the first recorded observation of selenium 

toxicity in 1295 when he described a disease he called “hoof rot” (Spallholz, 

1994). It was not until 1842 that selenium was first proved toxic but was not 

associated with general livestock poisoning until 1931 when it was named “alkali 

disease” (Moxon and Rhian, 1943). In 1928, Dr. Kurt W. Franke was the first to 

observe the signs of poisoning in farm animals and took many samples from 

regions where poisonings were rarer. In the first half of the twentieth century, 

“blind staggers” was noted in several papers (Moxon and Rhian, 1943). Selenium 

toxicity was confirmed in 1933 to occur in livestock animals that consumed plants 

of the genus Astragalus, Xylorrhiza, Oonopsis, and Stanleya, which were 
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 selenium accumulator plants (Moxon and Rhian, 1943). It was in the 1950’s that 

selenium interest focused on nutritional importance when it was discovered that it 

played a significant role in preventing liver necrosis in vitamin E-deficient rats and 

chicks (Patterson et al., 1957). Then, in 1957, selenium was found to be an 

essential nutrient for laboratory rats and soon thereafter, in 1973 it was found to 

be essential for all mammals (Rotruck, et al., 1973). It was at this time that the 

discovery of selenium in glutathione peroxidase (GSH-px) was made and was a 

key to understanding selenium’s importance in nutritional health. Selenium was 

found to be an active component in glutathione peroxidase in the form of a 

selenoamino acid, selenocysteine. The discovery of selenium in the essential 

antioxidant enzyme GSH-px was the key to understanding its importance in 

nutrition and health. Dietary selenium from the inorganic salts and organic 

selenium compounds are metabolized into selenocysteine. Glutathione 

peroxidase is essential for protecting intracellular components from being 

destroyed by free radicals and other oxidants. Since the discovery of GSH-px, 

there have been several other selenium-containing proteins to be discovered 

which include, iodothyronine deidinases, thioredoxin reductase, and 

selenoprotein synthetase (Behne and Kyriakopoulos, 2001).  

In 1974 the United States Food and Drug Administration (FDA) permitted 

the use of selenium as a feed supplement for pigs and poultry at the level of 0.1 

ppm and 0.2 ppm for turkeys. Eight years later the FDA increased the levels of 

selenium in animal feeds to 0.3 ppm (Surai, 2002). In 1989 the Recommended 
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 Daily Allowance (RDA), of selenium, was set by the United States National 

Research Council at 70μg/day for adult men and 55μg/day for adult women 

(National Research Council, 1989). 

Background 

Selenium is an ultramicro trace mineral which exists in both the inorganic 

and organic forms. The inorganic form can be found in soils, and both inorganic 

and organic forms can be found in plant and animal tissues (Johnson et al., 

1999). When Schwarz and Foltz established selenium’s essentiality in rats, they 

ignited the research into its chemical properties (Schwarz and Foltz, 1957).  

Selenium is a structural component of several synthetic as well as 

naturally occurring compounds. Some of these compounds have antioxidant 

properties (Gladyshev et al., 1998). In chickens, selenium is associated with 

several selenoproteins including glutathione peroxidase and thioredoxin 

reductase. Both are ubiquitous enzymes that function to quench oxygen and 

nitrogen free radicals that can be damaging to proteins, lipids and nucleic acids 

(Brigelius-Flohe, 1999; Arner and Holmgren, 2000; Rayman, 2000). Generated 

free radicals, that are unchecked and sustained, can affect many different tissue 

functions, which can lead to organ malfunctions and physiological disruptions 

(Floyd and Carney, 1992; Halliwell and Gutteridge, 1985; Becket et al., 1992).  

Selenium can be toxic in large amounts, but trace amounts are needed for 

proper cellular function. There are four natural oxidiation states of selenium, and 

selenium occurs naturally in a number of inorganic forms. These forms include:  
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-2 (hydrogen selenide, sodium selenide, dimethyl selenium, trimethyl selenium, 

and selenoamino acids such as selenomethionine), 0 (elemental selenium), +4 

(selenium dioxide, selenous acid, and sodium selenite), and +6 (selenic acid and 

sodium selenate). The valance state can affect its water solubility and the 

gastrointestinal absorption rate.  

Selenium usually occurs in soils in soluble forms such as in a selenate 

form, and these can be leached into rivers and surface waters by runoff. The 

organic selenium compounds are the major selenium species in cereal and 

vegetables (Barceloux, 1999). Animals receive selenium mainly in the form of 

selenomethionine in plant-based feed ingredients. Selenium has a biological role, 

and is formed in organic compounds such as dimethyl selenide, 

selenomethionine and selenocysteine. In these compounds selenium plays an 

analogous role to sulfur (Johnson, 1999). Selenium can be toxic in valence states 

–2, +4 and +6, but trace amounts selenium in valence states –2, +4 and +6, 

added to water, have essential roles in the maintenance of homeostasis. 

The primary function of selenium in animals’ systems is as a component of 

the antioxidant enzymatic cascade. This is responsible for the protection of cells 

from damaging lipid peroxides and oxygen and nitrogen free radicals. Selenium 

is also involved in the regulation of energy metabolism, spermatozoa function, 

thyroid hormone activation, immunity, and is recognized for having 

anticarcinogenic as well as antiviral properties. (Ursini, 2000; Raymond. 2000). 
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Forms of Selenium and Their Use in Poultry 

 Organic and inorganic selenium occur naturally. Inorganic selenium can 

be found as selenite, selenate or selenide and in the metallic form where as an 

organic compound, it is found incorporated within the amino acids methionine 

and cysteine in forages, grains and oilseed meals (Surai, 2002).  

In 1974, when the FDA approved selenium as a feed supplement, 

inorganic selenium, primarily as sodium selenite, became the traditional source 

for dietary supplemental selenium for poultry and livestock (Leeson and 

Summers, 1991). The reason for that decision in 1974 was based on cost of the 

selenium supplements and lack of information on selenomethionine. This 

decision was ironic because the commonly used plant- and animal-based feed 

ingredients contain selenium almost exclusively as organic compounds such as 

the naturally occurring selenoaminoacids (Burk, 1976; Levander 1986; Cai et al., 

1995). The use of inorganic selenium supplements in feeds has improved the 

general health and performance of all classes of commercial poultry, but modern 

high-yielding poultry have higher metabolic rates and different nutritional needs 

compared with poultry from 40 years ago, thereby, signaling a need to reassess 

the nutrient requirements.  

Inorganic selenium has some problems associated with its use. Among 

those problems are the minimal levels of selenium in meat proteins and the 

potential for toxicity if too high a dietary level of inorganic selenium is provided to 

chickens. Sodium selenite has a documented pro-oxidant influence in all animals 



 7

 tested (Spallholz, 1997; Terada et al., 1999). The pro-oxidant property of 

inorganic selenium appears to be important as it interacts with some viruses and 

enhances their replication in tissues (Terada et. al., 1999).  

An alternative to inorganic selenium can be provided as a natural organic 

selenium yeast (Sel-Plex®, Alltech, Inc., Nicholasville, KY), which was approved 

for use in the poultry industry in the US Food and Drug Administration (Federal 

Register, 2000 and 2002). The organic selenium yeast product provides a 

cocktail of selenium compounds (Kelly and Power, 1995), but selenomethionine 

in the selenium-enriched yeast cellular protein component is the primary form of 

organic selenium that is provided. The organic selenium yeast protein is readily 

available and will be absorbed actively (Mahan, 1995) from the intestine via the 

Na+-dependent methionine transport system (Spencer and Blau, 1962) while 

sodium selenite is absorbed passively by diffusion from the intestinal tract 

(Schrauzer, 2000).  

Absorption, Availability and Metabolism 

The bioavailability of selenium can be defined as the part of selenium 

absorbed from the intestine which is metabolically available for the maintenance 

of the normal structures and physiological processes of an organism under 

normal conditions (Wolffram, 1999). Selenium can be absorbed in three ways via 

inhalation, through the gastrointestinal tract and through the skin. Data are 

limited on the inhalation of selenium. Animal studies have supported the theory 

that the lungs readily absorb selenium compounds. However, the rate of 
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 absorption depends on the chemical form of selenium. Barceloux showed that in 

a study with animals, after 4 hours the absorption of elemental selenium form the 

lungs was 57% less than with selenious acid of 97% (Barceloux, 1999). Studies 

on the gastrointestinal tract absorption are also limited. The few animal studies 

that have been conducted indicate that the mechanism of absorption is different 

depending on the selenium source as well as the selenium species. As for the 

dermal absorption data, it is also limited. A study using rat skin showed that 

approximately 10% of a 0.1 M solution of sodium selenite that was applied to the 

skin was absorbed within 1 hour (Barceloux, 1999). 

Organic selenium compounds such as selenomethionine or selenium 

yeast tend to be more bioavailable than inorganic selenium sources such as 

selenite and selenate. Organic selenium primarily in the form selenomethionine is 

metabolized in the same way as methionine (Wolfram, 1999). This is transported 

through the intestinal membranes during absorption and is actively accumulated 

in tissues such as the liver and muscles. Selenomethionine is not synthesized in 

humans or animals, and it must be derived from feed sources (Schrauzer, 2000). 

Inorganic selenium, on the other hand, is absorbed as a mineral and little is 

retained in the body’s tissue’s (Wolfram, 1999). Absorption of selenium appears 

to be less efficient in ruminants then it is in monogastric animals (Wolfram, 1999).  

Apsite and colleagues found selenite to be passively absorbed in the 

chicken’s intestine. The highest concentration of selenite was located in the 

duodenum, liver and kidneys of the chicken (Apsite et. al., 1994). Pesti and 
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 Combs found the absorption of selenium to be the greatest in the duodenum and 

anterior ileum of the chicken (Pesti and Combs, 1976). In a study with rats fed 

selenite-supplemented diets at 0.2 ppm of selenium compared to those of a 

selenium deficient diet (0.009 ppm of selenium), the absorption of selenium from 

selenite, selenate, and selenomethionine (SeMet) was determined. Vendeland 

and colleagues used ligated loops from the duodenum, jejunum, and ileum of two 

categories of rats. They found that selenium deficiency had no effect on 

absorption of any selenocompound in any intestinal segment. SeMet was 

absorbed from all segments but selenate and selenite were more efficiently 

absorbed from the ileum (Vendeland et. al., 1992).   

Bioavailability of selenium is quite variable and depends on the form of 

selenium. The absorption of selenium is certainly dependant on the form of 

selenium. The absorption of organic selenium occurs through an active transport 

mechanism, which is like that of methionine. The absorption of selenium from 

amino acids tends to be greater than that of inorganic selenium (Barceloux, 

1999). The absorption of inorganic selenium occurs via passive diffusion.  

Distribution and Tissue Concentration 

Selenium binds mostly to a plasma protein in the blood. After an 

intravenous injection, selenium from selenite has been shown to move to the liver 

and kidney (Barceloux, 1999). After primates ingested 600 μg of 

selenomethionine per kilogram of body weight, selenium was found to move into 

the liver, kidneys, spleen, pancreas, cardiac muscles, brain, and skeletal muscles  
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respectively. When a daily dose 200 μg of selenium was given as 

selenomethionine, the selenium content in hemoglobin increased to a higher 

amount than when the equivalent dose of selenium selenate was given. In the 

body, the total amount of selenium averages approximately 14 mg with a range 

of 3-20 mg, which depends on the intake of selenium. Of the total body pool of 

selenium 40-50% is incorporated in skeletal muscle as selenomethionine 

(Barceloux, 1999).  

Tissue concentration of selenium depends on several factors including the 

particular tissue, the amount of selenium available in the diet, the length of time 

the diet is fed, the species the diet is fed to, the age of the animal, and the form 

of selenium which is fed. Typically, the selenium status of the mother affects the 

tissue concentration of selenium in her offspring. The organic form of selenium is 

usually retained in tissues, but the inorganic forms are absorbed as minerals with 

little retention in the tissues (Wolfram, 1999).   

The tissue concentration of selenium usually follows the following order in 

most species: kidney, liver, pancreas, heart and skeletal muscle, highest to 

lowest respectively (Arnold et. al., 1973). However, in chickens, the concentration 

generally follows the following order: feathers, liver, kidney, muscle, and plasma 

(Arnold et. al., 1973; Echevarria et. al., 1988). In a study by Atlavin and Apsite, 

selenium was injected into the bird and observations were made 4 hours later. 

They found selenium to be distributed in the following manner: duodenum> liver> 

kidney> feathers> jejunum and ileum> spleen> pancreas> blood> breast muscle  
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(Atlavin and Apsite, 1994).  Muscle concentration of selenium is relatively low, 

but muscle is a large mass containing nearly 40% of the total body selenium 

followed by the liver at 30% and all other organs and tissues at less than 10% 

each (Behne and Wolters, 1983).  

Elimination 

Selenium can be eliminated from the body in three major routes. Excretion 

is dependent on the amount of available dietary selenium and the form of the 

selenium. These major routes include: the lungs, the urinary tract and the 

intestinal tract. Most of selenium which enters the body leaves within 24 hours. 

Selenium in the urine increases as the amount of exposure to selenium 

increases. Selenium can build up in the human body; but the amount that builds 

up depends on the chemical form of the selenium. Normally, selenium builds up 

in the liver and kidneys but it can also build up in the blood, lungs, heart and 

testes. Selenium can also build up in the nails and hair (Agency for Toxic 

Substances and Disease Registry (ATSDR). 2003). 

 There are several factors that affect the amount and the distribution of the 

selenium that is excreted. These factors include selenium intake, the form of 

selenium ingested, composition of the diet, and the physiological status of the 

animal.  In ruminants, much of the inorganic selenium is eliminated in the feces 

and in non-ruminants in the urine/urates (Wolfram, 1999). At near lethal doses of 

selenium, the selenium is also exhaled via the lungs as dimethyl selenide into 

expired air (Wolfram, 1999).  
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Deficiency 

The beneficial effects of selenium as an ultramicronutrient were first 

recognized in the 1950’s. However, it was not until 1973 when the first animal 

selenoprotein, glutathione peroxidase was identified in the rat liver (Rotruck et al, 

1973). Since then, there has been a plethora of clinical evidence indicating that 

selenium is essential for humans as well as animals (Combs and Combs, 1984; 

Surai, 2002; Edens and Gowdy, 2005). Dietary selenium deficiency has long 

been associated with cell-mediated and humoral immune dysfunction, 

opportunistic infections, cancers, and ultimately death (Baum et al., 2000). Surai 

(2002) added that in chickens, a deficiency in selenium is responsible for 

exudative diathesis, nutritional encephalomalacia, and nutritional pancreatic 

atropgy (Surai, 2002). A selenium deficiency has been associated with impaired 

immunocompetence, reduced egg production and increased embryonic mortality 

(Combs and Combs, 1984). 

Selenium deficiency is relatively rare in healthy well-nourished individuals, 

but it can occur in those who have compromised intestinal functions, are 

undergoing total parenteral nutrition, or in those who grow their food on selenium 

deficient soils. Selenium deficiencies can lead to a variety of problems and many 

diseases. Two specific diseases which have been associated with selenium 

deficiency are Keshan disease and Kashin-Beck disease (Barceloux, 1999). A 

key sign of the potentially fatal Keshan disease is myocardial necrosis, which 

leads to an enlarged heart and poor heart function (Coppinger and Diamond,  
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2001). Kashin-Beck disease, which is an osteoarthropathy and muscular 

disorder, has been seen in individuals who are on parenteral nutrition with a very 

low intake of selenium. Kashin-Beck disease results in severe osteoarthritis 

(Coppinger and Diamond, 2001). These two diseases are most common in 

certain parts of China where the soil are deficient in selenium. Signs of selenium 

deficiency in humans include muscle pain, weakness, and loss of pigment in the 

hair and skin and whitening of the nail beds.  

Selenium deficiencies are not limited to humans. In the chicken, selenium 

deficiency depresses growth of broilers by inhibiting hepatic 5’-deiodinase 

activity, which causes lower plasma T3 concentration (Jianhua, et al., 2000). In 

this laboratory Edens, has reported that T3 levels are lowered but T4 levels are 

raised significantly in broilers that have not had supplemental dietary selenium 

(Edens and Gowdy, 2005). It has also been demonstrated by other researchers 

that selenium deficiencies lower T3 in avian species such as chickens (Edens, 

2000), quail (Jensen, 1991), turkeys and wild birds.   

When combined with a vitamin E deficiency, selenium deficiency can be 

exacerbated. Diseases caused by such deficiencies are exudative diathesis and 

nutritional encephalomalacia (Century and Horwitt, 1965; and Combs and Hady, 

1991). The breeders fed a low selenium diet and peroxidized fat produced eggs 

with decreased hatchability, but selenium and vitamin E supplementations 

returned hatchability to normal (Combs and Scott, 1974).  

Selenium deficiency can affect both food production animals and humans  
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alike. Selenium deficiency in poultry is associated with increased embryonic 

mortality, impaired immunocompentence, and reduced egg production (Combs 

and Combs, 1984). The only selenium deficiency that is not related to any other 

deficiency is nutritional pancreatic atrophy (Combs, 1994) 

Selenium deficiency can also manifest itself in many other diseases as 

shown in Table 1.1. 
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Table 1.1. A list of disorders caused by deficiencies of selenium and vitamin E.  

Disorders Related to Selenium and Vitamin E Deficiency 

DEFICIENCY/DISORDER ANIMALS WITH SIGNS 
OF DEFICIENCY 

SCIENTIFIC SOURCE 
OF INFORMATION 

Liver Necrosis Rat, Poultry, Mouse   

Schwarz, 1951 and 1954; 
Schwarz and Foltz, 1957; 

DeWitt and Schwarz, 
1958;   

Muscular Dystrophy Poultry, Sheep, Cattle, 
Pigs, Horse, Dogs 

Nesheim and Scott, 1958; 
Walter and Jensen, 1963; 

Oldfield et al., 1960; 
Hidiroglou et al., 1985; 

Mahan et al., 1973; 
Higuchi et al., 1989; Van 

Vleet, 1975. 
Microangiopathy Pigs Korpela, 1990 

Exudative Diathesis Chickens, Turkeys 
Schwarz et al., 1957; 
Patterson et al. 1957;  
Creech et al., 1957 

Pancreatic Fibrosis Chickens Gries and Scott, 1972 

Poor Feathering Chickens, Turkeys Edens et al, 1999, 2000; 
Supplee, 1966 

Retained Placenta Cattle Segerson et al., 1981 
Mastitis Cattle Hemingway, 1999 

Cystic Ovaries Cattle, Sheep Hemingway, 2003 

General Unthriftiness Sheep, Cattle, Chickens, 
Turkeys, Ducks Hidiroglou et al., 1992 

Cancer Humans Rayman, 2000 and 2002; 
Lush , 1999 

Heart Disease Humans 
Beck et al., 2003; Sole 
and Jeejeebhoy, 2002; 

Lush, 1999 

Immune Functions All Animals Lesourd, 1997; Harbige, 
1996; Pollock et al., 1994 

Fecundity All Animals 

Arechiga et al., 1998; Kott 
et al., 1983; Vezina et al., 
1996; Marin-Gizman et 
al., 1997; Latshaw and 
Osman, 1974;  Cantor 

and Scott, 1974; Surai et 
al, 1998ab, Ursini et al., 

1999 
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In vertebrate animal species, selenium is the pivotal element in an 

enzyme, iodothyronine deiodinase (types I, II, and III), which is needed for the 

conversion of the thyroid hormone, thyroxine (T4) to triiodothyronine (T3) (Edens 

and Gowdy, 2005). If T4 is not converted, deficiencies can arise causing 

hypothyroidism, which leads to numerous metabolic disorders that have 

numerous signs such as extreme fatigue, goiter, miscarriages, mental slowing, 

and cretinism (Edens and Gowdy, 2005).  

Shamberger and Frost (1969) were the first to indicate that selenium 

helped to reduce cancer mortality rates in their 1969 study. Since that time, there 

have been numerous experimental and epidemiologic studies to investigate this 

hypothesis. Several scientific studies suggest that an increased risk of cancer 

occurs as a result of low concentrations of selenium in the diet (Schrauzer et. al., 

1977; Clark et. al., 1991; Combs and Gray, 1998; Rayman and Clark, 2000).  

Evidence has been amassed to suggest strongly that selenium should be taken 

to aid in the prevention of many types of cancer. One study involved 1312 

patients who daily took 200 ug of selenium yeast or low-selenium yeast placebo 

for 4.5 years. Selenium supplementation was shown to reduce the total mortality 

and mortality from cancers as well as the incidence of lung colorectal and 

prostate cancer by 46%, 58%, and 64% respectively when the subjects were 

seen 6.4 years after the ingestion of the supplements (Clark et. al., 1996)   

Nevertheless, the lack of appropriate apoptosis in selenium deficient animals 

might exacerbate the growth of neoplastic tumors (Edens et. al., 2007). 
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Other research has shown a link between HIV/AIDS and selenium 

(Raymond, 2000; Jacques, 2006). In one study, the author concluded that 

selenium supplements offer a low-cost, simple and safe treatment for people with 

HIV (Jacques, 2006). Hurwitz and colleagues included 174 subjects using both 

genders. The subjects consumed 200 μg/day of selenium from high-selenium 

yeast or a placebo for 9 months. Selenium supplementation decreased HIV-1 

viral load (Hurwitz, 2007).  

The effect of selenium supplementation on the immune function in healthy 

adults has been investigated.  Twenty-two adults, who had relatively low plasma 

concentrations of selenium, were randomly assigned to consume either 50 or 

100 μg/day of selenium from either sodium selenite or a placebo for 15 weeks. 

Sodium selenite supplements increased the plasma concentration of selenium, 

the exchangeable selenium pool, and glutathione peroxidase activity in both 

lymphocyte phospholipids and cytosol (Broome et. al., 2004).   

In a study on the impact of selenium type II diabetes, 56 people with type 

II diabetes were randomized to receive either 960 μg/day selenium or a placebo 

for three months. Ten nondiabetics also participated in the study as the controls. 

Selenium supplements significantly increased plasma selenium concentrations 

and red-cell selenium glutathione peroxidase activity. Selenium supplements 

reduced nuclear factor-kappa B (NF-kB) activity in people with type II diabetes to 

a level near that of the nondiabetic controls proving that selenium helps protect 

against type II diabetes (Faure et. al., 2004). The decrease in NF-kB probably is  
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significant because it has been associated with increased apoptosis in many 

tissues including muscle and soft tissues such as pancreas and immunologically 

active tissues. 
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Figure 1.1. Diagram showing the relationship among various human diseases 
and the influence of sustained elevation in production of reactive oxygen (ROS) 
and reactive nitrogen (RNS) species metabolites. 
 

Figure 1.1 summarizes a few of the things that selenium does to aid human and 

animal health by controlling reactive oxygen and nitrogen species reactions via 

their neutralization. As shown in Table 1.1, selenium and/or vitamin E 

deficiencies can cause many different disorders leading to diseases shown in 

Figure 1.1.   

Toxicities  

Although selenium has been shown to be an essential trace element, it is  
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toxic if taken in excess amounts. Selenium can be toxic if given at about 10 times 

the recommended amount (Surai, 2002). This is modified by the species, age of 

the animal, source of selenium (organic vs. inorganic) as well as the duration of 

exposure and route of exposure (Surai, 2002) Most studies focus on the effects 

of sodium selenite. In one study, hens were fed sodium selenite to establish the 

toxic level. It was determined that at 5 ppm, sodium selenite was toxic (Lathshaw 

and Ort, 1977). In another study, hens and chickens were given via their diet or 

directly put into their crop 8 to 35 mg of sodium selenite per kilogram of 

bodyweight. After 15-30 minutes signs of toxicity were present in those birds that 

were administered selenium via the crop. Those, who ate the sodium selenite, 

showed toxicity signs 3-4 days later (Akulov et. al., 1972). Finally, when 

Todorovic and colleagues (1999) fed day old chicks a basal diet supplemented 

with 0, 2, 10, 20, and 30 mg of selenium per kilogram of bodyweight as sodium 

selenite for six weeks they found that the lowest levels at which the selenium 

caused reduction in daily gain was at 5 mg/kg. Table 1.2 shows a list of signs of 

selenosis as influenced by the route of exposure. 
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Table 1.2.  Signs of selenosis as influenced by the route of exposure. 

Mode of toxicity Signs of Selenium toxicities 

Air dizziness, fatigue, and irritation of mucous 
membranes 

Severe air exposure pulmonary edema and severe bronchitis 

Oral brittle hair and deformed nails 
Sever case of oral 
exposure loss of feeling and control in arms and legs 

Skin contact rashes, redness, heat, swelling and pain 

Brief exposure to the 
eyes burning, irritation and tearing 

Oral exposure to high 
levels 

decreased sperm counts, increased abnormal 
sperm, changes in the female reproductive cycle 
in rats, changes in menstrual cycle in monkeys 

 

Selenosis is the term given for selenium poisoning. Signs of selenosis are 

a garlic odor on the breath, which is due to expiration of dimethyl selenide, 

extreme unexplained fatigue, irritability, and neurological damage, weight loss, 

and miscarriage. Cirrhosis of the liver, pulmonary edema, and death are seen in 

extreme cases of selenosis. Selenosis in animals is mainly characterized by fatty 

degeneration of the liver, but other complications include liver cirrhosis, abnormal 

posture, bloating, and cyanosis (Diplock, 1976). In the chicken, signs of toxicities 

include growth depression, reduced egg production, anemia, and stiffness of the 

tibiotarsal joints (Soffietti et al., 1993; Latshaw and Ort, 1977; Franke, 1934; 

Arnold et. al., 1972). Table 1.3 shows the signs of the different stages of 

selenosis. 

 



 21

Table 1.3. Differentiation between acute and chronic selenosis. 

Selenium Toxicity in any species 
Acute vs. 
Chronic 

Intake 
amount/time Signs References 

Acute 
Selenosis 

>20mg/kg of Se 
for short period 

of time 

respiratory 
distress, ataxia, 
diarrhea, death 

Mahan and Moxon, 
1984; Miller and 
Williams, 1940 

Chronic 
Selenosis 

5-20 mg/kg 
over long 

period of time 

reduced feed 
intake and 

growth rate, 
hair loss, 

shedding of 
hooves, liver 

cirrohsis, 
anemia 

Goehring et. al., 
1984; Ekermans and 

Schneider, 1982 

 

The toxicity of selenium depends on the chemical form of the selenium. 

Both elemental selenium as well as most metallic selenides is relatively low in 

toxicities due to their low bioavailability. Hydrogen selenide, selenate and 

selenite are all very toxic. Several selenium compounds, which are highly 

bioavailable, are also toxic in large doses, and these include: dimethy selenide, 

selenomethionine, selenocysteine, and methylselenocysteine (Latshaw and Ort, 

1977, Hoffman et. al., 1991; Mahan and Moxon 1984).  

Water run-off can be a source of selenium poisoning. This can happen 

when agriculture runoff goes through normally dry underdeveloped lands causing 

the selenium compounds to leach into the water. The water may then be 

concentrated in new “wetlands” as it evaporates. Several wetland birds have 

been found to have congenital disorders due to this effect. This problem was 

seen in the Kesterson Reservoir. In the last half of the 20th century selenium 
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toxicity and rapid die off of migratory waterfowl took place at the reservoir. The 

reservoir received drain water which contained high levels of selenium from  

farmlands. During May, August and December of 1984 the problem was 

investigated and concentrations in some waterfowl, food plants, and insects were 

found to be up to 64 times those reported to be a health hazard to birds (Schuler 

et. al., 1990).  

 

SELENOPROTIENS 

Selenium is an essential ultramicrotrace element and through the 

selenoproteins within all vertebrate systems, influences numerous physical and 

biochemical functions that are necessary for maintenance of homeostasis in all 

animals. Selenium is incorporated into these proteins in the form of 

selenocysteine (Sec) as well as selenomethionine (SeMet), and they perform a 

variety of physiological roles (Mostert, 2000). The term “selenoprotein” is 

restricted to the proteins that contain selenocysteine inserted by a specific 

genetic sequence.  

Selenomethionine can easily be converted into selenocysteine by 

cystothionase. Selenocysteine can be substituted for cysteine in many structural 

proteins, but it is not directly incorporated into specific selenoproteins (Edens and 

Gowdy, 2005). For this incorporation to take place, selenocysteine-beta-lyase 

must first react with free selenocysteine to release selenide. Next, selenocysteyl-

tRNA[Ser], inserts a new and cotranslationally synthesized selenocysteine into 
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the selenoprotein of interest (Edens and Gowdy, 2005). 

Selenoprotein synthesis requires that a selenocysteine be inserted by the  

UGA stop codon in the open reading frame of mRNA (Surai, 2002). The 

formation of selenoproteins in prokaryotes is well understood; however, in 

eukaryotes the synthesis is less known (Wolffram,1999).  

There have been more than 30 selenoproteins discovered in both bacteria 

and mammals, and twenty of these have known biological function(s) attributed 

to them. The ones identified include: six types of glutathione peroxidase (GSHpx) 

(GPx1-GPx6), three types of thyroid hormone deiodinase (DI) (D1, D2, and D3), 

three types of thioredoxin reductase (TrxR) (TrxR1, TrxR2 and TrxR3), 

selenophosphate synthetase 2 (SPS2), 15-kDa selenoprotein (Sep15), SelH, 

SelI, SelK, SelM, SelO, SelP/SepP SelR, SelS, SelT, SelV, and SelW (Saito, 

2002;Mostert, 2000). Fish have the 15 kDa selenoprotein, SelJ, and SelU has 

also been identified (Surai 2006; Ursini, 2000; Papp et al., 2007; Petit et al., 

2003). However, selenoproteins P and W’s functions, in mammals, are still 

unclear. Table 1.4 shows the most up to date information known about the 

different selenoproteins found. 
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Table 1.4. Selenoproteins and their role in the maintenance of homeostasis in 
animals. 
 

Selenoproteins Function Reference 

Glutathione Peroxidases 
(GSHpx)     

Glutathione peroxidase-1 
(cytosolic) 

Reduces reactive molecules 
and free radicals; 

complements action of vitamin 
E 

Rotruck et al., 1973; Flohé et al., 
1973 

Glutathione peroxidase-2 
(gastrointestinal) 

Antioxidant; reduces ingested 
lipid hydroperoxides Chu et al., 1993 

Glutathione peroxidase-3 
(plasma) Unknown; selenium carrier Takahashi et al., 1987 

Phospholipid hydroperoxide 
glutathione peroxidase 

(spermatozoa and testis) 

Directly reduces phospholipids 
and cholesterol 
hydroperoxides 

Ursini et al., 1985 

Glutathione peroxidase- 
sperm nucleus 

Protamine thiol peroxidase; 
responsible for disulfide cross-
linking; necessary for sperm 
maturation and male fertility 

Behne et al., 1988, 1997 

Glutathione peroxidase-6 Unknown; homologue of GPx-
1 Kryukov et al., 2003 

Thioredoxin Reductases 
(TrxR)     

Cytosolic thioredoxin 
reductase (TrxR1) 

Reduces protein thiols and 
thioredoxin; provides reducing 
equivalents to several redox-

dependent systems 

Tamaura and Stadtman, 1996 

Testicular thioredoxin 
reductase (TrxR2) 

Reduces protein thiols and 
thioredoxin; provides reducing 
equivalents to several redox-

dependent systems 

Gasdaska et al., 1999; Lee et al., 
1999; Miranda-Vizute et al., 1999; 

Wataba et al., 1999 

Mitochondrial thioredoxin 
reductase (TrxR3) 

Reduces protein thiols and 
thioredoxin; provides reducing 
equivalents to several redox-

dependent systems 

Sun et al., 1999 

Iodothyronine Deiodinases     

Iodothyronine deiodinase 
Type-I 

Converts thyroxine (T4) to tri-
iodothyronine (T3) 

Behne et al., 1988, 1990; Arthur et 
al., 1990; Berry et al., 1991a 

Iodothyronine deiodinase 
Type-II Converts T4 to T3 and rT3 to T2 

Croteau et al., 1996; Salvatore et 
al., 1996 

Iodothyronine deiodinase 
Type-III 

Antioxidant in brain; converts 
T3 to rT3 and rT3 to T2; 

protects developing brain from 
excess T3 

Kaplan, 1986; Croteau et al., 
1995; Mortimer et al., 1996 

Adapted  from Edens and Gowdy (2004)  
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Table 1.4 (continued) 
Other Selenoproteins     

Sel H 

regulates expression levels of 
genes involved in de novo 
glutathione synthesis and 
phase II detoxification in 
response to redox status 

Panee et al 2007 

Sel I Unknown Kryukov et al., 2003 
SelJ Unknown Catellano et al., 2005 

Sel K antioxident properties in 
cardiomyocytes Lu et al 2006 

Sel M 
may be involved in 

Alzheimer's diease and play 
role in cancer etiology 

Kumaraswamy et al 2007 

Sel N 
directly linked to the rigid 

spine muscular dystrophy and 
multiminicore disease 

Petit et al 2003 

Sel O Unknown Kryukov et al., 2003 

Sel P Selenium carrier; antioxidant Herman, 1977; Motsenbocker and 
Tappel, 1982 

Sel R 
Methionine sulfoxide 

reductase; antioxidant 
activities and aging 

Kryukov et al., 2003; Lescure et 
al., 1999; Moskovitz et al., 2001 

SelS may control inflammation 
response Curran et al 2005 

Sel T 

plays role in the regulation of 
Ca+2 homeostasis and 

neuroendocrine secretion in 
response to a cAMP-

stimulating trophic factor 

Grumolato et al 2008 

Sel U (SEC in chickens and 
fish; Cys-homologue in 

mammals) 
Unknown Catellano et al., 2004 

Sel V Unknown; homologue of Sel 
W expressed in the testes Kryukov et al., 2003 

Sel W Unknown; redox activity in 
muscles and other tissues 

Vendeland et al., 1993; Allan et 
al., 1999 

Sel X Unknown Kryukov et al., 2003; Lescure et 
al., 1999 

Sel Zf1 Unknown Lescure et al 1999 
Sel Zf2 Unknown Lescure et al 1999 

15 kDa Selenoprotein 
seems to play role in cell 

apoptosis and mediation of 
chemopreventive effects of Se 

Papp et al 2007 

18 kDa Selenoprotein 
(mitochondrial) Unknown Behne et al., 1988; Kyriakopoulos 

et al., 1996 

Selenophosphate 
synthetase-2 

Biosynthesis of 
selenocysteine used in  
selenoprotein synthesis 

Low et al., 1995 

Adapted  from Edens and Gowdy (2004)  
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The presence of selenocysteine at the active site of an enzyme can 

increase the activity one hundred to one thousand fold (Burk, 1976). Glutathione 

preoxidase and thioredoxin reductase are the two most abundant selenoproteins 

in mammals (Gladyshev et al, 1998). In 2002, Surai showed that selenoproteins 

are involved in many systems including: redox signaling, regulation of apoptosis, 

immunomodulation, spermatogenesis, and embryonic development (Surai, 

2002).   

Selenoprotien P History 

In 1973, the first report of a selenium protein was published (Rotruck et 

al., 1973). In 1977, the second selenium containing protein was identified and 

this time it was found to be in blood plasma. Herrman attempted to purify this 

protein from rat plasma but was unsuccessful due to the protein’s lability 

(Herrman, 1977). He was able to show that it was distinct from plasma 

glutathione peroxidase. Herrman also noted this protein had heparin-binding 

properties (Herrman, 1977). In 1982, Herrman’s protein was further 

characterized, and it was shown by Motsenbrocker and Tappel to contain 

selenium as selenocysteine. Since its function could not be found, the letter P 

was used in its name to reference its location in plasma. Research continued, 

and by the late 1990s it was evident that selenoproteins have a wide range of 

metabolic roles. Selenoprotein P has been the subject of many studies over the 

past 20 years. It appears to have a large number of properties which are not 

present in other selenoproteins, and it also has been shown to be a major player  
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in whole-body selenium metabolism.  

Selenoprotein P Background 

Selenoprotein P (SelP), the second selenoprotein to be discovered, is a 

unique member of the selenoprotein family. SelP is a glycoprotein of 43 kDa and 

constitutes 60-80% of the total plasma selenium in rats but only about 33% of the 

total plasma selenium in humans (Surai, 2002; Burk and Hill, 1999). The plasma 

half life of selenium in SelP is three to four hours, which indicates there is a rapid 

turnover (Burk et. al., 1994). SelP is unique because it contains multiple 

selenocysteine residues per molecule, and cloning of rat liver cDNA showed that 

SelP contains 10 selenocysteine residues per molecule. SelP is mainly 

expressed in the liver and brain, but it is also present in other tissues (Behne and 

Kyriakopoulos, 2001). The liver appears to be the source of 75% SelP, but other 

tissues express its mRNA and therefore should synthesize it (Burk and Hill, 

2005). The other tissues, in addition to the liver, which have high concentrations 

of the mRNA are the kidneys and the heart. Smaller concentrations have been 

seen in the lungs, brain, skeletal system, muscle and the testis (Burk and Hill, 

2005). SelP is a good marker of selenium status because selenium deficiency 

decreases SelP concentration, causing the plasma selenium concentration to fall 

(Burk, 2003). 

Selenoprotein P Postulated Functions 

The exact role of SelP in tissues throughout the body is still unknown, but 

since its discovery several unique characteristics of the protein have been  
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identified. It was originally believed to be a major form of selenium transport in 

plasma (Motsenbocker and Tappel, 1982). It appears to play a role in selenium 

transport, selenium detoxification and antioxidant defense. It is also believed to 

protect endothelial cells against peroxynitrite toxicity, and there have been 

additional postulated functions.  

In 2002, Saito showed SelP not only to function as an antioxidant enzyme 

but also as a selenium supplier (Saito, 2002). SelP has been noted to have 

antioxidant functions because of its appearance with protection against diquat-

induced liver necrosis in selenium deficient rats (Burk 2003). Burk and 

colleagues showed that SelP protected against tissue injury as well as in 

selenium transport from the liver to peripheral tissues a function ascribed 

because of SelP’s plasma location and predominant origin in the liver (Burk et. 

al., 1980). Since SelP contains selenium atoms, it probably also has a redox 

function (Burk 2000). SelP can contribute to the decomposition of peroxynitrite 

toxicity because it has peroxidase activity in vitro (Surai, 2002). It has been 

shown also to promote neuron survival in vitro (Kohrle et al 2000). 

 

AVIAN REOVIRUS 

History 

 The first reports of reovirus emerged when Fahey and Crawley (1954) 

isolated avian reovirus (ARV) from the respiratory tract of chickens with chronic  
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respiratory disease and was later confirmed by Petek and colleagues (Petek et. 

al., 1966). In 1957 Dr. Norman Olsen at West Virginia University, while studying 

the pathogenesis of Mycoplasma synoviae, noted something that produced 

synovitis in broilers and it exhibited a lack of sensitivity to chlortetracycline and 

furazolidone. In 1959, Olsen noted this agent was not susceptible to 

streptomycin, and determined it was a virus, which he named “viral arthritis 

agent” (Olson et al, 1966). Walker and colleagues were able to determine it was 

reovirus by electron microscopy, and until then, it was misdiagnosed as a 

poxvirus because it has double-stranded nucleic acid (Walker et. al., 1972). In 

1972, Olson and Weiss inoculated reovirus isolates into chickens and were able 

to induce tenosynovitis histological lesions in the metatarsal flexor tendons of the 

chickens. They named the virus “Fahey-Crawley virus” since it was first isolated 

by Fahey and Crawley (Fahey and Crawley, 1954). It was later confirmed that 

these lesions were the same as those described by Kerr and Olsen in 1969 when 

they inoculated their “viral arthritis agent” into chickens. During the late 1970’s 

and 1980’s researchers described a nonspecific malabsorption syndrome due to 

the avian reovirus. Avian reovirus was not only associated with viral arthritis/ 

tenosynovitis, and in 1966 it was found several times to be associated with 

enteric disease of chickens (Krauss and Uebrerschar, 1966), and in 1969 with 

blue comb disease in turkeys (Deshmukh, Wooley and Gratzek, 1969). 

The avian reovirus is important pathogen in the poultry industry. It causes 

mortality, leg weakness, and poor feed conversions which in turn cause a  
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depressed productivity.  

Virus Description  

The avian reovirus belongs to the Reoviridae family Orthoreovirus genus. 

Reoviridae, which is a small group of animal and plant viruses, lack an outer 

envelope, appear spheroidal, measure about 70 nanometers across, and have 

two icosahedral capsids. They contain a genome encoded on ten segments of 

double-stranded RNA (dsRNA) that are encased by an inner icosahedral capsid 

shell called the core and an outer icosahedral capsid shell that measure roughly 

50 to 75 nm in diameter (Nibert and Schiff, 2001; Benavente and Martínez-

Costas, 2007). The RNA segments can be electrophoretically separated by 

polyacrylamide gel electrophoresis into three size classes, L (large), M (medium), 

and S (small). Likewise, reovirus proteins encoded by the avian reovirus genome 

fall into three size classes: λ (large), μ (medium) and Ω (small) (Ni et. al., 1993). 

Reoviridae is a family of viruses that can affect the gastrointestinal tract as well 

as respiratory tract. Since the virus was first isolated from the respiratory and 

enteric tract of humans and animals but was not associated with the disease the 

name reovirus was used. The name is actually mnemonic for respiratory (r) 

enteric (e) orphan (o) virus.   

Both avian reovirus (ARV) and mammalian reovirus (MRV) share physical-

chemical and morphological characteristics. ARVs differ from their MRV 

counterparts in their lack of hemagglutination activity (Glass et al., 1973), their 

ability to induce cell fusion (Bodelon et al., 2001), and that they are naturally  
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pathogenic in the avian host (Robertson and Wilcox, 1986; O’Hara et al., 2001). 

Each RNA segment consists of an open reading frame, which encodes a single 

protein. Each RNA segment is transcribed by a core-associated RNA polymerase 

to construct messenger RNAs (mRNA) reflecting the nucleotide sequence on the 

plus-strand of the dsRNA segments (Li et al., 1980). Viral RNAs exert dual 

functions in the cytoplasm of the infected cell via programming for viral protein 

synthesis at the ribosomes and secondly serving as the template for synthesis of 

the dsRNA minus-strands (Nibert and Schiff, 2001). Replication and assembly of 

ARV occurs in the cytoplasm in viral factories or viroplasms (Touris-Otero et al., 

2004), which contain both structural and nonstructural proteins.   

Avian reoviruses have been associated with respiratory disease, enteric 

disease; immunosuppression, stunting/runting syndromes, malabsorption 

syndrome, viral arthritis/tenosynovitis, and some chickens even exhibit 

neurological signs (Edens et al., 2008). 

Mode of Avian Reovirus Infection 

Rosenberger and Olson state that the ARV are found in poultry 

environments around the world and that the viruses are quite stable 

(Rosenberger and Olson, 1997). The viruses can be transmitted vertically, 

horizontally, and frequently by mechanical means because they are resistant to 

inactivation. Horizontal transmission has been noted through the intestinal tract, 

the respiratory tract and has also been seen with age related resistances. The 

primary transmission mechanism, horizontal transmission, is achieved through  
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direct exposure to feces (Robertson et al, 1984; Kerr and Olson, 1964; Jones, 

1972). The secondary mechanism of transmission is though vertical 

transmission. This occurs when the progeny get the virus from the dam while the 

ova are in situ (Deshmukh and Pomeroy, 1969). Egg transmission does occur 

but at a much lower rate than fecal-oral spread (Glass, 1973). Menendez and 

colleagues showed this effect when they administered the virus to 15-month-old 

breeders via nasal, esophageal and tracheal routes. The eggs from 6 to 21 days 

and 58 to 64 days post inoculation were then incubated. The hatched eggs from 

those laid on days 17, 18, 19 as well as an infertile egg laid on day 61 were all 

found to be infected (Menendez et. al., 1975).  

It is possible to limit the impact of reovirus through sanitation procedures, 

and the use of disinfectants can prevent subsequent infections in a poultry 

house. It is possible to vaccinate against ARV in day old chicks, but it is best to 

immunize breeder flocks because this limits transovarian transmission of the 

virus and provides protection to their progeny at hatching.  

Pathogenesis  

The small intestine is the most important site of ARV infection, regardless 

of the route of inoculation (Kibenge et al., 1985; Jones et al., 1989). The viremia 

due to ARV challenge spreads rapidly from the villus and crypt epithelium of the 

small intestine, where the virus replicates first, then spreads to all tissues. It can 

be re-isolated from plasma, intestines, bursa of Fabricius, liver, pancreas, spleen, 

heart, kidney, joints and tendons (Mandelli et al, 1978; Kibenge et al., 1985; Tang  
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et al., 1987; Jones et al., 1989). After the virus begins to spread from the small 

intestine epithelium, the liver becomes the primary site for replication (Jones et 

al, 1989; Kibenge et al., 1985; Mandelli et al, 1978).    

When ARV infect the small intestines of poultry, there is frequent 

development of either enteritis, malabsorption syndrome (MAS), or poult enteritis 

and mortality syndrome (PEMS in turkeys;  Heggen-Peay et al., 2002b), but a 

causative role for ARV in these diseases remains unproven (Guy, 1998). Yet, in 

PEMS outbreaks in turkey poults, ARV (ARV-CU98) is considered a highly 

probable causative agent (Heggen-Peay et al, 2002a).  

The intestinal morphology is affected characteristically in birds with ARV-

associated enteritis. The ARV-infected intestine will show vacuolar degeneration, 

ballooning and sloughing of the villus epithelium at the tip of the villi after only 

one or two days post infection (Songserm et al., 2003). In 2003, Songserm and 

colleagues report that the most frequent lesions were found in the jejunum and 

ileum regions of the small intestines when broilers were challenged with ARV 

isolated from MAS cases in The Netherlands and in Germany. They also noted 

that ARV antigen could be found in the cytoplasm of enterocytes from the tip and 

midvillus regions of duodenum, jejunum, and ileum villi, and in the cecal tonsil 

and bursa of Fabricius. The antigen was present through 7 days post infection 

only. The lamina propria of the intestinal villi becomes infiltrated with 

macrophages and monocytes in ARV-infected chickens, and many of the 

leukocytes in the lamina propria were eosinophilic granulocytes (also called  
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heterophilic cells). In an earlier study, Songserm and colleagues noted vacuolar 

degeneration, lymphoid, macrophage, and granulocyte infiltration into the lamina 

propria, cystic formation in crypts of Lieberkuhn, and villus atrophy in chickens 

challenged with an intestinal homogenate from MAS-positive chickens 

(Songserm et. al., 2002). Edens and colleagues have noted in selenium-deficient 

ARVCU-98 (turkey strain)-infected broiler chicken duodenum, jejunum and ileum 

villi that were thicker, shortened and blunted with deeper crypts of Lieberkuhn 

(Edens et. al., 2007). The villus tips were degenerating as evidenced by 

sloughing of the villus epithelial cells. The crypts of Lieberkuhn also had cystic 

development even at three weeks post infection. Those signs of infection were 

less severe due to the feeding of organic selenium in a high selenium yeast 

supplement and to a smaller degree due to the feeding of sodium selenite. The 

observations by Edens and colleagues suggest that nutrients, such as the 

ultramirco trace nutrient selenium, could play a crucial role in the chicken’s ability to 

resist or recover from an ARV infection (Edens et. al., 2007ab).  

Little is known about the early events of the pathogenesis of avian 

reovirus infections. More particular, little is known of the portal of entry, the major 

site of replication or the route and sequence of spread of the virus once it is in 

the host. Ni and colleagues noted that the viral entry of as well as the initial 

replication of the reovirus occurs in the intestine and bursa of Fabricius (Ni et. al., 

1993). This is followed by viral spread by the blood to other tissues or organs. 

The virus has been found in several of the chicken’s tissues including the hock  
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joint, the heart, the spleen, the liver, the lung, the bursa, and the intestine. Jones 

and colleagues also noted that the intestine and bursa serve as portals of entry 

as well as sites of primary replication (Jones et al., 1989). They also found that 

the initial primary replication of the ARV occurs between 12-24 hours post 

inoculation in the intestine of the chicken. They noted the virus was isolated from 

the liver and kidneys as early as 6 hours after infection (Jones et. al. 1989). 

Jones believes that this was due to the virus being transported directly across the 

surface of the epithelial barrier, probably by the macromolecular transport system 

(Jones et al., 1989). Kibenge confirmed the observations of Menendez and 

colleagues that there was an early systemic spread of reovirus in chickens 

following an oral infection (Menendez et. al., 1975, Kibenge, 1985). It has also 

been noted that the intestines show the highest level of infection after an oral 

inoculation with most of the virus being excreted in the feces and only a small 

amount reaching the liver (Kibenge et. al., 1985).   More recent evidence in both 

the chicken and turkey, the first tissue which is infected is the spleen after the 

initial ARV replication (Pantin-Jackwood et. al., 2007). The liver does not seem to 

be a site of ARV replication in turkeys but it does in chickens. In chickens, the 

ARV does not replicate in the thymus (Pantin-Jackwood et. al., 2007).  

  ARV pathogenicity is directly related to virus spread and replication (Ni 

et.al., 1994). Ni and colleagues have detected six strains of ARV with respect to 

electropherotype, protein profile, and pathogenicity. Those strains are 883, 176, 

81-5, S1133, FC, and TX (Ni et. al., 1993). They noted 883 caused symptoms,  
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which they labeled as “transient digestive system disorder” (TDSD). FC, TX, and 

S1133 all caused what they labeled as “viral arthritis syndrome” (VAS), and the 

last two strains, 176 and 81-5 caused both TDSD and VAS (Clark et. al., 1990). 

Clark found the two strains, 176 and 883 to be the most different with respect to 

virulence, electropherotype and protein profile. Strain 176 caused severe 

tenosynovitis with severe pericarditis/myocarditis, hepatomegaly, splenomegaly, 

and high mortality. But strain 883 caused mainly MAS signs with no other gross 

lesions (Clark et. al., 1990). The two strains showed differences in how the virus 

replicated and plaque formation in chicken embryo fibroblasts. Strain 176 was 

able to replicate to high infectious titers, and it also produced large, clear 

plaques, but strain 883 replicated to low infectious titers and produced small, 

fuzzy plaques (Ni et. al., 1990).  

 Other factors, which are significant in determination the virus virulence, 

include the ability of the virus to enter the host, multiply within host cells, spread 

to other tissues, overcome host immune defenses, and cause disease. Host 

factors which influence reovirus pathogenicity include age, genetics, and immune 

responsiveness (Rosenberger et. al., 1989). Roessler and Rosenberger showed 

the effect of age strain dependencies of reovirus virulence (Roessler and 

Rosenberger, 1989). In their studies, Rosenberger and colleagues demonstrated 

how the clinical disease was much less pronounced in birds inoculated at two 

weeks than those inoculated at one day (Rosenberger et. al., 1989). At two 

weeks of age, the birds had fewer lesions and there were no differences seen  
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among the isolates relative to their ability to produce mortality and weight 

depression. Thus, the failure of the birds to produce prompt, prolonged antibody 

response in the two week old birds was consistent with an age-associated 

resistance (Rosenberger, 1989). The mechanism of how these factors act is still 

not understood, but it is believed to be related to how the animal is able to have 

its own immunological response to the infection.  

Avian Reovirus-Related Apoptosis 

Apoptosis occurs readily in ARV-infected tissues (Labrada et al 2002). 

Cellular apoptosis is crucial for reovirus replication to occur. Apoptosis is the 

cellular host response to infection, and it is directly induced by reovirus infection 

both in vitro as well as in vivo (O’Brian, 1998; Labrada et. al., 2002). Apoptosis is 

also known as programmed cell death and is controlled by physiological 

mechanisms that lead to cell suicide. It is a tightly controlled physiological 

process that can be triggered by many intracellular as well as extracellular stimuli 

(Kerr et. al., 1972). Virus infection can result in apoptosis. This is especially true 

in the late stages of the virus life cycle when the progeny virus are being 

disseminated (Ping-Yuan et. al. 2006). Regardless of the form of apoptotic 

stimulus, intracellular or extracellular, the apoptotic process is directed toward a 

common death pathway in which cysteine proteinases, called caspases, induce 

degradation of intracellular proteins (Utz and Anderson, 2000). Cells under going 

apoptosis present with nuclear and chromatin condensation, loss of membrane 

integrity, and formation of apoptotic bodies.  
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Reovirus infection induces apoptosis in cells in vitro and in vivo (Clark et. 

al., 2003). Apoptosis is a critical mechanism by which disease is triggered in the 

host. Both MRV- and ARV-induced apoptosis has been documented. Apoptosis 

plays an important role in virus-induced tissue injury in vivo. Reovirus infections 

damage several organs including the liver, bursa, intestine, pancreas, thymus 

and spleen (Roessler and Rosenberger, 1989).  

Lin and colleagues (2006) were the first to show apoptosis induction by 

ARV in chicken tissue could be related to tissue injury.  Labrada and colleagues 

found that infection of chicken embryo fibroblasts (CEF) with ARV. Strain S1133, 

causes extensive cytopathic effect, which is similar to that described for apoptotic 

cells (Labrada et. al., 2002). In their studies, they found that ARV trigger 

activation of the intracellular death program early into infection and that the 

intracellular viral uncoating is required for apoptosis induction and not the viral 

gene expression (Labrada et. al., 2002). They concluded that due to the degree 

of apoptosis and both multiplicity and time of infection, that apoptosis is directly 

induced by the ARV (Labrada et. al., 2002).  

Labrada and colleagues have shown that virus attachment and cellular 

uptake of the virus is not sufficient to induce apoptosis in ARV-infected cells 

(Labrada et. al., 2002). ARV-related apoptosis occurs late in the replication cycle 

and is related to accumulation of its p10 protein (Table 1.5), which becomes toxic 

to the cell causing membrane instability (Bodelon et al., 2002). The p10-induced 

instability of the membrane facilitates syncytium formation among infected cells.  
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Syncytium formation among cells occurs when intracellular p10 escapes 

degradation in the cell and accumulates as a stable protein on the cell surface 

(Shmulevitz et al., 2004).  The ARV p10 protein is a fusion-associated small 

transmembrane protein (FAST) which has been shown to increase membrane 

permeability, ultimately leads to apoptosis (Salsman et al., 2005).  FAST proteins 

do not increase membrane leakiness, but instead earlier DNA fragmentation and 

chromatin condensation has occurred that leads to activation of the cell death 

pathway (Salsman et al., 2005). Nevertheless, the consequence of FAST protein 

induced cell-cell fusion results in extensive development of syncytia among 

infected cells and increased membrane permeability, which allows proteases to 

be lost from intracellular sites leading to increased apoptosis response. When 

extensive cell-cell fusion occurs, this allows enhanced virus release from 

apoptotic syncytia and dissemination of newly-formed virus particles (Salsman et 

al., 2005). Thus, apoptosis is important in pathogenesis of the ARV and is a 

required strategy for spread of the virus and continued infection of the host, but 

this viral strategy is also the cause of extensive tissue damage in the host. Lin 

and colleagues suggest that there is a correlation between ARV replication and 

apoptosis in chicken tissues and that the intensity of the apoptotic response is 

related to the level of tissue injury (Lin et. al., 2007).  
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Table 1.5. Avian reovirus proteins and their function within the viral particle 
(Benavente and Martínez-Costas, 2007). 
 

Viral 
Protein 

Genomic 
Segment 

Location in 
Viral Particle Function 

Αλ L1 Inner Core 

Core shell scaffold 
enclosing viral genome 

and viral RNA 
polymerase 

Βλ L2 Inner Core Putative Transcriptase 

Χλ L3 Turrets Capping enzyme 

mA M1 Inner Core Putative transcriptase 
co-factor 

mB, 
mBN, 
mBC 

M2 Outer Capsid Penetration 

mNS, 
mNSC, 
mNSN 

M3 Nonstructural
Formation of viral 

factories and protein 
recruitment 

sC S1 Outer Capsid Cell attachment 

01ρ S1 Nonstructural Permeabilizing/fusogenic 

71ρ S1 Nonstructural Unknown 

sA S2 Inner Core dsRNA binding, anti-
interferon activity 

sB S3 Outer Capsid Unknown 
sNS S4 Nonstructural ssRNA binding 

 

Shih and colleagues have demonstrated that ARV S1133 can induce 

apoptosis mediated through its σC protein that functions in cell attachment (Table 

1.5) (Shih et. al., 2005). Lin and his colleagues extended the work of Shih and 

colleagues and found that the signaling pathway to apoptosis induced by σC had 

activated the p53 and c-Src genes (Lin et. al., 2006). ARV S1133 stimulates the  
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apoptotic cell through activation of c-Src, which activates a series of transcription 

factors, increasing transcription, translation and accumulation of phosphorylated 

p53. Lin pointed out that expression of p53 also requires activation of 

transcription from the p53 promoter by AP-1, NF-κB, and Myc/Max (Lin et. al., 

2006). As a transcription factor p53 regulates the cell cycle and hence functions 

as a tumor suppressor. The p53 gene is important in multicellular organisms as it 

helps to suppress cancer. Therefore, p53 has been described as "the guardian of 

the genome", referring to its role in conserving stability by preventing genome 

mutation. C-Src is the cellular homologue of the Rous sarcoma virus-transforming 

gene, v-src. C-Src plays a role in the regulation of embryonic development and 

cell growth. V-src lacks the C-terminal inhibitory phosphorylation site (tyrosine-

527) and is constitutively active as opposed to c-Src, which is only activated 

under certain circumstances where it is required, e.g., as in growth factor 

signaling (Parsons and Parsons, 2004).  

These observations are important because it has been reported that 

selenium as sodium selenite has the capacity to induce caspase-independent 

apoptosis in cervical carcinoma cells via oxidative stress-mediated activation of 

p53 and p38 pathways (Rudolf et al., 2007).  Sodium selenite has a well known 

pro-oxidant capacity (Jiang et al., 2004), and selenite induced oxidative stress in 

cervical cancer cells, along with depletion of reduced glutathione, and dose 

dependent inhibition of DNA synthesis will induce apoptosis. Provision of high 

selenium yeast, which provides selenomethionine in the yeast protein, can be  
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shown to reduce DNA damage and up-regulate epithelial cell apoptosis in dog 

prostate (Waters et al., 2003, 2005). The selenomethionine in selenium yeast 

has not been shown to be a pro-oxidant (Edens and Gowdy, 2005). Thus, pro-

apoptotic events affected by selenomethionine probably do not require an 

oxidative intervention. In fact, Kim and colleagues have reported that 

selenomethionine-related apoptosis is accomplished via blocking of integrin 

expression, which blocks cancer cell adhesion to extracellular matrix (Kim et. al., 

2006). The apoptotic event still required caspase activation along with activation 

of p38, PKC-δ, and NFκB. Zhao and colleagues using prostate cancer cells 

found that selenomethionine-induced apoptosis was superoxide mediated, p53-

dependent and caused caspase-9 activation (Zhao et. al., 2006). Therefore both 

organic and inorganic selenium can induce apoptosis utilizing caspase activation, 

but oxidative stress was only involved when sodium selenite was used.  

Diseases Associated with Avian Reovirus 

ARV affects all classes of avian species, but its economic impact mostly 

affects chickens and turkeys. Infections attributed to ARV tend to be mild or 

subclinical. The extent of their role as agents of illness in poultry is unclear, 

especially their involvement in disease complexes other than tenosynovitis (van 

der Heide, 2000). ARV is found throughout the poultry producing regions of the 

world and have been isolated from poultry showing a wide variety of diseases. 

Robertson and colleagues have suggested that ARV can be isolated from birds 

that are not showing signs of the disease (Robertson et. al., 1984). Therefore, by  
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simply isolating ARV from tissues of poultry with lesions is not a definitive 

diagnosis of reovirus associated infection. Infections due to ARV in poultry 

ranges from inapparent to fatal, and in many instances, ARV infection might be 

sub-clinical or produce focal necrosis and inflammatory infiltrations in various 

tissues such as the bursa of Fabricius, thymus and other lymphoid tissues 

(Balamurugan and Kataria, 2006). 

Avian reoviruses were originally found in young chickens with 

tenosynovitis (Rosenberger et al., 1985; Rosenberger and Olsen, 1997). 

Continued study has shown that the ubiquitous ARV in chickens and turkeys are 

associated with chronic respiratory diseases (Fahey and Crawley, 1954), runting-

stunting syndrome (Rosenberger and Olsen, 1997), malabsorption/pale bird 

syndrome (Kouwenhoven et al., 1978b; Page et al., 1982; Hieronymus et al, 

1983), brittle bone disease (van der Heide et al., 1981), pericarditis/myocarditis 

(van der Heide et al., 1980; McNulty, 1993; Ni and Kemp, 1995), proventriculitis 

(Kouwenhoven et al., 1978a), hydropericardium (Jones, 1976), hepatitis 

(Mandelli et al., 1978; McNulty, 1993), central nervous system degeneration (Van 

de Zande and Kuhn, 2007), and enteritis (Simmons et al., 1972; Maslin et al., 

1983; Dea and Tijssen, 1988; Martland, 1989; Goodwin et al., 1993; McNulty, 

1993; Guy, 1998; van Loon et al., 2001; Heggen-Peay et al., 2002; Songserm et 

al., 2003). 

Recently, there have been reports from the field of the isolation of enteric 

ARV strains, which have caused neurological dysfunction in broiler breeder  
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replacement pullets. Enteric ARV-challenged, specific pathogen free Leghorn 

chickens exhibit neurological signs similar to those found in field cases (Van de 

Zande and Kuhn, 2007). The signs of this enteric ARV-related disease are 

instability, tremors, twisted necks, or twitches in addition to the flock showing 

signs of arthritis/tenosynovitis and malabsorption.  Table 1.6 shows a list of 

commonly reported pathogenic ARV. 

Table 1.6. Commonly reported pathogenic avian reovirus (ARV). 

ARV Strain Disease Association 
S1133 Tenosynovitis 

UMI 203 Tenosynovitis 

Reo 25 Tenosynovitis 

WVU 2937 Tenosynovitis 

2408 Malabsorption/tenosynovitis 

S1733 Malabsorption/tenosynovitis 

CO8 Malabsorption syndrome 

ARV 305 Malabsorption/femoral head necrosis/brittle bone 
disease 

ss412 Malabsorption/proventriculitis 

ARV CU-98 Poult enteritis and mortality syndrome/malabsorption 

ARV NL120 98M Malabsorption syndrome 

ARV 176 Tenosynovitis 

ARV 138 Tenosynovitis 
  

The list is not inclusive of all the documented ARV isolates from chickens 

and turkeys around the world. It is difficult to assign a single ARV isolate as the 
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etiologic agent for the many different diseases ascribed to ARV infections 

because a single isolate can be associated with many different conditions.  

Diagnosis, Clinical Signs and Gross Lesions 
 

Diagnosis can be made on the basis of clinical signs and lesions or by the 

use of diagnostic tests. The virus can be isolated in chicken embryo liver cells 

and in infected tendon sheaths. Histopaths can be run on infected tendons.  

In the past, ARV has been associated with viral arthritis/ tenosynovitis, 

malabsorption syndrome (MAS), stunting/runting syndromes, enteric disease, 

immunosuppression, and respiratory disease (van der Heide, 2000). However, 

more recently, reports show reoviruses have been isolated from chickens 

exhibiting neurological signs. Clinical signs of reovirus in birds with viral arthritis/ 

tenosynovitis include lameness, joint swelling, and thickened or ruptured 

tendons.  

Diagnostic tests may be the best way to isolate reovirus, and there have 

been a variety of tests developed for this purpose. Several of these include virus 

isolation in cell cultures, localization of the virus in infected tissues by electron 

microscopy, fluorescence assays, the detection of antibody or viral antigen by 

enzyme-linked immunosorbent assay (ELISA), western immunoblot, agar 

immunodiffusion, and viral neutralization (Endo-Munoz and L.B, 1990; 

Hieronymus et. al., 1983; Ide, 1982; Rosenberger et. al., 1985; Slaght et. al., 

1978; Van der Heide et. al., 1975). RT-PCR assay for the detection of reovirus 

using the L1 gene sequence has been developed (Leary et. al., 2002). This  
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assay is very sensitive and is capable of detecting a single virus particle if it is 

present in the reaction mixture (Leary et. al., 2002). Not only is this method more 

rapid than other diagnostic procedures it is also more sensitive and specific. 

Serum neutralization is a common standard serological test that has been used 

(Olson, 1975).The ELISA diagnostic test is also commonly used and the results 

tend to closely correlate to those of the serum neutralization (Liu et. al., 2002).  

Prevention 

There are two ways to prevent reovirus from infecting flocks. One is simply 

through biosecurity and the second is through vaccines. The first way to ensure 

reovirus does not infect the flock is through biosecurity measures such as 

cleaning and disinfecting the poultry houses between flocks. Reovirus has been 

shown to last for up to ten days on feathers, wood shavings, chicken feed, and 

eggshells.  Therefore, it is imperative that these materials be removed from the 

house when the clean-up process is being done (Savage et al, 2003). The 

second way to prevent reovirus infections is through vaccinating the birds. 

Vaccinating the birds provides both direct immunity to the dam as well as indirect 

immunity to the progeny of the dam.  

Despite new vaccines and treatments, losses due to reovirus infections 

still occur. The ARV have the ability to evade the chicken's immune system 

through their ability to abrogate the antiviral effects of interferon (IFNγ), which is 

accomplished through an inner core structural protein, σA that binds and 

sequesters dsRNA from the IFNγ-inducible antiviral pathways effectively  
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controlling the dsRNA within the cell and blocking cellular response pathways 

that are dependent upon dsRNA (González-Lόpez et al., 2003). The ARV also 

has the ability to mutate and evade the chicken's immune response through their 

ability to form reassortants when there are co-infections involving other ARV 

strains (Ni and Kemp, 1992). The reassortants possess antigenic characteristics 

unlike the parent strains and make the use of commonly used vaccines 

ineffective because there is little if any cross reactivity in the reassortant viruses. 

Another reason why reovirus might be considered a virus in search of a disease 

is that the diagnosis of ARV-induced diseases is difficult, and diseases caused 

by ARV infections are clinically indistinguishable from a number of other common 

problems. 

 

POLYMERIC IMMUNOGLOBIN RECEPTOR (pIgR) 

Description of pIgR 

Polymeric Immunoglobin receptor (pIgR) is an Fc receptor which controls 

the secretion of IgA. pIgR plays a major role in mucosal host defense and 

transporting antibodies across mucosal epithelial cells. The pIgR mediates 

transport of polymeric IgA across polarized epithelial cells, allowing cleavage and 

release of secretory component, either free or bound covalently to IgA. 

The structure and function of mammalian pIgR is detailed, but little is 

known about the structures in birds. In chickens, there have been several reports 

which show the presence of antigenic determinants associated with high  
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molecular mass IgA complexes (Lebacq-Verheyden et. al. 1972). Rose and 

colleagues reported the presence of a pIgR-related carrier functioning as the 

transport mechanism of chicken Igs across the epithelial layers (Rose et al., 

1981). The structure of mammal pIgR is highly conserved and has an N-terminal 

extracellular region with five Ig-like domains, an acidic transmembrane region 

and a C-terminal cytoplasmic region. First, pIgR Ig-like domains bind polymeric 

immunoglobulin A (pIgA) non-covalently then a covalent bond forms between 

conserved cysteine residues in pIgR Ig-like domains 5 and IgA Co2 domains 

(Lebacq-Verheyden et. al. 1972). The J-chain which regulates the polymerization 

of IgA is also important in the formation of secretory IgA (sIgA). This is because 

its C-terminus forms a docking site on pIgA for pIgR (Johansen et. al., 1999).  

Little is known about pIgR during enteric virus infection, but pIgR is 

expressed on several glandular epithelia cells including the liver and breast. pIgR 

mediates transcellular transport of polymeric immunoglobulin molecules and is a 

member of the immunoglobulin superfamily. The receptor has 5 units with 

homology to the variable (V) units of immunoglobulins and a transmembrane 

region, which also has some homology to certain immunoglobulin variable 

regions. pIgR is a glycoprotein expressed on the basolateral surface of secretory 

columnar epithelial cells, and is also called membrane secretory component. In 

mammals, it has been shown that mucosal epithelial cells synthesize pIgR. PIgR 

binds pIgA at the basolateral epithelial cell surface. Both birds and mammals use 

pIgA, which is produced by plasma cells in the lamina propia underlying the  
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mucosal epithelia and is the primary immunological defense against such 

infections (Uren et. al., 2003). pIgA neutralizes pathogens as well as antigens 

within intracellular vesicular compartments during transcytosis (Bonaz 2006).The 

binding of pIgA to pIgR stimulates transcytosis through a signal transduction 

pathway and this is dependent upon a protein tyrosine kinase (Luton et. al., 

1999). Receptor Ig complexes are endocytosed and then transcytosed to the 

apical lumen by proteolytic cleavage of the receptor ectodomain (Crago et. al., 

1978). Genes that encode the avian pIgR counterparts have not been identified. 

Increased insight into avian mucosal immunity is very important as there is 

comparatively little known about the subject. The knowledge can help prevent 

disease and infection of mucosal epithelial which is both helpful for animal 

welfare as well as human health. Findings suggest that pIgR may play an 

important role in modulating inflammatory responses in the mucosa during active 

colitis. Therefore, pIgR is important for the maintenance of epithelial integrity and 

mucosal homeostasis in the colonic epithelium (Bonaz 2006). Not only does pIgR 

protect mucosal epithelial, it also permits pathogen entrance through the 

epithelial barrier making pIgR instrumental to mucosal immunity.  

pIgR’s Association with Reovirus 

pIgR contributes to the host defense of mucosal surfaces by mediating 

efficient transport and secretion of IgA, but it is not clear how the mucosal 

pathogens affect pIgR expression in an advantageous way for either their host or 

the pathogen (Pal et. al., 2005). 
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There are forms of reovirus which also bind to the apical surface of the 

intestinal epithelial cells. Reovirus T3 is one such form (Kauffman et. al., 1983). It 

has been reported that reovirus grows best in the rapidly developing cells of the 

intestinal crypts (Rubin et. al., 1985). Pal and colleagues were the first to show 

that reovirus increases pIgR mRNA and protein in mucosal epithelial cells (Pal et. 

al., 2005). Their results indicate that the virus binds to cellular ligands and 

uncoating in acidified endosomes are required steps for virus-mediated pIgR up-

regulation through a calpain-mediated pathway. They also found that pIgR up-

regulation in epithelial cells from the intestine could clear infection more 

effectively by increasing transport of pIgA in the mucosal secretions (Pal et al., 

2005).  

Although it has not been proven, it is possible that reovirus infection leads 

to pIgR upregulation in vivo. This is due to the fact that reovirus replicates in the 

dividing cells of the intestine, and the virus replication appears to be restricted to 

host cells with an activated ras pathway (Rubin et. al., 1985; Strong et. al., 1998). 

Reovirus replication is not necessary for upregulation pIgR expression and so 

reovirus could potentially modulate pIgR levels in differentiated IECs lacking an 

activated ras pathway. Pal and colleagues showed that virus induced up-

regulation of pIgR augments IgA transcytosis, which could be an innate host-

defense mechanism against mucosal pathogens (Pal et. al., 2005).  

 There is little known about pIgR during enteric virus infections. That which 

is known suggests that pIgR plays a role in mucosal host defense and thus  



 51

factors, which influence expression of pIgR, could also affect mucosal immunity. 

The different cytokines that increase pIgR expression includes gamma interferon, 

tumor necrosis factor alpha, interleukin 1 beta and 1L4 (Pal et. al., 2005). 

 

QUANTATIVE REAL TIME POLYMERASE CHAIN REACION 
(qRT-PCR) 
 

qRT-PCR is based on the technique of the polymerase chain reaction 

(PCR), which was first discovered by Kary B. Mullis in the mid 1980’s (Hongbao, 

2005). PCR is a method that allows exponential amplification of short DNA 

sequences within a longer double stranded DNA molecule. qRT-PCR is 

characterized by the point in time during a cycle when amplification of a PCR 

product is first detected. The higher the starting copy number of the nucleic acid 

target, the sooner a significant increase in fluorescence is observed.  

   There are two ways to obtain a fluorescent signal from the synthesis of 

products in PCR. The first way is by using a fluorescent dye such as SYBR 

green, which binds to double stranded DNA and then undergoes a 

conformational change resulting in an increase in fluorescence. The second way 

is to use fluorescent resonance energy transfer (FRET). The SYBR green 

method was the first to be used in qRT-PCR. It binds to double-stranded DNA 

and emits light when excited.  

qRT-PCR has become the choice method for quantitative examination and 

the expression of specific genes. This method allows rapid, reproducibility and  
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statistically small changes in the expression of hundreds of samples per day. 

qRT-PCR requires nanogram amounts of RNA samples which makes this assay 

more suitable for the analysis of samples obtained from laser microdissected 

tissue. It is also adaptable for high-throughput and quantative gene expression 

studies, especially with the development of 384-well qRT-PCR instruments.   

 

MICROARRAYS 

Microarray expression analysis has become one of the most widely used 

functional genomics tools. The technique of microarray was first introduced in 

1995 by Brown’s lab (Schena et. al., 1995). They used the form of spotted cDNA 

arrays. In 1996 a new form was introduced as oliogo-nucleotide chips (Lockhard 

et. al., 1996).  

Using microarray technology, the expression levels of thousands of genes 

can be monitored in a single analysis. A micoarray is any array of biological 

material that is printed onto a solid substrate in a “micro” format. The objects are 

placed onto the substrate by a robot that is able to deposit minuscule amounts of 

materials into discrete spots on the array. DNA molecules which represent many 

genes are placed in specific spots on a microscope slide. The material that is 

being spotted is typically DNA, RNA or proteins. In order to determine which 

genes are turned on and off in a given cell using the array, a researcher must 

first collect tissues, extract the RNA and then label each mRNA molecule by 
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attaching a fluorescent dye to it. Next, the researcher must place the labeled 

mRNA onto a DNA microarray slide. The mRNA produced by the cell is  

complementary and thus, it will bind to the original portion of the DNA strand from 

which it was copied. Therefore, when the mRNA is present it will hybridize (bind) 

to its complimentary DNA on the microarray and leave a fluorescent tag. Next the 

researcher must use a special scanner to measure the fluorescent areas on the 

microarray. If the gene is very active it will be bright and those who are less 

active result in dimmer spots.  

 In 2004, the draft chicken genome was completed and published making it 

the first farm animal to have its genome sequenced (Lamont, 2006). There have 

been several types of microarrys developed containing subsets of chicken cDNA 

sequences. Among these are: the Arizona Gallus gallus 20.7K Long Oligo Array 

which was printed using a set of 20,673 long oligos based on the chicken 

Ensembl gene transcripts, Affymetrix GeneChip chicken Genome Array covering 

32,773 transcripts corresponding to over 28,000 chicken genes, the Fred 

Hutchinson Cancer Research Center (FHCRC) chicken 13,000 array which is a 

multi-tissue cDNA microarray with 13,007 features, University of Delaware, Larry 

Cogburn, which is a custom microarray produced by Cogburn and his colleagues 

which features metabolic/somatic systems, chicken neuroendocrine systems and 

the DEL-MAR 14,000 integrated systems, finally, ARK Genomics offers an 1,153 

clone chicken embryo array, a 5,000 cDNA chicken immune array and a 4,800 

clone chicken neuroendocrine array (Bell et. al., 2004). There are also numerous 
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numbers of focused microarrays developed by laboratories everywhere to be 

used for their specific research interests.  
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CHAPTER 2: SEL-PLEX MAINTAINS SMALL INTESTINE 
INTEGRITY IN REOVIRUS-INFECTED BROILER CHICKENS 

 
 
Abstract: 
 
 Avian reovirus (ARV) infections cause malabsorption, lower weight gains, 

and increased mortality in broiler chickens. The reovirus infection targets the 

enterocytes on intestinal villi causing villus dysfunction resulting in decreased 

digestive and absorptive functions. The aim of this investigation was to determine 

if ARV infection with and without selenium -organic and inorganic- affected small 

intestinal integrity.  Eggs, obtained from Cobb breeders fed on isocaloric Torula 

yeast diets containing either no supplemental selenium, sodium selenite (0.3 

ppm), or Sel-Plex (0.3 ppm; Alltech, Inc., Nicholasville, KY, USA), were hatched, 

and chicks were placed on Torula yeast broiler diets containing no supplemental 

selenium, 0.3 ppm sodium selenite, or 0.3 ppm organic selenium similar to their 

respective parental diets. At hatch, 30 chicks per dietary selenium treatment 

were placed into either control or ARV-infected groups in heated metal-growing 

batteries in separate isolation rooms. The ARV-infected chicks were given orally 

0.5 mL of the reovirus ARV-CU98 (104.2 pfu/chick), and control chicks were given 

medium only. At 21 d of age, intestinal tracts were dissected and preserved for 

histomorphometry. Data were analyzed using the GLM procedure of SAS. ARV-

CU98 infection did not affect intestinal length, but infected chicks generally had 

more distended and heavier intestines than did controls (P<0.05). 

Histomorphometric analysis revealed longer and more narrow villi, greater surface  
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perimeter, more shallow crypt depth, and significantly greater length:crypt depth 

(H:D) ratios in Sel-Plex-fed control and infected birds as compared with control- and 

sodium selenite-fed birds. The greater H:D ratios in Sel-Plex-fed chicks suggested 

less oxidative stress in the intestinal tract. Less oxidative stress results in less 

energy demand by the intestinal tract, which allows repartitioning of metabolizable 

energy into productive energy. Thus, improved redox status found in Sel-Plex-fed 

broilers resulted in maintenance of the integrity of the small intestine of both control 

and ARV-CU98 infected chickens and partially explains improved growth and 

immunity in Sel-Plex-fed chickens. 

 

Introduction: 

In 1974, when the US Food and Drug Administration approved selenium 

as a feed supplement, inorganic selenium, primarily as sodium selenite, became 

the traditional source for dietary supplemental selenium for poultry and livestock 

(Leeson and Summers, 1991). The reason for that decision in 1974 was based 

on cost of the selenium supplements and lack of information on 

selenomethionine, and it was ironic because the commonly used plant- and 

animal-based feed ingredients contain selenium almost exclusively as organic 

compounds such as the naturally occurring selenoaminoacids (Burk, 1976; 

Levander 1986; Cai et al., 1995). Without a doubt, the use of inorganic selenium 

supplements in feeds has improved the performance of all classes of commercial 

poultry, but modern high-yielding poultry have higher metabolic rates and  
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different nutritional needs compared with poultry from 35 years ago, thereby 

signaling a need to reassess the nutrient requirements. Inorganic selenium has 

some problems associated with its use. Among those problems are the minimal 

levels of selenium in meat proteins and the potential for toxicity if too high a 

dietary level of inorganic selenium is provided to chickens. Sodium selenite has a 

documented pro-oxidant influence in all animals tested   (Spallholz, 1997; Terada 

et al., 1999). Thus, a need to revisit organic selenium as a feed supplement for 

poultry is apparent.  

After many years of laboratory and field research, a source for natural 

organic selenium (Sel-Plex®, Alltech, Inc., Nicholasville, KY), was approved for 

use in the poultry industry in the US Food and Drug Administration  (Federal 

Register, 2000 and 2002). Sel-Plex® provides a cocktail of selenium compounds 

(Kelly and Power, 1995), but selenomethionine in the selenium-enriched yeast 

cellular protein component is the primary form of selenium in Sel-Plex®. The 

organic selenium profile in Sel-Plex® is similar to the organic selenium profile in 

plants and grains (Kelly and Power, 1995). The organic selenium in Sel-Plex® is 

readily available and will be absorbed actively (Mahan, 1995) from the intestine 

via the Na+-dependent methionine transport system (Spencer and Blau, 1962) 

while sodium selenite is absorbed passively by diffusion from the intestinal tract 

(Schrauzer, 2000).  

Selenium Influence on Host: Virus Interaction 

There are more than 13,000 scientific studies demonstrating increased  
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susceptibility to infection in association with malnourishment in both humans and 

lower vertebrate animals. Most of those studies have focused on poor diets and 

how the host immune system have been negatively affected. In comparison, little 

is known about how the malnourished host may affect a virus and how that virus 

then interacts with the host. There is one ultramicro trace element, selenium that 

seems to play a major role in infections due to RNA viruses (Combs, 2001; Field 

et al., 2002; Lyons et al., 2003; Beck et al., 2004).  

Research into the influence of malnutrition on the host X viral interactions 

was initiated by Melinda A. Beck and colleagues at the University of North 

Carolina at Chapel Hill, North Carolina when she discovered the emergence of 

new viral variants in a selenium deficient model (Beck et al., 1994, 1995, 1998, 

2003). Beck’s group found that mice deficient in selenium were more susceptible 

to Coxsackievirus B3. Those mice infected with a normally harmless strain of 

Coxsackievirus developed myocarditis because in the selenium-deficient mice, 

the avirulent virus had mutated to a virulent form. The re-isolated virus was then 

shown to be virulent by inducing myocarditis in normal mice.  

The reason for the viral genome mutation from avirulent to virulent virus 

was shown to be mediated by increased oxidative stress due to selenium 

deficiency. Beck and colleagues also demonstrated that even influenza virus is 

influenced by host selenium status (Beck et al., 2001; Nelson et al., 2001; Beck 

et al., 2004). Using the low pathogenic influenza A/Bangkok/1/79 (H3N2) virus 

strain that produces a mild pneumatitis in mice, Beck et al. (2001) found much  
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more severe pathology in selenium deficient mice than in mice fed a selenium 

adequate diet. Part of the increased level of pathology was due to increased 

proinflammatory cytokine production in lungs of selenium deficient mice 

compared with selenium adequate mice. 

Following Beck’s pioneering work, numerous other studies have revealed 

similar relationships involving host selenium deficiency and virulence of RNA 

viruses. Selenium is very important in the maintenance of health status in HIV-

infected patients (Foster, 2003). It has been reported that selenium inhibits HIV 

replication (Look et al., 1997) and reactivation by hydrogen peroxide (Sappey et 

al., 1994). Selenium also plays a protective role in patients with hepatitis B and C 

infections preventing progression to cirrhosis and liver cancer (Yu et al., 1997, 

1999). Measles virus infected children given a 12 month nutritional supplement 

with selenium had significantly lower incidences of diarrhea, fever, and acute 

lower respiratory infection (Juyal et al., 2004). Additionally, Broome et al. (2004) 

reported that patients given a live attenuated polio vaccine along with selenium 

supplementation had improved immune functions and stopped shedding the polio 

vaccine virus more quickly, and higher rates of selenium supplementation 

(100μg/day) was better than a lower rate (50μg/day) of supplementation.  

Influence of Selenium on Avian Virus: Host Interaction 
 
To date there has been little information linking selenium with the 

responses of poultry species to viral infections. One study with chicks was 

identified in which supplementation of vitamin E and selenium to diets already  
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adequate in these nutrients was assessed (Panda and Rao, 1994). Compared 

with unsupplemented groups, groups fed the vitamin E and selenium supplement 

had enhanced immune function, including higher geometric mean titers of the 

tube agglutination test against infectious bursal disease virus (IBDV) and higher 

numbers of rosette–forming cells in the peripheral blood. Newcastle Disease 

(ND) virus infections also appear to be affected by vitamin E and selenium 

supplementation. Bassiouni et al. (1990) observed improved resistance against 

ND, increased antibody titers, and improved weight gain associated with 

selenium and vitamin E supplementation. Swain et al. (2000) have shown that 

broiler chicken responses to ND vaccine were enhanced by selenium and vitamin 

E supplements greater than NRC requirements. Additionally, Marin et al. (2003) 

reported increased antibody titers against IBDV and ND, increased serum protein 

levels, and prevention of bursal damage in aflatoxin-B-1-exposed chickens when 

the chickens were given dietary supplements of selenium and vitamin E. Singh et 

al. (2006) reported a synergistic effect between vitamin E and selenium in 

chickens given a ND vaccine. ND vaccinated chickens had higher 

hemagglutination inhibition titers when given the combination of selenium and 

vitamin E along with higher circulating levels of immunoglobulins and circulatory 

immune complexes. 

Reovirus in chickens 
 

In the poultry world, there are numerous economically important RNA 

viruses. Among these are the reoviruses, which are species-specific and have a  
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broad range of virulence in chickens (Robertson et al, 1984).  Reoviruses can 

cause infection in joints and tendons, respiratory tract, and in the intestinal tract. 

Recently, there have been numerous field cases of enteric reovirus infections 

leading to malabsorption syndrome, moderate to severe weight gain depression, 

and increased mortality. Malabsorption syndrome was investigated by Jensen 

and colleagues (1991) who found that both selenium and vitamin E were 

effective in reducing mortality. In fact, Swick (1995) has recommended that 

selenium be supplemented to the highest allowable dietary level to reduce 

reovirus related mortality associated with malabsorption syndrome. The higher 

metabolic rates of the modern high meat-yielding broiler chicken might contribute 

to the severity of RNA virus infection because the RNA viruses depend on high 

levels of oxidative stress to facilitate replication.  

Thus, it is important to investigate the role selenium might play in RNA 

virus infection. This work was conducted to examine the influence of dietary 

selenium on intestinal morphology of broiler chickens challenged with an enteric 

reovirus.  

 

Material and Methods: 

Animal Welfare: 

This study was conducted following guidelines established by the North 

Carolina State University Animal Care and Use Committee, which governs all 

animal use in experimental procedures. 
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Chicks:  

Cobb broiler chicks were hatched from eggs produced by breeders that 

had been maintained on isocaloric Torula yeast diets that provided 1) no 

selenium (less than 0.02 ppm), 2) Sel-Plex (Alltech, Inc. Nicholasville, KY) as the 

source of organic selenium (0.3 ppm), or 3) sodium selenite (0.3 ppm). Hatchling 

chicks were placed in pens in heated brooder batteries and were given the same 

diet that had been fed to their parents (Table 2.1). Body weights were determined 

at 14 and 21 days of age, and at those ages tissues were collected for other 

analyses related to selenium and reovirus infection.  

Table 2.1: Composition of Torula yeast diets, which were provided as a means to 
supply either no supplemental selenium (< 0.02 ppm), organic selenium as Sel-
Plex (0.3 ppm), or sodium selenite (0.3 ppm) to chickens hatched from eggs from 
parents who had consumed the same diets.   

  Ingredients as a Percentage of Diet Composition 

Ingredients Control Diet Sel-Plex 
(Diet 2) 

Selenite 
(Diet 3) 

Corn 38.12 38.02 38.02 
Starch 26 26 26 

Torula yeast 12 12 12 
Soybean meal, dehulled 10 10 10 

Wheat midds 10 10 10 
Dicalcium phosphate (22-18.5) 1.7 1.7 0.7 
Limestone, feed grade, 38% 1.15 1.15 1.15 

Iodinized Salt 0.43 0.43 0.43 
TMX91-1, revised mineral mix 0.25 0.25 0.25 

Vitamin Mix VMS2-05 (no vit. E) 0.25 0 0 
DL-Methionine, 99% 0.1 0.25 0.25 

Sodium Selenite Premix 0 0.1 0.1 
Sel-Plex 2000 Premix 0 0 0.1 

Vitamin E IU/Kg   15 0.1 0 
      
  0.67 0.67 

Total P, % 0.67 0.4 0.4 
Available P, % 0.4 0.41 0.41 
Methionine, % 0.41 0.17 0.17 
Cysteine, % 0.17 3.3 3.3 
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Table 2.1 (continued) 
Ca, % 3.3 3.3 3.3 

Lysine, % 1.04 1.04 1.04 
Tryptophan, % 0.18 0.18 0.18 

        
DM, % 92.37 92.37 92.37 
CP, % 16.37 16.37 16.37 

Crude Fat, % 2.06 2.06 2.06 
Crude Fiber, % 1.57 1.57 1.57 

Moisture, % 7.13 7.13 7.13 
 

Reovirus (ARV) Challenge:  

On the day of hatch, 30 chicks in each three dietary treatments were 

placed into either control or ARV-infected groups (total of 180 chicks) in heated 

metal-growing batteries in separate isolation rooms. Chicks in the ARV-infected 

groups were given each an oral gavage of 0.5 mL of the reovirus ARV-CU98 (104.2 

pfu/chick), and control chicks were given the medium only. At 21 d of age, the 

chicks used in this report were killed by carbon dioxide asphyxiation and had their 

intestinal tracts dissected for total and segmental weight and length, and with tissue 

collections for histomorphometry also. 

Histomorphometry:  

An individual bird was regarded as the experimental unit, and there were 

five birds per selenium and virus group analyzed. A total of 30 chickens were 

used in this phase of the overall study. After dissection, the duodenum and ileal 

segments were collected and fixed in Carnoy’s solution. Tissues were processed  

for histology and stained with hematoxylin-eosin.  A computerized microscope-

based image analyzer (Southern Micro Instruments, Atlanta, GA) was used to  
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determine the histomorphometric parameters for villus height, villus width at its 

mid-height, villus perimeter length, crypt depth, external muscle layer thickness, 

and villus height:crypt depth ratio (Fan et al., 1997).  The criterion for selection of 

histological sections for examination was based on the presence of an intact 

lamina propria, and villi were chosen that were perpendicularly sectioned through 

the midline axis.  

 
Statistical Analysis: 

All data from this completely randomized experimental design were 

analyzed using the general linear models procedure of  SAS (SAS Institute, 

1996). Significant differences were determined by analysis of variance and were 

separated by Least Significant Difference at p≤0.05. For the histomorphometric 

calculations, an average of ten measurements for each parameter from each bird 

were statistically analyzed as a one way analysis of variance.  Fisher’s Least 

Significant Difference was used to test differences between means only when the 

analysis of variance indicated significance at p ≤ 0.05 (Motulsky, 2005). 

 
Results: 
 

Body weight was depressed significantly by reovirus infection at both 14d 

(Control= 514 g; Infected= 362 g) and 21d (Control= 962 g; Infected= 724 g) post 

challenge, but there were no differences among body weights for the three  

selenium treatments within control and infected groups. It was of interest 

however, that weight gain from 14d  to 21d in organic selenium-fed chicks was  
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somewhat greater than that in the no selenium and sodium selenite groups in 

both control (no selenium= 466g, Sel-Plex= 476g; selenite= 460g) and infected 

(no selenium= 355g, Sel-Plex= 388g, selenite= 342g) groups. Plasma protein 

was decreased significantly by reovirus infection at 14d post challenge, but Sel-

Plex supplementation maintained plasma protein at a higher concentration 

compared to no selenium and selenite feeding at both 14d and 21d post 

challenge.  

Reovirus infection increased duodenal and jejunal segment relative wet 

weight, but reovirus infection did not affect ileum relative wet weight and 

decreased large intestine wet weight (Table 2.2). A selenium effect was seen in 

the relative weights of the duodenum with organic selenium decreasing relative 

wet weight in control birds and increasing the relative weight in the virus-

challenged birds and the selenite-fed diet causing a decrease in relative weight in 

the infected birds. This caused a significant diet X virus interaction for duodenum 

relative weight compared to the whole of the GIT. On a live weight basis (Table 

2.3), the whole GIT, duodenum, jejunum, and ileum showed increases in relative 

weight due to infection. The large intestine relative weights were not affected by 

virus but organic selenium caused a consistent increase in relative weight. The 

heart also showed an increase in relative weight due to selenium treatment. 

Overall, reovirus-infected birds exhibited longer and heavier gastrointestinal  

tracts. Reovirus infection did not affect length of the intestines (data not shown). 

However, there were statistically significant diet effects on average 
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gastrointestinal lengths, with torula yeast increasing length by almost 9% 

compared to the two selenium source diets (p<0.05).  
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Table 2.2:  Selenium (Torula yeast with No Selenium [C1], Sel-Plex- Organic Selenium [C2], or sodium 
selenite- Inorganic Selenium [C3]) and reovirus (Torula yeast with No Selenium [V1], Sel-Plex- Organic 
Selenium [V2], or sodium selenite- Inorganic Selenium [V3])  influence on duodenum jejunum, ileum, and large 
intestine relative weights. 
 

        
    Relative Weights (%) 

    Section Wet Weight / GIT Wet Weight x 100 

Code Source 
Se 

ppm Virus Duodenum Jejunum Ileum Lg. Intestine 
C1 Torula 0.02 - 23.41a 27.80b 21.86b 23.63a 
C2 Organic 0.3 - 18.06c 28.83ab 23.37a 25.27a 
C3 Inorganic 0.3 - 20.50b 29.90ab 21.96b 20.59b 

 <Control Average> 20.66B 28.85B 22.40A 23.16A 
V1 Torula 0.02 + 23.11a 31.42a 22.53ab 19.42b 
V2 Organic 0.3 + 24.13a 31.40a 22.35ab 21.45b 
V3 Inorganic 0.3 + 18.07c 31.45a 23.54a 21.32b 

  
<Virus Challenge 

Average> 21.77A 31.42A 22.80A 20.73B 
abc In a column, means with unlike superscripts differ significantly (p≤0.05). 
AB In a column, means with unlike superscripts differ significantly (p≤0.05). 
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Table 2.3. Selenium (Torula yeast with No Selenium [C1], Sel-Plex- Organic Selenium [C2], or sodium selenite- 
Inorganic Selenium [C3]) and reovirus (Torula yeast with No Selenium [V1], Sel-Plex- Organic Selenium [V2], or 
sodium selenite- Inorganic Selenium [V3])  influence on gastrointestinal tract (GIT),  duodenum, jejunum, ileum, 
and large intestine relative weights.*  
 

       
 Average Relative Weights Expressed as Percentage (%) 

 Organ Wet Weight / Live BW x 100 
Code Heart GIT Duodenum Jejunum Ileum Lg. Intestine 

C1 0.484ab 3.795bc 0.888ab 1.050b 0.828b 0.908a 
C2 0.527a 4.092a 0.746b 1.176b 0.950a 1.040a 
C3 0.502ab 3.575c 0.735b 1.077b 0.784b 0.735b 

Control 
average 0.504A 3.821B 0.790B 1.101B 0.854B 0.894A 

V1 0.461b 3.868b 0.901ab 1.219ab 0.874ab 0.742b 
V2 0.477b 4.245a 1.024a 1.323a 0.949a 0.924a 
V3 0.527a 4.106a 0.729b 1.297a 0.972a 0.864ab 

Infected 
average 0.488B 4.073A 0.885A 1.280A 0.932A 0.843A 

a,b,cIn a column, means with unlike superscripts differ significantly (P< 0.05). 
AB In a column, means with unlike superscripts differ significantly (p≤0.05). 
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Typical fields of view of the ileum in control and reovirus infected chickens 

is shown in Figure 2.1. It can be seen in the figure that there are differences 

among the control and infected chickens and that there are selenium source 

effects in both the control and infected groups. Similar effects were also evident 

in the duodenum (not shown).  

 

Control   No Se                        Control   Sel-Plex Control Selenite

ILEUM 2.5X ILEUM 2.5X ILEUM 2.5X

InfectedNo Se Infected Sel-Plex Infected Selenite

 
 

Figure 2.1. Typical fields of view in control and infected sections of the ileum 
from no selenium, Sel-Plex and sodium selenite-fed chickens at three weeks of 
age following reovirus challenge at day of hatch. 

 
Intestinal morphometric analysis of the duodenum (Table 2.4) revealed 

both diet and reovirus infection effects on the different parameters. The perimeter 

of the villus significantly increased in the Sel-Plex control and infected groups as 

compared with the perimeters of the no selenium and selenite groups. There was 

no difference between control and selenite for villus perimeter. Villus height was 

significantly greater for Sel-Plex feeding as compared with no selenium and 

selenite in both control and reovirus groups. Villus width was greater in selenite 
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fed birds in the control group as compare with no selenium and Sel-Plex. 

However, in the infected groups no selenium-fed birds had the greatest villus 

width followed by selenite and Sel-Plex, respectively. There was a significant 

virus-related increase in crypt depth, and there was a significant increase in crypt 

depth in the no selenium fed and selenite fed birds compared with Sel-Plex 

feeding. The villus height: crypt depth ratio for controls and for infected groups 

was increased compared with organic selenium-fed birds in both control and 

infected groups. Muscularis externa thickness was increased in virus challenged 

chickens and was of the greatest thickness in organic selenium-fed and no 

selenium fed birds. In the control groups, sodium selenite fed birds had the 

greatest muscle thickness followed by no selenium fed and organic selenium-fed, 

respectively. 
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Table 2.4. Selenium (Torula yeast with No Selenium, Sel-Plex- Organic Selenium, or sodium selenite-  
Inorganic Selenium) and reovirus influence on morphology (mean ± SEM of  villus perimeter, height, width,  
crypt depth, villus height:crypt depth [H:D] ratio, and muscularis externa [muscle] thickness) of duodenum  
in 21 days old chickens. 

 
Treatment 

Control 
No Se 

Control 
Sel-Plex 

Control 
Selenite 

Infected 
No Se 

Infected 
Sel-Plex 

Infected 
Selenite 

Villus, μm 
     Perimeter     

 
2203±102b 

 
2581±92a 

 
2256±86b 

 
2168±165b 

 
2574±115a 

 
2035±149b

     Height 1058±52b 1206±39a 1010±62b 1058±99b 1231±48a 983±70b 
     Width 112±7.7c 113±6.6c 170±11.6ab 201±21.7a 132±9.5bc 166±9.9b 
Crypt Depth, 
μm 

195±7.8b 116±7.5c 222±13.7b 265±13.0a 191±15.0b 294±22.0a 

H:D Ratio 5.43±0.46b 10.37±0.88a 4.54±0.39bc 3.99±0.34bc 6.46±0.45b 3.34±0.28c 
Muscle, μm 292±9.3b 230±3.3c 317±22.1b 356±18.9ab 414±33.1a 313±10.8b 
abcd In a row, means±SEM with unlike superscripts differ significantly, p≤0.05. 
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The morphometric analysis results for the ileum are shown in Table 2.5. 

There was a significant depressive effect of virus infection on villus length in all 

dietary treatments.  In control groups the torula yeast-fed no selenium treatment 

resulted in the longest perimeter followed by Sel-Plex and selenite, respectively, 

but in the infected group, the no selenium fed treatment resulted in the shortest 

perimeter followed by the selenium treatments that did not differ between 

themselves. These responses resulted in a significant diet X virus interaction.  

Villus height was also negatively impacted by virus infection in all selenium 

treatments. In the control groups the no selenium and organic selenium fed birds 

had longer villi than selenite fed birds, and in the infected groups, organic 

selenium fed birds had longer villi than either no selenium or selenite fed birds. 

Villus width was increased in the infected birds given either no selenium or 

inorganic selenium treatments, but villus width in the organic selenium fed birds 

was not different from Controls. This resulted in a significant diet X virus 

interaction for villus width. The crypt depth was less in organic selenium fed birds 

in both the control and virus infected groups. No selenium and inorganic 

selenium treatments resulted in increased crypt depth in both control and 

infected groups. There were significant selenium and virus effects for height:crypt 

depth ratios. Organic selenium fed birds had the largest ratios in both control and 

infected groups, and no selenium and sodium selenite fed birds had significantly 

smaller H:D ratios. Diet and virus effects were evident for muscularis externa 

muscle thickness in the ileum, which showed that both selenium treatments 
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resulted in increased muscle thickness after infection. Birds fed no selenium did 

not alter muscle thickness due to infection. 
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Table 2.5. Selenium (Torula yeast with No Selenium, Sel-Plex- Organic Selenium, or sodium selenite-  
Inorganic Selenium) and reovirus influence on morphology (mean ± SEM of  villus perimeter, height,  
width, crypt depth, villus height:crypt depth [H:D] ratio, and muscularis externa [muscle] thickness) of  
ileum in 21 days old chickens. 

 
 
Treatment 

Control 
No Se 

Control 
Sel-Plex 

Control 
Selenite 

Infected 
No Se 

Infected 
Sel-Plex 

Infected 
Selenite 

Villus, μm 
     Perimeter     

 
1872±43a 

 
1661±47b 

 
1434±54bc 

 
1340±74c 

 
1541±59b 

 
1451±37b 

     Height 877±21a 798±23a 679±24b 599±40c 744±25ab 602±53c 
     Width 118±10.3b 114±6.8b 127±5.3b 172±17.2ab 135±17.4b 217±19.1a 
Crypt Depth, 
μm 

235±8.8a 130±8.6c 182±12.3ab 227±14.3a 165±7.8b 198±14.2a 

H:D Ratio 3.73±0.32c 6.11±0.52a 3.73±0.32c 2.64±0.22d 4.51±0.38b 3.04±0.26d

Muscle, μm 391±13.7ab 340±18.0b 314±14.6b 394±18.4ab 426±13.8a 416±18.2a 
abcd In a row, means±SEM with unlike superscripts differ significantly,  
p≤0.05.
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Discussion and Conclusions: 
 

There is no doubt that reovirus infection causes decreased weight gain in 

chickens.  Part of the cause for this decreased weight gain after infection is 

attributed to the fact that the virus hijacks the protein synthesis mechanism in the 

cells early in the infection. This observation was supported by the results from 

this study and others (Guy, 1998). Rebel and colleagues report that by 14d post 

challenge, chickens exposed to an enteric reovirus begin to recover from the 

initial infection as evidenced by less severity of lesions in the villus and crypt 

regions of the intestine (Rebel et. al., 2004). An external indication of the reovirus 

infection can be observed as poor feathering, but as the infection begins to 

resolve, the protein synthesis mechanism regains its efficiency. In this study, 

weight gain was suppressed by reovirus infection and was evident through 21d of 

age. However, there was an interesting observation, which showed that organic 

selenium fed chickens were gaining weight at a slightly faster rate at 21d than 

were chickens fed no selenium or inorganic selenium in both control and infected 

groups. This suggested that the improved antioxidant status found in chickens 

fed organic selenium had facilitated a faster recovery effort after reovirus 

infection. Mahmoud and Edens (2003) have demonstrated that organic selenium 

as Sel-Plex has the ability to induce higher selenium-dependent antioxidant 

enzyme activities than do sodium selenite or no selenium feeding regimes. The 

improved redox status then can be directly related to improved performance of 

broiler chickens fed Sel-Plex (Edens and Gowdy, 2004).  
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 Surai reviewed extensively the health effects of dietary selenium 

supplementation (Surai, 2006). He pointed out that selenium does not prevent 

virus induced disease, but selenium supplementation appears to play a pivotal 

role in reducing the severity of the infection. That observation can be stated 

regarding the results of this study with reovirus infection in chickens. The 

improved health status imparted by the feeding of selenium is attributed to 

enhanced immune responses and increased activity of antioxidant enzymes such 

as glutathione peroxidase (Surai, 2006; Mahmoud and Edens, 2003) and 

thioredoxin reductase (Edens and Gowdy, 2004). Even though there are 

improved redox status and enhanced immunity associated with the feeding of 

Sel-Plex, there are other physiological manifestations of the influence of 

selenium on the overall heath status of the chicken.  

 Earlier studies have suggested that selenium has a role in regulating virus 

replication. Balansky and Argirova concluded that selenium depressed RNA-

dependent RNA polymerase in an oncornavirus as an indicator of reverse 

transcriptase activity (Balansky and Argirova, 1981). They further hypothesized 

that selenium prevents integration of the virus genome with the host’s DNA 

(Balansky and Argirova, 1981). Similar observations were made earlier by both 

Billard and Peets (1974) and Oxford (1973) who reported that selenocystine and  

selenocystamin both inhibited RNA-dependent RNA polymerase activity in 

influenza A1, A2 and B viruses. Schrauzer and Sacher (1994) also reported that 

selenium causes symptomatic improvements and possibly slows the course of  
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the HIV disease possibly through the inhibition of reverse transcriptase activity in 

the HIV-virus-infected patients. Schrauzer and Sacher (1994) concluded that it is 

possible that selenium might also prevent the replication of HIV and retard the 

development of AIDS in newly HIV-infected subjects. The depressive influence of 

selenium on reverse transcriptase activity in RNA viruses is very important and 

suggests that selenium is needed by the host to resist expression and possibly 

transmission of viruses.  

 There is evidence in this report to show that selenium increased the 

relative weight of the heart, and this is important due to the known influence of 

congestive heart disease on the induction of ascites in modern high yielding 

broilers. Sel-Plex and sodium selenite increased heart weight in the control and 

reovirus-infected birds compared with birds given no selenium. Relative weights 

of the whole gastrointestinal tract were apparently elevated by Sel-Plex feeding 

as compared with the other dietary treatments, and this was followed by sodium 

selenite and by no selenium fed birds. When the morphometry of the intestinal 

segments was examined, it was apparent that the muscle thickness of the ileum 

and duodenum, very large segments of the GIT, were not affected consistently 

by either of the dietary selenium treatments. Selenium generally increased 

muscle thickness in the infected chickens. Whether this was a response leading 

to recovery from the virus infection or for some other reason was not determined 

in this study.   

 One of the most impressive and consistent observations made in the  
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morphometry study was that Sel-Plex generally maintained longer and more 

slender villi than either sodium selenite or no selenium feeding. 

Histomorphometric analysis indicated that increased villus height and perimeter, 

as well as muscle thickness and crypt depth in the ileum and duodenum  were 

associated with Sel-Plex feeding as compared to either sodium selenite or no 

selenium (Tables 2.4 and 2.5). Muscle thickness generally was greater in the 

ileum than in the duodenum in both control and infected chickens. Villus height 

and villus height/crypt depth ratio is directly correlated with increased enterocyte 

turnover (Fan et al., 1997).   

In the present study, analysis of those parameters strongly indicated that 

Sel-Plex feeding had resulted in the maintenance of the integrity of the intestinal 

tract as indicated by taller villi and an increased height/crypt depth ratio. Lower 

villus height:crypt depth ratios in both control and infected suggests that the 

increases in villus height and perimeter associated with Sel-Plex treatment are 

not associated with enterocyte turnover rates but maintenance of the enterocyte 

population covering the villus.  The reason for this is attributed to improved redox 

status in the GIT, and this resulted in less oxidative stress during normal and 

infective periods. An extension of this observation is that with an improved redox 

status, the reovirus probably had a more difficult task associated with replication 

within the enterocytes of Sel-Plex-fed chickens.  

Rebel and colleagues have described pathological changes associated 

with malabsorption syndrome in chickens as being characterized by degenerate  



 96

epithelial cells in the crypt, villus atrophy, and low villus height/crypt depth ratio 

similar to the condition associated with intestinal segments from no selenium and 

sodium selenite fed chickens in this study (Rebel et. al., 2004). Thus, the 

improved weight gain after the peak infective state in the chicken fed Sel-Plex 

might be related to 1) greater surface area to volume ratio in the villi, 2) 

increased ability to assimilate nutrients than in selenite and no selenium fed birds 

after recovery was apparent, 3) decreased enterocyte cell death associated with 

oxidative stress, and 4) enhanced immunity during the infection.  

 In conclusion, it can be stated that dietary selenium supplementation has 

improved performance of broiler chickens ever since it was introduced as an 

approved feed ingredient in 1974.  Nevertheless, the advent of the modern 

broiler, which is a faster growing and significantly larger bird that the broiler of 

1974, has placed it at risk for distress from increased oxidative stress due to its 

higher rate of muscle growth and metabolism. It has been demonstrated that it is 

possible to improve the performance of the modern broiler if a simple 

replacement of inorganic selenium with organic selenium (Sel-Plex), which allows 

for development of an improved redox status as compared with sodium selenite 

(Edens, 2001). This study demonstrated that the use of Sel-Plex also has a 

major influence on intestinal morphology that facilitates the potential for improved 

nutrient assimilation for digested food. This is especially important for chickens 

that might have been exposed to enteric viruses, such as the enteric reovirus that 

has a limited time of residence but long lasting effects on the performance of the  
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bird. As the bird begins to recover from the viral infection in the gastrointestinal 

tract around 14d after virus challenge (Rebel et al., 2004), it is important to 

resume rapid and efficient assimilation of nutrients. These results suggest that 

Sel-Plex more so than sodium selenite has that potential at least in reovirus-

infected chickens. These observations suggest that the improvements in 

performance of broiler chickens fed Sel-Plex can be partially explained by 

improved integrity of the intestinal tract and potentially an improvement in the 

immune status also.                                                                                                                             
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CHAPTER 3: GENOMIC ANALYSIS OF THE RESPONSES OF 
CHICKENS TO AVIAN REOVIRUS INFECTION AS 
INFLUENCED BY DIETARY SELENIUM SOURCES 

USING QRT-PCR 
 

Abstract: 

There is a growing body of evidence that suggests the source of selenium 

is important to the performance of chickens and other livestock. Although it has 

been suggested that the carrier protein for selenium, Selenoprotein P (SelP) is 

responsive to the form in which selenium is fed to animals, no studies have been 

performed to test that hypothesis in poultry. Selenium in tissues has been shown 

to have an antiviral property in RNA viruses such as the avian reovirus (ARV) 

and possibly even avian influenza. Since ARV have a significant economic 

impact on poultry production on a world-wide basis, it appears important to 

investigate sources of selenium and how they influence the expression of SelP in 

ARV infected chickens.  The objective of this investigation was to use qRT-PCR 

as a means to examine the influence of selenium sources on the expression of 

SelP in specific tissues of broiler chickens challenged with an enteric ARV. Eggs, 

obtained from Cobb breeders fed an isocaloric Torula yeast diets containing 

either no supplemental selenium, 0.3 ppm inorganic selenium in the form of 

sodium selenite, or 0.3 ppm organic selenium in the form of Sel-Plex, were 

hatched and chicks were placed on Torula yeast broiler diets similar to their 

respective parental diets. At hatch, 30 chicks per dietary selenium treatment  
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were placed into either control or ARV-infected groups in separate isolation 

rooms. The ARV-infected chicks were given and oral gavage of 0.5 mL of the 

reovirus ARV-CU98 (104.2 pfu/chick), and control chicks were given medium only. 

At 14 and 21 days of age chicks were weighed and at 7, 14, and 21 days of age 

chicks were euthanized by carbon dioxide asphyxiation and dissected for specific 

tissues. The effects of treatment were determined by ANOVA. Data for the Ct 

ratio was subjected to one way ANOVA according to the following model: Y= μ + 

A + D + T + e with age (A), diet (D) and treatments (T) as the main fixed effects. 

All statistical analyses were conducted using JMP® software. In this experiment, 

the SPP gene expression appeared elevated in 7 day old chickens, but 

decreased significantly as the birds aged to 14 and 21 days of age.  Dietary 

selenium supplementation, generally up-regulated SPP expression, and the 

organic selenium, as Sel-Plex, tended to induce the greatest expression of SPP 

in all tissues. Also, avian reovirus challenge caused SPP expression to be lower 

than in controls in some instances and somewhat greater than controls in other 

instances.   

 
Introduction:   

Selenium is a trace mineral, which was discovered in 1817 by a Swedish 

chemist, Jons Jacob Berzelius. It exists in both organic and inorganic forms in  

the soil, plants and animal tissues (Johnson et. al., 1999). In 1957, selenium was  

found to be an essential nutrient for laboratory rats, and soon, thereafter, in 1973,  
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it was determined to be essential for mammals. In 1973, Rotruck and colleagues 

observed that a glutathione peroxidase (GSH-px) required selenium in the form 

of the selenoamino acid, selenocysteine, to make the enzyme functional. It was 

on the discovery of selenium in GSH-px that the key to our understanding of 

selenium’s importance in nutritional health was established.  

GSH-px is a ubiquitous enzyme that functions to quench oxygen and 

nitrogen free radicals that can be damaging to proteins, lipids and nucleic acids 

(Brigelius-Flohe, 1999; Arner and Holmgren, 2000; Rayman, 2000). Generated 

free radicals that are unchecked and sustained can affect many different tissue 

functions, which can lead to organ malfunctions and physiological disruptions 

(Floyd and Carney, 1992; Halliwell and Gutteridge, 1985; Becket et al., 1992).  

Selenium functions in a select group of proteins, called selenoproteins, 

within all animal systems. The term, selenoprotein, is restricted to the proteins 

that contain selenocysteine, which must be incorporated into the protein through 

its own special pathway by the UGA stop codon in the open reading frame of 

mRNA. The presence of selenocysteine at the active site of an enzyme can 

increase the activity one hundred to one thousand fold (Burk, 1999).  

A number of selenoproteins have been identified, and those 

selenoproteins have expanded our knowledge of the physiological functions 

selenium is involved in (Edens and Gowdy, 2005). There have been more than  

25 selenoproteins discovered in both bacteria and vertebrate animals, and 21 of 

these have biological function(s) attributed to them (see Edens and Gowdy,  
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2005).  

Selenoprotein P (SelP), which is a unique member of the selenoprotein 

family was the second selenoprotein to be discovered. SelP is a glycoprotein of 

43 kDa and contains 60-80% of the total plasma selenium in rats and about 33% 

of the total plasma selenium in humans (Surai, 2002; Burk and Hill, 1999). 

Selenoprotein P is unique because it contains multiple selenocysteine residues 

per molecule, and cloning of rat liver cDNA showed that SelP contains 10 

selenocysteine residues per molecule.  

SelP is expressed primarily in the liver (about 75% of the total SelP 

content) and brain of rodents but is also present in other tissues. The kidneys 

and heart express SelP mRNA and therefore have the potential to produce it 

(Behne and Kyriakopoulos, 2001). Smaller SelP mRNA concentrations have 

been found in the lungs, brain, skeletal system, muscle and the testis (Burk and 

Hill, 2005). SelP is a good marker of selenium status because selenium 

deficiency causes its concentration to fall, and decreased SelP is correlated with 

decreased plasma selenium concentration (Burk, 2003). 

The exact role of SelP in tissues throughout the body is still unknown. 

However, after its discovery, several unique characteristics of the protein were 

identified. It is believed to be a major form of selenium transport in plasma, and it 

appears to play a role in selenium detoxification and in antioxidant defense 

(Motsenbocker and Tappel, 1982; Saito, 2002). SelP has been noted to have  

antioxidant functions because of its involvement with protection against diquat- 
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induced liver necrosis in selenium-deficient rats (Burk 2003). Burk and 

colleagues showed that SelP protected tissues against injury as well as providing 

transport of selenium from the liver to peripheral tissues (Burk et. al., 1980). This 

belief was due to SelP location in plasma and its predominant origin in the liver. 

Since SelP contains selenium atoms, it is also believed to have redox functions 

(Burk, 1999). SelP might also contribute to the detoxification of peroxynitrite 

since it has peroxidase activity in vitro (Surai, 2002). Additionally, it has been 

shown to promote neuron survival in vitro (Kohrle et al 2000). 

In the poultry world, there are numerous economically important RNA 

viruses. Among these are the avian reoviruses (ARV), which are species-specific 

and have a broad virulence range in chickens (Robertson et al., 1984). The ARV 

infect joints and tendons, the respiratory tract, and the intestinal tract. The ARV 

belongs to the Reoviridae family Orthoreovirus genus. Reoviridae, which is a 

small group of animal and plant viruses, lack an outer envelope, appear 

spheroidal, and measure about 70 nanometers across. They contain a genome 

encoded on ten segments of double-stranded RNA (dsRNA) that are encased by 

an inner icosahedral capsid shell about 50 to 75 nm in diameter (Nibert and 

Schiff, 2001; Benavente and Martínez-Costas, 2007).  

Selenium, antioxidant status, and ultimately the redox status of ARV-

challenged chickens has never been ascertained. Dietary selenium deficiency has 

long been associated with cell-mediated and humoral immune dysfunction,  

opportunistic infections and cancers, ultimately death (Baum et al., 2000). 
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Selenium in tissues has been shown to have an antiviral property toward 

RNA viruses such as the reoviruses, polio viruses, and HIV to name but three 

classes of RNA viruses. Since ARV have a significant economic impact on 

poultry production on a world-wide basis, it appears important to investigate 

sources of selenium and how they influence the expression of SelP in ARV 

infected chickens.  The objective of this investigation was to use qRT-PCR as a 

means to examine the influence of selenium sources on the expression of SelP 

in specific tissues of broiler chickens challenged with an enteric ARV. 

 

Materials and Methods:  

Animal Welfare: 

This study was conducted following guidelines established by the North 

Carolina State University Animal Care and Use Committee, which governs all 

animal use in experimental procedures. 

Animals and Husbandry: 

Fertile Cobb 500 broiler breeder eggs were obtained from the University of 

Kentucky Coldstream Poultry Research Facility in Lexington, KY. Eggs were 

placed at North Carolina State University’s Poultry Science Department into a 

Jamesway Setter incubator at 39°C for 18 days then transferred to a Jamesway 

Hatcher incubator until the chicks hatched.  

Hatchling chicks were placed into two identically controlled isolation rooms  

in pens in heated brooder batteries and were given the same diets that had been  
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fed to their parents. The parent stock had been fed for two generations on 

isocaloric Torula yeast diet (Table 2.1) consisting of either 1) no supplemental 

selenium (less than 0.02 ppm), 2) Sel-Plex as the source of organic selenium 

(0.3 ppm selenium) or 3) sodium selenite (0.3 ppm selenium). Feed and water 

were provided for free access in stainless steel pans attached to the frame of the 

brooder pens. Lighting was provided through continuous incandescent lamps in 

the ceiling of each of the two isolation rooms. The rooms were preheated to 35°C 

before the placement of the chicks. After one week, the temperature of the rooms 

was decreased to 32°C and to 29°C after two weeks. Individual birds were 

identified at placement using plastic neck tags.  

Reovirus challenge: 

On the day of the hatch, 30 chicks were placed in each of the three dietary 

treatments in either Control or ARV-Infected groups, which produced a total of 

180 chicks in this experiment. Chicks in the AVR-infected groups (90) were given 

an oral gavage of 0.5 mL of the reovirus ARV-CU98 suspended in a 1:5 dilution 

with PBS at a concentration of 104.2 plaque-forming units/chick, and Control 

chicks were given 0.5 mL of sterile water.  

Body weights and tissue collections: 

At 14 and 21 days of age, live body weights were determined, and at 7, 

14, and 21 days of age, five randomly selected chicks per treatment group were 

killed by carbon dioxide asphyxiation and necropsied. Approximately 500 mg of   

brain, thymus, pancreas, bursa of Fabricius, and liver were dissected and stored  
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at -20°C in 15 ml tubes filled with RNAse Later (Molecular Bioproducts, Inc. San 

Diego, CA) for further analyzes. Bird carcasses were then double-bagged for 

disposal as stipulated by North Carolina State University Environmental Health 

and Safety (EHS) and IACUC protocols. 

RNA extraction and quality control: 

The 15ml tubes with tissues in RNAse later (Molecular Bioproducts, Inc. 

San Diego, CA) were taken from the refrigerator freezer, and approximately 100 

mg of tissue was taken from each individual sample and placed into a 2 ml 

microcentrifuge tube, which contained 1 ml of TRIzolR Reagent (Molecular 

Research Center, Inc., Carlsbad, CA). The tubes were then placed in a Mini-

Beadbeater-96 (Biospec, Inc. Bartlesville, OK) for approximately 1 minute or until 

the sample was completely dissociated. A volume of 300 μl of chloroform was 

then added to the microcentrifuge tube and vortexed for 10 seconds. The tubes 

were then centrifuged for 5 minutes at 12,000g and 4°C to separate the two 

phases. The top aqueous phase was carefully transferred to a 1.5 ml 

microcentrifuge tube and 500 μl of molecular grade 100% ethanol was added. 

The tubes were inverted 5-10 times and then placed in a -20°C freezer for at 

least 30 minutes to cool. Next, the samples were centrifuged for 15 minutes at 

12,000g and 4°C to form the RNA pellets. The top layer supernatant was 

discarded and the RNA pellet was washed with 500 μl of 75% ethanol and re- 

centrifuged for 10 minutes at 12,000g and 4°C. The ethanol was discarded and 

the pellets were left to dry for approximately 10 minutes. The dried pellets were  
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then re-suspended in 30 μl of nuclease-free water. The extracted RNA was then 

quantified using a Nanodrop ND-1000 spectrophotometer (NanoDrop 

Technologies, Inc., Wilmington, DE). Concentrations and quality of the RNA were 

determined with acceptable 260/280 ratios of >1.70 and agarose gel 

electrophoresis (Figure 3.1), respectively. The tubes containing the RNA were 

then stored in a -80°C freezer until needed for analysis.  

 

Figure 3.1: Gel image of liver RNA at 14 days of age. Lane 1 is the ladder, lanes 
2-6 are control diet 1 samples and lanes 7-11 are control diet 2 samples.  
qRT-PCR:  

Next a cDNA library was constructed using the extracted RNA from 

selected tissues. This was accomplished using the Applied Biosystems High-

Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA) 

following the manufacturer’s protocol. Individual cDNAs were diluted 1:20 before 

amplification.  

The expression level of SelP was analyzed by qRT-PCR using the BioRad  

icycler iQ Real Time PCR system (BioRad, Hercules, CA) and with the iQ-SYBR 

Green Supermix kit (Applied Biosystems, Foster City, CA), following the 

manufacturer’s protocols. The real time reaction was made up of the following:  
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1μL of cDNA, 0.4 μl of the forward primer, 0.4 μl of the reverse primer, 0.2 μl of 

fluorocein, 10 μl of SYBR green mix, and 8 μl of water to yield a total reaction of 

20 μl. Gene specific forward reading 5’ primers and reverse reading 3’ primers 

were designed using Beacon Designer software for the SelP gene, SPP (Table 

2.2). Reasons the efficiencies of the bursa, brain, thymus, and pancreas were 

over 100 could be due to secondary mRNA structures that were amplified and 

the machine picked up.  

Thermocycling parameters were as follows: 94°C for 7 minutes; 50 cycles 

at 95°C for 30 seconds, appropriate Tm C for 30 seconds (Table 3.1), 72°C for 

30 seconds; 72°C for 5 minutes; 95°C for 1 minute; 55°C for 1 minute, 80 cycles 

at 55°C for 30 minutes. Fluorescence measurements were collected at every 

cycle during the extension step (72°C). Gene expression was normalized using 

18s ribosomal RNA as internal controls (Table 3.1). A standard curve was run to 

determine the PCR efficiency. This curve was constructed by pooling all of the 

undiluted cDNA samples and then diluting them at regular intervals. The dilution 

consisted of four points 1:5, 1:25, 1:125 and 1:625. Cycle Threshold (Ct) values 

were automatically calculated by the iQ software and corresponded to the cycle 

in which the amplification rate was maximal. 
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Table 3.1: Primers used for qRT-PCR analysis. 

Target Accession 
no. 5' primer 3' primer 

Size of 
PCR 

product 
Efficiency Tm 

18S M59389  CGGAGAGGGAGCCTGAGAA CGCCAGCTCGATCCCAAGA 234  99.4  58.6°
C 

Liver: 91.4 
Bursa: 122 
Brain: 104 

Thymus: 110 
SPP  AJ719438 AGCGGAGCGGGGAGAGAG CGGGAGGAGGCAGAGAACC  91 

Pancreas: 122 

61°C 
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Experimental Design and Statistical Analysis: 

The experiment was a completely randomized design with a 2X3 factorial 

arrangement of treatments. The day-old hatchling chicks were divided into two 

groups, control and ARV-challenged, which were placed into heated metal 

brooder batteries in separate but identically controlled isolation rooms.  The 

control and ARV-challenged chicks were given the three dietary treatments 

described above. This arrangement provided 6 experimental treatments with 3 

replicate pens per treatment totaling 18 pens with 10 birds per pen.  

The effects of treatment were determined by ANOVA. The individual 

differences in Ct ratio among different ages/diets/virus were determined 

significant using the Pfaffl method. Data for the Ct ratio was subjected to one way 

ANOVA according to the following model: 

Y= μ + A + D + T + e 

with age (A), diet (D) and treatments (T) as the main fixed effects. All statistical 

analyses were conducted using JMP® software (SAS Institute, 2005). 

 

Results: 

Body weights:  

Body weights were depressed significantly (P≤0.05) by ARV infection in 

both the 14 day and 21 day post-challenge time periods (Table 3.2). There was 

an age-dependent increase in body weight, but there were no differences due to 

selenium source on body weight at either 14 or 21 days of age (Table 3.2). Body  
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weights were more variable at 14 days of age than at 21 days of age with the 

greater variation being associated with infected groups at 14 days of age and at 

21 days of age (Table 3.2). 

Table 3.2.  Effects of selenium sources and avian reovirus on live body weight 
(mean±sd) in 14 and 21 day old broilers. 
 

        Body weights  

Treatment Source Se (ppm) Virus 14 days  21 
days 

Control (non-infected)     
C1 No added Se 0.02 - 526.0b 992.2a 
C2 Sel-Plex 0.3 - 500.2b 975.6a 
C3 Selenite 0.3 - 516.8b 977.0a 

                  Means   514.3b 981.6a 
                  ±sd    13.08 9.21 

      
Virus-infected     

I1 No added Se 0.02 + 381.8b 737.4a 
I2 Sel-Plex 0.3 + 330.4b 718.2a 
I3 Selenite 0.3 + 373.6b 716.2a 
                   Means   361.9b 723.9a 

                    ±sd     27.61 11.71 
a,b Within Control and virus-infected groups, body weight means with unlike lower 
case superscripts differ significantly (P≤0.05).   
 
Tissue Specific qRT-PCR Results: 
 
Table 3.3. Analysis of variance table for expression of the selenoprotein P (SPP 
gene) in chicken brain, bursa of Fabricius, liver, pancreas, and thymus. 

Source Nparm 
DF 

Brain 
Prob > F 

Bursa 
Prob > F 

Liver 
Prob > F 

Pancreas 
Prob > F 

Thymus 
Prob > F 

Age 2 <.0001* <0.0001* <0.0001* <0.0001* 0.0006* 
Trt 1 0.5572 0.5051 0.4153 0.1668 0.0117* 

Diet 2 0.0005* 0.1518 0.0157* 0.5453 0.3957 
Trt*Age 2 0.0001* 0.0924 0.0015* 0.4939 <0.0001* 
Diet*Trt 2 0.0318 0.0490* 0.0021* 0.1309 0.0008* 
Diet*Age 4 0.2357 0.062 0.0001* 0.732 <0.0001* 
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Brain 
 
The analysis of variance for expression of SPP in the brain (cerebral 

hemisphere) of chicks at 7, 14, and 21 days of age is located in Table 3.3. There 

were significant main effects due to age (p<0.0001) and diet (p<0.0005), and 

there were significant interactions between treatment (control vs. infected) and 

age (p<.0001) and diet and treatment (p=0.0318). The age effect and diet effect 

for expression of SPP in chicken brain is demonstrated in Figure 3.2 and Figure 

3.3, respectively. As chickens aged from hatch to three weeks of age, there was 

a significant decrease in the expression of the SPP gene in the brain.  At 3 

weeks of age, SPP expression was less than 50% the expression observed in 1 

week old chicks. In Figure 3.3, a significant effect of diet is presented. In this 

case, the greatest expression of SPP was induced by diet 2, which 

supplemented organic selenium in the commercial product- Sel-Plex. Sel-Plex 

fed chicks had SPP expression roughly 10% greater than the expression 

observed in sodium selenite-fed chicks. Additionally, in diet 3 inorganic selenium, 

in the form of sodium selenite, also induced SPP expression but only slightly 

above the expression induced by diet 1 (diet 3>diet 1 by 0.2%) with no 

supplemental selenium. Figure 3.4 illustrates the interaction between treatment 

and age in which SPP expression was greatest in 7 day old chicks and 

decreased 7 to 14 and 14 to 21 days of age in both control and in infected 

groups. However, there were no treatment differences between control and 

infected groups at 14 days of age, and there was a slight but significant increase  
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in SPP expression at 21 days of age in infected chicks compared with the control 

21 day old chicks.  The interaction between diet and treatment is represented in 

Figure 3.5 where it can be seen that organic selenium induced greater 

expression of the SPP gene in the brain in the infected chicks followed by 

organic selenium (diet 2) in the control chicks.  In the infected chicks, organic 

selenium increased SPP expression a little more than 12% over the expression 

of SPP induced by inorganic selenium, which was also greater than SPP 

expression in infected chicks without supplemental selenium. Chicks given no 

supplemental selenium showed a significant decrease in SPP expression as a 

result of infection (-9%).  

Fold changes are represented in Figure 3.6. All of the fold changes 

decrease as the bird aged. Control diet 1, control diet 2, control diet 3 and 

infected diet 1 have dramatic drops from day 7 to day 14. But infected diet 2 and 

infected diet 3 both have steady declines from day 7 to day 21. 
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Comparison of Brain Ages
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Figure 3.2. Influence of age on brain selenoprotein P gene expression in 
chickens. 
 
 

Comparison of Brain Diets

0

0.2

0.4

0.6

0.8

1

1.2

No supp. sel. Sel-Plex Sodium Selenite

Diets

1/
(R

at
io

 S
P

P/
18

s)

Day 7, Control
Day 7, Infected
Day 14, Control
Day 14, Infected
Day 21, Control
Day 21, Infected

 
Figure 3.3. Influence of diet on gene expression of selenoprotein P in chicks. 
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Brain: Treatment * Age Interaction
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Figure 3.4. Influence of treatment and age on gene expression of selenoprotein 
P in chicks.  
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Figure 3.5. Influence of diet and treatment on gene expression of selenoprotein 
P in chicks. 
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Brain: Fold Changes 
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Figure 3.6. Fold changes in selenoprotein P gene expression in chicken brain. 
Fold change is based on comparison of chickens in the control group given diet 1 
with no supplemental selenium. 
 
Bursa: 

The analysis of variance for chicken SPP gene expression in the bursa of 

Fabricius at 7, 14, and 21 days of age is located in Table 3.2. There was a 

significant main effect due to age (p<0.0001). There was a significant interaction 

between treatment (control vs. infected) and diet (p<0.05), and the diet by 

treatment interaction approached significance (p<0.0620). The age effect for 

expression of SPP in chicken bursa is located in Figure 3.7 where SPP 

expression decreased from 7 to 14 days of age and rose again by 21 days of 

age.  Figure 3.8 represents the interaction between treatment and diet. There  
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was a bi-phasic response of the SPP gene expression as indicated by increased 

SPP in the bursa of Fabricius of infected birds given diet 1 with no supplemental 

selenium and a decrease in SPP expression in infected chickens given the diet 

supplemented with organic selenium while chickens given inorganic selenium 

supplementation in diet 3 showed no differences in SPP expression from control 

to infected treatments.   

Fold changes are represented in Figure 3.9. All diets appear to decrease 

in expression from day 7 to 14 but then they appear to increase as they approach 

day 21. Control diet 2 is the only diet whose pattern does not match the rest. It 

appears to keep decreasing expression from day 14 to 21. 

Comparison of Bursa Ages
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Figure 3.7. Influence of age on gene expression of selenoprotein P in chicks 
bursa. 
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Bursa: Diet * Treatment Interaction
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Figure 3.8. Influence of diet and treatment interaction on the gene expression of 
selenoprotein P in the bursa of chicks.  
 
 
 
 
 

b 
d 

c  c 
a 

c 



 123

Bursa Fold Changes
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Figure 3.9. Fold changes in selenoprotein P gene expression in chicken bursa. 
Fold change is based on comparison of chickens in the control group given diet 1 
with no supplemental selenium. Diet 1= No supplemented selenium, diet 2= Sel-
Plex supplemented, and diet 3= Sodium selenite supplemented. 
 
Liver: 
 

Table 3.2 illustrates the analysis of variance for the SPP expression in the 

liver of chickens at 7, 14, and 21 days of age. There were significant main effects 

due to age (p<0.0001) and diet (p=0.0157), and there were significant 

interactions between treatment (control vs. infected) and age (p=0.0015) and diet 

and treatment (p=0.0021). As the chickens aged from 7 to 14 and 14 to 21 days 

of age, SPP expression decreased or stabilized at a lower level of expression 

(Figure 3.10). The diet effect on SPP expression is located in Figure 3.11.  In this 

instance, chickens given diet 2 supplemented with organic selenium 

demonstrated the greatest SPP gene expression compared with diet 1, which  
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was intermediate between diet 2 and diet 3 with the lowest SPP gene 

expression.   Figure 3.12 illustrates the interaction between treatment and age in 

which infected chickens given diet 3 with inorganic selenium had the lowest level 

of SPP gene expression. The interaction between diet and age is located in 

Figure 2.13. At seven days of age, chickens, regardless of dietary selenium 

supplemental level or form, had the highest levels of SPP gene expression, but 

those given inorganic selenium supplementation had significantly lower SPP 

expression than chickens on either diet 1 or diet 2.  By 14 days of age and 

continuing through 21 days of age, SPP gene expression in the liver had 

stabilized and there were no differences among diets.  Figure 3.14 illustrates the 

diet by age interaction associated with liver SPP gene expression. Chickens 

given diet 2 with organic selenium supplement showed the greatest SPP gene 

expression compared with all other diets and treatments. However, differences 

among diets and treatments at 14 and 21 days of age were not apparent and 

were actually lower than the expression of SPP at 7 days of age.  

Figure 3.15 illustrates the fold changes. The most significant fold change 

occurred in control diet 2. Birds fed control diet 2 expressed SPP 7.11 times 

greater compared to the birds fed control diet 1 before dropping at age 14. Most 

fold changes appeared to decrease as the bird aged; they decreased drastically 

from day 7 to day 14. Infected diet 2 had a small increase from day 7 to day 14 

then fell at day 21. Infected diet 3 appeared to have a steady decrease.  
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Comparison of Liver Ages
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Figure 3.10. Influence of age on gene expression of liver in selenoprotein P in 
chicks. 
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Figure 3.11. Influence of diet on gene expression of liver in selenoprotein P in 
chicks. 
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Liver: Treatment * Age Interactions
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Figure 3.12. Influence of treatment by age on gene expression of liver in 
selenoprotein P in chicks. 
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Figure 3.13. Influence of diet by treatment on gene expression of liver in 
selenoprotein P in chicks. 
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Liver: Diet * Age Interaction
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Figure 3.14. Influence of diet by age on gene expression of liver in selenoprotein 
P in chicks. 
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Figure 3.15. Fold changes in selenoprotein P gene expression in chicken liver. 
Fold change is based on comparison of chickens in the control group given diet 1 
with no supplemental selenium. Diet 1= No supplemented selenium, diet 2= Sel-
Plex supplemented, and diet 3= Sodium selenite supplemented. 
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Pancreas: 
 

The analysis of variance for the SPP gene expression in the pancreas of 

chickens at 7, 14, and 21 days of age is located in table 3.2. There was a 

significant main effect due to age (p<0.0001) only in the pancreas. The age effect 

for SPP expression in chicken pancreas is illustrated in Figure 3.15 where it can 

be seen that SPP gene expression was greatest at 14 days of age compared 

with day 7 which was greater than the sepp 1 gene expression at day 21. 

 Figure 3.16 illustrates the fold changes for SPP gene expression at the 

three ages studied in this investigation. For every diet the fold change is 

increased at day 14, especially in chickens given diet 3 in both control and 

infected treatments before declining to a level comparable with SPP gene 

expression on day 7 of age. There were several large fold changes in the 

pancreas. Control diet 3 had the largest fold change. It was 27.2 times larger 

than control diet 1 followed by infected diet 3 which was 13.8 times larger than 

control diet 1. These were followed by infected diet 1 (13.7) and control diet 2 

(11.9). 
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Comparison of Pancreas Ages
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Figure 3.16. Influence of diet on gene expression of pancreas in selenoprotein P 
in chicks. 
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Pancreas Fold Changes
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Figure 3.17. Fold changes in selenoprotein P gene expression in chicken 
pancreas. Fold change is based on comparison of chickens in the control group 
given diet 1 with no supplemental selenium. Diet 1= No supplemented selenium, 
diet 2= Sel-Plex supplemented, and diet 3= Sodium selenite supplemented. 
 
Thymus: 
 

Table 3.2 illustrates the analysis of variance for SPP gene expression in 

the thymus of chickens at 7, 14, and 21 days of age. There were significant main 

effects due to age (p<0.0001) and treatment (control vs. infected) (0.0117), but 

the diet effect was not significant. There were significant interactions between 

treatment and age (<0.0001), diet and treatment (0.0008) and diet and age 

(<0.0001). The age effect for expression of SPP in chicken thymus is 

demonstrated in Figure 3.18 where it can be ascertained that as the chicken 

aged from hatch to 21 days of age, SPP gene expression decreased or at least 

stabilized at a level that was less than the expression rate at day 7.  The  
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treatment (control vs. infected) effect is illustrated in figure 3.19 where it is clearly 

apparent that ARV infection decreased SPP gene expression.  Figure 3.20 

represents the interaction effect for treatment and age. SPP expression is lowest 

in control diets at 7 days of age and is highest in the control day 21 birds. Day 14 

SPP expression appears to be the same for both control and infected birds. 

There is not much change in the infected birds.  The interaction between diet and 

treatment is located in Figure 3.21 where it can be observed that control chickens 

fed diet 2 with organic selenium supplement had the highest SPP gene 

expression of all diets and treatments.   Control chickens given diet 3 with 

inorganic selenium had the lowest SPP gene expression and SPP gene 

expression was numerically lower than that observed for control chickens given 

diet 1. Infected chickens exhibited lower SPP gene expression than controls 

given respective diets with the exception of those chickens given diet 3, which 

showed higher gene expression than controls given diet 3. Illustrated in Figure 

3.22 is the interaction between diets and age for the SPP gene expression. 

Generally, for chickens given diets 1 and 2, there was an age dependent 

decrease in gene expression from 7 to 21 days of age. At 21 days of age, 

chickens given the selenium deficient diet 1 exhibited the lowest expression of 

SPP genes compared with both diets 2 and 3.  However, chickens given diet 3, 

which had the lowest gene expression for SPP at 7 days of age showed 

increased gene expression at both 14 and 21 days of age.    

Figure 3.23 illustrates the fold changes in SPP gene expression. The level  
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of expression for SPP genes in control chickens given diet 2 was greater than the 

expression of SPP in control chickens given control diet 1, and all other chickens 

in either control or infected groups at day 7 expressed SPP at levels far below 

those in control chickens given either diet 2 or diet 1. SPP gene expression in 

control chickens given diets 1 and 2 decreased significantly at day 14 while SPP 

gene expression in chickens in both control and infected groups increased 

significantly at day 14 before all groups decreased to equivalent levels of SPP 

gene expression on day 21. 

Comparison of Thymus Ages
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Figure 3.18. Influence of age on gene expression of thymus in selenoprotein P in 
chicks.
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Thymus: Main effect of Treatment
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Figure 3.19. Influence of treatment on gene expression of thymus in 
selenoprotein P in chicks. 
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Figure 3.20. Influence of treatment by age on gene expression of thymus in 
selenoprotein P in chicks. 
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Thymus: Treatment * Diet Interaction
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Figure 3.21. Influence diet by treatment on gene expression of thymus in 
selenoprotein P in chicks. 
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Figure 3.22. Influence diet by age on gene expression of thymus in 
selenoprotein P in chicks. 
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Thymus Fold Changes
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Figure 3.23. Fold changes in selenoprotein P gene expression in chicken liver. 
Fold change is based on comparison of chickens in the control group given diet 1 
with no supplemental selenium. Diet 1= No supplemented selenium, diet 2= Sel-
Plex supplemented, and diet 3= Sodium selenite supplemented. 
 

Discussion: 

 The expression of selenoprotein P (SelP) in chickens has been described 

in only one other paper, which dealt with SPP expression in the defocused  retina 

of the chicken eye (Ohngemac et al., 2004). Ohngemac and colleagues observed 

that SPP mRNA was rapidly elevated after two hours of diffuser lens wear and 

that within six hours after defocus blur in one eye. After 24 hours of defocused 

vision, retinal SPP was up-regulated by five to eight fold. They also noted that 

SPP gene expression increased significantly regardless of whether the defocus 

was myopic or hyperopic in nature, suggesting that the stress of defocus was a  
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general stressor for the retina and therefore SPP gene expression was up-

regulated as the result of events that might have been also up-regulating 

oxidative stress in the retina (Ohngemac et. al., 2004).  

 Five very different tissues, including brain, liver, pancreas, bursa of 

Fabricius, and thymus, were selected for investigation of selenoprotein P (SelP) 

expression in this study in chickens. The brain and liver were selected because 

SelP expression has been described in these tissues. In rodent work, SelP is 

mainly expressed in the liver and brain, but it is also present in other tissues 

(Behne and Kyriakopoulos, 2001). The liver appears to be the source of 75% of 

SelP, but other tissues express SelP mRNA and therefore should synthesize it 

(Burk and Hill, 2005). The other tissues, in addition to the liver, which have high 

concentrations of the mRNA, are the kidneys and the heart. Smaller 

concentrations have been seen in the lungs, brain, skeletal system, muscle and 

the testis (Burk and Hill, 2005). SelP is a good marker of selenium status 

because selenium deficiency decreases SelP concentration, causing the plasma 

selenium concentration and ultimately the selenium dependent antioxidant 

enzymes also to fall (Burk et al., 2003; Hill et al., 2003). 

 The liver was important in this investigation because avian reovirus (ARV) 

is known to infect the liver of chickens and replicate in that organ after first 

invading the gastrointestinal tract in cases of enteric infection (Macalintal, 2004; 

see Edens et al., 2008 for review). The bursa of Fabricius has been shown to be 

susceptible to ARV infection in chickens (Macalintal, 2004; see Edens et al.,  
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2008 for review), and in both chickens and turkeys, ARV will invade and cause 

tissue damage to the thymus (Macalintal, 2004; see Edens et al., 2008 for 

review). In currently unpublished research from this laboratory, there is evidence 

that ARV also infects and causes damage in the avian pancreas (Macalintal, 

2004).  

Valyi-Nagy and Dermody have demonstrated that oxidative stress results 

during neurodegeneration caused by a number of viruses including mammalian 

reovirus (Valyi-Nagy et al., 1999 and 2005). Oxidative damage can occur as a 

result of direct viral infection or it can occur as the result of inflammatory activity. 

Virus infection-induced oxidative stress can be beneficial to the host or it can be 

beneficial to the virus. In either case, over production of reactive oxygen species 

(ROS) or reactive nitrogen metabolites (RNS) are quiet damaging to the host.    

Schwarz observed that ROS play a major role in the pathogenesis of viral 

diseases caused by RNA viruses, DNA viruses, and retroviruses (Schwarz, 

1996). He also noted that virus-induced activation of the macrophage system 

induce ROS free radicals with a resultant development of oxidative stress. 

Schwarz emphasized that many of the ROS free radicals had limited ability to 

cause damage because of their limited range of diffusion (Schwarz, 1996). 

However, ROS-induced lipid peroxides can be transported via the circulatory 

systems ultimately affecting cell membrane integrity and induce dysfunction in 

cellular activity to the extent that cellular injury occurs. Oxidative stress at the 

cellular level was not totally the result of ROS induced injury, but pro-oxidant  
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cytokines also influence mitochondrial production of ROS. Beck further examined 

the role of oxidative stress on mutation rates in RNA viruses and noted that a 

deficiency of the selenium-dependent antioxidant, glutathione peroxidase, in the 

host allowed higher mutation rates of replicating RNA viruses or allowed the 

selection of more virulent viruses as a result of immunodepression in selenium-

deficient animals (Beck, 2001). Oxidative stress is the stimulus for cells to 

modulate their antioxidant activities, modify intracellular proteins, and to induce 

new gene expression (Li and Karin, 1999). Therefore, it was important to 

determine whether ARV infection can up-regulate the SelP gene (SPP) in 

infected chickens.  

 In this investigation, the SPP gene expression generally was elevated in 7 

day old chickens, but decreased significantly as the birds aged to 14 and 21 days 

of age.  Dietary selenium supplementation, generally up-regulated SPP 

expression, and organic selenium, as Sel-Plex, tended to induce the greatest 

expression of SPP in all tissues. A curious effect of avian reovirus challenge 

caused SPP expression to be lower than in controls in some instances and 

somewhat greater than controls in other instances. This effect was surprising 

because ARV can cause oxidative stress in vivo, and SelP as an agent that is 

involved in remediation of oxidative stress, it was expected that SPP gene 

expression would have increased. In fact, in most of the tissues (brain, liver, 

thymus, and bursa of Fabricius) there was down-regulation in SPP expression 

after ARV challenge.  
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 The brain and liver in 7 days old chickens had the highest expression 

levels of SPP compared with the other tissues (bursa of Fabricius, thymus and 

pancreas). With aging to 14 and 21 days of age, SPP gene expression was 

down-regulated generally in all of the tissues. Although it could be demonstrated 

in this study that SPP genes were either up- or down-regulated, the data do not 

show whether transcription or translation of the gene was altered by age, diet, or 

viral infection.  

Perhaps, SPP gene expression is ultimately regulated by feed back 

mechanisms due to maintenance of critical levels of SelP in blood and in other 

tissues.   There is a precedence for feedback inhibition of SelP in human prostate 

tumors, mouse tumor, and prostate carcinoma cell lines (Calvo et al., 2002). 

Down-regulation of SPP might have some importance in certain health conditions 

such as neoplastic disease. Selenium has been shown to have a protective 

influence on the host because the trace mineral has been associated with a 

significant decrease in cancer incidence and mortality rates (Clark et al., 1996; 

Brown and Arthur, 2001). Selenium is a major component of SelP and SelP has 

antioxidant properties as well as serving as a major transport protein for 

selenium. It has been reported that SelP is down-regulated during inflammation, 

which is a major event before development of some neoplastic disease (Persson-

Moschos, 2000). However, injection of selenium up-regulated SelP in blood but 

not glutathione peroxidase (Burk et al., 1995) suggesting that SelP might inhibit 

the oxidative stress associated with certain cancers such as prostate cancer.  
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Oxidative stress is also associated with ARV infection (Pertile et al., 1995 and 

1996). Thus, there are two potential causes for the general decrease in SPP 

gene expression associated with ARV infection in this investigation. First, it is 

possible that the level of supplemental selenium (0.3 ppm for both organic and 

inorganic forms) in the torula yeast diets was not sufficient to meet the selenium 

demands of the ARV infected chickens. This would be consistent with 

observations that during inflammation SelP was down-regulated in animals 

without sufficient blood selenium levels (Burk et al., 1995; Persson-Moschos, 

2000). The second reason would be that after gene product has achieved a 

certain level and is stable in circulation or in tissues, gene expression is down 

regulated at a transcriptional level. However, selenium-dependent deiodinase 

type 2 is down-regulated due to proteosomal degradation by the post-

translational product tri-iodothyronin. Therefore, the possibility exists in which 

some other product of selenium metabolism, such as induction of a glutathione 

peroxidase, might have a negative effect on SelP. This speculation requires 

additional work. 

The expression of SelP was an age-related effect. Every tissue showed 

decreased SPP expression with age. The age related decrease in SPP 

expression suggests that there might be substrate inhibition or posttranslational 

product inhibition on SelP.  Alternatively, these data might also suggest that the 

production of SelP was stable in birds older that 7 days of age and additional 

expression of SPP was not necessary or efficient. 
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 A significant diet effect was evident in brain, liver and thymus, in which 

SPP was up-regulated in Sel-Plex fed birds. That Sel-Plex would have a positive 

influence on expression of a selenoprotein such as SelP was not be surprising. It 

has been demonstrated that Sel-Plex up-regulated glutathione peroxidase and 

thioredoxin reductase in broiler chickens (Edens and Gowdy, 2005). The bursa of 

Fabricius was the exception to the rule in terms of consistently showing higher 

SPP expression in both control and infected chickens. In control chickens, SPP 

was elevated by Sel-Plex but in infected chickens SPP was depressed in Sel-

Plex fed animals, while both selenium deficient and sodium selenite fed birds had 

higher expression rates. In this case, where there was a significant diet and 

treatment interaction, one can speculate again that the lower SPP expression 

rate in Sel-Plex fed animals was due to stable production of SPP and additional 

product was not needed or the data can be interpreted to suggest that there was 

not sufficient organic selenium to drive SPP expression in the infected chickens. 

However, it is believed that the former speculative statement might be more 

appropriate. In earlier studies (chapter 4; Edens et al., 2007ab) it was shown that 

Sel-Plex fed chickens with an ARV challenge maintained the integrity of their 

intestinal tract while birds given a diet deficient in selenium or a diet 

supplemented with sodium selenite were showing signs of degeneration 

attributed to ARV at 21 days of age while ARV-challenged Sel-Plex birds showed 

an intestinal anatomy suggestive of a rapid recovery status. Therefore, because 

the bursa of Fabricius is a diverticulum off the large intestine, the SPP data might 
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suggest down-regulation due to the fact that intestinal damage due to ARV 

infection was not of sufficient magnitude to require additional SPP expression.  

 

Conclusion: 

 In this experiment, the SPP gene expression generally was elevated in 7 

day old chickens, but decreased significantly as the birds aged to 14 and 21 days 

of age.  Dietary selenium supplementation, generally up-regulated SPP 

expression, and the organic selenium, as Sel-Plex, tended to induce the greatest 

expression of SPP in all tissues. Also, avian reovirus challenge caused SPP 

expression to be lower than in controls in some instances and somewhat greater 

than controls in other instances.   

 Several things could have been changed about this experiment. Perhaps, 

there could have been more age time points observed. This may have shown 

more trends in the SPP gene. There were several fold changes that were 

dramatically different than the others. If more age time points were used, perhaps 

a better trend could have been seen. 

 One other aspect that should have been examined was the plasma serum 

levels. Since SelP accounts for 60-80% of the total plasma selenium in rats and 

about 33% of the total plasma selenium in humans (Surai, 2002; Burk and Hill, 

1999) it would make the most sense to see how the plasma serum levels were 

affected or altered.  
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CHAPTER 4: GENOMIC ANALYSIS OF THE CHICKEN’S 
POLYMERIC IMMUNOGLOBULIN RECEPTOR RESPONSE 

TO THE AVIAN REOVIRUS INFECTION AS INFLUENCED BY 
DIETARY SELENIUM 

 
 
Abstract: 

 
The avian reovirus is an economically important dsRNA virus and 

secretory IgA (SIgA) is the primary defense mechanism that guards against 

invasion of bacteria and viruses. This first line of defense is established through 

interaction between the mucosal B cell system and the polymeric immunoglobulin 

receptor (pIgR). There has been evidence to show that organic selenium has a 

positive influence on dsRNA viruses such as the avian reovirus. This work was 

conducted to examine the influence of dietary selenium through pIgR on specific 

tissues of broiler chickens challenged with an enteric avian reovirus (ARV-CU98) 

with the use of qRT-PCR. Eggs, obtained from Cobb breeders fed an isocaloric 

Torula yeast diets containing either no supplemental selenium, 0.3 ppm inorganic 

selenium in the form of sodium selenite, or 0.3 ppm organic selenium in the form 

of Sel-Plex, were hatched and chicks were placed on Torula yeast broiler diets 

similar to their respective parental diets. At hatch, 30 chicks per dietary selenium 

treatment were placed into either control or ARV-infected groups in heated metal-

growing batteries in separate isolation rooms. The ARV-infected chicks were 

given and oral gavage of 0.5 mL of the reovirus ARV-CU98 (104.2 pfu/chick), and 

control chicks were given medium only. At 14 and 21 days of age chicks were  
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weighed and at 7, 14, and 21 days of age chicks were euthanized by carbon 

dioxide asphyxiation and dissected for specific tissues. The effects of treatment 

were determined by ANOVA. The individual differences in Ct ratio among 

different ages/diets/virus were determined significant using the Pfaffl method. 

Data for the Ct ratio was subjected to one way ANOVA according to the following 

model: Y= μ + A + D + T + e with age (A), diet (D) and treatments (T) as the main 

fixed effects. All statistical analyses were conducted using JMP® software. In this 

experiment, the SPP gene expression appeared elevated in 7 day old chickens, 

but decreased significantly as the birds aged to 14 and 21 days of age.  Dietary 

selenium supplementation, generally up-regulated SPP expression, and the 

organic selenium, as Sel-Plex, tended to induce the greatest expression of SPP 

in all tissues. Also, avian reovirus challenge caused SPP expression to be lower 

than in controls in some instances and somewhat greater than controls in other 

instances. The data from this investigation showed that the form of selenium has 

an influence on pIgR expression in the liver. In this study, Sel-Plex 

supplementation increased pIgR expression in the liver of ARV-infected 

chickens. Additionally, there was increased pIgR expression due to ARV infection 

in pancreas and bursa of Fabricius. The data from this study extend earlier 

reports of the expression of pIgR in tissues other than the intestine and breast 

tissue in humans. The results from this investigation suggest that pIgR is 

involved in the immunological response of ARV-infected chickens and might help 

to explain the observation that Sel-Plex supplementation of organic selenium to 
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ARV-infected chickens has facilitated maintenance of a more normal intestinal 

villus structure.  

Introduction: 

There are numerous economically important avian RNA viruses, including 

the species-specific dsRNA avian reoviruses (ARV) that belong to the 

Orthoreovirus gene of the Reoviridae family (Nibert and Schiff, 2001; Benavente 

and Martínez-Costas, 2007). The ARV have a broad range of virulence in 

chickens  ARV can infect joints and tendons, the respiratory tract, and the 

intestinal tract causing mortality, leg weakness, and poor feed conversions, 

which in turn cause depressed performance and productivity (Robertson et al., 

1984; van der Heide, 2000).  

At mucosal surfaces, secretory IgA (SIgA) is the primary defense 

mechanism that guards against invasion of bacteria and viruses (Brandtzaeg, 

1995). This first line of defense is established through interaction between the 

mucosal B cell system and the polymeric immunoglobulin receptor (pIgR) with its 

secretory component (SC). PIgR, a transmembrane glycoprotein, is selectively 

expressed on the basolateral surface of both mucosal and glandular intestinal 

epithelial cells and transports polymeric IgA (pIgA), produced by plasma cells in 

the lamina propria, and IgA-coated immune complexes to the apical surface 

where its SC with pIgA attached is cleaved and released into the lumen of the 

intestine (Mostov and Kaetzel, 1999; Pal et al., 2005).  

Mammalian reoviruses (MRV) are known to up-regulate pIgR mRNA  
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within 24 hours after infection and by 48 hours after infection to up-regulate pIgR 

protein (Pal et al., 2005). The mechanism of pIgR up-regulation is induced by 

reovirus dsRNA, which is liberated intracellularly after endosome degradation. 

The liberated dsRNA interacts with intracellular Toll-like receptor 3 (TLR-3), 

which then signals through NF-κB to induce pIgR up-regulation (Schneeman et 

al., 2005). NF-κB serves as a central regulator of intestinal epithelial cells 

responding to bacterial and viral infections and causes up-regulation of pIgR. Up-

regulation of pIgR and increased transcytosis of pIgA is believed to assist the 

host in a more efficient clearing of infectious agents (Pal et al., 2005). 

Schneeman and colleagues suggested that “up-regulation of pIgR by TLR-3 

signaling during viral infections is likely to facilitate both intracellular and 

extracellular neutralization of viruses by IgA” (Schneeman et. al., 2005). It had 

been shown that secretion of mucosal IgA and IgM, directed to whole viral 

particles participate in the clearance of rotavirus infection, in the lumen of the 

intestine and inside the epithelial cells (Schwartz-Cornil et al., 2002). A similar 

mode of intracellular virus  neutralization by pIgA and pIgR was suggested for 

human immunodeficiency virus (Bomsel et al., 1998), influenza virus (Mazanec et 

al., 1995), and Sendai virus (Mazanec et al., 1992) infections. Therefore, it is 

feasible to estimate that ARV would be similarly neutralized intracellularly by 

pIgA and pIgR complex in addition to the sIgA/SC complex in the lumen of the 

intestine. The most limiting factor in this scheme of first line defense against 

viruses such as the RNA viruses would be delivery of pIgA at intracellular and  

http://jvi.asm.org/cgi/content/full/76/16/8110?view=long&pmid=12134016#R1#R1�
http://jvi.asm.org/cgi/content/full/76/16/8110?view=long&pmid=12134016#R25#R25�
http://jvi.asm.org/cgi/content/full/76/16/8110?view=long&pmid=12134016#R26#R26�
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extracellular sites. The rate of transcytosis of pIgA depends on the quantity of 

induced pIgR because one molecule of pIgR is consumed with each molecule of 

pIgA /SC released into the lumen of the intestinal tract (Schneeman et al., 2005). 

In 1975, Watanabe and colleagues were the first to recognize in chickens 

that ARV stimulates polymeric pIgA and its secretion as secretory IgA (sIgA) 

across the intestinal epithelial cells (Watanabe et. al., 1975). They demonstrated 

that sIgA in the intestine was different from the IgA found in bile due to the 

presence of the SC to which intestinal sIgA was bound. The stabilized sIgA/SC 

complex found in the intestinal tract had the potential to neutralize reovirus 

arising from a reovirus challenge given to the chickens. It was also determined 

that the free SC in the intestinal secretions was antigenically deficient as 

compared with the sIgA bound SC. Chicken sIgA/SC complex found in intestinal 

secretions are composed of polysaccharides similar to those found on 

mammalian sIgA and SC. Watanabe and colleagues raised the question about 

the existence of a selective transport mechanism for SC and pIgA in the chicken 

intestine (Watanabe et. al., 1975). In 2004, Wieland and colleagues 

demonstrated that sIgA was involved in the defense of epithelia lining the cavities 

of chickens (Wieland et. al., 2004). However, the more important observation 

made by Wieland and colleagues was that in chickens the transcytosis of pIgA 

was accomplished via pIgR (Wieland et. al., 2004). 

Studies with cytokine dependent increases in NF-κB revealed that sodium 

selenite has a potent inhibitory influence on pIgR mRNA induction in human  
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intestinal cells (Ackermann and Denning, 2004). Inhibition of  NF-κB was 

believed to be mediated through selenium-dependent increased GSHpx activity, 

but alternative reasons for the inhibition were ascribed to selenite mediated 

oxidation of sulphydryls essential for NF-κB/DNA binding and possibly to selenite 

causing oxidation of and inactivation of thioredoxin and thioredoxin reductase 

that are required for maintenance of reduced NF-κB’s sulphhydryl residues. Even 

though inorganic sodium selenite inhibited NF-κB-associated cytokine dependent 

pIgR increases, another antioxidant, ebselen, had no effect on NF-κB, which 

suggests that the form in which selenium is presented is important in the 

induction of pIgR. 

It was noted earlier (Chapter 2) that the intestinal morphology of chicks 

given Sel-Plex appeared to recover more quickly after ARV challenge than did 

chicks given no supplemental selenium or sodium selenite. Furthermore, from 14 

to 21 days of age, Sel-Plex chicks in the infected group gained more weight than 

did either chicks given no supplemental selenium or sodium selenite. Thus, 

based on the observations that Sel-Plex feeding induced greater expression of 

SPP as well as increasing the rate of recovery of the intestinal mucosa after ARV 

challenge, it was hypothesized that the organic selenium provided in Sel-Plex 

might have influenced expression of pIgR, which would be associated with 

increased rates of virus neutralization in the gut and ostensibly increased 

recovery rate.   

Therefore, it is very important to investigate the role selenium might play in  
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dsRNA ARV infection in chickens fed different dietary sources of selenium. The 

knowledge derived from this research could possibly explain, at least in part, the 

antiviral influence exerted by organic selenium and help prevent disease and 

infection of mucosal epithelial, which would be beneficial for both animal welfare 

and human health. This work was conducted to examine the influence of dietary 

selenium through pIgR on specific tissues of broiler chickens challenged with an 

enteric avian reovirus (ARV-CU98) with the use of qRT-PCR. 

 

Materials and Methods: 

Animal Welfare: 

This study was conducted following guidelines established by the North 

Carolina State University Animal Care and Use Committee, which has adopted 

Animal Care and Use Guidelines governing all animal use in experimental 

procedures. 

Animals and Husbandry: 

Fertile Cobb 500 broiler breeder eggs were obtained from the University of 

Kentucky Coldstream Poultry Research Facility in Lexington, KY. Eggs were 

placed at North Carolina State University’s Poultry Science Department into a 

Jamesway Setter incubator at 39°C for 18 days then transferred to a Jamesway 

Hatcher incubator until the chicks hatched.  

Hatchling chicks were placed into two identically controlled isolation rooms  

in pens in heated brooder batteries and were given the same diets that had been  
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fed to their parents. The parent stock had been fed for two generations on 

isocaloric Torula yeast diet (Table 2.1) consisting of either 1) no supplemental 

selenium (less than 0.02 ppm), 2) Sel-Plex as the source of organic selenium 

(0.3 ppm selenium) or 3) sodium selenite (0.3 ppm selenium). Feed and water 

were provided for free access in stainless steel pans attached to the frame of the 

brooder pens. Lighting was provided through continuous incandescent lamps in 

the ceiling of each of the two isolation rooms. The rooms were preheated to 35°C 

before the placement of the chicks. After one week, the temperature of the rooms 

was decreased to 32°C and to 29° C after two weeks. Individual birds were 

identified at placement using plastic neck tags.  

Reovirus challenge: 

On the day of the hatch, 30 chicks were placed in each of the three dietary 

treatments in either Control or ARV-Infected groups, which produced a total of 

180 chicks in this experiment. Chicks in the AVR-infected groups (90) were given 

an oral gavage of 0.5 mL of the reovirus ARV-CU98 suspended in a 1:5 dilution 

with PBS at a concentration of 104.2 plaque-forming units/chick, and Control 

chicks were given 0.5 mL of sterile water.  

Tissue Collection: 

Approximately 500 mg of  brain, thymus, pancreas, bursa of Fabricius, 

and liver were dissected and stored at -20°C in 15 ml tubes filled with RNAse 

Later (Molecular Bioproducts, Inc., San Diego, CA) for further analyzes. Bird 

carcasses were then double-bagged for disposal as stipulated by North Carolina  
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State University Environmental Health and Safety (EHS) and IACUC protocols. 

Basic experimental design: 

The experiment was a completely randomized design with a factorial 

arrangement of treatments. Two groups were created: control and reovirus 

challenged; there were three dietary treatments superimposed on the groups- 1) 

Torula yeast with no supplementary selenium (background Se level was less 

than 0.02 ppm), 2) Sel Plex supplemented to a corn soy diet providing 0.3 ppm of 

selenium as organoselenium, 3) sodium selenite supplemented to a corn soy diet 

providing 0.3 ppm as inorganic selenium. 

RNA extraction and quality control: 

The 15ml tubes with tissues in RNAse later (Molecular Bioproducts, Inc. 

San Diego, CA) were taken from the refrigerator freezer, and approximately 100 

mg of tissue was taken from each individual sample and placed into a 2 ml 

microcentrifuge tube, which contained 1 ml of TRIzolR Reagent (Molecular 

Research Center, Inc., Carlsbad, CA). The tubes were then placed in a Mini-

Beadbeater-96 (Biospec, Inc. Bartlesville, OK) for approximately 1 minute or until 

the sample was completely dissociated. A volume of 300 μl of chloroform was 

then added to the microcentrifuge tube and vortexed for 10 seconds. The tubes 

were then centrifuged for 5 minutes at 12,000g and 4°C to separate the two 

phases. The top aqueous phase was carefully transferred to a 1.5 ml 

microcentrifuge tube and 500 μl of molecular grade 100% ethanol was added. 

The tubes were inverted 5-10 times and then placed in a -20°C freezer for at  
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least 30 minutes to cool. Next, the samples were centrifuged for 15 minutes at 

12,000g and 4°C to form the RNA pellets. The top layer supernatant was 

discarded and the RNA pellet was washed with 500 μL of 75% ethanol and 

recentrifuged for 10 minutes at 12,000g and 4°C. The ethanol was discarded and 

the pellets were left to dry for approximately 10 minutes. The dried pellets were 

then re-suspended in 30 μL of nuclease-free water. The extracted RNA was then 

quantified using a Nanodrop ND-1000 spectrophotometer (NanoDrop 

Technologies, Inc., Wilmington, DE). Concentrations and quality of the RNA were 

determined with acceptable 260/280 ratios of >1.70 and agarose gel 

electrophoresis, respectively. The tubes containing the RNA were then stored in 

a -80°C freezer until needed for analysis.  

qRT-PCR:  

Next a cDNA library was constructed using the extracted RNA from 

selected tissues. This was accomplished using the Applied Biosystems High-

Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA) 

following the manufacturer’s protocol. Individual cDNAs were diluted 1:20 before 

amplification.  

The expression level of the polymeric immunoglobulin protein receptor 

(pIgR) was analyzed by RT-PCR using the BioRad icycler iQ Real time PCR 

system (BioRad, Hercules, CA) and with the iQ-SYBR Green Supermix kit 

(Applied Biosystems, Foster City, CA), following the manufacturer’s protocols. 

The real time reaction was made up of the following: 1uL of cDNA, 0.4 μL of the  
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forward primer, 0.4 μL of the reverse primer, 0.2 μL of fluorocein, 10 μL of SYBR 

green mix, and 8 μL of water to yield a total reaction of 20 μL. Gene specific 

primers were designed using Beacon Designer software (Table 4.1). Gene 

expression was normalized using 18s ribosomal RNA as internal controls (table 

4.1). A standard curve was also run to determine the PCR efficiency. This curve 

was run by pooling all of the undiluted cDNA samples and then diluting them at 

regular intervals. The dilution consisted of four points 1:5, 1:25, 1:125 and 1:625. 

Cycle Threshold (Ct) values were automatically calculated by the iQ software and 

corresponded to the cycle in which the amplification rate was maximal. 

Thermocycling parameters were as follows: 94°C for 7 minutes; 50 cycles 

at 95°C for 30 seconds, appropriate Tm C for 30 seconds (Table 4.1), 72°C for 

30 seconds; 72°C for 5 minutes; 95°C for 1 minute; 55°C for 1 minute, 80 cycles 

at 55°C for 30 minutes. Fluorescence measurements were collected at every 

cycle during the extension step (72°C). Gene expression was normalized using 

18s ribosomal RNA as internal controls.  A standard curve was run to determine 

the PCR efficiency. This curve was run by pooling all of the undiluted cDNA 

samples and then diluting them at regular intervals. The dilution consisted of four 

points 1:5, 1:25, 1:125 and 1:625. Cycle Threshold (Ct) values were automatically 

calculated by the iQ software and corresponded to the cycle in which the 

amplification rate was maximal. 
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       Table 4.1.  Primer construct used for qRT-PCR analysis of chicken polymeric immunoglobulin receptor. 

Target Accession 
no. 5' primer 3' primer 

Size of 
PCR 

product 
Efficiency Tm 

18s  M59389 CGGAGAGGGAGCCTGAGAA CGCCAGCTCGATCCCAAGA 234   99.4  58.6°C 
Liver: 94.8 
Bursa: 99.4 

Pancreas: 105 
pIgR AF303371  CACAGGGAGAGGAGAACATC TTAAGTCCACCCGTGAACC  106 

Thymus: 120  

56°C 
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Statistical Analysis: 

The experiment was a completely randomized design with a 2X3 factorial 

arrangement of treatments. The day-old hatchling chicks were divided into two 

groups, control and ARV-challenged, which were placed into heated metal 

brooder batteries in separate but identically controlled isolation rooms.  The 

control and ARV-challenged were given the three dietary treatments described 

above. This arrangement provided 6 experimental treatments with 3 replicate 

pens per treatment totaling 18 pens with 10 birds per pen.  

The effects of treatment were determined by ANOVA. The individual 

differences in Ct ratio among different ages/diets/virus were determined 

significant using the Pfaffl method. Data for the Ct ratio was subjected to one way 

ANOVA according to the following model: 

Y= μ + A + D + T + e 

with age (A), diet (D) and treatments (T) as the main fixed effects. All statistical 

analyses were conducted using JMP® software (SAS Institute, 2005). 
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Results: 

Tissue specific qRT-PCR results. 

Table 4.2. Analysis of variance table for expression of the polymeric 
immunoglobulin receptor (pIgR) gene in chicken bursa of Fabricius, liver, 
pancreas and thymus. 

Source Nparm 
DF 

Bursa 
Prob > F

Liver 
Prob > F

Pancreas 
Prob > F 

Thymus 
Prob > F 

Age 1 <0.0001* 0.0009* <0.0001* <0.0001* 
Trt 1 0.6981 0.983 0.8808 0.2581 

Diet 2 0.9121 0.532 0.0977 0.0968 
Trt*Age 2 0.4622 <0.0001* 0.66 0.0151* 
Diet*Trt 2 0.6541 0.0257* 0.5171 0.8246 
Diet*Age 1 0.8312 0.5578 0.9676 0.0084* 

 
Bursa: 
 

The analysis of variance for expression of polymeric immunoglobulin 

receptor (pIgR) gene in the bursa of Fabricius of chicks at 7, 14, and 21 days of 

age is located in table 4.2. The only significant effect was seen in the main 

effects due to age (p<0.0001). The age effect expression of pIgR in chicken 

bursa is demonstrated in Figure 4.1.  Fold changes are illustrated in figure 4.2. 

Control diet 2 is the only diet whose fold change decreased with age. All others 

were increased.  

 



 161

Comparison of Bursa Ages
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Figure 4.1. Influence of age on gene expression of pIgR in chicks. 
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Figure 4.2 Fold changes in sepp1 gene expression in chicken bursa. Change 

based on comparison of chickens in the control group given diet 1 
with no supp. selenium.  
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Liver: 
 
Table 4.2 represents the analysis of variance for expression of pIgR in the 

liver of chicks at 7, 14, and 21 days of age. There were significant main effects 

due to age (p=0.0009). There were significant interaction effects between 

treatment (control vs. infected) and age (p<0.0001) and diet and treatment 

(p=0.0257). The age effect for expression of pIgR in chicken liver is 

demonstrated in Figure 4.3.  Figure 4.4 illustrates the interaction effect for 

treatment by age and Figure 4.5 represents the interaction effect for diet by 

treatment. Figure 4.6 illustrates the fold changes. At day 14 infected diet 2 was 

52.7 times more expressed then control diet 1 before dropping to only 1.6 times 

more at day 21. This is the only diet which decreased over time. All other diet’s 

fold changes were increased as the bird ages.  

Comparison of Liver Ages
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Figure 4.3. Influence of age on gene expression of liver in pIgR in chicks. 
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Liver: Treatment * Age Interaction
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Figure 4.4. Influence of treatment by age interaction on gene expression of liver 
in pIgR in chicks. 
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Figure 4.5. Influence of diet by treatment on gene expression of liver in pIgR in 
chicks. 
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Liver Fold Changes
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Figure 4.6.  Fold changes in pIgR gene expression in chicken liver. Fold change 

is based on comparison of chickens in the control group given diet 
1 with no supplemental selenium. Diet 1= No supp. Sel., Diet 2= 
Sel-Plex, and Diet 3= Sodium Selenite. 

 
Pancreas: 

 
Table 4.2 represents the analysis of variance for expression of pIgR in the 

pancreas of chicks at 7, 14, and 21 days of age. There were significant main 

effects due to age (p<0.0001). The age effect for expression of pIgR in chicken 

pancreas is demonstrated in Figure 4.7. Figure 4.8 illustrates the fold changes. 

The largest fold change was seen in infected diet 3. Infected diet 3 was 91.6 

times more expressed then control diet 1 on day 21. Control diet 1, infected diet 

2 and infected diet 3 all increased with age; however, control diet 2, control diet 

3, and infected diet 2 all decreased with age.  
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Comparison of Pancreas Ages
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Figure 4.7. Influence of diet on gene expression of pancreas in pIgR in chicks. 
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Figure 4.8. Fold changes in pIgR gene expression in chicken pancreas. Fold 

change is based on comparison of chickens in the control group 
given diet 1 with no supplemental selenium. Diet 1= No supp. Sel., 
Diet 2= Sel-Plex, and Diet 3= Sodium Selenite. 
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Thymus: 
 

Table 4.2 illustrates the analysis of variance for expression of pIgR in the 

thymus of chicks at 7, 14, and 21 days of age. There was a significant main 

effect due to age (p<0.0001). There were significant interactions between 

treatment and age (0.0151) and diet and age (0.0084). The age effect for 

expression of pIgR in chicken thymus is demonstrated in Figure 4.9.  Figure 4.10 

represents the interaction effect for treatment by age, and Figure 4.11 illustrates 

the interaction effect for diet by age. Figure 4.12 demonstrates the fold changes. 

All diets fold changes decreased with age.  
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Figure 4.9. Influence of age on gene expression of thymus in pIgR in chicks. 
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Thymus: Treatment * Age Interaction
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Figure 4.10. Influence of treatment by age interaction on gene expression of 
thymus in pIgR in chicks. 
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Figure 4.11. Influence of diet by age on gene expression of thymus in pIgR in 
chicks. 
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Thymus Fold Changes
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Figure 4.12. Fold Changes in pIgR gene expression in chicken thymus. Fold 
change is based on comparison of chickens in the control group given diet 1 with 
no supplemental selenium. Diet 1= No supp. Sel., Diet 2= Sel-Plex, and Diet 3= 
Sodium Selenite.  
 

Discussion: 

Reverse transcription-polymerase chain reaction (qRT-PCR) is one 

technique which can be used to examine the influence of dietary selenium 

through pIgR on specific tissues of broiler chickens challenged with an enteric 

avian reovirus. It is the most sensitive technique for mRNA detection and 

quantitation. It is advantageous over Northern blot analysis and RNase protection 

assays because it can be used to quantify mRNA levels from much smaller 

samples; only nanogram amounts need. qRT-PCR is a technique of collecting 

amplification data through the PCR process while it is occurring (Wong and 
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Medrano, 2005). The measurement is achieved by using fluorescent dyes that 

fluoresce in the presence of the PCR product. 

Recently, it was reported that organic selenium treatments improved 

recovery of intestinal integrity in chickens challenged with a MAS-inducing 

reovirus (Burgos et al., 2006; Edens et al., 2007ab). The mechanism for this 

improved recovery after ARV challenge was not elucidated at that time. However, 

the data presented here strongly suggests that the dietary organic selenium 

provided via Sel-Plex was inducing pIgR mRNA and that in reovirus-challenged 

chickens, the organic selenium-fed birds increased pIgR mRNA to a level 

significantly greater than that found with sodium selenite or no supplemental 

selenium.  

These observations are consistent with the concept that the pIgR/pIgA 

complex was capable of neutralizing ARV intracellularly and extracellularly 

allowing the more rapid recovery of intestinal integrity of the Sel-Plex-fed chicks 

(See Chapter 2). 

Reovirus infections damage several organs including the liver, bursa, 

intestine, pancreas, thymus and spleen (Roessler and Rosenberger, 1989).  

Therefore, the bursa, liver, pancreas and thymus at days 14 and 21 were 

targeted for this experiment. The bursa, liver and pancreas pIgR showed 

expression was related to an age effect. As the bird ages, pIgR expression 

increased. However, in the thymus, the expression decreased as the bird aged. 

Expression varied in treatment groups. In the liver it appeared to increase with  
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infection and in the thymus it decreased.  

There were several large fold changes. The pancreas exhibited the most 

fold changes and the largest. At day 21 infected diet 3 had a 91 fold change. 

Each tissue showed an increased fold change in the pancreas. The infected 

tissues appeared to have larger fold changes then did the controls.  

The liver was the next tissue to exhibit numerous fold changes. The 

largest was shown at day 14, infected diet 2 (52.7). Infected tissues had a 

smaller fold change except for this one occasion. The bursa was the next tissues 

with several fold changes. Infected day 21 had the greatest pIgR expression for 

the bursa. The thymus did not have many significant fold changes. Fold changes 

appeared to decrease as the bird ages.   

The polymeric immunoglobulin receptor protein is expressed on several 

glandular epithelia including those of liver and breast (Hood et al., 1985) and in 

renal epithelial cells (Rice et al., 1999). It mediates transcellular transport of 

polymeric immunoglobulin molecules, and it is a member of the immunoglobulin 

superfamily (Hood et al., 1985). Wieland and colleagues have reported that a 

gene encoding a chicken pIgR, as a key component of sIgA, is expressed in the 

liver, intestine and bursa of Fabricius (Wieland et. al., 2005). The data from this 

investigation extends those observations to include the thymus and pancreas. Of 

the four tissues probed in this investigation, the results from the liver is probably 

more representative of the kind of data needed to explain why ARV-infected 

chickens showed an enhanced recovery or better intestinal morphology as  
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described in Chapter 2.  

Kaetzel discusses the role of pIgR in the innate and adaptive immune 

responses at the mucosal surface (Kaetzel, 2005). She points out that the 

secretory component that cleaves from the pIgR/SIgA complex prevents 

proteolytic degradation of IgA in the lumen of the intestinal tract and therefore 

promotes the immunological activity of SIgA as it interacts with both viruses and 

bacteria at the mucosal level. IgA secretions from the liver therefore would have 

significant influence in the intestines of all animals including the chicken. Whether 

there is active SIgA/SC from the bursa of Fabricius and pancreas are not known 

in chickens at this time, but it would be reasonable to think that both have the 

capability of producing an immunologically active complex. The thymus is 

probably the least likely to produce a viable SIgA/SC complex. This assumption 

is based on the fact that as the chicken aged the expression of pIgR decreased 

dramatically in the thymus, and by the fact that there was essentially no change 

in the expression of pIgR in control versus infected chickens and that selenium 

had no influence on pIgR in the thymus.  

Selenium influence on pIgR expression was apparent in the liver where 

Sel-Plex increased pIgR expression in infected chickens while there was no other 

change due to diet. Furthermore, the liver pIgR increased with age in all groups, 

and in the bursa of Fabricius and pancreas, there were increases in pIgR 

expression as the chickens aged through 21 days of age.  In liver, bursa of 

Fabricius, and pancreas, pIgR expression increased with age also. Unfortunately,  
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the intestinal tracts were not examined for pIgR expression in this study and 

therefore requires additional research to ascertain the dynamics of pIgR. 

Conclusion:   

In this study, the form of selenium had an influence on pIgR expression in 

the liver. Sel-Plex supplementation increased pIgR expression in the liver of 

ARV-infected chickens. Additionally, there was increased pIgR expression due to 

ARV infection in pancreas and bursa of Fabricius. The data from this study 

extend earlier reports that the expression of pIgR occurs in tissues other than the 

intestine and breast tissue in humans. pIgR may be involved in the 

immunological response of ARV-infected chickens and this might explain the 

observation that Sel-Plex supplementation with organic selenium in ARV-infected 

chickens facilitated maintenance of a more normal intestinal villus structure.  
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CHAPTER 5: MICROARRAY ANALYSIS OF THE INFLUENCE OF 
DIETARY SELENIUM SOURCES AND AVIAN REOVIRUS 

INFECTION ON GENE EXPRESSION IN BROILERS  
 
 

Abstract: 

Nutrigenomics refers to how the diet affects the expression of specific 

genes and the development of specific diseases. Microarrays can be used to 

investigate these types of experiments. A microarray is a powerful tool for genetic 

analysis that can be used to study nutrition-related diseases and as well as other 

traits. The chicken was the first production animal to have its genome 

sequenced. Since the publication of the chicken genome, several nutrigenomic 

microarray experiments have been developed to study the effect of nutrition on 

chicken genes. Eggs, obtained from Cobb breeders fed an isocaloric Torula 

yeast diets containing either no supplemental selenium, 0.3 ppm inorganic 

selenium in the form of sodium selenite, or 0.3 ppm organic selenium in the form 

of Sel-Plex, were hatched and chicks were placed on Torula yeast broiler diets 

similar to their respective parental diets. At hatch, 30 chicks per dietary selenium 

treatment were placed into either control or ARV-infected groups in heated metal-

growing batteries in separate isolation rooms. The ARV-infected chicks were 

given and oral gavage of 0.5 mL of the reovirus ARV-CU98 (104.2 pfu/chick), and 

control chicks were given medium only. At 14 and 21 days of age chicks were 

weighed and at 7, 14, and 21 days of age chicks were euthanized by carbon  
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dioxide asphyxiation and dissected for specific tissues. Files which were 

generated on the ScanArray system were then converted into image intensity 

raw data files for each slide and dye combination using Eisen Labs (1998) 

ScanAlyze Software. The raw data files were joined, transformed to a log2 base 

and then analyzed by JMP Genomics (SAS Institute, 2007). The log2-transformed 

data for all spots measures were subject to lowess normalization and the 

experimental design was a complete interwoven loop design. The resulting 

normalized log2 intensities were analyzed using a mixed model ANOVA. The 

mixed model used to identify significantly differentially expressed genes using 

one gene replicated for array 1 was: Y= μ+ T+ D + Dye+ S + e with Treatment 

(T), Diet (D) and Cy-dye (Dye) as fixed effects and slide (S) as a random effect. 

The mixed model used to identify significantly differentially expressed genes 

using one gene replicated for array 2 was: Y= μ + T + A + Dye + S + e with 

Treatment (T), age (A) and Cy-dye (Dye) as fixed effects and slide (S) as a 

random effect. Mean intensities were compared using threshold of significance 

based on the False Discovery Rate (FDR) of P= 0.05. Results were used to 

produce cluster plots and volcano plots. In this study, an attempt was made to 

examine a limited nutrigenomic microarray to assess the influence of selenium 

on avian reovirus (ARV) pathogenicity. The relationship between selenium and 

ARV infections is still controversial because there has been very little research 

directed at this issue. Because of the data collected in this experiment, organic 

selenium’s involvement in the genome is better understood; furthermore, it is now  
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known that organic selenium is involved in lessening the effects of ARV 

infections. The data suggested that organic selenium enhances immunity, protein 

synthesis for growth and antibody production, and general health by up-

regulating genes associated with each of these functions and further organic 

selenium was shown to up-regulate genes associated with maintenance of 

metabolic processes. Sodium selenite and a diet deficient in selenium did not 

show the same results. However, more work is needed to determine the whole 

spectrum of positive genomic influences attributed to organic selenium in Sel-

Plex and correlate gene activity with functional activity in growing chickens.  

 
Introduction:  

The microarray technology came about in 1996, but it was not until 1998 

that it was used in high-profile research (Chee et. al., 1996; Perou et. al, 1998).  

A microarray is a powerful tool for genetic analysis that can be used to study 

nutrition-related diseases and as well as other traits among many applications, 

which would require an understanding of gene expression. This technology has 

been instrumental in understanding the mechanisms of gene expression and 

since the publication of the human genome and several animal genomes, 

tremendous advances in our understanding of molecular genetics has been 

made (Hossain and Chakraborty, 2006). The expression of thousands of genes 

can be monitored in a single microarray analysis. In 2004, the draft chicken 

genome was completed and published making it the first bird and first production  
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animal to have its genome sequenced (Lamont, 2006). Since then, there have 

been several types of microarrays developed containing subsets of chicken 

cDNA sequences (Bell et. al., 2004).  

There have been more than 13,000 scientific studies that show there is a 

relationship between malnourishment and susceptibility to infection. Those 

studies have mostly focused on how poor diets cause the negative response. 

However, little is known about the influence of malnourished host on viruses and 

how the virus in turn interacts with the host (Beck et al., 2004). There is one trace 

element, selenium that does play an important role in infections caused by RNA 

viruses (Combs, 2001; Field et al., 2002; Lyons et al., 2003; Beck et al., 2004). 

Selenium, which is an essential ultramicrotrace element, has many 

functions in vertebrate animals and exerts its influence via specific 

selenoproteins.  There have been more than 25 selenoproteins discovered in 

both bacteria and vertebrate animals, and 21 of these have biological function(s) 

attributed to them (Edens and Gowdy, 2005). The selenoproteins have a variety 

of functions, but the primary function of selenium in animals’ systems is as a 

component of an extensive antioxidant enzyme cascade that is responsible for 

the protection of cells from damaging lipid peroxides and oxygen and nitrogen 

free radicals. Selenium is involved in the regulation of energy metabolism, 

spermatozoa function, thyroid hormone activation, immunity, and is also 

recognized for having anticarcinogenic as well as antiviral properties (Edens and 

Gowdy, 2005). 
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To date there has been little information linking selenium with the 

responses of poultry species to viral infections. However, Edens and colleagues 

addressed this issue and pointed out that selenium has an antiviral effect against 

many RNA viruses (Edens et. al., 2008). They pointed out that it is not only 

selenium-dependent antioxidant influence that affects RNA viruses in animals, 

but selenium has an influence at the level of the genes themselves in promoting 

resistance to viral diseases. Therefore, it is important to investigate the role 

selenium plays in virus infection, specifically infections caused by dsRNA avian 

reovirus (ARV) that has the ability to infect joints and tendons, the respiratory 

tract, and the intestinal tract (Robertson et al., 1984; van der Heide, 2000).  

This work was conducted to examine via microarray analysis the influence 

of dietary selenium on the liver of broiler chickens challenged with ARV-CU98. 

This is the first research of its kind directed at ultratrace mineral nutrition and 

disease resistance in animals and with the use of a gene microarray to examine 

the regulation of more than 300 different genes that respond to infection and/or 

selenium.   

 

Materials and Methods: 

Animal Welfare: 

This study was conducted following guidelines which were established by 

the North Carolina State University Animal Care and Use Committee, which has 

adopted Animal Care and Use Guidelines governing all animal use in  
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experimental procedures. 

Animals and Husbandry: 

Fertile Cobb 500 broiler breeder eggs were obtained from the University of 

Kentucky Coldstream Poultry Research Facility in Lexington, KY. Eggs were 

placed at North Carolina State University’s Poultry Science Department into a 

Jamesway setter incubator at 39°C for 18 days then transferred to a Jameway 

hatcher incubator until the chicks hatched.  

Hatchling chicks were placed into two identically controlled isolation rooms 

in pens in heated brooder batteries and were given the same diets that had been 

fed to their parents. The parent stock had been fed for two generations on 

isocaloric Torula yeast diet (Table see table 2.1) consisting of either 1) no 

supplemental selenium (less than 0.02 ppm), 2) Sel-Plex as the source of 

organic selenium (0.3 ppm selenium) or 3) sodium selenite (0.3 ppm selenium). 

Feed and water were provided for free access in stainless steel pans attached to 

the frame of the brooder pens. Lighting was provided through continuous 

incandescent lamps in the ceiling of each of the two isolation rooms. The rooms 

were preheated to 35°C before the placement of the chicks. After one week, the 

temperature of the rooms was decreased to 32°C and to 29° C after two weeks. 

Individual birds were identified at placement using plastic neck tags.  

Reovirus challenge: 

On the day of the hatch, 30 chicks were placed in each of the three dietary 

treatments in either Control or ARV-Infected groups, which produced a total of  
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180 chicks in this experiment. Chicks in the AVR-infected groups (90) were given 

an oral gavage of 0.5 mL of the reovirus ARV-CU98 suspended in a 1:5 dilution 

with PBS at a concentration of 104.2 plaque-forming units/chick, and Control 

chicks were given 0.5 mL of sterile water. 

Tissue Collection: 

Approximately 500 mg of  liver was dissected and stored at -20°C in 15 ml 

tubes filled with RNAse Later (Molecular Bioproducts, Inc., San Diego, CA) for 

further analyzes. Bird carcasses were then double-bagged for disposal as 

stipulated by North Carolina State University Environmental Health and Safety 

(EHS) and IACUC protocols. 

RNA extraction and quality control: 

The 15ml tubes with tissues in RNAse later (Molecular Bioproducts, Inc. 

San Diego, CA) were taken from the refrigerator freezer, and approximately 100 

mg of tissue was taken from each individual sample and placed into a 2 ml 

microcentrifuge tube, which contained 1 ml of TRIzolR Reagent (Molecular 

Research Center, Inc., Carlsbad, CA). The tubes were then placed in a Mini-

Beadbeater-96 (Biospec, Inc. Bartlesville, OK) for approximately 1 minute or until 

the sample was completely dissociated. A volume of 300 μl of chloroform was 

then added to the microcentrifuge tube and vortexed for 10 seconds. The tubes 

were then centrifuged for 5 minutes at 12,000Xg and 4°C to separate the two  

phases. The top aqueous phase was carefully transferred to a 1.5 ml 

microcentrifuge tube and 500 μl of molecular grade 100% ethanol was added.  
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The tubes were inverted 5-10 times and then placed in a -20°C freezer for at 

least 30 minutes to cool. Next, the samples were centrifuged for 15 minutes at 

12,000Xg and 4°C to form the RNA pellets. The top layer supernatant was 

discarded and the RNA pellet was washed with 500 μL of 75% ethanol and 

recentrifuged for 10 minutes at 12,000Xg and 4°C. The ethanol was discarded 

and the pellets were left to dry for approximately 10 minutes. The dried pellets 

were then re-suspended in 30 μL of nuclease-free water. The extracted RNA was 

then quantified using a Nanodrop ND-1000 spectrophotometer (NanoDrop 

Technologies, Inc., Wilmington, DE). Concentrations and quality of the RNA were 

determined with acceptable 260/280 ratios of >1.70 and agarose gel 

electrophoresis, respectively. The tubes containing the RNA were then stored in 

a -80°C freezer until needed for analysis.  

DNAsing samples: 

Before samples were to be used in the microarray, they were DNsed using 

Appleid Biosystems’s TURBO DNase treatment kit (Applied Biosystems, Foster 

City, CA) following the manufacture’s protocols. The samples were then run on a 

gel to check the quality of the samples. 

Microarray Analysis: 

The focused array used in this investigation was manufactured at North 

Carolina State University. The GEO accession number of the focused microarray  

is GPL6043. Briefly, 70 base-pair oligonucleotides (Operon Biotechnologies, Inc. 

Germantown, MD) were designed for 320 unique gene sequences selected from  
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the chicken genome (International Chicken Sequences Consortium, 2004) and 

obtained in a 384 well plate where each of 320 wells was matched to a specific 

gene and had their location documented. The plate oligos were resuspended in 

Universal Spotting Solution (Corning, Inc) and printed on UltraGAPSTM Amino-

Silane Coated Slides (Corning, Inc). The slides were printed using four pins on a 

VersaArray Chipwriter Compact Arrayer (Biorad, Inc., Waterloo, Ontario, 

Canada). Each gene was printed three times in a side-by-side fashion in the 

same grid. The grids were then replicated four times on each slide making a total 

of 12 times (per array) the gene was spotted in order to create technical 

replicates. The array printer software generated a spot ID file, which was used to 

produce the annotation file for this array. Once printed the slides were then dried 

for 24 hours in the printer. The oligos were then attached to the slide surface on 

a CL-1000 ultraviolet crosslinker (UVP, Inc., Upland, CA) which was set to 6000 

x 100 uJ/cm2. Finally, slides were stored on a dust-free dehumidifier chamber 

until used.   

Sample labeling: 

The ChipShot Indirect Labeling and Clean-up system kit (Promega,  

Madison, WI) was used to produce aminoallyl-cDNA. The RNA was pooled and 

pooled samples were used to produce cydye labeled cDNA using the indirect 

labeling technique. The pooled samples were labeled either with Cy3 or Cy5  

fluorescent dye according to the array design.    
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Figure 5.1: Array 1 experimental design. Complete loop design. Cy3= Green tail 
end; Cy5= Red arrow head end. Numbered lines correspond to the sample 
number whereas larger bold numbers with +/- correspond to diets with (+) or 
without (-) reovirus infection. (ie. sample 1 was labeled with cy 3 in control diet 1 
and cy 5 in infected diet 1) 
 

 

Figure 5.2: Array 2 experimental design. Complete loop design. Cy3= Green tail 
end; Cy5= Red arrow head end. Numbered lines correspond to the sample 
number whereas larger bold numbers with +/- correspond to days with (+) or 
without (-) reovirus infection. (ie. Sample 1 was labeled with cy 3 in control day 7 
and cy 5 in infected day 7). 
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Hybridization: 

The Pronto Plus! Microarray Hybridization Kit (Corning, Inc., Acton, MA) 

was used for hybridization, following the manufacture’s protocol. The labeled 

cDNAs were mixed, dried and then resuspended in the hybridization solution. 

The cDNA mix was then applied to a prehybridized slide cover along with a pre-

cleaned coverslip. This procedure was done with all pair of samples according to 

the experimental design (Figure 5.3 and Figure 5.4). These sets were then 

placed into a Corning Hybridization Chamber, sealed and then hybridized 

overnight (20 hours) in a water bath set to 42°C while being protected from light.  

Image scanning: 

Microarray slides were scanned following the hybridization. The slides 

were scanned using a ScanArray Gx PLUS Microarray Scanner (PerkinElmer 

Life and Analytical Sciences, Shelton, CT) set at 70% laser power. 

 

Data processing, Normalization and statistical analysis: 

Files which were generated on the ScanArray system were then converted 

into image intensity raw data files for each slide and dye combination using Eisen 

Labs (1998) ScanAlyze Software (Stanford University). The raw data files were 

joined, transformed to a log2 base and then analyzed by JMP Genomics (SAS 

Institute, 2007). The log2-transformed data for all spots measures were subject to 

lowess normalization and the experimental design was a complete interwoven 

loop design. The resulting normalized log2 intensities were analyzed using a 
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mixed model ANOVA. The mixed model used to identify significantly differentially 

expressed genes using one gene replicated for array 1 was: 

Y= μ+ T+ D + Dye+ S + e 

with Treatment (T), Diet (D) and Cy-dye (Dye) as fixed effects and slide (S) as a 

random effect. The mixed model used to identify significantly differentially 

expressed genes using one gene replicated for array 2 was:  

Y= μ + T + A + Dye + S + e 

with Treatment (T), age (A) and Cy-dye (Dye) as fixed effects and slide (S) as a 

random effect. Mean intensities were compared using threshold of significance 

based on the False Discovery Rate (FDR) of P= 0.05.  

Results were used to produce cluster plots and volcano plots. 

 

Results: 

 There were two microarray experiments performed. For microarray 

experiment 1, the effect of dietary selenium was evaluated. Liver samples were 

taken from 14 day old control and ARV-infected chickens. Microarray 2 used liver 

samples collected at 7, 14, and 21 days of age and focused on the reovirus 

infection. For microarray 2 only chickens given diet 1, which consisted of torula 

yeast with no supplemented selenium, was used to allow an examination of 

reovirus on gene expression.  
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Microarray Experiment 1: 
 
Heat Map: 
 

In figure 5.3, gene groups “a”, “b”, and “c” appeared to be mostly up-

regulated by ARV-infection in chickens given diets 2 and 3 whereas “d” and “e” 

gene groups were mostly up-regulated in control chickens. This trend suggested 

a treatment X diet interaction in which ARV was driving the up-regulation of 

certain gene groups.  Gene group “i” was influenced most in ARV-infected diet 1-

fed  chickens whereas gene group “f” was least affected by ARV and diet 1. 

Examination of the gene columns for intensity patterns revealed that the greatest 

intensity was seen in gene groups showing treatment X diet interactions. There 

was no intensity in the diet only columns suggesting that there was little selenium 

influence on regulation of expression of many of the genes. Also, the intensity 

patterns were lessened in the treatment X diet columns representing control 

(non-infected groups) as compared with the treatment X diet columns 

representing ARV infection.  
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Figure 5.3: Heat map of clusters of genes affected significantly as the result of  
diet and treatment X diet interaction. To the left of the color map is a column list 
of significant genes and to the right of the color map is the clustering pattern of 
the significant genes. Finally, on the bottom of the map is the expression pattern 
which is grouped by their similarity. The expression of a gene is represented by 
colors and intensity of color. Red indicates higher expression or up-regulation of 
gene activity; whereas, blue indicates lower expression or down-regulation of 
gene activity. Based on this clustering, the genes were divided into 10 clusters of 
similar expression patterns and the clusters were color coded and labeled with a 
lower case letter beginning with the letter “a” to identify each cluster.  
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Volcano plots: 

The largest single effect was seen in chickens given diet 1- no 

supplemental selenium verses chickens given diet 3- sodium selenite (Figure 5.4 

B.); however, diet 3 was responsible for up-regulating more genes (more genes 

shown above the significant cutoff line) than that found in chickens given diet 1. 

However, diet 2- Sel-Plex had the greatest effect when compared to diets 1 and 

3 (Figure 5.4 A. and Figure 5.4 C. respectively) and this was shown as up-

regulation of more genes than by diets 1 or 3 alone.  

Control verses reovirus had the largest single effect (Figure 5.4 D.). This 

plot showed more genes above the significant cut-off line than in any other plots, 

and in this plot, ARV infection tended to up-regulate more genes than those 

found in the controls (non-infected). When all control diets were compared, 

control diet 2 again had the greatest effect, as shown by more up-regulated 

genes than control diets 1 or 3 (Figure 5.4 E. and F. respectively). When looking 

at the reovirus interactions, reovirus infected chickens given diet 1 and reovirus 

infected chickens given diet 3 had a significant number of up-regulated genes 

(Figure 5.4 G. and H. respectively). But when focused on the diets alone, all 

three diets appeared to have approximately the same number of genes that were 

up-regulated. When focused on the treatment interaction plots, reovirus tended to 

up-regulate more genes than found in control chickens. However, diet 3 was 

associated with the greatest number of up-regulated genes (Figure 5.4 I.) 

followed by diet 2 and diet 1. 
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There were several genes, which were up-regulated in response to 

several factors. These genes are listed in tables 5.1 and 5.2. Reovirus infected 

chickens had more up-regulated genes than did the controls. However, when one 

focuses on diets only, diet 2 had more up-regulated genes than did diets 1 or diet 

3.  
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Figure 5.4. Volcano plots show fold changes and statistical significances at the 
same time. The volcano displays the log odds of differential expression on the Y-
axis and the Log Cy3 to Cy5 ratio (fold change) on the X-axis. The red line 
corresponds to the p-value cutoff of 0.003. A.  Shows difference in gene 
expression between chickens given diet 1 and chickens given diet 2. The dots on 
the right side of the zero on the X-axis correspond to higher expressed genes in 
diet 1 whereas the dots on the left side of the zero correspond to higher 
expressed genes in diet 2. The same is true for the rest of the volcano plots base 
on the formula used. B. Shows difference in gene expression between chickens 
given diet 1 and chickens given diet 3. C. Shows difference in gene expression 
between chickens given diet 2 and chickens given diet 3.  
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Table 5.1. Genes affected by the Avian Reovirus Treatment. 
Genes Affected by the Avian Reovirus Treatment 

Down- regulated Genes Up- regulated Genes 
Elongation Factor 2 Deiodinase iodothyronine type II 
Glyceraldehyde-3-
phosphate dehydrogenase 

(Q5ZKW4) Hypothetical protein, 
complete 

Pyruvate carboxylase Glutamate dehydrogenase 
Carnitine O-
palmitoyltransferase Fructose-biphosphate aldolase 

Glutamate dehydrogenase 
Glyceraldehyde-3-phosphate 
dehydrogenase 

Tyrosinase precursor Interleukin- 10 
  ATP-gated ion channel receptor 
  Hemoglobin beta 
  Mitochondrial uncoupling protein 
  Interleukin- 4 

 
Table 5.2. Genes affected by different dietary treatments 

Genes Up-regulated by Different Diets 
Diet 1 Diet 2 Diet 3 

Mitochondrial 
uncoupling 
protein 

Deiodinase 
iodothyronine type II 

Deiodinase iodothyronine 
type II 

Interleukin- 4 

(Q5ZKW4) 
Hypothetical protein, 
complete 

(Q5ZKW4) Hypothetical 
protein, complete 

Glyceraldehyde-
3-phosphate 
dehydrogenase Interleukin- 10 

glutamate 
dehydrogenase 

  
Glutamate 
dehydrogenase   

  
Mitochondrial 
uncoupling protein   

  

Glyceraldehyde-3-
phosphate 
dehydrogenase   

  Elongation Factor 2   

  
ATP-gated ion channel 
receptor   

 

http://www.ihop-net.org/UniPub/iHOP/gs/245080.html�
http://www.ihop-net.org/UniPub/iHOP/gs/245080.html�
http://www.ihop-net.org/UniPub/iHOP/gs/245080.html�
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Microarray Experiment 2: 
 
Heat Map: 
 

Figure 5.5 shows gene group “b” were the least expressed while gene 

group “e” and “f” were the most highly expressed at 14 days of age in the control 

treatment.  There were no distinct patterns among the lettered groups on genes 

in the heat map. Examination of the columns revealed that there were several 

intensity patterns. The columns corresponding to age alone did not exhibit very 

bright intensities, but the treatment X age interactions did exhibit greater intensity 

patterns. In the treatment X age control day 14 column, gene group “e” and “f” 

had the greatest intensity and represented the largest number of up-regulated 

genes, whereas gene group “c” was basically down-regulated.  
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Figure 5.5. Heat map of clustered genes affected significantly by age and 
treatment X age interaction. 
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Volcano Plots: 
 

In both the control and infected groups, gene expression decreased as the 

birds aged from 7 to 21 days of age. Gene expression was highest on day 7 and 

by day 21 there are few genes that were up-regulated. This trend was seen in 

Figure 5.6 A., B., and C. respectively. Gene expression appeared to be equal 

between reovirus infected chickens and control chickens, but there were a few 

more up-regulated genes in the control group (Figure 5.6 D.). It appeared that the 

control chickens up-regulated more genes then did the reovirus-infected chickens 

(Figure 5.6 E. and F. respectively).  

Tables 5.3-5.4 show lists of several genes which were up-regulated.  HBE 

(Hemoglobin subunit epsilon), HB alpha A (Hemoglobin alpha-A) and HBB 

(Hemoglobin beta) were the most reoccurring genes to be up-regulated, and 

were affected more at day 7 than at the other ages of sampling. However, the 

chickens given the control diets did tend to up-regulate these sets of genes more 

often then did the reovirus-infected chickens given the various diets.  
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Figure 5.6. Volcano plots which show fold changes and statistical significances 
at the same time. The volcano plots the log odds of differential expression is on 
the Y-axis and the Log Cy3 to Cy5 ratio (fold change) is on the X-axis. The red 
line corresponds to the p-value cutoff of 0.003. A. Shows difference in gene 
expression of chickens between 7 and 14 days of age. The dots on the right side 
of the zero on the X-axis correspond to higher expressed genes in day 7 
chickens whereas the dots on the left side of the zero correspond to higher 
expressed genes in day 14 chickens. The same is true for the rest of the volcano 
plots base on the formula used. B. Shows difference in gene expression between 
day 7 chickens and day 21 chickens. C. Shows difference in gene expression 
between reovirus-infected chickens on day 14 and day 21.  
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Table 5.3. Genes affected by the Avian Reovirus treatment. 

Genes Affected by the Avian Reovirus Treatment 
Down- regulated Genes Up- regulated genes 

Interleukin-1 Hemoglobin beta 
Hemoglobin beta   
Cytoglobin   
Hemoglobin alpha-A   
Interleukin-8 precursor 
(Embryo fibroblast protein 1)   

Iroquois homeobox protein 
2   

  Signal transducer and 
activator of transcription 3   
Cardiomyopathy associated 
3   

 

Table 5.4. Genes affected by different treatment days. 

Genes Up-regulated by Different Treatment Days 
Day 7 Day 14 Day 21 

Hemoglobin 
subunit epsilon Hemoglobin beta Interleukin-1 

Hemoglobin 
alpha-A 

Glutamate 
dehydrogenase 

Interleukin-8 precursor 
(Embryo fibroblast 
protein 1)  

Hemoglobin beta     
Zyxin     

 

Discussion: 
 

It is known that diet and specific nutrients can affect the function of genes 

(Afman and Müller, 2006; Bordoni et al., 2006; Swanson, 2008; Ordovas and 

Shen, 2008; Gorduza et al., 2008). Nutrigenomics is a relatively new term, which 

refers to how the diet affects the expression of specific genes and the 

development of specific diseases (Afman and Müller, 2006; Swanson, 2008).  
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The chicken was the first production animal to have its genome 

sequenced and it serves as an ideal agricultural and medical model for the other 

9600 species of birds that exist today (Burt, 2006). Since the publication of the 

chicken genome, several nutrigenomic microarray experiments have been 

developed to study the effect of nutrition on chicken genes (Cogburn et al, 2003, 

2004, 2007; Carre et al., 2006; Walzem et al., 2007). Additionally, genomics and 

disease research in chickens has also seen increasing emphasis from avian 

scientists (Beaumont et al., 2008; Cheng et al, 2008; Hasenstein et al., 2008; 

Kaiser et al., 2008).  

In this current study, an attempt was made to examine a limited 

nutrigenomic microarray to assess the influence of selenium on ARV 

pathogenicity. The relationship between selenium and ARV infections is still 

controversial because there has been very little research directed at this issue 

(Edens et al.,2008). Selenium is an ultramicro trace element that is essential, and 

through the selenoproteins, selenium influences numerous physiological and 

biochemical functions that are necessary for maintenance of homeostasis in all 

animals (Edens and Gowdy, 2005; Edens et al., 2008). Selenium has antiviral 

influences that are mediated via the antioxidant selenoproteins against RNA 

viruses, such as ARV (Edens et al., 2008). ARV are known to be 

immunosuppressive causing inhibition of lymphoproliferative responses during 

infection, causing involution of the bursa of Fabricius and thymus, decreasing 

CD8+ T cell numbers, and suppressing antibody production and levels in  
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circulation (Edens et al., 2008). Selenium has the potential to boost both cell 

mediated and humoral immunity even in reovirus infections (Edens et al., 

2007ab). 

The gene microarray studies in the current investigation consisted of two 

separate experiments. The first focused on the effect of diet (control, organic, or 

inorganic selenium supplemented feed). Liver samples were taken from control 

and reovirus infected chicks at day 14 and used in the microarray (see Figure 

5.1). The second experiment focused on the effect of the reovirus infection only 

without involvement of selenium in the diet. Liver samples of either control or 

reovirus infected chicks were taken at days 7, 14, and 21 and were used in the 

microarray (see Figure 5.2). This time only tissues from the chicks receiving the 

control diet (diet 1, torula yeast with no supplemented selenium) were used.  

The liver was chosen because ARV can be re-isolated from it. ARV has 

also been re-isolated from plasma, intestines, bursa of Fabricius, pancreas, 

spleen, heart, kidney, joints and tendons (Mandelli et al, 1978; Kibenge et al., 

1985; Tang et al., 1987; Jones et al., 1989). However, after the virus begins to 

spread from the small intestine epithelium, the liver becomes the primary site for 

replication (Jones et al, 1989; Kibenge et al., 1985; Mandelli et al, 1978).  It is 

known that ARV infection has damaging effects in infected tissues of chickens 

(Edens et al., 2008), and it was important to identify in a susceptible organ, gene 

effects due to infection only. It has been pointed out by many researchers that 

the liver plays a major role in the overall metabolic activity of the body (Swanson,  
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2007). Nutrients can affect the genome of an animal through several 

mechanisms, which include transcription, translation, and at post-translational 

levels.  

In microarray experiment 1, Sel-Plex up-regulated more genes then did 

the control or sodium selenite diets. The ultimate cause of such results are not 

readily apparent, but the results could be due to organic selenium compounds, 

such as selenomethionine, found in selenized yeast being more bioavailable than 

inorganic selenium sources such as selenite and selenate. Organic selenium 

primarily in the form selenomethionine is metabolized in the same way as 

methionine (Wolfram, 1999). The selenomethionine is actively transported 

through the intestinal membranes during absorption and is accumulated in 

tissues such as the liver and muscles. Selenomethionine is not synthesized in 

humans or animals, and it must be derived from feed sources (Schrauzer, 2000). 

Inorganic selenium, on the other hand, is absorbed as a mineral and little is 

retained in the body’s tissue’s (Wolfram, 1999).  

There were three very important genes up-regulated as a result of Sel-

Plex supplementation, but were not up-regulated by the feeding of either diet 1 

(no supplemental selenium) or diet 3 (supplemented with sodium selenite). 

These genes were IL-10 (Interleukin- 10), EF2 (elongation factor 2), and P2RX1 

(ATP-gated ion channel receptor). IL-10 has pleiotropic effects in 

immunoregulation and inflammation. It also enhances B cell survival, 

proliferation, and antibody production. This shows that Sel-Plex has a positive  
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influence on avian health via the immune system, and this concept has been 

demonstrated by other researchers (Edens et al., 2008).  Leng and colleagues 

were the first to show that the organic selenium caused an increase in CD3+, 

CD4+, and CD8+ surface markers on T cells located in several lymphoid 

structures in young chickens (Leng et. al., 2003). The CD3+ marker is involved in 

signal transduction and is found in all T cells. The CD4+ marker is related to 

helper T cell-mediated expansion of the humoral immune response ascribed 

solely to B cells from the bursa of Fabricius, and the CD8+ T cell marker is 

associated with cytotoxicity and cell killing functions. Leng and colleagues 

concluded that organic selenium improved the status of the avian immune 

system by increasing the rate and ability of immunocompetent cells to respond to 

antigen challenge, possibly through increased numbers and activity of CD3+, 

CD4+, and CD8+ T cells, and chickens fed organic selenium had more protection 

against potential pathogens than did chickens fed sodium selenite (Leng et. al., 

2003). Chang and colleagues studied the influence of sodium selenite and 

vitamin E on T and B cell markers and lymphocyte proliferation (Chang et. al., 

1994). Lymphocyte proliferation was impaired by vitamin E and selenium 

deficiency, but the CD4+ and CD8+ T cell populations increased slightly with 

vitamin E and selenium deficiency. 

The gene EF2 plays a key role in the essential process of protein 

synthesis by translocating tRNAs from the ribosomal A- and P-sites to the P- and 

E-sites. Thus, EF2 is involved in protein synthesis and growth. It has been  
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reported by numerous scientists that organic selenium stimulates growth and 

feed conversion in poultry and other livestock species (Edens et al., 2007ab; 

Edens et al., 2008) 

P2RX1 functions as a ligand-gated ion channel with relatively high calcium 

permeability. Binding to ATP mediates synaptic transmission between neurons 

and from neurons to smooth muscle, being responsible for sympathetic 

vasoconstriction in small arteries, arterioles and vas deferens.  

The ARV-infected birds also up-regulated more genes than observed in 

control chickens. It is assumed that the up-regulation of genes during ARV 

infection was due to adaptive reactions that would be associated with survival 

reactions in the chickens. It was noted that ARV infection seemed to elevate the 

intensity patterns seen for all of the genes noted to be up-regulated in control 

birds given the Sel-Plex and Control diets but up-regulation was of genes 

affected by sodium selenite not to the same level of Sel-Plex and control 

chickens in the heat map for microarray 1 (Figure 5.3).  

In microarray experiment 2 gene expression appeared to decrease as the 

bird aged. The control birds up-regulated a few more genes then did the ARV- 

infected chickens. However, decreased gene expression due to increasing age 

alone was more apparent than treatment effects. One explanation for this trend 

could be that the birds are first challenged with the reovirus infection at a young 

age (day 7), and they began to respond to the infection. By day 14 and 21 the 

infection was beginning to clear and fewer immunological- and stress-induced  
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problems had to be met.  It has been demonstrated that host factors, which 

influence ARV pathogenicity include age, genetics, and immune responsiveness 

(Roessler et al, 1989). Roessler and Rosenberger reported the effect of age and 

strain dependencies related to ARV virulence (Roessler and Rosenberger, 1989). 

Rosenberger and colleagues observed that clinical disease due to ARV infection 

was much less pronounced in birds inoculated at two weeks of age than in those 

inoculated at day one (Roessler, 1989). At two weeks of age, the birds had fewer 

lesions, and there were no differences among the isolates relative to their ability 

to produce mortality and weight depression. Thus, the failure of ARV to produce 

prompt, prolonged antibody response in the two week old birds was consistent 

with an age-associated resistance that was likely due to development of an 

immunological resistance possibly at the mucosal level (Rosenberger, 1989). 

Based on observations made in this thesis research, the immunological 

resistance probably was due to sIgA/pIgR complexes in the intestinal tract that 

were capable of neutralizing invading ARV in the older chickens but not in the 

younger chickens. Another possibility could be that there was a biphasic 

development of resistance to ARV. The two phases, again based on 

observations from this current study and others in this thesis, would suggest that 

organic selenium had induced resistance at the level of the genome by inducing 

genes involved in up-regulating immunological capabilities, induction of protein 

synthesis for growth and antibody formation, and possibly influencing the general 

health status of the older chickens. Overall, peak expression of genes was noted 
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around 14 days of age in these studies and that corresponded to the age effect 

noted by Roessler (Roessler, 1989). 

 Hemoglobin β (HBB) was up-regulated in both controls and ARV-infected 

birds. The HBB is a subunit of a larger protein (hemoglobin). Hemoglobin 

normally consists of four protein subunits: two subunits called hemoglobin β and 

two subunits called hemoglobin α. The instructions for hemoglobin α are carried 

in a separate gene. The reason for Sel-Plex related up-regulation of HBB is not 

readily apparent. However, in premature human infants with markedly reduced 

plasma selenium concentrations and erythrocyte glutathione peroxidase activity, 

a diet rich in polyunsaturated fatty acids and iron resulted in increased hemolysis  

(Gross, 1976). Thus, the up-regulation of HBB by Sel-Plex might represent an 

adaptive reaction to prevent hemolysis of red blood cells in chickens that might 

be consuming a low protein diet early after hatching but might utilize retained egg 

yolk nutrients that are rich in polyunsaturated fatty acids up to five days post 

hatch (Cherian, 2008).  

The relationship between the immune system and performance in poultry 

species is complex. It is generally believed that a heightened status of the active 

immune system is correlated with decreased performance. In fact, that situation 

can become established because an active immune system has higher energetic 

demands, and nutrients are recompartmentalized to provide the energy required 

by the immunoactive cells. Increased metabolic demand from immunoactive cells 

decreases the nutrients that normally would be destined for protein production  
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associated with growth. Nevertheless, in animals, with an immune system 

conditioned to react quickly to an antigen challenge and clear that antigen more 

quickly, performance might actually be enhanced due to less time involved in 

combating the numerous challenges poultry face every day in their specific 

environments. Rapid immunological responsiveness is usually diminished in 

malnourished animals, and even malnourishment of a single nutrient such as 

selenium can also result in an immunocompromised animal resulting in poor 

performance.   It has been reported that supplementation of Sel-Plex in broiler 

diets improved body weight, feed conversion, and yield of processed carcasses 

when compared with sodium selenite fed and chickens fed a selenium deficient 

diet (Upton et al, 2008). 

Numerous studies in both humans and lower vertebrate animals have 

focused on malnourishment and how the host immune system has been 

negatively affected making afflicted animals more susceptible to infection. In 

comparison, little is known about how the malnourished host may affect a virus 

and how that virus then interacts with the host. The ultramicro trace element, 

selenium, which is required by all animals, appears to play a major role in 

infections due to RNA viruses (Combs, 2001; Field et al., 2002; Lyons et al., 

2003; Beck et al., 2004). Beck and colleagues (Beck et. al., 2003 and 2004) have 

shown that selenium deficiency can induce a more severe viral infection. 

   Although little direct evidence is available, indirect evidence does 

suggest that selenium has the ability to modify ARV pathogenesis. Selenium  
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does not prevent ARV infection, but it possibly increases the rate of recovery 

from the infection (Edens et al., 2007ab and 2008). Additional research is 

warranted for a clearer understanding of the potential interactions between 

selenium and ARV in chickens and turkeys.   

Nevertheless, data from this gene microarray investigation have raised our 

understanding about organic selenium involvement at the level of the genome 

and have led one to conclude that it is involved in lessening the effects of ARV 

infection. Data have been reported suggesting that organic selenium enhances 

immunity, protein synthesis for growth and antibody production, and general 

health by up-regulating genes associated with each of these functions and further 

up-regulates genes associated with maintenance of metabolic processes. A 

similar influence could not be ascribed to the provision of sodium selenite, an 

inorganic form of selenium, or diets deficient in selenium. Considerable more 

work is needed to determine the whole spectrum of positive genomic influences 

attributed to organic selenium in Sel-Plex and correlate gene activity with 

functional activity in growing chickens.  
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Table A.1. Genes printed on NCSU_JSArray_2 
 

Well TC Gene 
a1   ANKRD1 
a10   DIO2 
a11   EGR1 
a12   ENO1 
a13   FIGF 
a14   Flk1 
a15   FLT1 
a16   FSTL1 
a17   GPI 
a18   HA 
a19   HBZ 
a2   ARNTL2 
a20   HOXA3 
a21   IGF2BP3 
a22   IRX1 
a23   IRX2 
a24   KCNA3 
a3   ARPC1B 
a4   BMPER 
a5   CASQ2 
a6   COUP-TFII 
a7   cox 
a8   CTGF 
a9   cTnT 
b1   KCND3 
b10   NS 
b11   PA 
b12   PB1 
b13   PB2 
b14   PDGFRA 
b15   PDK1 
b16   PHF20L1 
b17   PTK2 
b18   sEH 
b19   SOD1 
b2   MYH7 
b20   SOD2 
b21 TC186185 APLP2 
b22 TC186781 HB alphaD 
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b23 TC186941 IRF6 
b24 TC187113 SPARC 
b3   MYH7B 
b4   MYL4 
b5   NA 
b6   NKX2-5 
b7   NP 
b8   NP959225 
b9   NR2F2 
c1 TC187403 HB rho 
c10 TC190986 PLB 
c11 TC191022 PDGFA 
c12 TC191332 MYBPC3 
c13 TC191380 TLR1 
c14 TC191959 SLC2A1 
c15 TC192318 ECE1 
c16 TC192542 IRF3 
c17 TC192784 LBR 
c18 TC193336 Tropoelastin 
c19 TC193337 Elastin 
c2 TC188064 KIF3A 
c20 TC193975 HAND2 
c21 TC194010 IL6 
c22 TC194431 Ang1 
c23 TC194887 TGFBR2 
c24 TC194969 HYOU1 
c3 TC188631 MTPN 
c4 TC188846 IRF1 
c5 TC189578 TOP2B 
c6 TC189636 SM22 
c7 TC189780 AZIN1 
c8 TC189896 Fih1 
c9 TC189944 SERCA2 
d1 TC194994 SOX4 
d10 TC196652 HIF1A 
d11 TC196698 ACTA2 
d12 TC197579 IL10 
d13 TC197879 TBX20 
d14 TC197933 AGTR1 
d15 TC198289 Rantes 
d16 TC198637 RARB 
d17 TC198810 HOXA13 

d18 TC199407 Probable hemoglobin and hemoglobin-haptoglobin binding protein 3 
precursor 
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d19 TC199532 TH 
d2 TC195106 MX 
d20 TC200395 IL5 
d21 TC201541 TLR4 
d22 TC205515 RAP1GDS1 
d23 TC206873 GATA-4 
d24 TC206985 Desmin 
d3 TC195226 Mitochondrial uncoupling protein 
d4 TC195766 IFN? 
d5 TC195947 Jak 
d6 TC196102 IL4 
d7 TC196241 EDNRB2 
d8 TC196302 HSPE1 
d9 TC196427 IRX4 
e1 TC207660 HB alphaA 
e10 TC209944 IRF8 
e11 TC209954 HMOX1 
e12 TC210077 PRKAG2 
e13 TC210338 Endoglin 
e14 TC210368 IRF2 
e15 TC210696 IL18 
e16 TC210862 MYL9 
e17 TC211222 ACE 
e18 TC211361 IRF4 
e19 TC211891 PHF14 
e2 TC207666 HBB 
e20 TC212665 IL1 
e21 TC213016 ID2 
e22 TC213495 NT5C3 
e23 TC213898 EDNRA 
e24 TC214019 IL2 
e3 TC207977 MLC2a 
e4 TC208792 ANF / ANP 
e5 TC209233 ZYX 
e6 TC209414 HBE 
e7 TC209493 NOS2A 
e8 TC209493 NOS2A 
e9 TC209608 DCN 
f1 TC214190 EPAS1 
f10 TC216565 EGFr 
f11 TC216581 IGFBP1 
f12 TC217613 eNOS 
f13 TC217958 AR 
f14 TC218153 TLR2 -2 
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f15 TC218406 KCNG2 
f16 TC218455 EFNB2 
f17 TC218562 TBX5 
f18 TC219402 GM-CSF 
f19 TC221524 IL13 
f2 TC214356 Ang2B 
f20 TC221532 IL3 
f21 TC221573 HAND1 
f22 TC224053 Preproendothelin-1 
f23 TC224514 LEREPO4 protein - similar 
f24 TC225040 Dopamine beta-hydroxylase 
f3 TC214418 ARNTL 
f4 TC214674 IL15 
f5 TC214693 CMF1 
f6 TC215499 Hepatoma-derived growth factor 
f7 TC216296 IER5 
f8 TC216531 TLR2-1 
f9 TC216539 IRF10 
g1 TC225202 pCTnC1 
g10 TC228744 TLR5 
g11 TC228787 IL17R 
g12 TC228810 CCR 
g13 TC229100 TLR7 
g14 TC229540 IFNAR2 
g15 TC229568 Q4JIM4 
g16 TC229708 T-cell immunoglobulin 
g17 TC230252 Interferon gamma precursor (IFN-gamma) 
g18 TC230261 CXCR4 
g19 TC230515 IL-8 
g2 TC226344 CYGB 
g20 TC230515 IL-8 
g21 TC230691 Interleukin-1beta 
g22 TC230774 Putative CXCR1 isoform I and II 
g23 TC230927 IL2RA 
g24 TC232347 IL1R1 
g3 TC227712 Tenascin precursor 
g4 TC227805 Signal transducer and activator of transcription 3 
g5 TC227960 signal transducer and activator of transcription 4 
g6 TC228249 TLR1 
g7 TC228391 RNaseL 
g8 TC228683 Carnitine palmitoyltransferase I 
g9 TC228700 Q5ZKW4 
h1 TC234083  Beta-actin 
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h10 TC243402 CNDP dipeptidase 2 (metallopeptidase M20 family) {Gallus gallus} 
(exp=-1; wgp=0; cg=0), complete 

h11 TC246235 JNK2 beta2 protein kinase 
h12 TC251657 CD3 glycoprotein 
h13 TC253132 Cytoskeletal beta actin 
h14 TC258323 Interferon alpha-A precursor 
h15 TC259029 CD3 glycoprotein complete 
h16 TC259509 IL10RA 
h17 TC260683 Signal transducer and activator of transcription 5 
h18 TC262334 Toll-like receptor 3 
h19 TC264669 Bu-1b 
h2 TC234344 FasL 
h20 TC264863 Interferon type B precursor 
h21 TC272839 IL13RA2 
h22 TC273089 2' 5'-oligo adenylate synthetase A 
h23 TC274133 Gal-1 alpha 
h24 TC279522 Gal-1 alpha 

h3 TC236322 Insulin-like growth factor I precursor (IGF-I) (Somatomedin) 

h4 TC239714 Interleukin-7 
h5 TC240827  Chemokine K203 precursor 
h6 TC242243 GAPDH 
h7 TC242243 GAPDH 
h8 TC242575 IL11RA 

h9 TC243080 Lipopolysaccharide-induced tumor necrosis factor-alpha factor 
homolog 

i1 TC284742 IL-2 precursor 
i10 TC299780 Signal transducer and activator of transcription 2 

i11 TC301924 homologue to T-cell immunoglobulin and mucin domain containing 4 
{Gallus gallus} (exp=-1; wgp=0; cg=0), partial (66%) 

i12   TGFBR1 
i13   TNN2 
i14   TNS1 
i15   VEGF 
i16   YWHAB 
i17   XIN 
i18   YWHAB 
i19   GAPDH 
i2 TC285720 similar to (Q9XYW2) 
i20   BACT 
i21   EF2 
i22   CAB2 
i23   CHICK DNA 
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i24   TURKEY DNA 
i3 TC286576 Gal-2 
i4 TC287964 CCR5 
i5 TC288248 CCR9 
i6 TC288597 IFNGR2 
i7 TC288734 Nuclear factor NF-kappa-B p100 
i8 TC289521 Small inducible cytokine A2 
i9 TC296939 Interleukin 12 receptor beta 2 
j1 TC186705 alpha-amylase 
j10 TC188444 CaM kinase II gamma 
j11 TC188637 phosphoenolpyruvate carboxykinase (PEPCK) 
j12 TC188815 fructose biphosphatase (F1,6 BPase) 
j13 TC188827 Glucose-6-phosphatase (G-6-Pase) 
j14 TC188867 oxoglutarate dehydrogenase 
j15 TC188910 transaldolase 
j16 TC188929 growth hormone-inducible soluble protein 
j17 TC189600 phosphoglucomutase 
j18 TC189614 glycerol-3-phosphate dehydrogenase 
j19 TC189690 transketolase 
j2 TC186914 creatine kinase 
j20 TC190340 aconitate hydratase 
j21 TC191346 glycogen branching enzyme 
j22 TC192153 malate dehydrogenase 
j23 TC192437 maltase-glucoamylase 
j24 TC192696 phosphorylase kinase B alpha regulatory chain 
j3 TC186925 hexokinase 1 
j4 TC187124 fructose biphosphate aldolase B 
j5 TC187356 formaldehyde dehydrogenase 
j6 TC187369 pyruvate dehydrogenase 
j7 TC187430 acetyl-CoA acyltransferase 
j8 TC187511 citrate lyase 
j9 TC187936 adenylate kinase 
k1 TC192763 HK2 
k10 TC196585 D-lactate dehydrogenase 
k11 TC196862 THRB-1 
k12 TC197415 THRA 
k13 TC198192 acetate CoA ligase 
k14 TC198738 ATP-gated ion channel receptor 
k15 TC198849 malate dehydrogenase 

k16 TC200175 enoyl-CoA hydratse/3-hydroxyacyl-CoA dehydrogenase 

k17 TC201283 glucokinase 
k18 TC202032 insulin receptor tyrosine kinase 
k19 TC202805 protein phosphatase 1 
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k2 TC193299 glutamate dehydrogenase 
k20 TC206940 acetyl CoA hydrolase 
k21 TC207102 Sucrase-isomaltase intestinal 
k22 TC207111 glyceraldehyde 3-phosphate dehydrogenase 
k23 TC207134 fructose-biphosphate aldolase 
k24 TC207821 growth hormone 
k3 TC193508 growth hormone receptor 
k4 TC193519 phosphopyruvate hydratase 
k5 TC193574 glucagon receptor 
k6 TC194407 pyruvate carboxylase 
k7 TC194518 acetyl-CoA carboxylase 
k8 TC195362 glycogen synthase 1 (muscle) 
k9 TC195364 glycogen synthase 
l1 TC207878 pyruvate kinase 
l10 TC209295 glycogen phosphorylase 
l11 TC209686 hydroxyacylglutathione hydrolase 
l12 TC210057 fumarate hydratase 
l13 TC210085 isocitrate dehydrogenase (NADP+) 
l14 TC210106 isulin receptor 
l15 TC210122 glutamine synthetase 
l16 TC210127 phosphofructokinase (PFK-1) 
l17 TC210710 carnitine O-palmitoyltransferase 
l18 TC210716 glycogen synthase kinase-3 beta 
l19 TC211999 malic enzyme 
l2 TC207931 L-lactate dehydrogenase 
l20 TC212313 butyryl-CoA dehydrogenase 
l21 TC212504 carnitine acetylase 
l22 TC212978 aminopeptidase 
l23 TC213033 6-phosphofructokinase (PFK-1) 
l24 TC213364 ATP citrate synthase 
l3 TC208213 succinate CoA ligase 
l4 TC208369 phosphogluconate dehydrogenase 
l5 TC208477 aldehyde dehydrogenase 
l6 TC208609 3-hydroxy-3-methylglutaryl-CoA reductase 
l7 TC208805 3-hydroxyacyl-CoA dehydrogenase 
l8 TC208909 UDP-glucose 6-dehydrogenase 
l9 TC209183 isocitrate dehydrogenase (NAD+) 

m1 TC213413 lipoprotein lipase (LPL) 
m10 TC217180 thyroxine deiodinase I 
m11 TC219249 6-phosphofructokinase (PFK-1) 
m12 TC219401 tyrosinase precursor 
m13 TC221240 GHRHR 
m14 TC223014 glycogen phosphorylase (muscle) 
m15 TC223171 growth hormone receptor (GHR) 
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m16 TC225543 succinate dehydrogenase 
m17 TC225625 glycogen phosphorylase 
m18 TC227576 tyrosinase 
m19   GAPDH 
m2 TC214310 galactose-1-phosphate uridyltransferase 
m20   BACT 
m21   EF2 
m22   CAB2 
m23   CHICK DNA 
m24   TURKEY DNA 
m3 TC214367 aminopeptidase Ey 

m4 TC214722 insulin-like growtg factor 2 receptor (ILGF-2 receptor) 

m5 TC214754 peptide transporter 
m6 TC215002 growth hormone-releasing hormone (GHRH) 
m7 TC216336 UTP-glucose-1-phosphate urydyltransferase 
m8 TC216360 glucose-6-phosphate isomerase 
m9 TC216375 sodium/glucose cotransporter 1 
A1 TC228768 Claudin1 
A2 TC277831 Claudin2 
A3 TC229685 Claudin3 
A4 TC299414 Claudin4 
A5 TC256697 Claudin5 
A6 TC290376 Claudin10 
A7 TC294790 Claudin11 
A8 TC299923 Claudin12 
A9 TC268889 Claudin13 
A10 TC244511 Claudin19 
A11 TC253767 Claudin22 
A12 TC260399 Claudin24 
A13 TC228807 Glucoc.R 
A14 TC230695 TGF_a 
A15 TC229132 TGF_aR 
A16 TC240643 TGF_b1 
A17 TC301273 TGF_b1R 
A18 TC230416 TGF_b2 
A19 TC228488 TNF_R 
A20 TC250950 b_Catenin 
A21 TC232117 Rho_A 
A22 TC230202 MLCK 
A23 TC267333 MEK 
A24 TC228202 F_actin 
B1 TC228059 E_cadherin 
B2 TC302117 JNK1 



 222

 
B3 TC229898 JNK2 
B4 TC298015 ERK1 
B5 TC230693 ERK2 
B6 TC275325 MAP3K2 
B7 TC227915 EGF 
B8 TC269647 p38 MAPK 
B9 TC276238 ZO1 
B10 TC260524 ZO3 
B11 TC294610 Fascin 
B12 TC273657 cdc42 
B13 TC278956 Activin_A 
B14 TC228307 Activin_AR 
B15 TC228579 Activin_R 
B16 TC228103 PAR3 
B17 TC262469 Rac1 
B18 TC265847 Smad2 
B19 TC250721 Smad5 
B20 TC229967 p21Cip1 
B21 TC240308 p27Kip1 
B22 TC236886 Cyclin_D1 
B23 TC265133 CDK2 
B24 TC230512 CDK1 
C1 TC229068 E2F 
C2 TC250935 c-Myc 
C3 TC233366 HDAC 
C4 TC255915 PI3K 
C5 TC229905 p53 
C6 TC250722 Bcl_2 
C7 TC229596 14_3_3 
C8 TC297224 FGF 
C9 TC247312 FGFR 
C10 TC243460 Id_1 
C11 TC229472 HNF4a 
C12 TC270183 ICAM 1 
C13 TC229436 Na_K ATPase 
C14 TC229388 Occludin 
C15 TC246964 VEGF_A 
C16 TC228996 CD36 
C17 TC273197 Selectin 
C18 TC228355 MMP2 
C19 TC234787 Cingulin 
C20 TC233888 NCAM 
C21 TC252052 JAM 
C22 TC277598 MAG1 



 223

 
C23 TC228177 PP2A 
C24 TC231264 AP1 
D1 TC249692 RAB1A 
D2 TC230691 IL1b 
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