
 

 

THE EFFECTS OF A NUCLEOTIDE RICH YEAST SUPPLEMENT ON 
GROWTH PERFORMANCE, GASTROINTESTINAL ECOLOGY AND 
IMMUNE SYSTEM IN BROILER CHICKENS CHALLENGED WITH 

EIMERIA 

by 

Haley Leung 

A Thesis 

presented to  

The University of Guelph 

In partial fulfilment of requirements 
for the degree of 

Master in Science 

in 

Animal Biosciences 

Guelph, Ontario, Canada 

© Haley Leung, July 2018 



 

 

ABSTRACT 

THE EFFECTS OF A NUCLEOTIDE RICH YEAST EXTRACT ON GROWTH 
PERFORMANCE, GASTROINTESTINAL ECOLOGY AND IMMUNE SYSTEM IN 

BROILER CHICKENS CHALLENGED WITH EIMERIA 

Haley Leung 

University of Guelph, 2018

Advisor: 

Dr. Elijah Kiarie

Increased antibiotic free production has increased emphasis on poultry gut health leading 

to evaluation of dietary alternatives such as nucleotides to improve production. Therefore, 

yeast derived nucleotides were evaluated for effects on growth performance, 

gastrointestinal ecology and immune system short- (trial 1) and long-term (trial 2) 

experiments. Nucleotides improved growth performance in trial 1 but not in trial 2. 

Nucleotides improved cationic transporter 1 expression and jejunal histomorphology in 

Eimeria challenged birds in trial 1 but negatively affected non-challenged birds in trial 1 

and no effect in trial 2. Nucleotides increased bursal weights in trial 2, but not the spleen 

and thymus. Nucleotides effect on gastrointestinal microbiota community was 

independent of Eimeria, but interactive on ceca short chain fatty acid concentration and 

pH. Overall, nucleotides attenuated some negative effects of Eimeria but also resulted in 

negative effects. Supplementation of nucleotides may be most beneficial for animals 

encountering enteric stress conditions.
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1.0 Literature review 

1.1 Gastrointestinal Tract Development 

1.1.1 Absorptive Capacity of the Small Intestine Pre- and Post-Hatch 

The gastrointestinal tract up until hatching is reliant on egg nutrients for growth and 

development and must switch to exogenous feed post-hatch (Noy and Uni, 2010). The 

most drastic changes in metabolism in the chick occur just prior to hatch and immediately 

after. During the pre-hatch period, all nutrients for intestinal growth and development are 

obtained from the yolk and albumin and right before hatching, nutrients for the bird to 

hatch are obtained from the amnion (De Oliveira et al., 2008). In regard to intestinal 

development, the pre-hatch chick minimizes nutrients spent on intestinal development 

until the day 17 of incubation and then increases significantly (Uni et al., 2003). In addition 

to the rapid growth, activity of digestive enzymes and nutrient transporters such as 

maltase, sodium-glucose transporter -1 (SGLT1) and ATPase increase as much as 9 to 

25 times from day 19 onwards compared to activity levels on day 15 (Uni et al., 2003). 

Relative growth and development of the intestine is higher than body weight gain of the 

whole chick in the first  10 days of life, peaking at 7 to 10 days of age (Friedman et al., 

2003). The rapid growth of the intestine is from both increase in cell number and size due 

to high rates of enterocyte proliferation (De Oliveira et al., 2008). In theory, it is in the 

interest of the chick to develop the intestinal tract as rapidly as possible to maximize 

chances of growth and survival (De Oliveira et al., 2008). The benefits are seen when 

chicks are fed feed 24 hours earlier than the rest of the chicks and results in increased 

intestinal development at 1 week and 2 weeks of age and carrying through to increased 
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body weight at market weight (Suzuki et al., 2008). Crypt morphology at hatch is minimal, 

but within 48 hours through branching and fission, cryptogenesis is considered completed 

(Geyra et al., 2001). In general, crypt cell development can be divided into two periods; 

differentiation into distinct brush border cells and hypertrophy (Geyra et al., 2001). The 

time required varies with the ileum taking the shortest amount of time duodenum taking 

the longest  (Geyra et al., 2001).  

1.1.2 Gut Associated Lymphoid Tissue 

The mucosa associated lymphoid tissue, more specifically gut associated lymphoid tissue 

(GALT), provides the first line of defence against non-self antigens the chick may 

encounter (Bar-Shira et al., 2003). The GALT is challenged by both antigens of the diet 

and pathogens, but only antigens from pathogens should invoke an immune response as 

dietary antigens are typically tolerated (Friedman et al., 2003). While absorptive capacity 

of the gut improves, the post-hatch chick has a rudimentary gut mucosal defence system 

in place containing functional, but immature T and B cells (Geyra et al., 2001; Bar-Shira 

et al., 2003). The basal level of T and B cells are proposed to come from the thymus and 

bursa, respectively, with a second wave of T and B cells on day 4 post-hatch (Friedman 

et al., 2003). To develop a functional immune system, proper nutrition is required after 

hatch especially so since the development of the immune system is dependent on dietary 

and environmental components (Panda et al., 2015). At hatch, the chick is dependent on 

maternal antibodies, including immunoglobulin A (IgA), which may be depleted prior to 

the onset of production of endogenous IgA, with the chick reaching immunocompetence 

around 7 to 10 days of age (Bar-Shira et al., 2014). Mast and Goddeeris (1999) 
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demonstrated a lack of immunocompetence and ability to develop sufficient immunity 

when immunized for bovine serum antigen at 1 day of age compared to immunization at 

day 7 and 14. This is attributed to the underdeveloped structural organization of 

secondary immune organs (i.e. spleen, GALT) (Mast and Goddeeris, 1999). In the chick, 

cellular immunity develops prior to the antibody mediated response (Abmir) and is present 

at hatch, along with the primary immune organs of the bursa and thymus (Bar-Shira et 

al., 2003; Panda et al., 2015). For cellular immunity, the GALT contains antigen 

presenting, immunoregulatory and effector cells and B and T lymphocyte subsets as the 

first line of defence (Lillehoj and Trout, 1996). The GALT comprises approximately 70% 

the chick’s immune system and is composed of the lymphoid tissues cecal tonsils, Peyer’s 

patches (PP), Meckel’s diverticulum and the bursa of Fabricious (bursa) (Panda et al., 

2015). These tissues produce and store the cells required to mount a cellular and humoral 

response against antigens.  

In regards to the humoral response, immunoglobulin M (IgM) cells, precursors for 

immunoglobulin Y (IgY) and IgA,  are the only antibody found at hatch (Panda et al., 

2015). Despite the presence of IgM at hatch, the chick is unable to mount a proper 

secondary immune response utilizing IgG and IgA until 7 days of age (Panda et al., 2015). 

In chicks, the presence of circulating IgA is utilized as an indication of the maturation of 

the Abmir as it is the last of the major immunoglobulins to appear. Antibody response is 

generated from the B-cells in the bursa and the hindgut. The bursa is a hollow sac located 

above the cloaca utilized as a primary and secondary lymphoid organ for lymphocyte and 

antibody diversity generation (Lillehoj and Trout, 1996). The B-lymphocytes travel to PP 
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where approximately 40% of the total B lymphocytes are located and are able to secrete 

IgA. As chicks age, PP increase up to a maximum of 5 at 16 weeks of age, but in adult 

birds greater than 16 weeks of age, only 1 PP is found (Lillehoj and Trout, 1996). At 

mucosal surfaces, the two locations containing immune cells are the lamina propria and 

the epithelium which are separated by a basement membrane (Arnaud-battandier et al., 

1980). While the epithelium contains mainly T cells, the lamina propria contains B cells 

able to produce immunoglobulins (Arnaud-battandier et al., 1980).  

Although the gut is the most common place in the body for antigen presentation to occur, 

there is a challenge to create vaccines to stimulate immunity for intestinal pathogens (Muir 

et al., 2000). Most of the antigens are destroyed by digestive enzymes by the time it 

reaches the small intestine where the remnants are often insufficient for inducing an 

immune response (Muir et al., 2000). The following is an example of what occurs when 

the gut encounters an antigen: When the gut is challenged with Eimeria, the immune 

system first mounts a cellular response to the antigens, increasing cluster of 

differentiation 4 (CD4+) and 8 (CD8+) and T cell receptor 1 and 2 (Rothwell et al., 1995). 

Soon after, an increase in IgM cells is noted in correspondence with the T cell change 

and the increase in IgA cells after the challenge (Rothwell et al., 1995). On another note, 

in natural circumstances, the gut microbiome is used to stimulate immunity and induce 

maturation of the immune system (Muir et al., 2000).  

1.1.3 Intestinal Microbiome 

Inside the egg, the gut of the chick typically contains little to no bacterial populations, but 

once hatched, exogenous microbial populations immediately begin colonizing the gut 
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(Pan and Yu, 2014). The composition of the microbiome changes as the chick ages due 

to its rapid intestinal growth in the first 10 days of life. The rapid intestinal growth 

compared to other animals leads to large differences in microbiome dynamics (Pan and 

Yu, 2014). The rapid speed at which digesta is transitioned through the gut of the chicken 

leads to selection of bacteria that have either the ability to replicate rapidly or have strong 

adherence to the mucosal layer (Pan and Yu, 2014). Comparatively, the ceca are blind 

pouches that are not affected by the digesta transit time, allowing for the largest diversity 

and quantity of bacteria in the chicken to flourish (Pan and Yu, 2014; Oakley et al., 

2015).Depending on the location within the digestive tract, bacterial populations and 

relative populations change within the chicken. Additionally, species composition and 

ratio also vary with age. Microbial populations are influenced by interactions between the 

bacteria and the host, the diet and the environment, and between each other (Pan and 

Yu, 2014). In the small intestine and ceca of young chicks, Amit-Romach et al. (2004) 

demonstrated that Lactobacilli was the dominant genus, but the Bifidobacteria population 

grew as the chicks aged. In agreeance, Choi et al. (2014) found that the phylum 

Firmicutes was the most dominant among the major phyla found in the chicken. They also 

found that of the phyla Firmicutes, the genera Lactobacilliales and Enterococcus to be 

the most dominant in the crop to the ileum. In comparison, they found that the genera 

Clostridiales was dominant in the ceca. The small intestine microbiome establishes within 

2 weeks while the ceca population stabilizes around 6 to 7 weeks (Lan et al., 2005).  

Another thing to consider is the interactive role the microbiome plays with the host. Both 

microbial activity and the microbiome itself influence the development of the host. The 



 

 

6 

 

microbiome can influence the digestibility of the diet by fermenting undigested nutrients 

in the ceca into short chain fatty acids (SCFA) (Pan and Yu, 2014). While the majority of 

SCFA are fermented from undigested carbohydrates, protein can also be fermented 

although a portion is fermented into branched chain fatty acids (Macfarlane et al., 1992; 

Rinttila and Apajalahti, 2013). The major SCFA are acetate, propionate and butyrate. The 

microbiome also affects the development of intestinal histomorphology with provision of 

SCFA, which can be utilized as a source of energy for enterocytes or can signal the broiler 

immune system (Bedford and Gong, 2017). Butyrate and propionate both have anti-

inflammatory roles, leading to attenuated immune reactions, increased villus height with 

decreased sloughing of epithelium or induced cell proliferation in crypt cells (Panda et al., 

2009; Hosseini et al., 2011; Vinolo et al., 2011). The microbial community also has 

competitive exclusion effects on invading pathogens by occupying attachment sites in the 

mucosa (Lan et al., 2005).  

1.2 Coccidiosis 

1.2.1 Eimeria 

Coccidiosis in poultry is caused by a protozoan parasite from the genus Eimeria 

(Chapman et al., 2013). The parasite causes losses in excess of $3 billion USD yearly 

worldwide (Dalloul and Lillehoj, 2006). The parasite is ingested from either feed, water or 

litter as a sporocyst and begins its three stage replication cycle within the host (Fantham, 

1910). The first stage is the sporozite, which has massive penetrative power for burrowing 

into the intestinal epithelium of the bird with penetration locale dependent on the species 

of Eimeria (Fantham, 1910). The parasite then enters the trophozoite stage, feeding on 
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nutrients entering the intestine to grow. When it attains its full size, it enters schizogony, 

asexual reproduction, and begins to divide and increase in numbers. Both stages cause 

increases in cell atrophy as the parasite progresses. Replication continues so long as the 

supply of nutrients is sufficient. The parasite then progresses into the merozite stage, 

sexual reproduction, where the parasite develops into male (microgamonts) or female 

(macrogamonts) forms to undergo sexual reproduction still within the host cells (Allen and 

Fetterer, 2002). Microgametes are formed by microgamonts to fertilize the 

macrogamonts, to give rise to oocysts which are then excreted, and await ingestion by a 

bird for the cycle to start again. Some species of Eimeria of concern to the poultry industry 

include E. acervulina, E. brunetti, E. maxima, E. tenella and E. necatrix (Chapman, 2014). 

Targeted areas of the intestine are species-specific, for example, E. acervulina and E. 

maxima target the duodenum and jejunum respectively (Chapman, 2014). Damage 

caused by Eimeria varies slightly on pathology, depending on target location in the 

intestine, species, and also severity of infection, but common effects include mild to 

severe lesions, malabsorption of nutrients such as  methionine, oleic acids, glucose, 

vitamin A, carotenoids, calcium and some trace minerals (Turk and Stephens, 1967; 

Kouwenhoven and Van der Horst, 1969; Ruff et al., 1976; Southern and Baker, 1983; 

Chapman, 2014). Species-specific pathology caused by Eimeria include fluid loss caused 

by limited enteritis and malabsorption from E. acervulina and E. mitis; inflammation of the 

intestinal wall, pinpoint hemorrhaging and shedding of epithelia from E. brunetti and E. 

maxima; destruction of villus, extensive hemorrhage from E. tenella and E. necatrix 

(Chapman, 2014). In severe cases, infections of Eimeria can result in death.  
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1.2.2 Coccidiosis Prevention 

1.2.2.1 Anticoccidials and Chemicals 

The two main methods used to prevent coccidiosis are anticoccidials and vaccination. 

The anticoccidials are classified into two categories; chemicals including but not limited 

to sulfanilamide, amprolium, quinolone and nicarbazin and polyether ionophores 

including monensin, lasolocid and salinomycin (Allen and Fetterer, 2002; Chapman, 

2014). The polyether ionophores all operate in a similar manner by targeting ion transport 

in order to disrupt osmotic balance (Allen and Fetterer, 2002). The ionophores have been 

considered the main method to control coccidiosis, although efficacy is fading due to 

resistance to the drugs and lack of development of new ones (Smith et al., 1998). In the 

case of the chemicals, each targets a different aspect of Eimeria biology for its mechanism 

of action (Chapman, 2014). Nicarbizin is thought to target the oxidative phosphorylation 

mechanism in the parasite, while amprolium competitively inhibits thiamine uptake 

(Wang, 1976; James, 1980). Unfortunately, chemical use also caused side effects such 

as rickets, dermatitis and poor feathering in broilers as seen in the case of sulphur 

(Chapman, 2003). Due to eventual resistance to both chemicals and ionophores by the 

parasite from prophylactic use, vaccine usage increased in an effort to utilize the bird’s 

natural immune development to fight the disease (Smith et al., 1998).  

1.2.2.2 Vaccines 

Vaccine usage has been around since the early 1950’s (Danforth, 1998). The different 

species of Eimeria lead to differences in effectiveness of vaccines (Long et al., 1986). For 

example, a vaccination dose from E. acervulina or E. tenella conferred strong immune 
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protection for their respective species compared to partial protection by E. maxima when 

given a challenge level dose of Eimeria 10 times higher than the vaccine dose (Long et 

al., 1986). Eimeria vaccines involve either virulent or attenuated strains of Eimeria 

(Shivaramaiah et al., 2014). Attenuated Eimeria vaccines are live vaccines developed 

from precocial parasites and have the advantage of reducing replicative potential of the 

pathogen while maintaining the same level of immunogenicity as live vaccines, but at a 

higher cost (Shivaramaiah et al., 2014). Precocial Eimeria lines are characterized by a 

either a decrease in number or size during the merogonic stages leading to reduced 

virulence and lower magnitude on decreased performance (Shivaramaiah et al., 2014). 

Eimeria vaccines work on the principal of developed immunity over time through the 

cycling of small doses in the litter, with effectiveness of vaccines also dependent on the 

initial oocyst count in the vaccine (Long et al., 1986; Shivaramaiah et al., 2014). Typically, 

an Eimeria challenge increases in intensity due to continual replication and cycling of the 

parasite over time, but vaccine strains are drug sensitive and can be eliminated by the 

use of chemicals or drugs (Shivaramaiah et al., 2014). Birds gain immunity through 

repeated small challenges over time. Immunization of birds with virulent field strains has 

been shown to increase weight gain by at least 9%, depending on strain of bird, and 

decreased lesion scores by 2 levels on the scale defined by Johnson and Reid(1970) 

compared to non-vaccinated birds when birds were later challenged with Eimeria 

(Danforth, 1998).  
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1.2.2.3 Challenges of Coccidiosis Vaccination 

 It is expected that a vaccination dose, usually a mix of species, is sufficient in providing 

protection from all species contained in the dose and cross-species protection, although 

there are differences found in the ability of one species to produce protection against 

another (Long et al., 1986). Another issue is that vaccine strains may also not produce 

sufficient protection against variant field strains in addition to the lag time of approximately 

10 days to acquire immunity (Long et al., 1986). However, one of the largest reasons for 

reluctance to switch to vaccines completely is due to the inability of vaccines to 

consistently improve weight gain and feed efficiency equivalent to prophylactic chemical 

and drug use (Danforth, 1998). Compared to non-vaccinated non-challenged birds, birds 

vaccinated and challenged had depressed weight gain, similar to effects seen by Long et 

al., 1986 and Danforth (1998) who noted that performance could not catch up within the 

first 17 days of age. Comparatively, the negative effects of the vaccine disappear by day 

49, which may cause an issue in broilers raised in Canada with a typical marketing age 

of 35 days (Proudfoot et al., 1991; Danforth, 1998). This is attributed to the subclinical 

coccidiosis resulting in lesions (Williams, 2003). Another side effect of vaccines is the 

possibility of causing the occurrence of clinical coccidiosis and increasing occurrence of 

necrotic enteritis (NE), which has been linked to the presence of Eimeria due to errors in 

vaccination or mismanagement of vaccinated birds (Collier et al., 2008; Peek and 

Landman, 2011). Increased mucus production caused by Eimeria favours proliferation of 

Clostridium perfringens, the bacteria responsible for NE, resulting in increased incidence 

and severity of NE (Collier et al., 2008).  Delay in acquiring strong protective immunity 
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against Eimeria also leads to increased risk of coccidiosis and susceptibility to secondary 

diseases (Price, 2012). Acquisition time required for immunity varies between Eimeria 

species due to differences in number of reinfection challenges required for immunity. To 

combat the unintended negative effects and boost immunity during the delay time 

between vaccination and obtaining immunity, it is suggested for vaccination to be used in 

combination with other drug free alternatives such as feed additives.  

1.2.3 Feed Additives 

1.2.3.1 Prebiotics 

Prebiotics were first defined as a non-digestible feed component that provides beneficial 

effect to the host by selectively stimulating or limiting the growth or activity of a limited 

number of bacteria in the intestinal tract (Gibson and Roberfroid, 1995). More specifically, 

prebiotics can be fermented by bacteria to provide energy, improve gut mucosa integrity 

through induction of competitive inhibition, eliminate pathogens from the intestinal tract, 

modulate the gut immune system and inflammation and regulate metabolism (Iji and 

Tivey, 1998; Fernandez et al., 2002; Papatsiros et al., 2013; Wang et al., 2016). Some of 

the most commonly used prebiotics include fructooligosaccharides (FOS), inulin, 

mannanoligosaccharides (MOS) and xylooligosaccharides (Adhikari and Kim, 2017). In 

broilers challenged with Eimeria, MOS has been shown to improve feed conversion ratio 

(FCR) (Nollet et al., 2007) and improved body weight (BW) by 4%, reduced oocyst 

shedding and decreased pinpoint hemorrhages when challenged with E. tenella (Chand 

et al., 2016). Another prebiotic, β-glucans, showed minor decreases in lesion scores, 

increased feed conversion and reduced fat percent of the carcass when challenged with 
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Eimeria (Ott et al., 2018). On the other hand, supplementation of a prebiotic can have no 

or negative effects. Guo et al. (2005) noted decreased body weight gain (BWG) with 

supplementation of polysaccharide extracts of Letinus edodes, Tremella fuciformis and 

Astragalus membranaceus in broilers, but had no effect when supplemented in Eimeria 

vaccinated broilers. Supplementation of a MOS preparation in birds challenged with E. 

acervulina, maxima and tenella had no effect on growth performance, although oocyst 

shedding and lesion severity was diminished (Elmusharaf et al., 2007). Typically, 

prebiotics are used in combination with probiotics for a synergistic effect.  

1.2.3.2 Probiotics 

Probiotics are typically either a single strain of bacteria or a mixture of strains and are 

more generally defined as a live microbial feed supplement that improves intestinal 

microbial balance of the host (Fuller, 1989; Papatsiros et al., 2013). They are proposed 

to work by improving the balance of the microbial community through the means of 

competitive exclusion of pathogens, improving intestinal histomorphology and stimulating 

the host immunity (Bozkurt et al., 2014). Some common strains of bacteria used in 

probiotics include Lactobacillus, Streptococcus, Bifidobacterium, Enterococcus and 

Saccharomyces (Kabir, 2009). In E. acervulina challenged birds, supplementation of a 

Lactobacillus based probiotic decreased oocyst shedding (Dalloul et al., 2003). However, 

Bozkurt et al. (2014) found supplementation of a mixture of subspecies strains of 

Lactobacillus and Streptococcus alone, decreased severity of intestinal lesions, but had 

no effect on oocyst shedding. In contrast, supplementation of a Pediococcus based 
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probiotic had no effect on oocyst shedding and BWG although Eimeria specific antibody 

levels were increased (Lee et al., 2007).  

1.2.3.3 Phytogenics 

These are plant derived compounds supplemented into the feed such as herbs, spices, 

and essential oils (Papatsiros et al., 2013). Due to the wide range of compounds available, 

the extensive list of effects by phytogenics include influences on animal physiology such 

as increases in digestive secretions, improve blood circulation, antimicrobial activity, 

palatability of the diet and oxidative stability of meat (Bobko et al., 2015). Herb extracts 

from 15 different plants were examined in E. tenella challenged birds and while results 

varied from a range between negative and positive effects, 5 were found to be the most 

effective in terms of attenuating the effects on survival rates, bloody diarrhea, intestinal 

lesions, oocyst shedding and body weight gains (Youn and Noh, 2001). The extract S. 

flavescens resulted in a 24% increase in BWG compared to non-supplemented birds, the 

highest of the 15 plants tested, and U. macrocarpa and Pulsatilla koreana resulted in the 

lowest lesion scores while comparatively S. japonica resulted in decreased BWG and 

increased mortality rates (Youn and Noh, 2001).  Tsinas et al. (2011) tested oregano oil 

in E. acervulina and E. maxima challenged birds, finding supplementation to bring about 

similar results in performance and lesion scoring to unchallenged birds or those 

supplemented with salinomycin. Jang et al. (2007) noted decreased oocyst shedding and 

no effect on growth performance in E. maxima challenged broilers supplemented with 

ground green tea. Phytogenics are commonly used in combination with one another to 
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target different aspects of the animal’s physiology and cause synergistic effects (Youn 

and Noh, 2001).  

1.2.3.4 Organic Acids 

Organic acids, also called acidifiers, are found widely in plant and animal tissues and 

defined as any carboxylic acid with the structure R-COOH (Papatsiros et al., 2013). 

Organic acids are weak acids provided to the bird for their bactericidal activities and lower 

the pH of the feed and digesta (Rahman et al., 2015). Some of the most commonly used 

organic acids include formic, acetic, propionic and butyric acid or a blend. 

Supplementation of acetic acid in broilers challenged with E. tenella improved BWG by 

14%, lowered lesion scores and decreased cecal pH compared to non-supplemented 

birds (Abbas et al., 2011a). Similar effects by hydrochloric acid supplementation were 

seen by Abbas et al. (2011b). Effects were found to differ depending on the level of 

supplementation and the highest level of supplementation could result in negative effects 

(Abbas et al., 2011b; a). 

1.2.3.5 Enzymes 

Enzymes are used to improve the digestibility of a certain nutrient within a feed by 

breaking down complexes not normally digestible to the animal’s own enzymes or to 

increase the amount of a nutrient released even if the animal is able to break it down 

(Mansoori et al., 2010). This is especially helpful in animals with compromised digestive 

and absorptive capacity of the gut such as Eimeria challenged birds (Su et al., 2014). 

Phytase is a commonly used enzyme used to increase the amount of available 

phosphorus in the diet by breaking down phytase bound minerals (Watson et al., 2005). 
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Supplementation of phytase in broilers resulted in increased gain to feed and toe and tibia 

ash content, but had no effect when the birds were challenged with E. acervulina (Watson 

et al., 2005). A study done by Mansoori et al. (2010) found phytase had no effect on 

intestinal lesions and increased D-xylose absorption. Another way enzymes have been 

proposed to be effective is the reduction of undigested proteins in the hindgut of the 

chicken to reduce the occurrence of secondary infections such as NE (Quiroz et al., 

2013). Supplementation of protease had no effect on attenuating the negative effects of 

a live coccidia vaccine on performance (Walk et al., 2011). In contrast, Peek et al. (2009) 

noted improved BWG in birds challenged with either E. acervulina, maxima or tenella 

supplemented with protease.  

1.2.3.6 Yeast Derivatives 

While live yeast is considered a probiotic and MOS is a prebiotic, all other yeast additives 

have a wide range of physiological effects in the animal due to the composition of yeast 

cells. Yeast cells contain amino acids, peptides, carbohydrates, salts, monosodium 

glutamate, nucleic acids, enzymes, cofactors, glucans, mannans, glycoproteins and 

chitins (Shurson, 2018). This makes it an appealing feed additive due to the prebiotic and 

probiotic effects of some components. Yeast can be used as either whole yeast or as 

single components that have been purified from whole yeast (Shurson, 2018). Some of 

the yeast-based additives include yeast cell wall, β-glucans and whole yeast. Some of 

the effect of these products include prebiotic effect as seen with MOS supplementation, 

positive influences on intestinal histomorphology, immune response, liver function and 

growth performance (Saure et al., 2012; Shurson, 2018). Supplementation of yeast cell 
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wall in E. acervulina and E. brunetti challenged broilers resulted in increased BWG, feed 

intake (FI) and villus height (M’sadeq et al., 2015). Results of birds supplemented with 

isolated yeast β-glucan and challenged with E. acervulina, E. maxima and E. tenella did 

not affect performance and decreased gross lesion severity and inducible nitric oxide 

synthase expression in the jejunum, but upregulated in the ileum (Cox et al., 2010). Birds 

also displayed decreased interferon-γ, interlukin-3 and mucin-1 and 2 expression levels. 

In contrast, Lu et al. (2014) found no effect with supplementation of a commercial yeast 

or crude yeast extract on growth performance.  

1.3 Nucleotides 

Nucleotides are found in every cell as the basic units of nucleic acids. It is most commonly 

found in the form of adenosine 5’triphosphate  (ATP) in cells (Henderson and Paterson, 

1973). A nucleotide consists of a nitrogenous base, a pentose sugar and at least one 

phosphate group, with the pentose sugar as either a ribose for ribonucleic acid (RNA) or 

deoxyribose for deoxyribonucleic acid (DNA) (Carver and Walker, 1995). Nucleotides are 

found throughout all foods in nature, but content varies greatly. In young mammals, the 

food source with the highest nucleotide concentration is mammalian milk, although other 

foods such as  organ meats, seafood and legumes are also high in nucleotides (Carver 

et al., 1991; Carver and Walker, 1995). In terms of feed ingredients, yeast has also been 

shown to be high in nucleotide content (Sauer et al., 2011). Previously, nucleotides were 

found to be a non-essential nutrient as the two endogenous synthesis pathways are 

considered sufficient for animals, but is now considered semi-essential (Uauy et al., 1994; 

Carver and Walker, 1995). Nucleotides are considered an essential nutrient under the 



 

 

17 

 

three scenarios of either insufficient intake, a high rate of physical growth or the presence 

of disease, or a combination of all three (Yu, 2002). 

1.3.1 Sources and Synthesis of Nucleotides 

1.3.1.1 De Novo Synthesis 

Nucleotides can be obtained from three different sources: de novo synthesis, nucleotide 

salvage pathways and dietary intake. Synthesis of nucleotides can occur endogenously, 

and are therefore not considered an essential nutrient (Carver, 1999). De novo synthesis 

and salvage pathways are the two ways nucleotides are synthesized endogenously. 

There are separate pathways for de novo synthesis and salvage for purines and 

pyrimidines. A pyrimidine is a six membered heterocyclic ring belonging to the class of a 

nitrogen base containing an aromatic and a purine is a pyrimidine fused with a 5 

membered imidazole ring (Somerville, 2001; Hess and Greenberg, 2012). Purines are 

synthesized from glycine, aspartate, glutamine and folic acid derivatives (Henderson and 

Paterson, 1973). The first step is a glutamine amide transfer between 

phosphoribosylpyrophosphate (PPRP) and a glutamine into ribosylamine phosphate. 

Next through an amide synthesis reaction, ribosylamine phosphate is converted into 

phosphoribosyl glycineamide in combination with a glycine. It then undergoes a 1 carbon 

transfer with 5, 10-methenyl H4-folate and then a glutamine amide transfer to form 

phosphoribosyl formylglycineamide. It undergoes cyclization, consuming an ATP to form 

phosphoribosyl aminoimidazole. The next steps are CO2 fixation and then an aspartate 

amino transfer. The attached aspartate is cleaved to form fumarate and phosphoribosyl 

aminoimidazole carboxamide in a displacement reaction. The product then goes through 
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a 1 carbon displacement reaction and then a cyclization reaction to form the final product 

inosinate which is then used for the bases adenine and guanine. For each mole of 

nucleotide formed, 4 ATP is required, demonstrating the high energy needs for de novo 

synthesis (Henderson and Paterson, 1973).  

De novo synthesis of pyrimidines is also sometimes called the orotate pathway. The 

orotate pathway results in the genesis of uridylate from ammonia, glutamine, CO2 and 

aspartate. Uridylate is then used to make the pyrimidine nucleotides. The substrates first 

undergo a dephosphorylation and then an aspartate is transferred to form carbamyl 

aspartate. Next, carbamyl aspartate is converted to orotate in a cyclization reaction and 

then a dehydrogenase reaction that utilizes nicotinamide adenine dinucleotide (NAD). 

The conversion from orotate to uridylate is also a two-step process. Orotate undergoes 

condensation with PPRP and subsequently decarboxylated to form uridylate. Uridylate is 

then converted to cysteine which can then be kept as that or converted to either a thymine 

or uracil. Pyrimidine synthesis is less energetically expensive compared to purine 

synthesis in that it requires 1 ATP and 1 NAD for every pyrimidine made. 

1.3.1.2 Salvage Pathways 

There are 2 salvage pathways to synthesize purines from existing purine bases. For one, 

purine bases are transformed directly into ribonucleotides with the enzyme 

phosphoribosyltransferase and PPRP. The other pathway breaks down purine bases into 

ribonucleosides first with the enzyme nucleoside phosphorylase and the substrate ribose-

1-phosphate (Henderson and Paterson, 1973). Ribonucleosides are then formed into 
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ribonucleotides by the enzyme nucleoside kinase and consuming 1 ATP (Henderson and 

Paterson, 1973).  

Salvage pathways are another option for pyrimidine synthesis. For pyrimidine, 

nucleotides are converted between cytosine, thymine and uridine. Cytidine triphosphate 

(CTP) synthase converts uridine triphosphate (UTP) to CTP. To convert CTP to UTP, the 

enzymes 5’-nucleotidase, cytidine deaminase, uridine-cytidine kinase are required in the 

listed order. 

1.3.1.3 Dietary Absorption 

Absorption of nucleotides from dietary intake is the final way nucleotides can be obtained 

for metabolism. Previously, it was found by both Wilson and Wilson (1958) and 

Sanderson and He (1994)  that digestion of nucleic acids into nucleotides started in the 

intestine, but Liu et al. (2015) found that pepsin, secreted in the stomach, was also able 

to digest nucleotides. The gut has a limited capacity for nucleotide absorption due to the 

fact that there is no nucleotide transporter and the highly negatively charged phosphate 

prevents nucleotides from passing through cell membranes (Sauer et al., 2011). In the 

small intestine, remaining nucleotides must be broken down into nucleoside and inorganic 

phosphate for absorption by nucleotidase (Wilson and Wilson, 1962). The broken down 

products are taken up in to the intestinal epithelium where they are rephosphorylated and 

a nitrogenous base is attached (Wilson and Wilson, 1962). Nucleosides can be 

transported into enterocytes where they are then transported to other cells by 

erythrocytes through active transport utilizing Na+ or facilitated diffusion systems 

(Sanderson and He, 1994; Griffith and Jarvis, 1996). Facilitated diffusion systems are 
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classified by their sensitivity to nitrobennzylthioinosine (NBMPR) inhibition traditionally, 

but other inhibitors have since been discovered with similar inhibition targets as NBMPR 

and may be used to classify diffusion systems (Griffith and Jarvis, 1996; Thorn and Jarvis, 

1996). Facilitated diffusion was noted in mice cells transporting formycin B, a C-

nucleoside analog of inosine, as transport of formycine B into the cell could not be 

attributed to any known active transport systems at the time, metabolism or use in lipid 

membranes (Plagemann and Woffendin, 1989). Facilitated diffusion is proposed to 

operate through the use of conformational changes in the free carrier (Griffith and Jarvis, 

1996). Both the NBMPR sensitive and insensitive transport system is specific for many 

nucleoside substrates with the majority of cells having an equal ratio of both, but some 

cells may have only NBMPR insensitive transporters (Griffith and Jarvis, 1996). 

Secondary active transport carriers for both pyrimidine and purine transport are 

commonly powered by the Na+
 gradient (i.e. Na+ nucleoside purine transporter) (Bronk 

and Hastewell, 1987; Patil et al., 1998). Replacement of the Na+ gradient with a K+ 

gradient resulted in the halt of active transport of pyrimidines (Bronk and Hastewell, 

1987). Active transporters are classified by substrate specificity as N1-4 (Thorn and 

Jarvis, 1996). The substrates are purine nucleosides, uridine and deoxyuridine for N1, 

pyrimidine nucleosides, adenosine and analogues of adenosine for N2, which is found in 

kidney and intestinal cells only, N3 is found in rat jejunum and rabbit choroid plexus with 

a broad specificity and N4 has similar substrates as N2 with the addition of guanosine 

(Gutierrez et al., 1992; Thorn and Jarvis, 1996). The microbiome and parasites within the 

gut of the host may also compete for nucleotide absorption, especially seen with 
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protozoan parasites which are unable to synthesize nucleotides (Landfear et al., 2004; 

Heinz et al., 2014).  

Comparatively, salvage pathways are used preferentially due to the lower energy 

requirement, but absorption from the diet  is still energetically less expensive (Carver and 

Walker, 1995). Dependence on each pathway also varies  with cell type due to varying 

capacity for de novo synthesis (Ward and Tse, 1999). De novo synthesis and salvage 

pathways as a source of nucleotides are considered sufficient for a healthy growing chick, 

although it is questionable whether the supply is optimal for chick growth (Carver, 1999). 

1.3.2 Structure and Function 

1.3.2.1 Structural Units 

A nucleotide is considered a single unit. The two pentose sugars deoxyribose and ribose, 

for DNA and RNA respectively, are used to form the nucleotide base in conjunction with 

a nitrogenous base. The nitrogenous bases of DNA and RNA are the two purines bases 

deoxyadenosine triphosphate and deoxyguanosine triphosphate and the two pyrimidine 

bases deoxythymidine triphosphate and deoxycytidine triphosphate. Both DNA and RNA 

are used to store, transfer and express genetic information. Polymerases are formed 

using linkages of  3’5’-phosphodiester between single units with the release of 

pyrophosphate (Cosgrove, 1998). Nucleotides are also found in the structure of histidine, 

folic acid, thiamin and riboflavin (Henderson and Paterson, 1973).  
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1.3.2.2 Energy Metabolism 

Nucleotides transfer and store energy in the form of triphosphates (Henderson and 

Paterson, 1973). They are found most commonly in the form of ATP. Most energy in a 

living organism is stored and transferred in the form of ATP due to the ability of the cell to 

use it in most cellular processes (Carver and Walker, 1995). The three phosphate bonds 

found in ATP are what enables it to both store energy and provide energy for other cellular 

processes by being phosphate donors and acceptors for multiple processes in the cell 

(Cosgrove, 1998). Similarly, other triphosphates such as guanosine triphosphate (GTP) 

and uridine triphosphate (UTP) serve the same function (Cosgrove, 1998). The 

triphosphates can also be utilized for energy by coupling the high energy hydrolysis with 

energetically unfavourable reactions involving group-transfer coenzymes (Henderson 

and Paterson, 1973). By far, the most efficient way for the cell to make energy is through 

the production of ATP in the Krebs cycle (Baldwin and Krebs, 1981). To generate energy, 

ATP can be used directly and indirectly. It can either be coupled to an enzyme bound 

acetyl adenylate to form acetyl coenzyme A or an enzyme bound phosphorylated 

substrate. For example, ATP transfers phosphoryl groups catalyzed by magnesium to 

power irreversible reactions as in the case of glucose to glucose-6-phosphate (Henderson 

and Paterson, 1973). The transference of phosphates also leads to the activation of acyl 

groups, of which the reaction to form 3’, 5’-cyclic adenosine monophosphate (cyclic AMP) 

is included due to the generation of pyrophosphate as a product (Henderson and 

Paterson, 1973). Cyclic AMP has an established effect in mediating intracellular activities 

and as a regulator of hormone activity by acting as a second messenger (Sutherland et 
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al., 1968). Thus, nucleotides are essential for energy production and utilization in the 

body. 

1.3.2.3 Coenzymes and Transfer of Substrates 

Nucleotides are components of three important coenzymes; NAD, flavin adenine 

dinucleotide (FAD) and coenzyme A (Cosgrove, 1998). Both NAD and FAD are utilized 

in the Krebs cycle for electron transfer towards the electron transport chain to generate 

more ATP (Baldwin and Krebs, 1981). Coenzyme A is also a carrier of acyl groups for 

processes such as the metabolism of pyruvate and synthesis of butyrate (Stadtman et 

al., 1951). It is also essential for regenerating substrates for the Krebs cycle and the 

activation of acceptor molecules (Henderson and Paterson, 1973; Baldwin and Krebs, 

1981).  

1.3.3 Metabolic and Physiological Responses to Dietary Nucleotides 

Nucleotides have been noted to have effects on growth, immune system development 

and intestinal development in human infants, newly weaned piglets and chicken with 

varying effects commonly attributed to differences in health status.  

1.3.3.1 Human Infants 

Cow’s milk used in infant formula is deficient in nucleotides compared to human milk and 

supplementation of nucleotides was proposed to be beneficial (Hawkes et al., 2006). 

When supplemental nucleotides are provided in the formula, Cosgrove et al. (1996) found 

weight gain improved by 13% in term small infants and Singhal et al. (2010) had higher 

weight gain and head development in infants. Comparatively, Hawkes et al. (2006) found 
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no changes in growth or immune markers at 7 weeks of age with supplementation of 

nucleotides in cow milk based formula compared to breast fed infants. In opposition to 

Hawkes et al. (2006) results in immune development, Carver et al. (1991) compared 

nucleotide positive and negative diets in infants  and found increased natural killer (NK) 

cell percent cytotoxicity and Navarro et al. (1999) noted increased immunoglobulin 

concentrations only in preterm infants fed nucleotide supplemented infant formula. The 

two studies suggested that nucleotides were the reason for enhanced immunity in infants 

fed human milk. This theory is supported by results found by Brunser et al. (1994) when 

infants in less sanitary conditions were fed nucleotide supplemented formula and 

experienced fewer episodes of diarrhea compared to control infants (109 vs. 140 infants), 

respectively.  

1.3.3.2 Neonatal and Weaned Piglets 

Similar effects comparable to infants were seen in pigs, but effects from nucleotides were 

highly variable. While Che et al. (2016) did not see improvement in growth, the study 

observed improved feed conversion, increased villus height (VH) in the duodenum by 9%, 

increased lactase and maltase activities in the jejunum by 35% and 45%, respectively 

and improved immune function as seen with increased toll like receptor (TLR)-9, TLR-4 

and toll interacting protein expression in the ileum in pigs and plasma IgA concentration 

with intra-uterine growth restriction and normal birth weight when supplemented with 

nucleotides. Nucleotides are found in relatively high concentrations in sow’s milk and 

suggested to aid in maturation of the intestine (Sanchez-Pozo and Gil, 2002; Saure et al., 

2012). In healthy piglets, supplemental nucleotides increased average daily feed intake 
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(ADFI) with no changes in body weight in comparison to control piglets (Saure et 

al.,2012). It has been suggested that the effect of nucleotides on ADFI is due to the 

change in taste of feed from alterations in glutamine content. They also noted similar 

increases of plasma IgA, but no effects on gut morphology. Li et al. (2016) fed pigs 

supplemental uridine monophosphate (UMP), a nucleotide rich in sow’s milk but poor in 

feedstuffs and observed improved feed conversion, average daily gain (ADG) and ADFI. 

Additionally, jejunal and ileal VH increased. Frequency of diarrhea decreased with 

supplementation of UMP, similar to the effects seen in Brunser et al. (1994) with human 

infants. The effect on diarrhea frequency was also seen in newly weaned piglets 

supplemented with 2 different levels of nucleotide (Martinez-Puig et al., 2007). The 

frequency of diarrhea was 15% in the non-supplemented group and 3 and 1% for 

supplementation at 750 and 1,000 ppm of nucleotides, respectively. At the time of 

weaning, decreased feed intake often occurs, resulting in poor nutrient digestion and 

absorption as a result of VH reduction, subsequently resulting in diarrhea (Martinez-Puig 

et al., 2007).  However, growth performance effects were not seen in the aforementioned 

study. Supplementation in a research setting in an earlier study by the same author at the 

1,000 and 2,000ppm level noted improved VH in weaned piglets. Effects of nucleotides 

may also require a feeding duration of longer than 2 days as oral supplementation for 2 

days showed no effect on activity of α-amylase, leucine aminopeptidase, maltase and 

lactase (Saure et al., 2012). Nucleotides may also influence the gut microflora. For 

example, supplemental nucleotide rich yeast extract (YN) decreased cecal 

Enterobacteriacea and colonic Clostridium  cluster IV and XVIa members in piglets raised 
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in clean conditions but  increased proliferation of cecal Clostridium cluster IV and 

suppressed colonic Enterococcus raised in unclean conditions (Waititu et al., 2017). The 

same study also found upregulated expression of ileal programmed cell death gene-1, IL 

(interleukin) -1β, IL-1, IL-10 and TNF (Tumour necrosis factor) -α only in pigs raised in 

unclean conditions and supplemented with YN.  

1.3.3.3 Poultry 

The varying results with nucleotide supplementation also extends to the chicken, although 

results found in chickens may be questionable due to the type of product used to provide 

the nucleotides. Most trials utilize yeast products that contain more than just nucleotides, 

which make it hard to attribute effects solely to nucleotides. Pelícia et al. (2010) found no 

effect on performance or carcass yield at day 42 with nucleotide supplementation at a 

level of 0.04-0.07%. In contrast, Daneshmand et al. (2017) found supplementation of pure 

adenosine at 0.1% increased body weight and feed conversion, but supplementation of 

guanosine and adenosine together at a 0.1% level or solely guanosine at 0.1% had no 

effect. In addition, adenosine may stimulate enzyme production, as seen with increased 

alkaline phosphatase and aminopeptidase production. The enzyme increase may also be 

a response to increased nucleotide triphosphate concentrations causing microbial 

population imbalance (Malo et al., 2014). Both the type of supplement used to provide the 

nucleotides and the level used in feed may contribute to the varying results found.  

Esteve-Garcia et al. (2007), reported no effects of a nucleotide inclusion level of 1,000 

mg/kg feed, but 500 mg/kg improved feed conversion from day 0 to 42 in broiler chickens. 

Provision in layers had differing results, with no performance effects during the 
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supplementation period, but birds supplemented with 5 g of RNA/kg feed produced from 

Torula yeast had improved growth 4-weeks after supplementation (Deng et al., 2005). It 

was also suggested that the supplementation stimulated the immune system, as seen 

with increased spleen weight although this was not seen in the later stage of the layer’s 

life. In opposition, Daneshmand et al. (2017) found no effect of adenosine or guanine on 

spleen weight, but adenosine provision increased bursa weight. Additionally, adenosine 

and guanosine provision in combination increased IgA production. Both Alizadeh et al. 

(2016) and the first experiment in Jung and Batal (2012) noted no effects on performance 

with nucleotide supplementation at 0.025% or 0.05% and 0.25% or 0.5% using Torula 

yeast respectively in broilers. Jung and Batal (2012) also did not observe any changes in 

intestinal weights in the first experiment. Alizadeh et al. (2016) did observe increased VH 

and TLR4 expression in the spleen and decreased TLR4 and IL-10 expression in the 

cecal tonsils. It was suggested that nucleotides may not have an effect in healthy birds. 

This is supported by another study where Jung (2011) noted supplementation of 0.25% 

Torula yeast RNA or a commercial nucleotide product at 2 or 6% improved weight gain 

by 3, 11, and 7% respectively and feed efficiency with the commercial product 

supplementation when birds were raised in an increased stocking density environment 

and Eimeria challenged. The same effect of improved growth after a challenge similar to 

pigs with decreased VH can occur in broiler chickens, as seen with increased intestinal 

mucosal cell turnover before and after an E. acervulina challenge (Pelicia et al., 2011). 

The increase in cell turnover was increased post-challenge in supplemented birds 

indicated by decreased cell carbon half-lives (1.01 days control vs. 0.75 days 
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supplemented). This may explain the increased VH in birds challenged by Eimeria 0.25% 

Torula yeast or 2% commercial product seen by Jung (2011). In comparison in another 

trial by Jung (2011), supplementation of 0.25% Torula yeast increased VH in the jejunum 

and ileum in challenged birds, but decreased in unchallenged birds and had no effect on 

duodenal VH when birds were in an increased stocking density situation. Torula yeast 

provision increased jejunum and ileal weights after an Eimeria challenge. This led the 

author to propose that nucleotide supplementation was not effective in healthy birds.  

1.3.3.4 Summary 

Research shows that the chick spends the first 10 days of its life developing its digestive 

and immune systems. This is of large concern as the time a broiler chick spends with an 

undeveloped gut and immune system increases yearly as growing time to market weight 

shortens. Of further concern is the damage caused by pathogens the chick may 

encounter, setting back its growth and redirecting nutrient usage towards repair of gut 

damage. This is especially true in the case of the parasite Eimeria which targets the gut 

and causes the disease coccidiosis. The switch to use of Eimeria vaccines from 

anticoccidials due to concerns about antibiotic and drug resistance places increased 

importance on gut health of the bird. The time required by the vaccine to build up effective 

immunity suggests that nutritional means should be examined to aid the chick in 

development of the gut and immune systems. One suggested solution has been oral 

supplementation of nucleotides. Previous research on nucleotides indicates that feeding 

nucleotides is beneficial for the growth of the intestine and can improve the maturation 

rate of the immune system through stimulation. Although previous research indicated 
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benefits, effects noted were variable and dependent on the health status of the animal 

and environmental conditions. Further research is required to characterize the impact of 

supplemental nucleotides in attenuating the negative effects of Eimeria. Moreover, little 

known is known as to how nucleotides improve growth performance and the immune 

system and their interaction with the microbiome. Therefore, as outlined in the next 

chapter, the focus of this thesis is to evaluate the effect of nucleotides on growth 

performance, nutrient utilization, immune system development and the microbiota when 

broilers are challenged with Eimeria. 

2 Hypothesis and Objectives 

Hypotheses: Broiler chickens fed diets supplemented with a nucleotide rich yeast 

supplement (YN) in the diet will have improved growth performance, gastrointestinal 

development, nutrient digestibility, immune system development and microbial activity 

without or with an Eimeria challenge. Supplementation of YN will not influence the 

replication of Eimeria in the bird. 

Objective: To examine the short- and long-term effects of YN supplementation in broiler 

chickens subjected to Eimeria challenge. 

Specific objectives:  

1) To examine the short-term effects of YN supplementation in broiler chickens 

challenged with Eimeria on growth performance, indices of intestinal health, 

function, microbial activity and immunity (Chapter 3).  
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2) To evaluate the long-term effects of YN supplementation in broiler chickens 

challenged with Eimeria on growth performance, apparent retention of diet 

components, indices of intestinal health, function and immune organs 

development (Chapter 4). 
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3 Short-term effects of nucleotide rich yeast extract 
supplementation in broiler chickens challenged with 
Eimeria on growth performance, indices of intestinal 
health and function, microbial activity and immunity  

3.1 Introduction  

Coccidiosis, caused by the protozoan parasite Eimeria, is a global problem in the poultry 

industry leading to losses in excess of $3 billion yearly due to intestinal damage, 

malabsorption of nutrients such as vitamin A leading to decreased carotenoid 

concentrations and immune function, and subsequently poor performance 

(Kouwenhoven and Van der Horst, 1969; Lillejoh and Lillehoj, 2000; Dalloul and Lillehoj, 

2006). By extension, damaged intestines leads to a shift in the gut microbiome due a 

combination of changes in the immune response and increased presence of undigested 

nutrients in the distal end of the intestine (Oakley et al., 2015). A healthy and balanced 

microbiome is critical in aiding the gut in recovering from inflammatory events through 

competitive exclusion and signaling of short chain fatty acids (SCFA) (Oakley et al., 

2015). To combat Eimeria and maintain a healthy and functional gut, birds are typically 

given coccidiostats, but the shift to antibiotic and drug free production due to legislative 

and public pressure has increased usage of alternatives such as vaccines and non-drug 

feed additives (Lillejoh and Lillehoj, 2000; Chapman et al., 2005). Unfortunately, Eimeria 

vaccines are live oocytes that are either attenuated or non-attenuated and both have 

drawbacks due to stimulation of a range of responses at the intestinal mucosal level 

leading to small losses of performance (Chapman et al., 2005). 



 

 

32 

 

To attenuate the negative effects of coccidial vaccines, nucleotide supplementation has 

been proposed as they are conditionally essential and required in greater amounts during 

intestinal repair (Jung, 2011). For example, in times of immune challenge and rapid 

growth, it has been suggested that the salvage pathway and de novo synthesis of 

nucleotides is insufficient for optimal growth as it is a high energy consuming process, 

such as the case of growing broilers challenged with Eimeria (Sanchez-Pozo and Gil, 

2002). The effects of nucleotide-rich yeast extracts (YN) on growth performance, immune 

function and intestinal growth have been studied in broilers with variable responses (Jung, 

2011; Pelicia et al., 2011; Alizadeh et al., 2016a). Pelícia et al. (2010) found no effect on 

performance or carcass yield at day 42 with a supplementation level of 0.04-0.07% and 

similarly, Jung and Batal (2012) found no effect with 0.5% supplementation of Torula 

yeast RNA on performance or intestinal weights. In contrast, a later experiment by Jung 

and Batal (2012) with supplementation of Torula yeast RNA noted improved performance, 

increased intestinal villi height and lymphocyte proliferation when birds were challenged 

with a high stocking density. This suggested that nucleotides may have a positive effect 

in stress challenged birds, but little is known about the effects of nucleotides on Eimeria 

challenged birds. As aforementioned, nucleotides are essential during rapid intestinal 

growth or repair, which is the case in rapidly growing broilers and especially so when 

Eimeria causes damage to the gut.  

Nucleotides may aid in attenuating adverse effects of Eimeria on absorption of nutrients 

and cascading impact on gut microbiota (Pelicia et al., 2011). Alteration in nutrients 

available for fermentation in the cecum can lead to changes in microbial population and 
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metabolites that may stimulate gut growth and development (Kiarie et al., 2013). This is 

especially important when the impact of Eimeria on the microbiota is considered which 

can further predispose the bird to necrotic enteritis (Williams, 2005). Eimeria has been 

shown to suppress growth of other bacteria through an increase in digesta viscosity and 

decrease in passage rate (Hauck, 2017). However, to date, there is limited research 

reporting effects of dietary yeast nucleotides on microbiota of poultry. In pigs, Waititu et 

al. (2017) demonstrated yeast nucleotides decreased cecal Enterobacteriacea and 

colonic Clostridium cluster IV and XVIa members in clean conditions and increased 

proliferation of cecal Clostridium cluster IV populations and suppressed colonic 

Enterococcus populations in unclean conditions. However, Saure et al. (2012) reported 

no effect on the microbial population in the small or large intestine of pigs. It has been 

suggested that nucleotides may have little effect on the microbiota in the large intestine 

of the pig as most of dietary nucleotides are absorbed in the proximal small intestine 

(Saure et al., 2012). However, differences in intestinal length and digesta transit time in 

poultry species compared with the pig may result in different effects (Moran, 1982; Oakley 

et al., 2015). Changes in the microbial community can also lead to differences in 

production of short chain fatty acids and lumen pH, which have also not been investigated 

in Eimeria challenged birds supplemented with nucleotides (Jozefiak et al., 2004). 

Therefore, the aim of this study was to examine the effects of a nucleotide-rich yeast 

extract on growth performance, jejunal histomorphology and gene expression, and cecal 

microbial activity in broiler chickens challenged with Eimeria. It is hypothesized that 

dietary supplementation of YN will promote gastrointestinal development and promote 
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beneficial microbial activity and thereby attenuate the negative effects of an Eimeria 

challenge on growth performance and indices of gut health and function.  

3.2 Materials and Methods 

The experimental protocol (#3521) was reviewed and approved by the University of 

Guelph Animal Care Committee and birds were cared for in accordance with the 

Canadian Council on Animal Care guidelines (CCAC, 2009). 

3.2.1 Experimental Diets 

A complete corn soybean meal based basal broiler diet (Table 1) was formulated to meet 

or exceed specifications for Ross 708 (Aviagen, 2014). The basal diet was split into two 

portions with one portion serving as control and the other mixed with 500 g of YN/MT. 

The YN contained cell wall polysaccharides (21.6%), CP (32.7%), carbohydrates (14.3%) 

and a mixture of 5 nucleotides (1.1%; adenosine monophosphate, cytosine 

monophosphate, inosine mono- phosphate, uridine monophosphate and guanosine 

monophosphate), with 1 g of the YN additive supplying approximately 0.1% of mixed 

nucleotides (Maxi-Gen Plus, Canadian Bio-Systems Inc., Calgary, AL, Canada). The diets 

were prepared in crumble form.  

3.2.2 Birds and Experimental Approach 

A total of 360-d old (male) Ross x Ross 708 broiler chicks were procured from a 

commercial hatchery (Maple Leaf Foods, New Hamburg, ON, Canada), weighed and 

allocated to 24 floor pens (15 birds per pen) with fresh wood shavings. The pens were 

housed in two separate environmentally controlled rooms with 12 pens each (each pen 
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provide 46 sq. ft. area). The room temperature was set to 32°C on d 0 and gradually 

decreased to 27°C by d 17. Birds were exposed to fluorescent lighting in a 23 hr of light 

(20+ lux) for the first 4 days and then a 16 light: 8 dark (10-15 lux) light cycle for the 

remainder of the experiment. The two diets, control and YN treated were allocated to 12 

floor pens in a completely randomized block (room) design. Body weight and feed intake 

was taken on d 10 for pre-challenge growth performance. On d 10, all the birds in 6 pens 

of each diet received a 1 mL dose of coccidia culture administered manually with a syringe 

into the oral cavity. These pens were designated “challenged group” and birds in the non-

challenged pens received a sham “distilled water” challenge of equal volume. In the 

challenged pens, 5 birds were challenged with a high dose (100,000 E. acervullina and 

60,000 E. maxima sporulated oocysts) and 10 birds were challenged with a low dose 

(25,000 E. acervullina and 5,000 E. maxima sporulated oocysts). A high dose was used 

to induce a stronger short-term effect in birds and a low dose was used to allow for floor 

pen cycling effect without inducing mortality. To prevent cross contamination, non-

challenged and challenged birds were in two separate but identical rooms in terms of pen 

size, temperature and humidity regimen. The Eimeria culture and protocol for 

administration were provided by Dr. John R. Barta of Department of Pathobiology, 

University of Guelph.  

Birds were monitored for 7 days post-challenge for growth performance, lesion 

score and oocytes shedding. Between d 14 to 17 of age (d 4 and 7 post-challenge), fresh 

excreta samples were collected in a “W” shaped route for oocysts shedding count. On d 

15, birds and feed were recorded for post-challenge growth performance and 5 birds (5 
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random birds per pen in the non-challenged, 5 birds with high dose challenge in 

challenged pens) were subsequently selected for necropsy. Two birds per pen were bled 

via wing vein puncture into sodium heparin tubes and immediately placed on ice and 

subsequently centrifuged at 2,000 x g for 20 mins at 4°C. Plasma was then pipetted into 

a microcentrifuge tube and stored at -20°C until analysis for carotenoids. The two birds 

were then dissected for various samples as explained below. Jejunum was immediately 

located and excised at duodenal loop and 2 cm anterior to Meckel’s diverticulum. 

Segments (~3 cm) of mid-jejunum were excised and placed in buffered formalin for 

histomorphology analysis (Kiarie et al., 2007). Additional segments of mid-jejunum (~1 

cm) were placed in a 2-mL tube filled with 1.2 mL Ambion® RNAlater (Life Technologies 

Inc., Burlington, ON, Canada). These samples were placed on ice and immediately 

transported to the laboratory and stored at -20°C until required for mRNA extraction for 

digestive enzymes, nutrients transporters, tight junction proteins and cytokines 

expression. The pH of the cecal digesta was measured on fresh samples using an 

electronic pH meter (Accumet Basic, Fisher Scientific, Fairlawn, NJ) standardized with 

certified pH 4 and 7 buffer solutions. Cecal digesta samples were subsequently stored at 

-20°C until time of further analyses. The rest of intestinal samples from the two birds along 

with the intestinal samples of the other three necropsied birds per pen were evaluated for 

lesion scores. Briefly, intestinal lesion scores (duodenum, jejunum, ileum, ceca, and 

colon) were assessed blindly as described by Price et al. (2014) using a scale of 0 (none) 

to 4 (high) (Johnson and Reid, 1970). 
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3.2.3 Sample Processing and Chemical Analysis 

Oocyst Counts. Oocyst per gram of excreta was analyzed with the method described by 

Chapman et al. (2016) with modifications. Briefly, excreta samples (5 g) were mixed with 

5 mL aqueous potassium dichromate and brought up to 50 mL with deionized water and 

mixed with gentle pipetting. A 1 mL aliquot was removed and placed in a 15 mL tube. The 

aliquot was then diluted with 9 mL of saturated salt solution as the floatation medium and 

gently mixed with pipetting. Aliquots were loaded onto a McMaster chamber slide and the 

oocysts counted using the 10x magnification on a compound microscope. Each sample 

was counted twice, and the mean count taken to provide a single count per pen. The 

mean was then divided by the weight of excreta in grams to measure the number of oocyst 

per gram; oocysts were not speciated. 

Total Blood Carotenoid Concentration. Total blood carotenoid concentration was 

analyzed using the method described by Donaldson (2012) with modifications. Acetone 

was used in place of hexane as it is more stable. Because of this change, the samples 

were measured at a wavelength of 478 nm, the optimal peak for beta-carotene extracted 

with acetone (Allen, 1986). Samples were analyzed under reduced light conditions. A 50 

µL aliquot of the sample was taken and vortexed with 50 µL of ethanol for 5s. Acetone 

(150 µL) was then added and the sample was homogenized by vortexing. The sample 

was then centrifuged for 1 min at 10,000 x g, 145 µL of the acetone layer was pipetted 

into a 96 well plate and absorbance measured using a UV spectrophotometer; a β-

carotene standard curve was used to determine carotenoid concentration.  
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Jejunal Histomorphology Measurement. Fixed jejunal tissues were cut into a 

longitudinal cross section and embedded in paraffin wax. The tissues were then sectioned 

(5µm) and stained with hematoxylin and eosin for morphological measurements. A total 

of 5 villous-crypt structures were measured with a calibrated micrometer for each tissue 

using a Leica DMR microscope (Leica Microsystems, Wetzlay, Germany). Villous height 

and crypt depth ratio (VH:CD) was calculated. 

Jejunal Expression of Select Genes. Jejunal tissue samples were stored at -20°C in 

RNA later until analysis. Approximately, 10 µg of jejunal tissue samples were used to 

extract total RNA using kit (Norgen®, Biotek Corp., Thorold, ON, Canada). Quantity of 

RNA was analyzed using the Nanodrop 8000 (Thermo Fisher Scientific, Waltham, MA) 

and quality checked using the Agilent BioAnalyzer 2100 (Agilent, Santa Clara, CA). Only 

samples with a RNA integrity number >6.5 were used for further analysis; two samples (1 

challenged without YN and 1 challenged with YN) failed to meet this criterion and were 

removed from further analyses. A total of 0.5 µg RNA was used to synthesize the first 

strand of cDNA using the High-capacity cDNA Reverse Transcription kit (Applied 

Biosystems Inc, Foster City, CA) with RNase inhibitor as per manufacturer’s instructions. 

Samples were analyzed for maltase (MGAM), cationic amino acid transporter (CAT1), 

sodium glucose transporter 1 (SGLT1), occludin (OCLN), proliferating cell nuclear antigen 

(PCNA), interleukin-1 β (IL-1β) and interleukin-10 (IL-10) genes. Primer sequences for 

MGAM, CAT1, SGLT1, OCLN and PCNA were taken from Kim et al. (2017) (Table 2) 

while primers for IL-1β and IL-10 were designed using Primer Express 3.0 design 
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software (Table 2). Primers were synthesized by Integrated DNA Technologies Inc. 

(Coralville, IA). 

Quantitative Real-time PCR (qRT-PCR) was carried out on a StepOnePlus™ Real-Time 

PCR System (Applied Biosystems Inc, Foster City, CA). A 15 µL reaction mixture for RT-

PCR was composed of 5 µL of cDNA, 1.9 µL of water, 0.6 µL and 10 mM of each of 

forward and reverse primer and 7.5 µL RNA SYBR Green reagent master mix (Applied 

Biosystems Inc, Foster City, CA). The following conditions were used: denaturing for 30s 

at 95°C, annealing for 30s at 60°C and repeating for 40 cycles. β-actin (ActB) and 

Glyceraldehyde 3-phosphate dehydrogenase (GADPH) were used as housekeeping 

genes. A melting curve program was conducted to confirm the specificity of each product. 

All qRT-PCR analyses were performed in duplicate. qRT-PCR efficiencies were found to 

be between 95% and 105%. The target gene expression was normalized with 

housekeeping genes, using the average of the two, and relative gene expression was 

determined by using R = 2(CT(reference)-CT(test)) (Kleta et al., 2004). 

DNA Extraction and 16S rRNA Gene Sequencing. Cecal samples were thawed and 

microbial genomic DNA extraction was performed using the method described by Yu and 

Morrison, 2004. DNA concentrations were measured with a Nanodrop 8000 (Thermo 

Fisher Scientific, Waltham, MA) and quality was assessed with a Qubit (Thermo Fisher 

Scientific, Waltham, MA,) before amplification. The V3-V4 hypervariable region of the 16S 

rRNA gene was PCR-amplified and sequenced on Illumina MiSeq (Illumina, San Diego, 

CA) using a dual-indexing strategy for multiplexed sequencing developed at the 
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University of Guelph’s Genomics Facility, Advanced Analysis Centre (Guelph, Ontario, 

Canada) as described previously (Fadrosh et al., 2014). 

Sequence Processing and Bioinformatics Analysis. Sequences were curated using 

Mothur v.1.37.5 as described in the MiSeq SOP (Kozich et al., 2013). Briefly, contigs were 

generated followed by screening to remove sequences with ambiguous base pairs and 

those with a length inconsistent with the target region using the “screen.seqs” command. 

Duplicate sequences were merged using the “unique.seqs” command followed by the 

alignment of the resulting non-redundant sequences to a trimmed references of SILVA 

102 bacterial database using the “align.seqs” command (Quast et al., 2013).  

Trimmed references of SILVA 102 bacterial database customized to our region of interest 

was created using the “pcr.seqs” command on an Escherichia coli sequence with the 

primers followed by the alignment of the product to silva.bacteria.fasta and running 

“summary.seqs” command on the aligned sequence to obtain the start and stop 

coordinates. Sequences that were aligned to the expected position were then kept for 

further processing and analysis. The “unique.seqs” command was then used to create 

non-redundant sequences of the aligned reads followed by the removal of chimeric 

sequences using the chimera.uchime and “remove.seqs” commands (Edgar et al., 2011). 

Lineages belonging to chloroplasts, mitochondria, Archaea, or eukaryotes were removed 

using “remove.lineage” command. Sequences were binned into operational taxonomic 

units (OTUs) using the nearest neighbor algorithm with the “cluster.split” command, and 

were then used before conversion to .shared format using the “make.shared” command 
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followed by generation of consensus taxonomy for each OTU using the “classify.otu” 

command. The “sub.sample” command in Mothur was then used to ensure 9,117 

sequences for each sample. Taxonomy was also assigned to each sequence using the 

Ribosomal Database Project (RDP) bacterial taxonomy classifier.  

Short Chain Fatty Acids (SCFA). The concentration of SCFA (lactic, formic, acetic, 

propionic, isobutyric and n-butyric) in the ceca digesta were assayed according to Leung 

et al. (2018). Briefly, the digesta was thawed and approximately 0.1 g was resuspended 

with 1 mL 0.005N H2SO4 (1:10, wt/vol) in a microcentrifuge tube. The tube was tightly 

closed and vortexed vigorously until the sample was completely dissolved, centrifuged at 

11,000 g for 15 min and 400 µL supernatant transferred into a HPLC vial and added 400 

µl of 0.005N H2SO4 buffer.  The resulting digesta fluid was then assayed for SCFA using 

HPLC (Hewlett Packard 1100, Germany) with Rezex ROA-Organic Acid LC column, 

300x7.8 mm from Phenomenex and Refractive Index detector at 40˚C (Agilent 1260 

Infinity RID from Agilent Technologies, Germany). Twenty µL of the resulting sample was 

injected, and the column temperature was at 60˚C with mobile phase of 0.005N H2SO4 

buffer at 0.5mL/min isocratic for 35 min and detector was heated to 40˚C. 

3.2.4 Calculation and Statistical Analysis 

Pen was the experimental unit. Pre-challenge performance data was subjected to a one-

way ANOVA of the PROC MIXED procedures of SAS (SAS Inc, Cary, NC). Post-

challenge data were subjected to a two-way ANOVA (with d 10 BW as a co-variate for 

performance data) using the PROC MIXED procedures of SAS with diet, Eimeria 

challenge and two-way interaction as fixed effects. There was no oocyst shedding 
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detected in non-challenged birds, therefore, oocyst shedding was analyzed in challenged 

birds only. Oocyst shedding was analyzed for the effects of diet, time and diet*time 

interactions using the PROC MIXED procedure of SAS. Intestinal lesions were detected 

in challenged bird only and data were subsequently analyzed using a 1-way ANOVA of 

the MIXED procedure. All OTU-based analyses for alpha and beta diversity were 

performed in Mothur. In order to identify and visualize taxa with differential abundance in 

the control and YN fed groups or Eimeria challenged and non-challenge groups, the linear 

discriminant analysis (LDA) Effect Size (LEfSe) algorithm was used where treatment 

groups were assigned as comparison classes and LEfse identified features that were 

statistically different between the two treatments were then compared using the non-

parametric factorial Kruskal-Wallis (KW) sum-rank test, and Linear Discriminant Analysis 

(LDA) > 2 and a significant alpha value of less than 0.05 (Segata et al., 2011). An α level 

of P ≤ 0.05 was used as the criteria for assessing for statistical significance and trends 

(0.05 > P ≤ 0.10) were discussed.  

3.3 Results 

3.3.1 Growth Performance 

There were no (P > 0.05) diet effects on BWG and feed intake (FI) during the pre-

challenge phase (d 0 to 10; Table 3). Birds fed YN had better (P = 0.005) FCR than control 

fed birds during the pre-challenge phase. There was no interaction between diet and 

Eimeria on BWG, FI and FCR in post-challenge phase (d 11-15; P > 0.05; Table 4). The 

main effects were such that the Eimeria challenge depressed BWG by 4.3% (P < 0.01) 
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whilst birds fed YN showed higher BWG (P < 0.01) and tendency for improved FCR (P = 

0.08, Table 4).  

3.3.2 Oocytes Count and Intestinal Lesion Scores 

There were no (P > 0.05) diet and sampling day interactions or diet effects on oocysts 

shedding. The oocyst shedding was 189, 86871, 103339, and 69783 (SEM = 17,546) 

oocysts/g excreta on d 4, 5, 6, and 7 post-challenge respectively (Table 5 and 6). 

Generally, oocytes shedding was higher on d 5, 6 and 7 post-challenge compared with d 

4 (P < 0.01). The challenge with E. acervulina and E. maxima mainly affected mainly the 

duodenum and jejunum and there was no effect of YN or YN and Eimeria interactions 

(Table 6). The duodenum scores were 2.87 and 2.83 (SEM = 0.13) for control and YN 

supplemented birds, respectively. Corresponding scores for jejunum were 2.2 and 2.4 

(SEM = 0.14), ileum were 0.3 and 0.43 (SEM = 0.09), ceca were 0.07 and 0.00 (SEM = 

0.03) and colon were 0.03 and 0.00 (SEM = 0.02).  

3.3.3 Total Blood Carotenoid Concentration and Jejunal Histomorphology and 

Expression of Select Genes 

There was an interaction (P = 0.001) effect between YN supplementation and Eimeria 

challenge on villi height (Table 7) such that villi height was shorter (892 vs. 1,021 µm) in 

birds fed YN without a challenge, but longer (533 vs. 447 µm) in Eimeria challenged birds. 

Eimeria challenge decreased villi height (490 vs. 957 µm, P < 0.01), increased crypt depth 

(331 vs. 212 µm, P < 0.01) and decreased VH: CD ratio (1.61 vs. 4.92, P < 0.01) 

compared with non-challenged birds. Supplementation of YN had no (P > 0.05) effects 
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on crypt depth or VH: CD ratio. Eimeria challenge decreased total blood carotenoid 

concentrations from 2.6 µg/mL in non-challenged birds to 1.9 µg/mL in challenged birds 

(P < 0.01, Table 7). 

The data for jejunal expression of digestive, nutrient transporters, tight junction protein, 

cytokines and PCNA are shown in Table 8. Interaction between diet and Eimeria 

challenge was only observed for CAT1 expression (P = 0.04) such that birds fed YN had 

higher (1.65 vs. 0.78) expression of CAT1 when subjected to Eimeria than when not 

challenged. Compared to non-challenged control, Eimeria increased (P < 0.01) 

expression of PCNA and IL-10 by 1.7-fold and 7.6-fold respectively and decreased (P < 

0.01) expression of SGLT1, OCLN and MGAM by 2.3-, 1.8- and 2.4-fold, respectively 

(Table 8). Supplemental YN did not influence (P > 0.05) PCNA, IL-1, IL-10, SGLT1, OCLN 

and MGAM.  

3.3.4 Cecal Digesta Microbiota, pH and Concentration of Short Chain Fatty Acids 

There was no interaction effects (P > 0.05) between Eimeria challenge and YN on alpha 

diversity and relative abundance of microbial populations at phylum and genus levels 

(Table 9). Eimeria challenge had no (P > 0.05) effect on diversity measures (inverse-

Simpson, Chao 1 and Shannon). Dietary supplementation of YN tended to decrease 

Chao1 (5,973 vs. 6,931, P = 0.069) compared with non-YN diet (Table 9). Eimeria 

challenge tended to decrease abundance of phylum Firmicutes (88.7 vs. 83.8%, P = 0.06) 

and decreased abundance of genus Clostridium XIVa (9.94 vs. 5.37%, P = 0.03) and 

Oscillibacter (1.67 vs. 1.09%, P = 0.05). Eimeria challenge tended to increase the relative 

abundance of genus Anaerostipes (0.44 vs. 1.11%, P = 0.06). Supplemental YN 
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increased abundance of genus Anaerostipes (0.28 vs. 1.21%, P = 0.01) and tended to 

increase abundance of genus Oscillibacter (1.68 vs. 1.14%, P =0.06) relative to control. 

Birds fed YN diet tended to show lower abundance of genus Clostridium XIVa (6.14 vs. 

9.59%, P = 0.06) than birds fed the control diet.  

An interactive effect (P < 0.05) between Eimeria challenge and YN supplementation was 

observed for cecal digesta pH, propionic acid and total SCFA concentrations (Table 10). 

In this context, supplemental YN increased pH (6.85 vs. 6.21) pH and decreased 

propionic (30.1 vs. 41.0 µmol/g) and total SCFA (219 vs. 251 µmol/g) in Eimeria 

challenged birds. However, in absence of Eimeria challenge, birds fed YN exhibited 

higher cecal digesta concentration of total SCFA (253 vs. 216 µmol/g) than non-

supplemented birds. Eimeria challenge increased (P = 0.01) N-butyric acid concentration 

by 10% and tended to decrease (33.0 vs. 36.1 µmol/g) lactic acid concentration (Table 

10). 

3.4 Discussion  

Concerns of antibiotic resistance have led to decreased antibiotic usage for growth 

promotion and increased focus on usage of vaccines and antibiotic alternatives which are 

not without their drawbacks. In the case of coccidiosis vaccines, negative effects on 

growth performance and intestinal lesions are a concern  (Chapman et al., 2013). To 

attenuate these negative effects, dietary YN has been proposed. In a healthy adult 

animal, de novo synthesis and dietary provision of nucleotides is considered sufficient 

(Sanchez-Pozo and Gil, 2002). However, there is higher demand for nucleotides when 

birds are undergoing a disease challenge or subjected to other forms of stress (Sanchez-
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Pozo and Gil, 2002). Dietary nucleotide supplementation has been shown to improve pig 

growth (Waititu et al., 2016, 2017), however, some previous studies in broilers have not 

shown improvement in growth performance (Jung, 2011; Saure et al., 2012; Alizadeh et 

al., 2016a). We observed improved FCR during the pre-challenge phase (d 0-10) and 

independently of Eimeria challenge, YN improved BWG and final BW by 8 and 3% 

respectively.  Moreover, it is noteworthy that even without significant interaction effects, 

YN improvement in BWG and FCR was more pronounced in Eimeria challenged 

compared with non-challenged birds. Differences in performance effects compared to 

studies by other authors can be attributed to differences in the level of immune challenge 

and the environmental conditions under which the birds were raised (Jung, 2011).  

Eimeria is known for its negative effects on growth performance, causing annual losses 

in excess of  $3 billion worldwide (Dalloul and Lillehoj, 2006). A performance loss of 4% 

in final BW and 10% in BWG was seen in birds challenged with Eimeria in the current 

study. Eimeria targets mainly the intestines for its reproduction and is the cause of the 

avian disease coccidiosis (Chapman et al., 2016). Eimeria replicates within the intestinal 

wall of the chicken causing lesions (Chapman, 2014). Lesion locations vary depending 

on the species, but for the species used in the current study, E. acervulina and E. maxima, 

they mainly targeted duodenum and jejunum respectively (Chapman, 2014). In cases of 

severe infection, lesions can extend further towards the distal end of the intestine. 

Depending on the severity of the infection, E. acervulina can also cause inflammation of 

the intestine resulting in dehydration and malabsorption of nutrients, while E. maxima 

causes small hemorrhages and damage to intestinal epithelia, with both species in 
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extreme cases capable of causing death (Chapman, 2014). Further investigations on the 

effects of Eimeria, mainly with E. acervulina, noted lower protein levels in the intestinal 

wall, causing decreased carotene absorption, and a concomitant decrease in vitamin A 

levels in the blood (Kouwenhoven and Van der Horst, 1969). In line with these long-known 

features, challenge with the two Eimeria species (E. acervulina and E. maxima) in the 

current study resulted in lesions located mostly in the duodenum and jejunum. Lesions 

found after Meckel’s diverticulum (ileum, cecum and colon) likely resulted from oocyte 

colonization extending distally from the jejunum. Investigations on the effects of Eimeria, 

mainly E. acervulina, reported decreased carotene absorption resulting in decreased 

vitamin A levels in the blood (Kouwenhoven and Van der Horst, 1969). This may explain 

decreased levels of total blood carotenoid concentration in the current study. An increase 

in oocyte shedding on d 5 post-challenge was attributed to increased shedding of E. 

acervulina and the increase in oocyte count on d 6 and 7 post-challenge occurred from 

the increased shedding of E. maxima. Collectively, the oocysts and lesion score data 

indicated coccidiosis and corroborate with our previous study in cage housing (Kim et al., 

2017). Supplemental YN had no effects on oocyst shedding, lesion scores and blood 

carotenoid concentrations lending to evidence that YN does not have an effect on the 

replication of Eimeria in the gut. Further indication of damaged intestinal surface was 

demonstrated by decreased villi height and increased crypt depth in response to Eimeria 

challenge. The interactive effect of YN and Eimeria was also observed by Jung (2011) 

and Alizadeh et al. (2016) with YN increasing villi height. This may have contributed to 

the improved growth performance noted in YN fed birds (Xu et al., 2003). 
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In the current study, Eimeria infection changed the expression level of genes involved 

with nutrient transport and digestion. Expression of MGAM and SGLT1 decreased, 

depicting changes in both nutrient digestion and absorption. This was in agreement with 

research demonstrating E. acervulina and E. maxima infection down-regulated the 

expression of digestive enzymes and nutrients transporters in broiler chickens (Su et al., 

2014, 2015; Kim et al., 2017). The interactive effect between Eimeria and YN on CAT1 

suggests that dietary YN may attenuate the negative effects of Eimeria. Expression of 

CAT1 is known to increase with limited amino acid availability in the intestinal wall to allow 

survival of cells under stress conditions and allow cells to resume growth as soon as 

amino acids are available again (Hatzoglou et al., 2004). The lack of change in feed intake 

indicates effect alterations in digestibility and nutrient absorption (Wen et al., 2015). 

Eimeria also altered gene expression levels of OCLN, PCNA, IL-10. Decrease in OCLN 

expression levels indicated increased gut permeability, as tight junction protein OCLN 

along with claudins and cadherins are required for the intestinal epithelial barrier to 

function properly (Al-Sadi et al., 2011). Decreased expression of OCLN has been noted 

in human patients with intestinal permeability disorders, especially in regards to 

macromolecules (Al-Sadi et al., 2011). This decrease in OCLN may further predispose 

the broiler to other intestinal health challenges. Increased PCNA gene expression is 

another indication of sloughed intestinal epithelial cells, as PCNA plays a vital role in cell 

reparation and DNA repair (Kelman, 1997; Kim et al., 2017).  

Changes in absorption and digestibility of nutrients by Eimeria may also affect intestinal 

microbial populations. Differences in nutrients flowing into the cecum cause changes in 
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relative populations of bacteria, due to unique preferences for organic substrate and 

ability to respond to availability of highly digestible nutrients (Kiarie et al., 2013; Pan and 

Yu, 2014). The microbiome has been closely correlated to immune health, nutrient 

absorption and growth performance in birds (Clavijo and Florez, 2018). Interestingly, 

despite associations between increased species diversity and improved bird 

performance, YN tended to decrease Chao1, a measurement of species richness, with 

no changes to other indicators of alpha diversity analyzed (Inverse-Simpson, Shannon, 

Good’s coverage), indicating no effect on the abundance of species despite the tendency 

for a decrease in species diversity (Gotelli and Chao, 2013; Clavijo and Florez, 2018). 

This is similar to the effect of antimicrobials on alpha diversity where addition of an 

antibiotic growth promoters (AGP) decreased alpha diversity in broilers (Salaheen et al., 

2017). The use of AGP has also been shown to increase the Firmicutes to Bacteriodetes 

ratio in obese mice (Turnbaugh et al., 2006). Firmicutes and Bacteriodetes populations 

are both considered important for the breakdown of indigestible polysaccharides within 

the broiler gut and the ratio between the two is correlated to obesity in humans and mice 

due to changes in energy absorption (Turnbaugh et al., 2006). In chickens, increases in 

the Firmicute population are linked to obesity and increased fat deposition, as seen in 

differences between obese and lean chicken lines (Torok et al., 2011; Hou et al., 2016). 

Eimeria on the other hand, decreased Firmicute abundance and decreased BWG and 

FCR; benchmarks of broiler performance.  

Additional effects from microbial populations and associated metabolites can occur 

with metabolites from microbial fermentation of complex polysaccharides such as butyric 
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acid utilized by enterocytes for energy (Bedford and Gong, 2017). Around 8% of the 

maintenance energy required by a broiler can be provided by SCFA and can signal the 

broiler intestine as an immune stimulation (Jozefiak et al., 2004). Another effect of SCFA 

was demonstrated by Panda et al. (2009) where butyrate supplementation increased 

villus height due to reduced inflammatory reactions. Similar to butyrate but with a weaker 

effect, propionate has been observed to be a stimulator of the gut to signal a decrease in 

inflammation in rats and induce cell proliferation in crypt cells (Hosseini et al., 2011; Vinolo 

et al., 2011). In the current study, as seen in VH, expression of CAT1, cecal pH, and 

propionic acid, YN acted beneficially when birds were challenged with Eimeria, but not so 

much in unchallenged birds, leading to the proposition that YN may be beneficial in 

immune challenged birds, but acts as an immune stimulant in healthy birds. This was not 

shown when gene expression of IL-1β, a pro-inflammatory cytokine, and IL-10, an anti-

inflammatory cytokine, were examined as YN had no effect on either and Eimeria 

increased expression of IL-10. To account for lack the of effect,  relative expression of 

other genes such as TLR or in other immune organs such as the spleen and bursa may 

be more responsive than interleukins (Alizadeh et al., 2016a). The lack of effect in 

interleukin expression at the RNA level may also be alternately due to changes in RNA 

translation into protein instead. Inflammation in the gut can also decrease as a result of 

signaling by microbial populations through the use of butyrate production as butyrate has 

been reported to inhibit the production of pro-inflammatory cytokines (Vinolo et al., 2011). 

Interestingly, Eimeria increased N-butyric acid concentrations by 10.5% despite the 

decrease of the relative abundance of bacteria of the phylum Firmicutes, specifically 
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bacteria from the genus Clostridia cluster XIVa and Oscillibacter, which are both dominant 

producers of butyric acids (Onrust et al., 2015). Although Anaerostipes are also butyrate 

producers, the increase in the relative population does not necessarily compensate for 

the loss of butyrate production with the decrease in Clostridium cluster XIVa and 

Oscillibacter (Eeckhaut et al., 2010).  

Immune health in Eimeria challenged broilers may also be affected by competitive 

exclusion through changes in cecal pH. While a more acidic pH is beneficial due to 

competitive exclusion of colonization by pathogenic bacteria such as Salmonella, this may 

not be the case in the cecum compared to other parts of the intestine (Corrier et al., 1990). 

Yeast nucleotides increased cecal pH, but only when broilers were challenged with 

Eimeria, in relation to the concentration of total SCFA. Corrier et al. (1990) noted that 

changes in SCFA concentrations were associated to cecal pH as pH indicates the percent 

of SCFA dissociated into its acid form.  

Eimeria is prevalent world-wide and care can only be taken to mitigate its multi-

faceted negative effects ranging from intestinal damage to changes in cecal microbiome 

populations and intestinal development (Kouwenhoven and Van der Horst, 1969; 

Chapman, 2014). In the current study, dietary supplementation with YN had benefits 

dependent and independent of Eimeria. Dietary YN was effective in increasing growth 

performance regardless of Eimeria. Supplemental YN attenuated effects of Eimeria in the 

case of villus development and cecal pH, however, negatively affected villus development 

in the absence of an Eimeria challenge. While both YN and Eimeria can affect microbial 

populations, effects on populations are independent of each other and effects on 
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microbial activity are interactive. However, further research is required to elucidate effects 

of YN and Eimeria on nutrient digestibility due to effects seen on intestinal development 

and microbial population.  
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3.5 Tables 

Table 1. Composition of the basal diet, as fed 

Ingredient Amount, % 

Corn 42.0 
Soybean meal 26.4 
Wheat 10.0 
Soy oil 7.08 
Pork meal 5.00 
Canola meal 3.00 
Vitamin-Trace premix1 1.00 
Bakery by-product 1.00 
Limestone 0.62 
Mono calcium phosphate 0.51 
L-Lysine-HCL 1.77 
DL-Methionine 0.39 
L-Threonine 0.20 

Choline Cl-60% 0.20 
Sodium bicarbonate 0.19 
Salt 0.18 
Calculated provisions   

Metabolizable energy, Mcal/kg 3.05 
Crude protein, % 22.25 

Calcium, % 0.92 

Available phosphorus, % 0.46 

Sodium, % 0.16 

SID Lys, % 1.47 

SID Met + Cys, % 0.91 

SID Thr, % 0.82 

SID Try, % 0.19 
1Vitamin mineral premix provided per kilogram of premix: vitamin A, 880,000 IU; vitamin 
D3, 330,000 IU; vitamin E, 4,000 IU; vitamin B12, 1,200 mcg; biotin, 22,000 mcg; 
menadione, 330 mg; thiamine, 400 mg; riboflavin, 800 mg; pantothenic acid, 1500 mg; 
pyridoxine, 300 mg; niacin, 5,000 mg; folic acid, 100 mg; choline, 60,000 mg; iron, 6,000 
mg; copper, 1,000 mg.  
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Table 2. Forward and reverse primers for real-time PCR 
1GADPH, Glyceraldehyde 3-phosphate dehydrogenase; SGLT1, Sodium glucose transporter 1; OCLN, Occludin; CAT1, 

Cationic amino acid transporter 1; MGAM, Maltase; PCNA, Proliferating cell nuclear antigen.

Genes1 Forward Primer (5'-3') Reverse primer (5'-3') GenBank Id 

IL-1β (IL-1) ACCAACCCGACCAGGTCAA ACATACGAGATGGAAACCAGCAA NM_204524.1 
IL-10 (IL-10) CGACCTGGGCAACATGCT CCTTGATCTGCTTGATGGCTTT NM_001004414 
B actin (Act B) AATGGCTCCGGTATGTGCAA GGCCCATACCAACCATCACA NM_205518.1 
GADPH ACTGTCAAGGCTGAGAACGG CACCTGCATCTGCCCATTTG NM_204305 
SGLT1 ATGCTGCGGACATCTCTGTT TCCGTCCAGCCAGAAAGAAT NM_001293240.1 
OCLN ACGGCAGCACCTACCTCAA GGGCGAAGAAGCAGATGAG NM_205128.1 
CAT1 AACTGGGTTTCTGCCAGAGG ACCCATGATGCAGGTGGAG NM_001145490.1 
MGAM AAGAACCTCTGCAACCTCCG TCTCCGTCCACCCTATAGC XM_015273018.1 
PCNA GCCATGGGCGTCAACCTAAA AGCCAACGTATCCGCATTGT NM_204170.2 
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Table 3. Growth performance of broiler chickens fed a corn-soybean meal diet 
supplemented with nucleotide rich yeast extract (YN) before (d 0-10) Eimeria 
challenge 

 YN, g/mt SEM P-value 

0 500 

Initial BW, g 40.6 40.6 0.177  - 
Final BW, g 303.7 303.9 3.043 0.949 
BWG, g/bird 252.5 253.2 3.133 0.879 
Feed intake, 
g/bird 

291.4 285.7 2.696 0.139 

FCR 1.154b 1.128a 0.007 0.005 

Mean assigned different letter superscripts within a row differs, P <0.05. 
n = 12 
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Table 4. Growth performance in broiler chickens fed corn soybean meal diet 
supplemented with nucleotide rich yeast extract (YN) and challenged (d 11-15) 
with Eimeria 

Eimeria YN, g/MT Final BW, g BWG, 
g/bird 

Feed intake, 
g/bird 

FCR 

No 0 411.8 168.8 193.8 1.154 
No 500 417.3 177.5 189.2 1.064 
Yes 0 389.3 147.0 202.0 1.417 
Yes 500 409.3 163.0 182.3 1.119  

SEM 6.11 5.58 9.2 0.104 
Main effect, 
Eimeria 

No 415.7a 172.8a 192.3 1.120 
Yes 398.2b 155.3b 191.2 1.257 

Main effect, YN, 
g/mt 

0 400.7a 157.9b 197.9 1.287 
500 413.2b 170.3a 185.8 1.090  
SEM 3.99 3.95 6.5 0.074 

Probabilities 
     

Eimeria 
 

0.021 <0.01 0.943 0.142 
YN 

 
0.049 0.039 0.201 0.078 

Eimeria*YN 
 

0.249 0.519 0.424 0.329 

Mean assigned different letter superscripts within a response criterion differs, P <0.05. 
n = 6 
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Table 5. Oocyst shedding in broiler chickens fed corn soybean meal diet 
supplemented with nucleotide rich yeast extract (YN) and challenged (d 11-15) 
with Eimeria 

 Oocyst per gram 

YN, g/MT  

0 58,497 

500 71,594 

SEM 13,705 

Days post challenge  

4 188.6a 

5 86,871b 

6 103,339b 

7 69,783b 

SEM 17,546 

P- value  

YN 0.410 

Time < 0.001 

YN * Time 0.557 

Mean assigned different letter superscripts within a response criteria are significantly 
different, P <0.05. 
n = 6 
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Table 6. Intestinal lesion scores on d 5 post-challenge in broiler chickens fed corn 
soybean meal diet supplemented with nucleotide rich yeast extract (YN) and 
challenged (d 11-15) with Eimeria 

  
Yeast, 
g/MT 

Duodenum Jejunum Ileum Cecum Colon 

 0 2.87 2.20 0.30 0.07 0.03 
 500 2.83 2.40 0.43 0.00 0.00 
 SEM 0.13 0.136 0.089 0.033 0.024 

P- value   0.852 0.301 0.292 0.156 0.322 

n = 6 
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Table 7. Jejunal histomorphology and total blood carotenoid concentration in 
broiler chickens fed corn soybean meal diet supplemented with nucleotide rich 
yeast extract (YN) and challenged with Eimeria 

Eimeria YN, g/mt Villi Height, µm Crypt depth, 
µm 

VH:CD1 Carotenoid 
µg/mL 

No 0 1,020a 230.5 4.91 2.67 
No 500 892.4b 192.6 4.93 1.95 
Yes 0 447.2d 339.0 1.43 2.54 
Yes 500 533.1c 323.0 1.79 1.95  

SEM 27.59 18.09 0.29 0.08 

Main effect, 
Eimeria 

No 956.6a 211.6b 4.92a 2.60a 
Yes 490.2b 331.0a 1.61b 1.95b 

Main effect, 
YN, g/mt 

No 734.0 284.8 3.17 2.31 
Yes 712.8 257.8 3.36 2.24  
SEM 19.51 12.77 0.21 0.059 

Probabilities 
    

 
Eimeria 

 
<0.01 <0.01 <0.01 <0.01 

YN 
 

0.452 0.152 0.516 0.440 
Eimeria*YN 

 
0.001 0.552 0.571 0.426 

Mean assigned different letter superscripts within a response criterion are differs, P < 
0.05. 
1Villi height/crypt depth ratio. 
n = 6 
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Table 8. Jejunal expression of nutrient transporters, digestive enzymes, tight 
junction proteins, cytokines and PCNA in broilers fed corn-soybean meal-based 
diet supplemented with nucleotide rich-yeast extract (YN) and challenged with 
Eimeria 

Eimeria YN, g/mt PCNA CAT1 SGLT1 OCLN MGAM IL1β IL10 

No 0 0.80 0.64c 0.87 0.85 0.98 0.63 1.31 

No 500 1.13 0.78c 0.89 0.76 1.17 0.68 0.58 

Yes 0 1.54 2.55a 0.43 0.60 0.42 0.57 8.09 

Yes 500 1.78 1.65ab 0.44 0.52 0.48 0.61 7.07  
SEM 0.216 0.236 0.116 0.062 0.113 0.119 1.118 

Main effect, 
Eimeria 

No 0.97b 0.71b 0.88a 0.81a 1.07a 0.65b 0.94b 
Yes 1.66a 2.10a 0.44b 0.56b 0.41b 0.59a 7.58a 

Main effect, 
YN, g/mt 

0 1.17 1.59 0.66 0.72 0.78 0.68 4.70 
500 1.46 1.21 0.65 0.64 0.78 0.65 3.82  
SEM 0.154 0.168 0.082 0.042 0.080 0.084 0.791 

Probabilities 
        

Eimeria 
 

<0.01 <0.01 <0.01 <0.01 <0.01 0.618 <0.01 

YN 
 

0.194 0.120 0.962 0.164 0.482 0.682 0.442 

Eimeria*YN 
 

0.827 0.037 0.899 0.976 0.351 0.982 0.898 

Mean assigned different letters within a response criterion differs, P < 0.05. 
n = 6All expression levels are normalized using the average Ct values of 
Glyceraldehyde 3-phosphate dehydrogenase and β-actin1PCNA, Proliferating cell 
nuclear antigen; CAT1, Cationic amino acid transporter 1, SGLT1, Sodium glucose 
transporter 1; OCLN, Occludin; MGAM, Maltase; IL1β, Interleukin 1 beta; IL10, 
Interleukin 10.  
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Table 9. Alpha diversity and relative bacterial abundance (%) at the phylum and genus levels in broiler chickens 
fed corn soybean meal diet supplemented with nucleotide rich yeast extract (YN) and challenged with Eimeria 
 

Main effect, Eimeria  
 

Main effect, YN, g/mt  
 

Probabilities 

No Yes SEM No Yes SEM Eimeria YN 

Alpha diversity 
    

 
   

 
 

Coverage1 0.98 0.98 0.004 
 

0.98 0.98 0.004 
 

0.580 0.613 
Inverse-simpson2 31.5 28.5 0.193 

 
31.2 29.2 0.193 

 
0.521 0.674 

Chao13 6,474 6,426 241 
 

6,931 5,973 123 
 

0.925 0.069 
Shannon4 4.49 4.53 0.01 

 
4.54 4.48 0.01 

 
0.774 0.601 

Phylum 
    

 
   

 
 

Bacteroidetes 8.65 12.3 1.52 
 

10.8 9.79 1.63 
 

0.130 0.650 
Firmicutes 88.7 83.8 1.78 

 
86.4 86.5 1.57 

 
0.064 0.971 

Actinobacteria 2.29 3.62 0.67 
 

2.41 3.38 0.67 
 

0.930 0.323 
Genus 

    
 

   
 

 

Faecalibacterium 27.0 23.6 3.22 
 

24.8 26.0 3.23 
 

0.484 0.795 
Alistipes 18.6 25.1 3.05 

 
23.0 20.1 3.24 

 
0.174 0.542 

Clostridium_IV 9.84 8.77 0.87 
 

9.62 9.09 0.87 
 

0.415 0.682 
Clostridium_XlVa 9.94a 5.37b 1.37 

 
9.59 6.14 1.49 

 
0.034 0.098 

Acetanaerobacterium 5.17 5.86 0.43 
 

5.75 5.22 0.44 
 

0.283 0.402 
Bifidobacterium 4.35 6.32 1.44 

 
4.29 6.19 1.43 

 
0.361 0.375 

Subdoligranulum 4.24 5.79 2.13 
 

3.45 6.44 2.08 
 

0.615 0.333 
Butyricicoccus 5.03 4.13 0.58 

 
4.58 4.67 0.60 

 
0.282 0.917 

Flavonifractor 3.40 3.27 0.61 
 

2.66 4.03 0.66 
 

0.900 0.193 
Blautia 3.19 3.00 0.68 

 
3.87 2.34 0.64 

 
0.859 0.169 

Clostridium_XlVb 2.52 2.45 0.39 
 

2.37 2.60 0.39 
 

0.900 0.694 
Oscillibacter 1.67a 1.09b 0.17 

 
1.14 1.68 0.21 

 
0.050 0.062 

Ruminococcus2 1.35 1.17 0.27 
 

1.48 1.05 0.27 
 

0.658 0.293 
Pseudoflavonifractor 1.10 1.12 0.16 

 
1.08 1.14 0.16 

 
0.915 0.829 

Anaerostipes 0.44 1.11 0.27 
 

0.28b 1.21a 0.21 
 

0.063 0.013 

Mean assigned different letters within a response criterion differs, P < 0.05. 
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n = 6 
 

1Good’s coverage represents the percent of the total species represented in a sample. 
2Indicator of richness in a microbial community with uniform richness with the same level of diversity. 
3Estimator of diversity from abundance data. 
4Characterizes species diversity considering abundance and evenness of species present. 
Mean assigned different letter superscripts within a response criterion differs, P <0.05. 
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Table 10. Ceca digesta pH and concentration of short chain fatty acids in broiler chickens fed corn soybean meal 
diet supplemented with nucleotide rich yeast extract (YN) and challenged with Eimeria 

 
Eimeria 

YN, g/MT Ceca pH   Short chain fatty acids, µmol/ g (fresh weight basis) of ceca digesta 

Lactic Formic Acetic Propionic Iso-butyric n-butyric Total SCFA1 

No 0 6.78ab   36.1 9.0 72.0 31.6a 16.8 42.3 215.9b 
No 500 6.76ab   34.8 10.4 86.3 33.2ab 16.8 42.8 253.1a 
Yes 0 6.21b   36.1 10.9 78.2 41.0a 16.3 48.3 250.5a 
Yes 500 6.85a   31.1 8.4 72.7 30.1b 16.1 45.9 219.4b 
  SEM 0.15   1.81 1.58 5.85 2.17 0.62 1.60 10.90 
Main effect, 
Eimeria 

No 6.77   36.1 9.7 79.2 32.4 16.9 42.5b 234.5 
Yes 6.53   33.0 9.7 75.5 35.5 16.2 47.1a 235.0 

Main effect, 
YN, g/mt 

0 6.49b   35.5 9.9 75.1 36.3 16.5 45.3 233.2 
500 6.81a   33.6 9.4 79.5 31.6 16.5 44.4 236.2 
SEM 0.11   1.28 1.01 4.14 1.54 0.44 1.13 7.71 

Probabilities Eimeria 0.131   0.100 0.976 0.537 0.163 0.318 0.011 0.968 
YN 0.056   0.307 0.730 0.457 0.043 0.906 0.572 0.782 
Eimeria*YN 0.040   0.313 0.196 0.108 <0.01 0.845 0.386 <0.01 

Mean assigned different letter superscripts within a response criterion differs, P <0.05. 
n = 6 
1Summation of lactic, formic, acetic, propionic, iso-butyric and n-butyric acids.  
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4 Long-term effects of nucleotide rich yeast extract 
supplementation in broiler chickens challenged with 
Eimeria on growth performance, apparent retention of 
dietary components, indices of intestinal health and 
function and immune organ development 

4.1 Introduction 

The protozoan parasite Eimeria is a global problem in the poultry industry commonly 

leading to further problems in the form of secondary infections such as necrotic enteritis 

(Williams, 2005). The impact of Eimeria infections in poultry is multi-faceted, resulting in 

negative effects such as nutrient malabsorption, sloughing of villus, and stimulation of the 

immune system (Kouwenhoven and Van der Horst, 1969; Lillejoh and Lillehoj, 2000; 

Chapman, 2014). This can lead to poor growth performance and in extreme cases, death, 

resulting in losses in productivity in excess of $3 billion USD yearly worldwide (Dalloul 

and Lillehoj, 2006). Typically, birds are given coccidiostats to combat the parasite, but the 

shift towards antibiotic free production has increased usage of alternatives such as 

vaccines (Lillejoh and Lillehoj, 2000; Chapman et al., 2005). Although vaccines have been 

around since 1950s, usage has been reluctant due to the inability of vaccines to 

consistently improve growth performance to the same degree of coccidiostats (Danforth, 

1998).  

To improve growth performance with vaccination and attenuate the other negative effects 

associated with Eimeria, nucleotide supplementation has been proposed. Nucleotides are 

conditionally essential depending on growth, immune status and dietary consumption 

(Jung, 2011). Otherwise, de novo synthesis and salvage pathways are considered 
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sufficient in healthy birds (Sanchez-Pozo and Gil, 2002). Effects of nucleotides on growth 

performance, immune function and intestinal development have previously been studied 

in broilers (Pelícia et al., 2010; Jung and Batal, 2012; Alizadeh et al., 2016b; a). Growth 

performance results have been varying with no effect in studies done by Pelícia et al. 

(2010) and Alizadeh et al. (2016a) and (2016b) supplementing pure nucleotides at a level 

of 0.04-0.07%, 0.025% or 0.05% respectively. However, Daneshmand et al. (2017) found 

no effect at a supplementation level of 1000mg/kg, but increased body weight gain (BWG) 

with supplementation level of 500 mg/kg. Similar results by Jung and Batal (2012) were 

supplementation of up to 0.05% Torula yeast had no effect, but a later similar study 

showed increased BWG with supplementation of 0.025% Torula yeast or 2% or 6% 

Nupro. They also showed improved villus height similar to Chapter 3. In Chapter 3, effect 

of supplementation of a nucleotide rich yeast extract (YN) was examined in terms of 

growth performance, histomorphology, expression of select intestinal genes and 

microbial activity. Growth performance, histomorphology and expression of nutrient 

transporters cationic amino acid transporter 1 (CAT1) warranted further investigation on 

how this may affect nutrient absorption and utilization. Moreover, the study outlined in 

Chapter 3 was short and it is imperative to investigate the impact of monitoring birds to 

the typical slaughter/market age.  

There are limited studies on the effects of nucleotides on development of immune organ 

weight in broilers challenged with Eimeria. Much of the data reported gene expression of 

toll like receptors and cytokines (Alizadeh et al., 2016b). Human infants fed nucleotides 

were shown to increase production of immunoglobulin A (IgA) (Navarro et al., 1999). This 
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has been proposed to be due to the requirement of lymphocytes for exogenous 

nucleotides for optimal function (Yu, 2002). Nucleotide supplementation in infants also 

has effects on other immune functions such as activation of NK cells and macrophages, 

production of splenic cytokines number of antibody secreting cells (Yu, 2002). The current 

study aims to validate the effects of nucleotide rich yeast extracts (YN) on growth 

performance and histomorphology (Chapter 3) and evaluate the effects on immune organ 

weights, jejunal mucosal immunoglobulin A and apparent retention of nutrients and 

energy. It was hypothesized that supplementation of YN will attenuate the negative effects 

of Eimeria on growth performance, promote gastrointestinal and immune system 

development and nutrients utilization.  

 

4.2 Materials and Methods 

 

A complete corn soybean meal based basal broiler diet (Table 11) was formulated to meet 

or exceed specifications for Ross 708 (Aviagen, 2014). The basal diet was mixed with 

nucleotide rich yeast extract (YN) (Maxi-Gen Plus, Canadian Bio-Systems Inc., Calgary, 

AL, Canada) at a 500g/mt to make the YN diet. The two diets were prepared in crumble 

form for starter diets and a pellet form for finisher diets. Titanium dioxide was added at 

0.5% as an indigestible marker in the finisher phase diets.  

4.2.1 Birds and experimental approach 

A total of 336-d old (male) broiler chicks were procured from a commercial hatchery 

(Maple Leaf Foods, New Hamburg, ON, Canada), weighed and allocated to 28 floor pens 
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(12 birds per pen) with fresh wood shavings. The pens (41.25 sq. ft.) were housed in an 

environmentally controlled room with temperature and lighting schedules the same as 

that in Chapter 3. The two diets, control and YN were allocated to 14 floor pens in a 

completely randomized block design. Body weight and feed intake was taken on d 10 for 

pre-challenge growth performance. On d 10, all the birds in 7 pens of each diet a 1mL 

dose of coccidia culture, the same as in Chapter 3. Pens were divided such that there 

was minimal contact between pens containing unchallenged and challenged birds. 

Furthermore, daily checks started with unchallenged birds prior to attending to challenged 

birds and clothing and boots were changed before entry into challenged pens. This was 

done to minimize cross-contamination of non-challenge pens.  

On d 15, 5 birds per pen (non-challenged and high dose challenge) were 

necropsied. All necropsied birds were assessed blindly for intestinal lesion scores 

(duodenum, jejunum, ileum, ceca and colon) as described by Price et al. (2014) using a 

scale of 0 (none) to 4 (high) (Johnson and Reid, 1970). Two birds per pen were 

necropsied for intestinal tissue samples, bursa, spleen and thymus. Jejunum was 

immediately located and excised at the duodenal loop and 2 cm anterior to Meckel’s 

diverticulum. Segments (~3 cm) of mid-jejunum were excised and placed in buffered 

formalin for histomorphology analysis (Kiarie et al., 2007). Additional segment of mid-

jejunum (~3 cm) was excised and the mucosal layer of intestine was scraped for collection 

of mucus for analysis of secretory IgA (IgA) (Mahdavi et al., 2010). Samples were 

immediately weighed and suspended in a 4-fold volume of PBS (wt/wt). Samples were 

then centrifuged at 5,000 x g for 30 min at 4°C and supernatant removed and stored at 
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80°C until further analysis. On d 4 to 7 post-challenge, fresh excreta samples were 

collected in a “W” shaped route weighing approximately 200g as described by Chapman 

et al. (2016).  

On d 30, wood shavings in half of each pen was removed and trays placed for 

excreta collection from d 31 to 34. Trays were cleaned daily after each collection. Excreta 

samples were stored at -20°C until further processing. Individual body weights and pen 

feed intake was taken on d 35 for post-challenge growth performance. On d 35, 5 birds 

per pen were necropsied similar to d 15 necropsy, but lesion scores were not measured. 

Additionally, the pectoralis muscle was removed using a scalpel and weighed.   

4.2.2 Sample Processing and Chemical Analysis 

Oocyst Counts, Jejunal Histomorphology Measurement, Apparent Retention of 

Components 

Oocyst per gram counts and jejunal histomorphology measurements were analyzed in 

the same manner as stated in Chapter 3. For AR, excreta samples were thawed, pooled 

by pen and subsequently oven dried for 24 hours. All samples were analyzed for dry 

matter (DM), ash, organic matter (OM), gross energy (GE), crude protein (CP) and 

titanium. Determination of DM and ash was carried out according to the standard 

procedure 930.15 and 942.05, respectively (Official methods of analysis of AOAC 

international, 2012). Gross energy was determined using a bomb calorimeter (IKA - 

WERKE bomb calorimeter [C7000, GMBH & CO., Staufen, Germany]) using benzoic acid 

as a calibration standard. Determination of CP was carried out according to standard 

procedure method 990.03 (AOAC international, 2000) digested on a heating block for 1 
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hour and then analyzed on a Kjeltec™ 8200 (Foss, Hilleroed, Denmark). Titanium 

concentrations were measured on a UV spectrophotometer following the method of Short 

et al. (1996). 

Total Protein and Secretory IgA 

Jejunal mucosal samples were analyzed for total protein content prior to analysis for 

secretory IgA. Samples were diluted (1:2 and 1:4, d 15 and d 35 respectively for accurate 

analysis within the kit’s range) prior to analysis using PBS buffer and analyzed using a kit 

for total protein concentration (Pierce™ BCA Protein Assay Kit, Thermo Fisher Scientific, 

Waltham, MA). An enzyme-linked immunosorbent assay (ELISA) was then performed 

using the Chicken IgA ELISA kit (Bethyl laboratories Inc., Montgomery, TX) according to 

manufacturer’s instructions. 

4.2.3 Calculation and Statistical Analysis 

The apparent retention of nutrients was carried out according to Kiarie et al. (2014). 

Caloric efficiency (CE) was calculated as: 
(FI ∗ AMEn)

BWG
.  Flock uniformity was calculated as: 

Average BW of pen

Standard deviation of BW of pen
. Pre-challenge performance data, post-challenge data, oocyst 

shedding and lesion scoring were measured in the same way as stated in Chapter 3. 

Significance considered at P < 0.05, and trends P > 0.05 < 0.10 were discussed.  

 

4.3 Results 
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4.3.1 Growth performance, uniformity and pectoralis weight 

There were no (P > 0.05) diet effects on BWG, feed intake (FI) and FCR during the pre-

challenge phase (d 0-10) (Table 12). There was an interaction (P = 0.046) between diet 

and Eimeria on FI in post-challenge phase (d 11-35; Table 13). In this context, Eimeria 

challenge increased FI relative to non-challenged birds in absence YN. There was no (P 

> 0.05) interaction between Eimeria and YN on final BW, BWG, FCR, BW coefficient of 

variation (CV) and breast weight post-challenge (Table 13). The main effects were such 

that Eimeria challenge depressed final BW by 7.3% (P < 0.01), BWG by 8.3% (P < 0.01) 

and increased FCR by 0.22 (P < 0.01). There was no effect (P > 0.05) by diet, Eimeria or 

interaction between diet and Eimeria on flock uniformity and relative pectoralis weight. 

4.3.2 Oocytes Count and Intestinal Lesion Scores 

There was no (P > 0.05) diet and sampling day or diet effects on oocysts shedding. The 

oocyst shedding was 46, 7 316, 186 829, 29 301 (SEM = 32,234) oocysts/g excreta on d 

4, 5, 6, and 7 post-challenge, respectively (Table 14 and 15 respectively). Generally, 

oocytes shedding was highest on d 6 post-challenge and different (P < 0.01) between d 

6 vs. d 4, 5 and 7 post-challenge. The challenge with E. acervulina and E. maxima 

affected mainly the duodenum and jejunum with no effect with YN supplementation or YN 

and Eimeria interactions. The duodenal lesion scores were 2.88 and 3.03 (SEM = 0.14) 

for control and YN supplemented birds, respectively. Corresponding lesion scores for 

jejunum were 2.0 and 1.9 (SEM = 0.15), ileum were 0.73 and 0.63 (SEM = 0.11), ceca 

were both 0.00 (SEM = 0) and colon were both 0.00 (SEM = 0). 
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4.3.3 Immune Organ Weight, Jejunal Mucosal IgA Concentration and 

Histomorphology 

There was a tendency (P = 0.09) for an interactive effect on thymus weight on d 35 where 

YN supplementation increased thymus weight in non-challenged birds (225 vs. 202 mg/g 

BW) but decreased it in challenged birds (205 vs. 261 mg/g BW, Table 16). Eimeria 

increased spleen weight on d 15 (99 vs. 83 mg/g BW, P < 0.01). There was a tendency 

for YN to increase spleen weight on d 15 birds (96 vs. 86 mg/g BW, P = 0.078). There 

was no (P > 0.10) treatment effects on thymus and spleen weight on d 15 and 35, 

respectively.  Although there were no (P > 0.10) treatment effects on bursa weight on d 

15, birds fed YN exhibited heavier (178 vs. 157 mg/g BW; P = 0.040) bursa than non-YN 

birds on d 35. There were no (P > 0.10) interactive or YN effects on total protein and 

jejunal mucosal IgA concentration on d 15 and 35 (Table 17). The main effect of Eimeria 

challenge was only observed on d 15. In this context, Eimeria decreased jejunal total 

protein concentration (2.38 vs. 3.43 mg/mL, P = 0.007) and jejunal mucosal IgA (2.93 vs. 

5.24 µg/mL, P = 0.001) relative to non-challenged birds. There was no (P > 0.10) 

interaction or YN effect on jejunal villi height, crypt depth or their ratio on d 15 and 35 

(Table 18). Eimeria decreased (P < 0.001) villi height (1,003 vs. 1,343 µm) and decreased 

VH: CD (2.75 vs. 3.70). There was no (P > 0.10) Eimeria on jejunal histomorphology on 

d 35. 

4.3.4 Apparent Retention of Components and Caloric Efficiency  

There was no (P > 0.10) interaction or Eimeria effect on AR of DM, ash, CP and GE 

(Table 19). However, Eimeria challenge tended (P = 0.06) to reduce AR of OM. The main 
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effects of YN was only observed for AR of GE such that birds fed YN retained less GE 

(74.3 vs. 79.8 %) than birds fed non-YN diets. There was a tendency for an interactive 

effect between YN and Eimeria on caloric efficiency (P = 0.088) (Table 19). In this context, 

birds fed YN tended to be more caloric efficient (6,205 vs. 6,772 kcal/ kg BWG). In 

general, Eimeria challenge reduced caloric efficiency by 15.5% (6,448 vs. 5,604 kcal/kg 

BWG). 

 

4.4 Discussion 

 

This trial was executed to validate results seen in the previous trial (Chapter 3) and to 

evaluate the effects of YN on nutrient utilization and immune system development upon 

Eimeria challenge. In chapter 3, YN supplementation improved growth performance 

regardless of Eimeria challenge in the pre-challenge (d0-10) period and the post-

challenge (d10-15) period. However, the trial was short, while the average Canadian 

broiler growth cycle is 35 to 42 d (Proudfoot et al., 1991). To better evaluate the effects 

of YN on a full Canadian broiler growth cycle, the current trial was run for 35 d. 

Comparatively, the current trial showed no effects of YN on growth performance during 

either the pre-challenge (d 0-10) or post-challenge phase (d 10-35). The differing results 

seen on growth performance is similar to the results found in studies by Jung and Batal 

(2012) and Alizadeh et al. (2016a). However, nucleotides were found to have an effect 

on growth performance in a later study by Jung and Batal (2012) and Daneshmand et al. 

(2017). Differing results are suggested to be due to the semi-essential nature of 
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nucleotides. Nucleotides are considered an essential nutrient during times of rapid 

growth, stress conditions and presence of disease (Yu, 2002). This may explain the 

varying results found on young broilers and broilers challenged with Eimeria by YN.  

Eimeria is well known for its negative effects on growth performance and this was 

emphasized by the decreased final BW by 7.3% and BWG by 8.3% in the present study 

and the similar decrease in final BW by 4% and BWG by 10% in Chapter 3 (Dalloul and 

Lillehoj, 2006). Interestingly, YN increased FI in birds not challenged with Eimeria only 

and decreased in challenged birds. The increase has been suggested to be a result of 

improved diet palatability and the decrease a result of YN stimulating the innate immune 

system (Jung, 2011; Alizadeh et al., 2016b). The increased FI in Eimeria challenged birds 

was unexpected; as suppression of FI is typically seen with the activation of the innate 

immune system (Ferket and Gernat, 2006). However, the time period examined includes 

the expected time frame when compensatory gain may occur, which may account for the 

increased FI, although a corresponding BWG was not observed (Voeten et al., 1988). 

The parasite Eimeria affects mainly the intestines, with each species targeting different 

areas of the intestines. For this study, the species E. acervulina and E. maxima caused 

lesions in the duodenum and jejunum respectively. Lesions found in the ileum were a 

result of colonization spreading downwards from the jejunum. Oocyst shedding was also 

used to measure the Eimeria challenge. Oocyst shedding peaked on d 6 post challenge 

due to the peak shedding of both E. acervulina and E. maxima. Collectively, oocyst 

shedding and lesion score data are an indication of induced coccidiosis (Kim et al., 2017). 

The Eimeria challenge also demonstrates its effectiveness as a consistently repeatable 
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health challenge, especially compared to results found by Kim et al. (2017) and in chapter 

3. Eimeria also causes sloughing of villus cells leading to reduced villi height and 

contributing to reduced growth performance (Chapman, 2014). Reduced villi height and 

VH:CD in the present study caused by Eimeria was similar to that found by Kim et al. 

(2017) and the previous study (Chapter 3). Ruff et al. (1976) found E. acervulina truncated 

duodenal villus and E. maxima sloughed epithelial cells and in extreme cases, exposed 

connective tissue. After damage by Eimeria, the intestinal tissue was observed to 

increase in cell turnover in the areas most affected by the Eimeria to compensate for the 

occurred damage (Press, 2018). Depending on the severity of the challenge and the 

species-specific target areas of the intestine by E. acervulina and E. maxima, nutrient 

absorption may be affected.  

The increased spleen weight is proposed to accommodate for increased T and B 

lymphocyte production or trapping of the immune stimulant (John, 1994; Papenfuss and 

Cesta, 2017). Immune system development has a large energy requirement as seen by 

the small spleen size in Pied Flycatchers, a small migratory bird, during times of low 

nutrition (Fänge and Silverin, 1985). By d 35, there was no Eimeria effect on spleen weight  

perhaps linked to the fact that spleen is associated with short term immune function 

although increases in spleen size during periods of infection are also proposed to improve 

immune function against similar future infections (John, 1994). Eimeria specific antigens 

have also been noted in splenic red pulp (John, 1994). Similarly, the tendency for 

increased spleen weight in birds fed YN may partly be due to immune stimulation by yeast 

metabolites (Alizadehsadrdaneshpour, 2015). On d 35, there was no effect by Eimeria on 
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either spleen, bursa, or thymus weights as Eimeria may not have long term effects on the 

sampled immune organs. Both the bursa and thymus play central roles in the 

development of adaptive immunity in the chicken (Cooper et al., 1965). Although not 

statistically significant, the tendency for interaction between YN and Eimeria on thymus 

weight is likely a result of increased sensitivity to infections. The increase of thymus 

weight in unchallenged birds may indicate increased sensitivity to immune challenges 

with improved immune response time and increased small lymphocyte populations 

(Cooper et al., 1965). Increased bursal weights with YN supplementation may indicate 

improved humoral immunity in the broiler with improved development of immune system 

development in peripheral tissue by large lymphocytes (Cooper et al., 1965). This is 

similar to findings by Daneshmand et al. (2017) where supplementation of adenosine 

increased relative bursal weight, but not splenic weight. The same study also noted 

increased IgA production to boost mucosal immunity with adenosine supplementation.   

The concentration of IgA found in intestinal mucosa as a function of protein concentration 

decreased upon challenge with Eimeria with a similar decrease found in total protein 

concentrations. This concentration decrease in the jejunum is expected as one of the 

effects of Eimeria is decreased nutrient transport and downregulation of nutrient 

transporter expression (Kouwenhoven and Van der Horst, 1969; Su et al., 2014, 2015; 

Kim et al., 2017). Confirmation of this decrease in protein concentration in combination 

with the jejunal CAT1 expression levels observed in Chapter 3 supports the theory that 

expression of CAT1 changes with amino acid availability within the intestinal wall 

(Hatzoglou et al., 2004). The changes in IgA concentration relative to protein 
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concentration may be due to the use of IgA to combat Eimeria as a first line of defense 

(Härtle et al., 2013). IgA and IgM have been found to be the first to respond to immune 

challenges in the chicken, followed shortly by IgY (Girard et al., 1997). Comparatively 

though, IgM is the first to produce specific IgM to protect against Eimeria. The IgA 

response is also brief and IgM response recedes in a matter of weeks (Girard et al., 1997). 

The bird also commonly uses isotype switching from IgM to IgA or IgY during secondary 

infections (Lillehoj, 2016). This may explain the effect of Eimeria on IgA expression on d 

15 (5 d post-challenge) and the absence of effect, although a numerical increase in IgA 

concentration was seen on d 35 (25 d post-challenge). Surprisingly, there was no effect 

on IgA concentrations by YN despite changes in bursal weights as the bursa impacts the 

development of B lymphocytes and antibodies (Ratcliffe and Härtle, 2013). In comparison, 

Daneshmand et al. (2017) noted increased IgA production with supplementation of 

adenosine and guanosine and increased bursal weights with adenosine supplementation 

only. 

The jejunum is the main site of both nutrient digestion and absorption in broilers (Svihus, 

2014). Mori et al. (2016) found decreased digestibility with an Eimeria challenge leading 

to decreased growth performance and digestibility that was associated to 

histomorphology disruption. This is similar to findings by Kim et al. (2017) where an 

Eimeria challenge decreased gross energy digestibility by 30% in broiler chickens. In 

contrast, the present study found no effect by the Eimeria challenge on digestibility of all 

measured nutrients which may be due to difference in sampling time after the initial 

Eimeria challenge. In consideration of effects seen on histomorphology at d 35, it is 
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plausible that the damage by Eimeria is short-term. By 20 d post-challenge, birds may 

have recovered from the initial effects of Eimeria. Surprisingly, supplementation of YN 

decreased gross energy retention. Comparatively, Jung (2011) found increased AMEn in 

broiler chickens fed diets supplemented with nucleotides regardless of Eimeria challenge. 

In pigs, nucleotide supplementation has been shown to have no effect on ileal digestibility 

of protein by Sauer et al. (2012), but Waititu et al. (2015) reported decreased protein and 

gross energy digestibility in response to supplemental nucleotide rich yeast extract. The 

decrease in gross energy digestibility may explain the tendency for increased FI in YN 

supplemented birds. The birds possibly increased eating to compensate for the 

decreased availability of energy (Leeson et al., 1996). Surprisingly despite the decreased 

gross energy digestibility with YN supplementation, caloric efficiency was not affected. In 

Eimeria challenged birds, caloric efficiency decreased and was attributed to the 

redirection of nutrients towards mounting an immune response and repair of damaged 

intestinal epithelia (Liu et al., 2015a). There was a tendency for YN to mitigate the effects 

by Eimeria. In Eimeria challenged birds only, YN was able to improve caloric efficiency 

numerically.  

Eimeria damage is multi-faceted varying from the stunting of growth performance and 

villus development to effects on the immune system as seen in short term increases of 

immune organ weights and decreased IgA concentrations. In conclusion, except for feed 

intake, Eimeria and YN effects were independent on growth performance response. 

There was minimal effect on growth performance responses to supplemental YN. 

Supplementation of YN negatively affected GE digestibility, and increased different 
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immune organ weights depending on time after Eimeria challenge. Based on the 

responses examined in the present study, the amount of YN fed may not be beneficial in 

mitigating the negative effects of Eimeria. Further research is also required on the 

optimized level of inclusion of YN and other effects of YN on immune system 

development.  
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4.5 Tables 

Table 11. Composition of the basal diet, as fed  

Ingredient, % Starter (d 0 to 21) Finisher (d 22 to 35) 

Corn 42.0 45.0 

Soybean meal 26.4 19.0 

Wheat 10.0 10.0 

Soy oil 7.08 7.82 

Pork meal 5.00 10.0 

Canola meal 3.00 5.00 

Vitamin-Trace premix1 1.00 1.00 

Bakery by-product 1.00 1.00 

Limestone 0.62 - 

Mono calcium phosphate 0.51 - 

L-Lysine-HCL 0.60 0.21 

DL-Methionine 0.39 0.32 

L-Threonine 0.2 0.11 

Choline Cl-60% 0.2 0.18 

Sodium bicarbonate 0.19 0.13 

Salt 0.18 0.14 

TiO2 - 0.05 

Calculated provisions   

Metabolizable energy, Mcal/kg 3.05 3.20 

Crude protein, % 22.25 21.13 

Calcium, % 0.92 1.09 

Available phosphorus, % 0.46 0.59 

Sodium, % 0.16 0.16 

SID Lys, % 1.47 1.06 

SID Met + Cys, % 0.91 0.83 

SID Thr, % 0.82 0.71 

SID Try, % 0.19 0.17 
1Vitamin mineral premix provided per kilogram of premix: vitamin A, 880KIU; vitamin D3, 
330 KIU; vitamin E, 4,000 IU; vitamin B12, 1,200 mcg; biotin, 22,000 mcg; menadione, 
330 mg; thiamine, 400 mg; riboflavin, 800 mg; pantothenic acid, 1500 mg; pyridoxine, 
300 mg; niacin, 5,000 mg; folic acid, 100 mg; choline, 60,000 mg; iron, 6,000 mg; 
copper, 1,000 mg.  
2Ross 708 Nutrition Specifications (Aviagen, 2014). 
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Table 12. Growth performance of broiler chickens fed a corn-soybean meal diet 
supplemented with nucleotide rich yeast extract (YN) in pre-challenge period (d 0-
10) 

 YN, g/mt 
SEM P-value 

0 500 

Initial BW, g 41.5 41.6 - - 

Final BW, g 259.1 259.4 1.71 0.860 

BWG, g/bird 217.8 216.9 3.03 0.874 

Feed intake, g/bird 240.6 241.4 3.53 0.874 

FCR 1.106 1.115 0.018 0.708 

n = 14 
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Table 13. Growth performance, BW CV and pectoralis weight at d 35 in broiler 
chickens fed corn soybean meal diet supplemented with nucleotide rich yeast 
extract (YN) and challenged with Eimeria 

Eimeri
a 

Yeast, 
g/MT 

Final 
BW, 
g 

BWG, g FI, g FCR 
g/bird 

BW 
CV 

Pectoralis
, g 

Pectoralis
, g/g BW 

No 0 2,363 2,103 3,297a 1.574 9.00 542.07 22.90 

No 500 2,237 1,977 3,520a

b 
1.687 7.92 535.92 22.72 

Yes 0 2,356 2,100 3,680b 1.859 8.17 530.10 22.13 

Yes 500 2,136 1,876 3,482a

b 
1.858 8.55 493.54 22.43 

 
SEM 33.98 34.04 99.43 0.050 1.231 15.853 0.506 

Main 
effect, 
Eimeri
a 

No 
2,360
a 

2,102a 3,408 1.630a 8.46 539.00 22.81 

 

Yes 
2,187
b 

1,927 b 3,581 1.858b 8.36 511.82 22.28 

Main 
effect, 
YN, 
g/MT 

No 2,300 2,040. 3,395 1.717 8.58 536.08 22.52 

 
Yes 2,246 1,988 3,447 1.772 8.24 514.73 22.57  
SEM 25.02 24.08 45.44 0.0351 0.839 10.992 0.358 

Probabilities        
Eimeri
a 

 
<0.01 <0.01 0.097 <0.01 0.934 0.078 0.934 

YN 
 

0.147 0.138 0.902 0.274 0.770 0.164 0.770 

Eimeri
a*YN1 

 
0.197 0.168 0.046 0.267 0.537 0.320 0.537 

Mean assigned different letter superscripts within a response criterion are significantly 
different, P <0.05. 
n = 7 
1Indicates interaction effect between Eimeria and YN  
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Table 14. Oocyst shedding in broiler chickens fed corn soybean meal diet 
supplemented with nucleotide rich yeast extract (YN) and challenged (d 11-15) 
with Eimeria 

 Oocyst per gram 

YN, g/MT  

0 67,301 

500 44,445 

SEM 25,140 

Days post challenge  

4 46a 

5 7,316a 

6 186,829b 

7 29,301a 

SEM 32234 

P- value  

YN 0.518 

Time < 0.001 

YN * Time 0.680 

Mean assigned different letter superscripts within a response criterion are significantly 
different, P <0.05. 
n = 7 
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Table 15. Intestinal lesion scores on d 5 post-challenge in broiler chickens fed 
corn soybean meal diet supplemented with nucleotide rich yeast extract (YN) and 
challenged (d 11-15) with Eimeria 

  
Yeast, 
g/MT 

Duodenum Jejunum Ileum Cecum Colon 

 0 2.88 2.00 0.73 0 0 
 500 3.03 1.90 0.63 0 0 
 SEM 0.14 0.15 0.11 0 0 

P- value   0.479 0.624 0.536 - - 

n = 7 
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Table 16. Immune organ weights (mg/g live body weight) at d 15 and d 35 in 
broiler chickens fed corn soybean meal diet supplemented with nucleotide rich 
yeast extract (YN) and challenged with Eimeria1 

Eimeria YN, g/MT d 15 
 

d 35 

Spleen Bursa Thymus Spleen Bursa  Thymus 

No 0 81.31 213.9 265.2 
 

96.42 144.3 202.9 

No 500 84.54 235.7 292.6 
 

94.30 177.4 225.7 

Yes 0 90.92 243.9 244.7 
 

102.5 169.7 261.4 

Yes 500 107.4 233.6 225.6 
 

100.4 178.5 205.1  
SEM 5.466 14.80 29.36 

 
5.117 9.936 22.85 

Main effect, 
Eimeria 

No 82.93a 224.7 278.9 
 

95.36 160.8 214.3 

Yes 99.16b 238.7 235.1 
 

101.4 174.1 233.3 

Main effect, 
YN, g/MT 

No 86.12 228.9 254.9 
 

99.46 157.0a 232.1 

Yes 95.97 234.6 259.1 
 

97.33 177.9b 215.4 
 

SEM 3.867 10.47 20.77 
 

3.619 7.028 16.17 

Probabilities 
        

Eimeria 
 

<0.01 0.354 0.150 
 

0.242 0.187 0.411 

YN 
 

0.078 0.705 0.889 
 

0.680 0.040 0.469 
Eimeria*YN1 

 
0.231 0.291 0.438 

 
0.999 0.228 0.090 

Values expressed as mg/g live body weight at d 35 
Mean assigned different letter superscripts within a response criterion are significantly 
different, P <0.05. 
n = 7 
1Indicates interaction effect between Eimeria and YN 
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Table 17. Jejunal mucosa total protein and IgA concentrations at d 15 and d 35 in 
broiler chickens fed corn soybean meal diet supplemented with nucleotide rich 
yeast extract (YN) and challenged with Eimeria 

Eimeria YN, 
g/MT 

d 15 
 

d 35 

Total 
Protein, 
mg/ml 

IgA, 
µg/ml 

IgA/ 
protein, 
µg/mg 

Total 
Protein, 
mg/ml 

IgA, 
µg/ml 

IgA/ protein, 
µg/mg 

No 0 3.64 5.3 1.31 
 

10.08 169.7 3.56 

No 500 3.22 5.17 1.63 
 

10.40 215.3 4.00 

Yes 0 2.70 3.04 0.88 
 

11.51 238.1 4.89 

Yes 500 2.06 2.83 1.08 
 

10.53 255.6 4.11  
SEM 0.367 0.852 0.233 

 
1.157 36.71 0.747 

Main effect, 
Eimeria 

No 3.43a 5.24a 1.47a 
 

10.24 192.5 3.78 

Yes 2.38b 2.93b 0.98b 
 

11.02 246.8 4.50 

Main effect, 
YN, g/MT 

No 3.17 4.17 1.09 
 

10.80 203.9 4.23 

Yes 2.64 4.00 1.35 
 

10.47 235.4 4.05  
SEM 0.254 0.601 0.165 

 
0.834 25.37 0.497 

Probabilities 
        

Eimeria 
 

0.007 0.011 0.04 
 

0.507 0.133 0.300 

YN 
 

0.148 0.838 0.263 
 

0.777 0.376 0.802 

Eimeria*YN1 
 

0.759 0.966 0.787 
 

0.58 0.691 0.379 

Mean assigned different letter superscripts within a response criterion are significantly 
different, P < 0.05. 
n = 7 
1Indicates interaction effect between Eimeria and YN 
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Table 18. Jejunal histomorphology on d 15 and 35 in broiler chickens fed corn 
soybean meal diet supplemented with nucleotide rich yeast extract (YN) and 
challenged with Eimeria 

Eimeria 
YN, 
g/mt 

d 15  d 35 

  Villi height, 
µm 

Crypt 
depth, 
µm 

VH:CD1  Villi height, 
µm 

Crypt 
depth, 
µm 

VH:CD1 

No 0 1,327 360.8 3.73  1,419 393.3 3.70 

No 500 1,359 374.3 3.66  1,495 424.0 3.58 

Yes 0 1,058 380.0 2.85  1,475 392.6 3.86 

Yes 500 949.2 361.9 2.65  1,350 400.0 3.47 
 SEM 51.88 14.04 0.119  74.97 11.66 0.167 
Main effect, 
Eimeria 

No 1,343 367.5 3.70  1,457 408.7 3.64 
Yes 1,004 370.9 2.75  1,413 396.3 3.66 

Main effect, 
YN, g/mt 

No 1,192 370.4 3.29  1,447 393.0 3.78 

Yes 1,154 368.1 3.15  1,423 412.0 3.52 
 SEM 35.50 9.55 0.081  51.65 8.23 0.118 

Probabilities         

Eimeria  <0.001 0.799 <0.001  0.540 0.289 0.892 

YN  0.446 0.866 0.231  0.740 0.107 0.142 

Eimeria*YN2  0.166 0.243 0.584  0.178 0.320 0.414 

Mean assigned different letter superscripts within a response criterion are significantly 
different, P < 0.05. 
n = 7 
1Villi height/crypt depth ratio.  
2Indicates interaction effect between Eimeria and YN  
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Table 19. Apparent retention of components in excreta and caloric efficiency at d 
35 in broiler chickens fed corn soybean meal diet supplemented with nucleotide 
rich yeast extract (YN) and challenged with Eimeria

Eimeria Yeast, 
g/MT 

Apparent retention, %1 CE, kcal/kg 
BWG fresh 
weight2 

DM Ash  OM CP GE 

No 0 72.86 38.99 78.05 65.43 79.91 5,516 

No 500 74.60 44.65 79.80 68.37 74.93 5,692 

Yes 0 72.13 42.16 77.37 67.16 79.62 6,772 

Yes 500 73.05 41.86 77.69 67.93 73.74 6,205  
SEM 0.842 2.604 0.691 1.429 1.070 205.7 

Main effect,  
Eimeria 

No 73.73 41.82 78.92 66.90 77.42 5,604a 

Yes 72.59 42.01 77.53 67.54 76.68 6,488b 

Main effect, 
 YN, g/MT 

No 72.49 40.58 77.71 66.30 79.77a 6,144 

Yes 73.82 43.25 78.75 68.15 74.34b 5,948  
SEM 0.596 1.842 0.489 1.010 0.756 145.53 

Probabilities 
    

 
  

Eimeria 
 

0.191 0.942 0.057 0.655 0.491 <0.01 

YN 
 

0.130 0.316 0.149 0.201 <0.01 0.353 

Eimeria*YN3   0.633 0.265 0.228 0.449 0.675 0.088 

Mean assigned different letter superscripts within a response criteria are significantly 
different, P <0.05. 
n = 7 
1DM, dry matter; OM, organic matter; CP, crude protein; GE, gross energy; AMEn, 
apparent metabolizable energy 
2CE, caloric efficiency 
3Indicates interaction effect between Eimeria and YN  
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5 General Discussion, Implications and Conclusions 

Concerns of antibiotic resistance have led to increased use of antibiotic alternatives and 

vaccine usage to prevent coccidiosis caused by the protozoan parasite Eimeria. 

Coccidiosis is one of the leading causes of losses in the poultry industry every year with 

losses in excess of $3 billion yearly, mostly from subclinical coccidiosis, due to damage 

to the gut resulting in decreased growth performance, malabsorption of nutrients, and 

redirection of nutrients towards mounting an immune reaction and recovery from the 

disease challenge (Lillejoh and Lillehoj, 2000; Dalloul and Lillehoj, 2006). Unfortunately, 

Eimeria vaccines require 7 to 10 days before there is sufficient immunity and stimulate a 

range of responses from the immune system leading to losses in growth performance 

(Chapman et al., 2005). This loss in growth performance was noted in both trials where 

the Eimeria challenge decreased both the final BW and BWG. By d 35 as noted in Chapter 

4, effects were not significant, but there was a numerical decrease in final BW. In both 

trials (Chapter 3 and 4), intestinal lesions and oocyst shedding was found in only the 

challenged birds showing Eimeria to be a repeatable gut health challenge to induce 

coccidiosis. Eimeria as a gut health challenge was also confirmed by the decreased 

expression of OCLN and increased RNA expression of IL-10, IL-1 and PCNA. Further 

examination of RNA translation is required to measure functional response in the birds. 

The effects on PCNA expression was explained upon examination of histomorphology.  

Both Eimeria challenges resulted in negative effects on histomorphology on d 5 post-

challenge, but the effects were not seen at 25 d post-challenge (Chapter 4). This suggests 

that effects of Eimeria are transient and birds will recover from the disease challenge. 
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This is similar in finding to Voeten et al. (1988) who observed that birds recovered from 

an E. acervullina and E. maxima challenge after approximately 2 weeks. To further 

support this, Eimeria was found to have no effect on nutrient digestibility on d 35 in 

contrast Kim at al (2017) noted decreased DM, crude fat and GE retention on d 5 post-

challenge. Effects on nutrient retention may have also been affected by the changes in 

expression level of enzymes and nutrient transporters at 5 d post-challenge as seen in 

Chapter 3 where MGAM and SGLT1 were decreased. To attenuate these negative 

effects, nucleotide supplementation has been suggested for its effects on growth 

performance, gastrointestinal development and the immune system.  

Overall, supplementation YN had inconsistent results on its ability to attenuate the 

negative effects of Eimeria on growth performance. During the pre-challenge period, YN 

supplementation improved FCR in the first trial, but had no effect in the second trial. This 

was expected as previous trials in broilers have produced variable results (Jung and 

Batal, 2012). This variation has been attributed to the characteristic of nucleotides as a 

semi-essential nutrient with de novo synthesis and salvage pathways considered 

sufficient for nucleotide provision in adult birds. However, it is debatable whether it is the 

same for young growing chicks as supplementation of nucleotides in the young chick can 

lead to improved growth performance (Carver, 1999; Esteve-Garcia et al., 2007; 

Daneshmand et al., 2017). Interestingly, the same difference was seen in the post-

challenge phase although differences can be attributed to the length of examination time. 

This may suggest that supplementation of nucleotides may be effective for a brief period 

after the initial Eimeria challenge and effects are absent if fed long-term.  
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Supplementation of YN also affected intestinal development. In Chapter 3, YN 

supplementation improved histomorphology, but only in challenged birds and had 

negative effects in non-challenged birds. In contrast, no effects were observed in Chapter 

4 which may explain the differences seen in growth performance due to decreased 

nutrient absorption. Expression of nutrient transporter CAT1 was affected where the 

negative effects of Eimeria were attenuated but acted in a negative manner in non-

challenge birds. Interestingly, when apparent retention of nutrients was measured at d 

35, YN negatively affected GE digestibility. This is in contrast to the increased AMEn 

noted by (Jung, 2011) in broiler chickens with dietary supplementation of nucleotides and 

challenged with coccidiosis and similar to results by  Waititu et al. (2015) in pigs subjected 

in unsanitary conditions. This suggested that YN supplementation can have negative 

effects when birds are not under challenge and possible benefits during a disease 

challenge are inconsistent.  

Supplementation of nucleotides has also previously been noted to stimulate immune 

development (Alizadeh et al., 2016b; Daneshmand et al., 2017). In this thesis, only bursa 

weight was affected by long-term nucleotide supplementation, suggesting that YN may 

have implications on acquired long-term immunity although it is interesting to note that 

there were no effects of YN on secretory IgA on days 15 or 35 suggesting that the effects 

exerted on the immune system may occur elsewhere such as those noted by Alizadeh et 

al. (2016) where gene expression of toll like receptors and other cytokines were affected. 

Additionally, gene expression for IL-1 and IL-10 were noted in Chapter 3 and spleen and 

thymus weights in Chapter 4 were not affected by YN. This is in contrast to findings by 
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Daneshmand et al. (2017) in broilers where supplementation of dietary nucleotides 

increased IgA expression with supplementation of adenosine and guanosine concomitant 

with increase in bursal weight with adenosine supplementation only. Increased sampling 

frequency and examination of components of both the innate and acquired immune 

system may better explain the impact of nucleotides and how YN may improve recovery 

time after the initial disease challenge.  

This is the first study to our knowledge to also examine the effect of YN supplementation 

on microbial activity in broilers. The effects of YN and Eimeria were noted to be 

independent on microbiota population at both the phylum and genus levels, but interactive 

on microbial activity (SCFA and cecal pH). Of note, there was a trend with decreasing 

alpha diversity with nucleotide supplementation similar to that seen with provision of 

antimicrobials (Salaheen et al., 2017). This is suggested to be an impact of increased 

nucleotide triphosphate concentrations (Malo et al., 2014). They noted decreases in both 

aerobic and anaerobic bacterial populations with doses of any nucleotide triphosphate 

and changes were reversed with the addition of intestinal alkaline phosphatase. This may 

also explain the changes noted in microbial populations. These changes on alpha 

diversity and in microbiota populations may have long-term impacts or may be further 

amplified with time. Effects could also cascade down into production of SCFA and change 

the cecal pH and subsequently factors such as histomorphology and immune system 

development. In general, SCFA production is considered beneficial for intestinal 

development by providing energy for enterocytes and can reduce intestinal inflammation 

(Jozefiak et al., 2004). More research is required into specific interactions between the 
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gastrointestinal tract and immune system development. Next steps would be to examine 

the long-term effects on microbial activity compared to short-term effects.  

Overall, YN supplementation had beneficial effects when fed to broilers, but effects on 

growth performance, gastrointestinal development, immune system development and 

microbial activity are highly variable. Supplementation may be beneficial for growth 

performance as effects were either beneficial or had no effect, but effects on 

histomorphology and nutrient digestibility could be either beneficial or negative. 

Supplementation was also seen to affect the immune system although the mechanism is 

yet to be determined. Additionally, while there were initial impacts on microbial activity 

shortly after a disease challenge, the long-term impact is still unknown. In conclusion, YN 

supplementation can attenuate some of the negative effects of Eimeria and can be the 

cause of negative effects in the absence of a challenge. Further steps should be taken to 

determine the optimal supplementation period and concentration and the effect of 

individual nucleotides with consideration of the source.  
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