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Temporal and Tissue Specific Changes in Expression of Nutrient 

Transporters and Host Defense Peptides in Young Broilers during Salmonella 

and Campylobacter Infections. 

Academic Abstract 

Salmonella and Campylobacter are the leading causes of bacterial foodborne illness in the United 

States.  Commonly found in the gastrointestinal tract of poultry, Salmonella and Campylobacter 

may show little to no signs of infection in birds.  The objective of this dissertation was to evaluate 

the influence on mRNA abundance of nutrient transporters and host defense peptides (HDPs) 

during a Salmonella or a Campylobacter challenge in young commercial broilers.  Comparisons 

were made between non-challenged and challenged (106, 107, or 108 colony forming units of 

Salmonella or Campylobacter) broilers on expression of nutrient transporters and host defense 

peptides in the duodenum, jejunum, ileum and cecum at various days after inoculation.  During a 

Salmonella challenge, changes in mRNA abundance of nutrient transporters and avian beta-

defensins (AvBD) vary by day, tissue and challenge dose.  ZnT1 may play an important role during 

a Salmonella challenge as mRNA abundance of ZnT1 significantly increased (P<0.05) by day 7 

in the 108 group compared to the control.  Early changes in LEAP2 mRNA abundance were 

observed in the 106 group than the 107 and 108 groups.  However, at a later time point post 

challenge, a lower abundance of almost all AvBD mRNA (P<0.05) was observed in the lower 

gastrointestinal tract especially in the 107 and 108 groups compared to the control group, indicating 

that the pathogen may be influencing intestinal expression of AvBD mRNA.  In Campylobacter, 

analyses revealed that expression of zinc transporter 1 (ZnT1) increased (P<0.05) in the 

duodenum, ileum and ceca in the 106 group on day 7.  An increase (P<0.05) in the expression of 

avian beta-defensins were observed on day 14 in the ileum and ceca in the 106 group compared to 
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the control group.  Pathogens like Salmonella and Campylobacter may have an influence on the 

mRNA abundance of nutrient transporters and HDPs.  Manipulation of these genes may ensure 

the survivability of these pathogens.  Through sequestration of nutrients, the pathogen would have 

the ability to colonize the host and replicate.  However, it must evade the host immune system as 

well.  The processing of infected poultry with these pathogens may lead to foodborne illness in 

humans.  Further research is needed to investigate possible methods to counter the influence these 

pathogens have on host immunity genes. 
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Temporal and Tissue Specific Changes in Expression of Nutrient 

Transporters and Host Defense Peptides in Young Broilers during Salmonella 

and Campylobacter Infections 

General Audience Abstract 

Foodborne pathogens such as Salmonella and Campylobacter are commonly found in the 

gastrointestinal tract of poultry, causing little to no disease symptoms in poultry.  Consumption of 

uncooked or mishandled meat and eggs from infected poultry could result in foodborne illness in 

humans.  Little is known, however, about the influence of Salmonella and Campylobacter on the 

intestinal expression of nutrient transporters and immune genes such as host defense peptides in 

broiler chickens.  Nutrient transporters are responsible for the transport of a variety of nutrients 

across the intestinal lumen to the blood. Host defense peptide are small peptides, which can be 

effective against invading bacteria, viruses and fungi.  Therefore, the effects of Salmonella and 

Campylobacter at low, medium, and high challenge doses were determined in broiler chickens.  In 

chickens challenged with Salmonella, changes in the expression of nutrient transporters and host 

defense peptides were dependent on day, intestinal segment and challenge dose.  The expression 

of the zinc transporter increased in chickens challenged with the highest Salmonella dose.  In 

chickens challenged with Campylobacter, changes in expression of nutrient transporters and host 

defense peptides were also observed.  Expression of the zinc transporter increased in chickens 

challenged with the lowest Campylobacter dose.  Expression of host defense peptides increased in 

chickens challenged with the lowest Campylobacter challenge dose.  These results indicate that 

cellular zinc levels as well as host defense peptides may play an important role in modulating a 

Salmonella and Campylobacter infection.  
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Chapter 1 

Introduction 

 

In 2012, the commercial broiler industry grossed $24.8 billion in the United States, which 

was an 8% increase from 2011 (Grant et al., 2016).  Interestingly, in the U.S. annual hospital 

costs associated with Salmonella were $2.71 billion in 2010 (Andino and Hanning, 2015) while 

hospital costs associated with Campylobacter were $1.7 billion dollars in 2011 (Hoofmann et al., 

2012).  Salmonella and Campylobacter are bacteria commonly found in the gastrointestinal tract 

of poultry.  These pathogens may show little to no clinical signs of infection in poultry.  

However, when undercooked or mishandled contaminated poultry meat or eggs are consumed by 

humans, these pathogens may cause foodborne illness.   

The literature review of this dissertation will focus on Salmonella and Campylobacter in 

poultry flocks as well as the function of nutrient transporters and host defense peptides (HDPs) 

in chickens.  Nutrient transporters play an important role in the transport of nutrients from the 

intestinal lumen through the absorptive enterocytes into the blood stream (Hediger et al., 2004).  

Host defense peptides are a group of small cationic peptides, which can be effective against 

bacteria, viruses, and fungi (Cuperus et al., 2013).  Nutrient transporter and HDPs are essential in 

ensuring the health and well-being of poultry.  

Manipulation of nutrient transporters and HDPs could be essential in the survivability of 

Salmonella and Campylobacter within poultry.  The objective of this dissertation is to investigate 

the influence that Salmonella and Campylobacter have on the expression of nutrient transporters 

and HDPs over various time points in broilers.  
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Chapter 2 

Literature Review 

 

Gastrointestinal tract of chickens  

The small intestine is a major site for digestion and nutrient absorption.  The proximal 

segment is the duodenum, which is also referred to as the duodenal loop, and is the main site of 

lipid digestion (Sklan et al., 1975).  The next segment is known as the jejunum and is generally 

defined as the area posterior to the duodenal loop up to Meckel’s diverticulum.  The jejunum plays 

an important role as the major site for nutrient digestion and absorption (Riesenfeld et al., 1980; 

Noy et al., 1995).  The distal segment of the small intestine is the ileum and is defined as the 

segment from Meckel’s diverticulum to the ileo-cecal junction. At the ileo-cecal junction, a pair 

of blind-ended sacs known as the ceca branch off.  The ceca are the site for microbial fermentation 

with some nutrient, water, and nitrogenous component absorption abilities (Clench, 1999).  The 

lower gastrointestinal tract of poultry is a major site of colonization for many bacteria especially 

those of human health concerns such as Salmonella and Campylobacter. 

 

Morphological structures of the small intestine 

 The mucosa of the small intestine features thousands of macroscopic finger-like projections 

known as villi, which project into the intestinal lumen increasing the surface area available for the 

absorption of nutrients (Crawley et al., 2014).  Each villus is lined by a simple epithelium 

consisting of a monolayer of epithelial cells, and include goblet cells, enteroendocrine cells and 

enterocytes.  In mammals, paneth cells are also found; however, paneth cells have yet to be fully 

described in chickens.  These differentiated cells originate from the multipotent stem cells located 
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in the intestinal crypts of Lieberkühn (Loeffler et al., 1993).  Newly developed epithelial cells 

move up along the villus from the bottom of the crypt to the tip of the villus, from where they are 

extruded after 3-4 days in chickens (Imondi and Bird, 1965; Uni et al., 2000) and 4-5 days in 

rodents (Mowat and Agace, 2014).  Absorptive enterocytes make up about 80% of all small 

intestinal epithelial cells and are hyperpolarized cells responsible for the uptake of 

macromolecules.  On the apical surface of the enterocytes are rigid, closely placed microvilli.  The 

tips of the microvilli contain large, negatively charged glycoproteins that form a brush border 

glycocalyx.  The glycocalyx provides a highly degradative microenvironment that promotes the 

digestion and absorption of nutrients (Snoeck et al., 2005).  

 

Salmonella 

 In the United States, Salmonella is the leading cause of bacterial foodborne illness.  In 

2010, the annual hospitalization costs associated with Salmonella infections were estimated to be 

$2.71 billion for 1.4 million cases (Andino and Hanning, 2015).  Salmonella is a Gram-negative, 

facultative anaerobic, rod-shaped bacterium.  It belongs to the Enterobacteriaceae family and is an 

important pathogen that affects both humans and animals.  The genus Salmonella is divided into 

two species, S. bongori and S. enterica.  S. enterica is further divided into six subspecies that 

contain more than 2,000 known serovars (Tinall et al., 2005).  In humans, Salmonella causes 

salmonellosis, a self-limiting illness that results in diarrhea, fever and abdominal cramps with most 

persons recovering without treatment.  In infants, the elderly and immunocompromised 

individuals, the illness could be severe and may require hospitalization.  

 The molecular mechanisms relating to Salmonella colonization, pathogenesis and 

transmission have been described mainly in rodents with little being known about these 
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mechanisms in chickens (Velge et al., 2012).  Infection of the host is initiated by the consumption 

of contaminated food or water, where the pathogen must travel from the stomach to the intestines.  

Once it has reached the lower gastrointestinal tract, it must adhere and enter the intestinal epithelial 

cells.  Through invasion of either the enterocytes or microfold cells at the apical side, the pathogen 

travels through the intestinal wall via transcytosis to the basolateral side and exits into the intestinal 

space of the lamina propria (Clark et al., 1994; Muller et al., 2012).  Within the lamina propria, the 

pathogen can be taken up by different phagocytes and is distributed rapidly through the blood 

stream.  The type III secretion system (T3SS-1) plays an essential role in the bacterial invasion of 

host cells.  The pathogen binds to the host cell surface and injects effectors into the host cell.  These 

effectors allow Salmonella to manipulate the cytoskeletal machinery and induce the host cell to 

engulf the pathogen as a Salmonella-containing vacuole (Velge et al., 2012).  Once inside the host 

cell, the pathogen will use a second type III secretion system (T3SS-2) to transport additional 

effectors, allowing for bacterial survival and replication (Malik-Kale et al., 2011).  However, in 

chickens, the role that the type III secretion systems play during a Salmonella infection still 

remains unclear.   

 

Salmonella in the poultry industry 

 S. Gallinarium and S. Pullorum cause the systemic diseases of poultry, fowl typhoid and 

pullorum diseases, respectively (Barrow, 2007).  These diseases are often accompanied by high 

levels of morbidity and mortality, which devastated the early days of the poultry industry.  The 

National Poultry Improvement Plan was designed to reduce the level of S. Gallinarium and S. 

Pullorum infections in the United States.  By the mid-1970s, both serovars were eliminated from 

commercial poultry flocks in the U.S.  Consequently, with the eradication of S. Gallinarium and 
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S. Pullorum, other serovars such as S. Enteritidis and S. Typhimurium, which are linked to human 

foodborne illness, were able to fill the ecological niche (Baumer et al., 2000; Foley et al., 2008).  

Unlike S. Gallinarium and S. Pullorum serovars, serovars of human health concern show little or 

no signs of disease in poultry.  These serovars do, however, cause inflammatory response leading 

to the expression of cytokines and chemokines (Withanage et al., 2004; Setta et al., 2012; Matulova 

et al., 2013; Wigley et al., 2014).  This reaction causes an influx of heterophils and monocytic 

phagocytes to the small intestine, leading to inflammation and damage to the gut.  Although there 

is a considerable immune response, it is relatively short lived, allowing Salmonella to persist in 

the gastrointestinal tract of the bird. 

 

Salmonella in commercial and table eggs  

Eggs have been linked to various food outbreaks, mainly due to the consumption of 

undercooked and/or raw eggs or cross contamination during cooking with eggs. Salmonella 

Enteriditis is the most common serovar linked to egg-related outbreaks, although other serovars 

such as S. Typhimurium, S. Hadar and S. Heidelberg have also been linked to egg-related outbreaks 

(Foley et al., 2011).  The contamination of eggs may occur via two routes of transmission: vertical 

or horizontal.  In vertical transmission, Salmonella originates from an infected hen, which 

transmits the Salmonella into the egg during egg development.  In horizontal transmission, the egg 

becomes infected after it has been laid and is exposed to a contaminated environment (Cox et al., 

2000).  

Salmonella-contaminated eggs can be produced by inoculating hens with Salmonella.  

Laying hens that were orally challenged with one million colony forming units (cfu) of Salmonella 

were found to have infected ovarian follicles and oviducts.  These hens, however, showed no 
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clinical signs of infection and Salmonella was not detected in the feces (Timoney et al., 1989).  

These results suggested that infected hens may be present within flocks and may spread the 

pathogen without being detected.  Keller et al. (1995) found that infection of the lower oviduct 

was crucial to the production of contaminated eggs.  They observed that during egg development, 

hens with infected ovarian follicles gave rise to infected eggs.  As the egg travels down the oviduct, 

the addition of the albumen, which has antibacterial compounds, may reduce Salmonella levels.  

However, serovars such as S. Enteritidis have developed mechanisms to survive the harsh 

environment found in the albumen (Baron et al., 2016).  As the egg enters the lower oviduct, the 

egg may become re-contaminated with the addition of the inner and outer shell membranes.  

Eggs may also be contaminated after oviposition if they become exposed to an environment 

contaminated with Salmonella.  The pathogen can be carried on the shell of the egg or it may also 

be able to penetrate the eggshell.  Several studies have shown that Salmonella has the ability to 

penetrate through egg structures such as the cuticle, the inner and outer shell membranes; and once 

inside the egg, it can proliferate within the egg contents (Cox et al., 2000).  The quality of an egg 

may also be a major determinant of bacterial penetration.  Egg quality can be determined by 

objective measures such as conductance, specific gravity and shell strength.  Conductance is a 

measure of eggshell porosity, which could reflect the ability of the eggshell to allow the transfer 

of water vapor and gases.  Specific gravity can be used to determine eggshell thickness since the 

two are positively correlated and the destruction of the egg is not necessary.  Sauter and Patersen 

(1974) found that eggs with low specific gravity had a higher chance of being penetrated by 

Salmonella.  Once the pathogen is able to penetrate the eggshell, it can infect the egg content or 

infect the developing embryo.  
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The ability of Salmonella to contaminate eggs has made it a threat to both producers and 

consumers.  Infected table eggs could lead to foodborne illnesses if not properly handled or cooked 

prior to consumption.  Infected hatching eggs could not only give rise to chicks infected with 

Salmonella but in turn, could lead to the infection of other chicks within the same hatching unit.  

Once placed in the grow-out farm, these infected chicks could spread Salmonella to other chicks 

within the flock.  The problem may persist to the processing plant where cross-contamination of 

carcasses may occur.  

 

Salmonella in broilers  

Although eggs are the main source of poultry-related foodborne illness outbreaks, poultry 

meat has also been linked to cases of salmonellosis (Skarp et al., 2016).  Broilers may become 

infected with Salmonella during any stage of production.  At the hatchery, eggs that have been 

contaminated with Salmonella could lead to cross contamination of other eggs at the hatchery.  

Broiler breeder and broiler hatcheries have been found to have a high occurrence of contamination 

of Salmonella.  Salmonella was isolated from 71% of egg fragments, 80% of chick conveyor belts 

swab samples, and 74% of sample pads placed under newly hatched chicks (Cox et el., 1990; Cox 

et al., 1991; Bailey et al., 1994).  Salmonella-positive eggs may also lead to the contamination of 

other eggs within the hatching cabinet.  When the chicks hatch, Salmonella can be spread 

throughout the cabinet via fan forced-air.  Cason et al. (1994) reported that >80% of chicks above 

or below the Salmonella-positive eggs tested positive for the strain used to infect the eggs.  Once 

chicks have been infected at the hatchery, the infection could be easily spread within the flock at 

the grow-out farm.   
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A wide range of environmental and management-based factors such as temperature, 

humidity, pre- and post- harvest interventions have been reported to affect the appearance and 

disappearance of Salmonella in commercial poultry flocks.  Bailey et al. (2001) reported that 

higher recovery rates were seen during the fall season. They were also able to recover significant 

rates of Salmonella in the dirt located at the entrance of poultry houses and in litter samples taken 

from boot swabs.  Controlling Salmonella at the various stages of production could be essential to 

reducing Salmonella in flocks.  

 

Campylobacter  

In 2011, the hospitalization costs due to campylobacteriosis was about $1.7 billion in the 

United States.  It was the second most common cause of bacterial foodborne illness in the U.S. 

(Hoffmann et al., 2012).  Campylobacter is a spiral shaped, Gram-negative, microaerophilic 

bacterium commonly found in the gastrointestinal tract of poultry (Bolton, 2015).  Generally, it is 

regarded as a fragile bacterium that is sensitive to environmental stressors such as heating, drying 

and exposure to oxygen.  However, Campylobacter is able to thrive in the hostile gut environment 

of poultry, which can contaminate carcasses during slaughter and processing (Humphrey et al., 

2007).  This suggests that the bacterium has adaptive responses to different environmental stressors 

to ensure survival.  In 2016, updated performance standards were announced by the United States 

Department of Agriculture (USDA) with the intention of reducing Salmonella and Campylobacter 

in raw chicken parts and in not-ready-to-eat ground chicken and turkey products (FSIS, 2016).  

Before these standards were introduced, poultry products were regularly tested for the presence of 

Salmonella, but not for the presence of Campylobacter.   
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 In humans, a Campylobacter infection may cause diarrhea, cramping, abdominal pain, and 

fever.  In a few cases, the infection may lead to Guillain-Barré syndrome, which may cause 

paralysis or reactive arthritis (Moore et al., 2005).  In order to infect humans, the pathogen must 

bypass the mechanical and immunological barriers of the gastrointestinal tract.  The motility, its 

corkscrew shape and the relatively short O-sidechain of its lipooligosaccharides, allow it to pass 

through the mucus layer and adhere to the enterocytes (Young et al., 2007; Epps et al., 2013).  

Through use of microtubule polymerization, the pathogen is internalized by the host cell in the 

form of a Campylobacter-containing vacuole.  Interaction between the pathogen and the host 

epithelial cells induces the production of interleukin (IL)-8, which recruits dendritic cells, 

macrophages and neutrophils to the site of infection.  Although the mechanisms for controlling a 

Campylobacter-infection are unclear, an adaptive immune response may be responsible for 

controlling the infection (Panigrahi et al., 1992; Guerry et al., 2000). 

In poultry, birds may show little to no signs of being infected.  Interestingly, Byrne et al. 

(2007) found that chicken intestinal mucus attenuated the virulence of Campylobacter compared 

to human intestinal mucus.  Campylobacter does not elicit intestinal inflammation in the bird nor 

does it demonstrate cellular attachment or invasion of the intestines in poultry (Young et al., 2007).  

Vaezirad et al. (2016) reported that an increase in IL-6, IL-8 and iNOS transcripts, which are 

responsible for inducing a pro-inflammatory response, were observed in broiler chickens 

challenged with Campylobacter.  This may indicate that the immune response of the bird may be 

able to sense the pathogen.  However, it is unknown how Campylobacter fails to induce an immune 

response similar to that observed in humans.  In vitro, HDPs have been shown to be very effective 

against Campylobacter (van Dijk, et al., 2012).  Conversely, the pathogen has the ability to use its 

lipopolysaccharide structures to protect its membrane from HDPs and is also able to suppress local 
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and systemic expression of HDPs at the transcriptional level.  Campylobacter has developed 

mechanisms to help it survive and thrive in the intestines of birds.  

 

Campylobacter in eggs 

Similar to Salmonella, Campylobacter can be vertically transmitted from broiler breeders 

to their eggs.  Campylobacter has been detected in the reproductive tracts of both hens and roosters, 

which may lead to the contamination of eggs during egg development (Buhr et al., 2002; Hiett et 

al., 2002, 2003; Cox et al., 2005).  Campylobacter has a limited ability to penetrate the eggshell 

and survivability of Campylobacter on the eggshell surface and in the egg content is relatively low 

(Sahin et al., 2003; Fonseca et al., 2014).  Byrd et al. (2007) tested tray liners from commercial 

hatcheries and were able to recover low levels of Campylobacter.  These infected chicks could be 

actively shedding Campylobacter, which could infect other chicks during production. 

 

Nutrient transporters 

Nutrients obtained from the consumption of feedstuff are absorbed in the small intestine.  

Through the process of digestion, nutrients in feedstuffs are broken down from complex structures 

into simple structure such as small peptides, amino acids and monosaccharides.  These molecules 

are then absorbed by the enterocytes that line the villus of the small intestine.  The movement of 

these essential nutrients are regulated by transporters.  Transporters are responsible for allowing 

small molecules to enter or exit cells and based on their function, can be divided into passive or 

active mechanisms (Heiger et al., 2004).  In passive transport, solutes are able to diffuse across the 

membranes down an electrochemical gradient. In facilitated diffusion, which is a type of passive 

transport, through the use of a transport protein, nutrients move down the concentration gradient 
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of the protein without the use of ATP.  In active transport, ions or small molecules move through 

a membrane against its concentration gradient with the use of ATP.   

Nutrient transporters are part of the solute carrier (SLC) gene family, which is the largest 

family of membrane transport proteins in both mammalian and avian species.  In the human 

genome, the SLC gene family contains 395 genes that are organized into 52 families (Hediger et 

al., 2013).  SLCs are responsible for regulating the transport of a variety of compounds such as 

inorganic ions, amino acids, sugars, and fatty acids across cell membranes (Schlessinger et al., 

2010).  In the intestinal enterocytes, transporters are located on both the brush border and 

basolateral membranes.  

Previous research conducted in our lab has investigated the influence of Eimeria on the 

expression of nutrient transporters.  The downregulation of the nutrient transporters EAAT3, 

bo,+AT, CAT2, LAT1, GLUT2, and ZnT1 was observed during an Eimeria infection (Paris et al., 

2013; Su at el., 2014; 2015; Yin et al., 2015).  Although Eimeria is an intestinal protozoan, it 

infects the enterocyte intracellularly, similar to Salmonella.  Based on these results, the nutrient 

transporters below were selected for analysis in the Salmonella and Campylobacter studies of this 

dissertation.  

Brush border membrane transporters are responsible for transporting molecules into or out 

of the enterocyte from or to the intestinal lumen.  Excitatory amino acid transporter 3 (EAAT3, 

SLC1A1) is responsible for the transport of anionic amino acids such as glutamate and aspartate 

into the enterocyte.  This transporter is dependent on the inward Na+ electrochemical potential and 

the outward K+ potential so that glutamate can be transported against the concentration gradient 

into the cell (Kanai and Hediger, 2004).  Glutamate is essential because it serves as the major fuel 

source for the enterocyte.  The transporter bo,+AT (SLC7A9) is responsible for the transport of 
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cystine and other cationic amino acids into the enterocyte and an efflux of neutral amino acids out 

of the enterocyte (Palacin and Kanai, 2004).  The sodium-dependent glucose transporter 1 

(SGLT1, SLC5A1) is a uniporter and is the primary facilitator for the uptake of glucose in the 

small intestine.  It pumps in one glucose molecule along with 2 Na+ ions into the enterocyte 

(Hediger and Rhoads, 1994). 

Basolateral membrane transporters are responsible for transporting molecules into or out 

of the enterocyte from or to the bloodstream.  Cationic amino acid transporter 2 (CAT2, SLC7A2) 

is a low-affinity, high capacity transporter of cationic amino acids (Verrey et al., 2004).  L-type 

amino acid transporter 1 (LAT1, SLC7A5) is a Na+-independent transporter responsible for the 

transport of neutral amino acids with large branched or aromatic side chains (Verrey et al., 2004). 

Glucose transporter 2 (GLUT2, SLC2A2) is mainly found in the basolateral membrane of the 

enterocyte, although in some cases it may move to the brush border membrane (Mithieux, 2005).  

This transporter is Na+-independent and is responsible for the low affinity transport of glucose, 

galactose, mannose, and fructose and high-affinity transport of glucosamine (Uldry and Thorens, 

2004).  Zinc transporter 1 (ZnT1, SLC22A18) is responsible for the efflux of zinc out of the 

enterocyte (Tako et al., 2005).  Zinc is an essential mineral that is required for various cellular 

functions such as DNA synthesis, enzymatic reactions and gene expression (Gielda et al., 2012).  

Nutrient transporters play a crucial role in the influx and efflux of nutrients through the small 

intestine. 

 

Avian Immune System 

 Similar to other classes of animals, birds have nonspecific and specific immune responses 

to potential threats such as bacteria, viruses, parasites and other antigenic materials (Korver, 2006).  
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The two arms of the immune system are the innate (nonspecific) and acquired (specific) immunity.  

When a pathogen is recognized, it is initially processed by the innate immune system.  If the innate 

immune system requires further assistance, then the acquired immune system is activated (Erf et 

al., 2004).  This dissertation will primarily focus on the innate immune system, specifically host 

defense peptides, however, both systems are essential to the health and survival of the host 

 

Innate Immune System 

 The avian innate immune system is comprised of a variety of defense mechanisms 

responsible for protecting the host from invading pathogens (Wigley, 2013).  It is known as a non-

specific, barrier immune function; however, it is effective in combating invading pathogens and is 

essential in driving the necessary response from the adaptive immune system for fighting off an 

infection (Kaiser, 2010).  The innate immune system is made up of physical barriers such as the 

skin and mucosal layer as well as molecular and cellular defenses such as macrophages, 

heterophils, natural killer cells and host defense peptides (Kaiser, 2010).  Macrophages originate 

from stem cells found in the bone marrow and play a significant role in phagocytosis, the 

production of cytokines and in antigen presentation to T and B cells (Quershi, 2003; Korver, 2006).  

Heterophils are polymorphonuclear cells responsible for the phagocytosis of invading pathogens 

(Kaiser, 2010).  Usually the first cell type to respond to an area of infection, heterophils are 

considered the main effector cells of the innate immune system.  After the invading pathogen has 

been internalized, the heterophil kills the pathogen with a mechanism known as the respiratory 

burst.  Dendritic cells are responsible for capturing and processing antigens and are able to express 

a high level of the major histocompatibility complex.  Mature dendritic cells can also interact with 
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macrophages to stimulate the release of cytokines and with B cells to induce the production of 

antibodies (Korver, 2006). 

 

Host-defense peptides 

Host-defense peptides, formerly known as antimicrobial peptides, are a diverse group of 

small peptides found in most classes of life (Leher and Ganz, 2002; Cuperus et al., 2013).  HDPs 

are generally 10-50 amino acids long and are enriched in hydrophobic and cationic amino acid 

residues.  These peptides are part of the innate immune system, which is the first line of defense 

against a pathogen.  The majority of the HDPs are synthesized by the host’s phagocytic and 

mucosal epithelial cells.  Mature HDPs can be active against Gram-negative and Gram-positive 

bacteria but they can be active against fungi and viruses (Zhang and Sunkara, 2014).  Host-defense 

peptides have various modes of action.  However, the most common is killing bacteria through 

physical electrostatic interactions, which cause disruptions in the bacterial cell membrane.  There 

are three classes of host-defense peptides found in avians: β-defensins, cathelicidins, and liver-

expressed antimicrobial peptide 2 (LEAP2).  HDPs also have the ability to recruit and activate 

immune cells, which can be essential in fighting off pathogens (Cuperus et al., 2013).  

Avian β-defensins (AvBDs) were the first to be discovered in chickens and currently 14 

AvBDs have been described (Evans et al., 1994).  Sequencing of all 14 AvBDs revealed that the 

N-terminal signal peptide regions are highly conserved.  Most of the other residues are very diverse 

among AvBDs (Zhang and Sunkara, 2014).  AvBD genes are made up of four exons, except for 

AvBD12 in which the last two exons have fused (Xiao et al., 2004).  AvBDs are synthesized as 

inactive prepropeptides, which consist of a short signal peptide, a propeptide and the mature 

peptide.  Transcriptional analysis of AvBD genes have found that AvBD1, 2, and 4 to 7 are mainly 
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expressed in the bone marrow, while AvBD3, and 8 to 14 are expressed by epithelial cells (Lee et 

al., 2016).  However, AvBDs expressed in either the bone marrow or epithelial cells can be 

expressed in other tissues.  Hong et al. (2002) found tissue-specific expression of AvBDs in 

broilers with necrotic enteritis, which is caused by Clostridium perfringens.  In the intestines, 

AvBD8, AvBD10 and AvBD13 were all upregulated during a Clostridium infection in two 

commercial broiler chicken lines.  AvBDs may play an important role in controlling pathogenic 

infection in the small intestine.  

Presently, four avian cathelicidins (CATH) have been discovered in chickens: CATH1, 

CATH2, CATH3 and CATHB1 (Zanetti, 2005).  CATH1 and CATH2 mRNA are predominantly 

expressed in the bone marrow.  They have also been reported to be expressed in other tissues.  

CATH1 mRNA is moderately expressed in the gizzard, small intestine and large intestine.  CATH2 

mRNA expression has been shown to be high in liver tissue and moderate in the cecal tonsils.  

Tissue expression of CATH3 has yet to be determined; however, it is speculated to have similar 

tissue expression as CATH1 and CATH2.  CATHB1 expression has been predominantly found in 

the bursa of Fabricius (Lee et al., 2016).  CATH2 was found to be highly effective against 

Campylobacter; however, the bacterium has developed mechanisms to suppress intestinal CATH2 

expression (van Dijk et al., 2012).  CATH may be effective in controlling bacterial infections; 

however, some bacteria have developed mechanisms to survive interactions with CATH.  

Liver-expressed antimicrobial peptide 2 (LEAP2) was first observed in human blood; 

however, it was later found to be expressed in avians as well (Krause et al., 2003; Lynn et al., 

2004).  In chickens, LEAP2 may be expressed as part of the epithelial innate defense system (Lynn 

et al., 2004; Townes et al., 2004) and may function to prevent pathogens from interacting with 

epithelial surfaces and potentially invading tissues.  Townes et al. (2004) found that in 4-day-old 
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chicks, which had been orally inoculated with Salmonella, there was a significant upregulation of 

LEAP2 mRNA in the small intestine and liver.  It was later reported that in vitro, LEAP2 is able 

to affect the permeability of the bacterial outer membrane, leading to cell death (Townes et al., 

2009).  Host defense peptides are essential since they are the first response to pathogens as part of 

the innate immune system.   

In summary, Salmonella and Campylobacter are of major concern to the commercial 

poultry industry due to the threat they pose to consumers.  Infected birds may carry these pathogens 

without showing any sign of infection, which may lead to spread of these pathogens to other birds 

within a flock.  Nutrient transporters are important in the absorption and circulation of nutrients 

from the intestinal lumen to the blood.  Manipulation of these transporters could be beneficial to 

the colonization and proliferation of these pathogens.  Host defense peptides play an important 

role as part of the innate immune system.  Developing mechanisms to avoid HDPs could be 

essential for these pathogens.  Understanding how these pathogens influence the gut environment 

of the bird could be beneficial to the development of new prevention interventions. 

 

Objectives 

 Changes in expression of nutrient transporters and HDPs have been partially investigated 

in Salmonella- and Campylobacter-infected broiler chickens.  In this dissertation, the mRNA 

abundance of amino acid transporters (bo,+AT, CAT2, EAAT3, and LAT1), sugar transporters 

(GLUT2 and SGLT1), a mineral transporter (ZnT1), and immune factors (AvBD1, AvBD6, 

AvBD8, AvBD10, AvBD11, AvBD12, AvBD13 and LEAP2) were examined in the duodenum, 

jejunum, ileum and cecum of Salmonella-and Campylobacter-challenged broiler chickens.  The 

objective of the first experiment (Chapters 3&4) was to examine the influence of Salmonella 
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dosage level on the mRNA abundance of nutrient transporters and HDPs over a seven-day 

infection period.  The objective of the second experiment (Chapters 5&6) was to examine the 

influence of Campylobacter dosage level on the mRNA abundance of nutrient transporters and 

HDPs over a two-week infection period.  Samples from this study were also used to localize the 

expression of AvBD8 and AvBD10 to cells in the ileum of infected and non-infected broilers. 
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Chapter 3 

Temporal- and Tissue-Specific Changes in the Expression of Nutrient 

Transporters in Young Broilers Challenged with Various Levels of Salmonella 

Typhimurium.  

 

Abstract 

Salmonella is a zoonotic pathogen commonly found in poultry that is of great concern to human 

health.  Once Salmonella is able to colonize and proliferate in the gastrointestinal tract of birds, it 

can be actively shed via the feces, which can easily spread within a poultry house.  However, little 

is known about its influence on the gut environment and how it is able to thrive.  The objective of 

this study was to examine the influence of Salmonella at three challenge levels (106, 107, 108 

colony forming units (cfu)) on the expression of nutrient transporters in the small intestine of 

young broilers as measured by qPCR.  An upregulation of the nutrient transporters EAAT3, ZnT1, 

and GLUT2 was seen as early as day 1 in birds infected with 106 cfu of Salmonella Typhimurium.  

However, by day 7, an increased expression of ZnT1 was observed in the 108 cfu-challenged group.  

This indicates that zinc may play an important role during a Salmonella invasion.  

 

Introduction 

In the United States, Salmonella is the leading cause of bacterial foodborne illness. In 

humans, non-typhoidal Salmonella may cause abdominal pain, fever, and diarrhea (CDC, 2016). 

However, in most cases, the illness is self-limiting and medical attention may not be necessary. 

Salmonella serovars that cause illness in humans, usually do not cause illness in poultry. In most 
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cases, birds may show little to no signs of being infected with Salmonella. Once Salmonella enters 

the gastrointestinal tract of poultry, it can colonize the lower portion of the small intestine and lead 

to shedding of the pathogen via the feces.  

Manipulation of nutrient transporters may be essential for the invasion of foodborne 

pathogens such as Salmonella.  Nutrient transporters are located on the epithelial cells that line the 

villi and are responsible for the influx and efflux of nutrients to the absorptive enterocytes of the 

small intestine (Hediger et al., 2004).  Campylobacter, another foodborne pathogen, has the ability 

to influence the expression of nutrient transporters in the gut of chickens.  Awad et al. (2014) 

suggested that this pathogen may be able to change the gut environment in order to favor the 

replication and colonization of Campylobacter.  However, little is known about its effects on the 

absorption of nutrients in chickens during Salmonella colonization.  The objective of this study 

was to examine changes in the mRNA expression of nutrient transporters in the GI tracts of young 

broiler chicks following a Salmonella challenge.  

 

Materials and Methods 

Animals 

Two-hundred day-of-hatch Ross 308 cross broiler chicks were obtained from a local 

commercial hatchery.  The paper chick tray liners were taken for Salmonella testing.  Upon arrival, 

chicks were orally challenged with Salmonella and then placed into pens (Figure 3.1).  The trial 

was run in one disinfected, environmentally-controlled room with four 1.8 x 1.4 m floor pens with 

fresh pine shavings.  The chicks were provided with heat lamps to ensure they received adequate 

heat for the first few days.  All floor pens were equipped with nipple drinkers and feed trays, which 

were monitored on a daily basis.  All birds received a non-medicated corn-soybean meal starter 
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diet obtained from the Texas A&M University Poultry Research Center.  Diet was formulated to 

meet or exceed the National Research Council nutrient requirements for poultry (NRC, 1994).  

Chicks were provided feed and water ad libitum from time of placement until termination.  This 

study was approved by the Southern Plains Agricultural Research Center Animal Care and Use 

Committee and conducted at the Food and Feed Safety Research Laboratory (USDA Agricultural 

Research Service, College Station, TX) 

 

Tray Liner Evaluation 

Using aseptic techniques, each individual tray liner was placed into a gallon-size bag (S.C. 

Johnson & Johnson, Racine, WI) and 150 mL of Buffered Peptone Water (BPW) (Buven et al., 

1984) was added into each bag.  Bags were then thoroughly massaged for 60 seconds to ensure 

there was proper contact between the paper tray-liner and the BPW.  The peptone-tray liner 

samples were then incubated at 37°C for 24 hours.  After 24 hours, one mL of liquid was 

transferred into tubes containing 9 mLs of Rappaport-Vassiliadis enrichment broth (Becton 

Dickinson, Franklin Lake, NJ) and incubated for 24 hours at 42°C.  Following enrichment, each 

sample was streaked onto Xylose Lysine Tergitol-4 (XTL-4) (Becton Dickinson) agar with 

novobiocin (25 µg/mL) and incubated for 24 hours at 37°C. Colonies were analyzed for colony 

morphology.     

 

Challenge 

 To make the challenge, a strain of Salmonella Typhimurium (ST) with novobiocin (NO) 

and nalidixic acid (NA) resistance was used (Corrier et al., 1990).  The media which was used to 

culture the resistant strain contained 25 µg/mL of NO and 20 µg/mL of NA. The challenge 
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inoculum was prepared using an overnight culture, which had been transferred 3 times within three 

days in tryptic soy broth (Becton Dickinson). The culture was serially diluted in sterile phosphate-

buffered saline to make three different challenge dosages that were approximately 106, 107, 108 

cfu per mL.  The optical density of the cell dilution was measured with a spectrophotometer at 625 

nm and the number of cells in the inoculum was determined using a standard curve (Byrd et al., 

2001). The viable cell concentrations of the three challenge inoculums were confirmed by colony 

units on XLT-4 plates. Plates were incubated for 24 hours at 37°C and expressed as log10 to 

determine cfu/mL. On day of hatch, the control group received 0.5 mL of sterile phosphate-

buffered saline by oral gavage and occurred before the challenge groups. Challenge was 

administered by crop gavage of 0.5 mL to each bird within a challenge group. Challenge was 

administered with the lowest cfu dosage group occurring first and ending with the highest cfu 

challenge dosage group.  

 

Tissue collection  

 Before challenge, six day of hatch chicks were randomly selected, euthanized by cervical 

dislocation and subjected to necropsy immediately after euthanasia for tissue collection.  Chicks 

were observed daily for 7 days after the challenge.  From day 1 to day 7, six chicks from each of 

the four groups were randomly selected, euthanized by cervical dislocation and subjected to 

necropsy immediately after euthanasia for tissue collection.  To prevent contamination, control 

group was sampled first followed by the challenged groups 106, 107, and 108 cfu.  A cecum from 

each bird was aseptically removed and cecal contents were aseptically collected, weighed and 

serially diluted at 1:10, 1:100, 1:1000, and 1: 10,000 in 9 mL Butterfield’s solution tubes and 

spread onto XLT-4 plates with novobiocin (25 µg/mL) and nalidixic acid (20 µg/mL) (N/N).  XLT-
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4 plates were incubated at 37°C for 24 hours and colonies were counted and analyzed for colony 

morphology.  A piece of tissue from the remaining ceca was taken and placed into RNAlater® 

(Qiagen, Germantown, MD) solution, the remaining tissue was then placed into 9 mLs of 

Rappaport-Vassiliadis enrichment broth, incubated at 42°C for 24 hours and streaked onto XLT-4 

N/N plates.  Plates were incubated for an additional 24 hours at 37°C and observed for the presence 

or absence of Salmonella.  The small intestine from each bird was also aseptically removed and a 

1.25-2.0 cm whole tissue sample was taken from the duodenum, jejunum and ileum, washed in 

phosphate buffer solution and immediately placed into collection tubes containing RNAlater® 

solution (Qiagen).  All intestinal samples were frozen at -80°C until being shipped to Virginia 

Tech.  

 

RNA Extraction and Qualitative Real-Time PCR 

 Total RNA was extracted from duodenal, jejunal, ileal and cecal samples from birds (n=5) 

collected at days 1, 2, 5, and 7 post-challenge, following the Direct-zol RNA Miniprep (Zymo 

Research Corp, Irvine, CA) protocol.  Days 1, 2, 5, and 7 were selected to examine early and later 

responses to the Salmonella challenge and were based on results from pilot trials. The RNA 

concentration for each sample was quantified using a Nanodrop 1000 (Fisher Scientific, Hampton, 

NH) and then diluted to 200 ng/µL.  The genes analyzed include the neutral (LAT1), Na+-

independent (bo,+AT), anionic (EAAT3) and cationic (CAT2) amino acid transporters, the 

facilitated (GLUT2) and Na+-dependent (SGLT1) sugar transporters and the zinc (ZnT1) 

transporter.  The cDNA was synthesized from 500 ng of total RNA using a High-capacity cDNA 

reverse transcription kit (Applied Biosystems, Waltham, MA). The cDNA samples were diluted 

1:30 for qPCR. Each of the qPCR wells contained 5 µL of Fast SYBR Green Master mix (Applied 
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Biosystems), 1 µL of forward primer (5 nM), 1 µL of reverse primer (5 nM), 2 µL of diethyl 

pyrocarbonate treated water and 1 µL of cDNA and the reactions were run in a 7500 Fast Real-

time PCR instrument (Applied Biosystems). The primers for each of the genes plus beta-actin are 

listed in Table 3.1. These genes were selected based on previous research done in our lab, which 

evaluated expression of nutrient transporters during an Eimeria challenge (Paris et al., 2013; Su et 

al., 2014, 2015; Yin et al., 2015). 

 Fold change was calculated using the ΔΔCt method (Livak and Schmittgen, 2001). 

Expression of beta-actin served as the reference gene to calculate ΔCt. For each individual day, 

the average ΔCt of the control duodenum, jejunum, ileum and ceca was used as the calibrator to 

calculate ΔΔCt of corresponding treatment tissues.  

 

Statistical Analysis 

 Salmonella recovery levels (cfu/g of cecal contents) were analyzed by ANOVA using the 

JMP Pro 13 software (SAS Institute, Cary, NC). The model included the main effect of log10 cfu, 

sorted by day. Significant differences (P<0.05) were further separated using Tukey’s Test.     

 Changes in gene expression of nutrient transporters were analyzed by ANOVA in the JMP 

Pro 13 software (SAS Institute). The model included the main effect of treatment, sorted by tissue 

and genes. Significant differences (P<0.05) were further separated using Tukey’s Test. 

Chi-Square analysis was performed using the JMP Pro 13 software (SAS Institute) to 

determine significant differences (P<0.05) between groups in Salmonella colonization rate. 
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Results 

 From day 1 through day 7, all three treatment groups had greater levels of Salmonella 

Typhimurium when compared to the control group (Figure 3.2). However, there were no 

differences between treatment groups during the trial.  On days 1, 2, 5 and 7, all collected ceca 

from all challenged groups tested positive for Salmonella, which indicated colonization by 

Salmonella was successful and positive liver and spleen samples indicated a systemic infection 

(Table 3.2). 

 On day 1, there were differences (P<0.05) in mRNA abundance of EAAT3, ZnT1, GLUT2, 

CAT2, and LAT1 (Table 3.3).  Abundance of EAAT3 mRNA was lower in the 107 group compared 

to the control in the duodenum and cecum.  However, in the jejunum and ileum, mRNA abundance 

of EAAT3 was lower in the 107 and 108 groups than the 106 group, which was not different from 

control.  Abundance of ZnT1 mRNA was lower in the 107 and 108 groups compared to the 106 

group, which was not different from control in the duodenum and ileum.  In the jejunum, mRNA 

abundance was lower in the 107 group compared to the 106 group, which again was not different 

from control. Abundance of GLUT2 mRNA was lower in the 108 group and the 107 and 108 groups 

compared to the 106 group in the duodenum and ileum respectively.  Similarly, there was no 

difference between the 106 group and the control.  In the jejunum, GLUT2 mRNA abundance was 

greater in the 106 group than the control and the 107 and 108 groups.  For CAT2, there was lower 

mRNA abundance in the 106 group than the 107 group, which was not different from control.  For 

LAT1, there was greater mRNA abundance in the 107 group compared to control and the 108 

group. 

On day 2, there were differences (P<0.05) in mRNA abundance of EAAT3, bo,+AT, ZnT1, 

CAT2, LAT1 and SGLT1 (Table 3.4).  The mRNA abundance of EAAT3 was lower in the 106 
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group, 107 and 108 groups and all challenged groups compared to control in the jejunum, ileum, 

and cecum, respectively.  For bo,+AT, mRNA abundance was lower in the 106 and 108 groups, 107 

and 108 groups, and all challenged groups compared to control in the duodenum, ileum, and cecum, 

respectively.  ZnT1 mRNA abundance was only lower in the 108 group compared to control in the 

duodenum.  There was upregulation of CAT2 mRNA in the 108 group compared to control and 

the 106 group in the jejunum.  For LAT1, there was increase in mRNA abundance in the 108 group 

compared to the control and the 106 group in the ileum and upregulation in the 107 group compared 

to control in the cecum.  SGLT1 mRNA abundance was downregulated in the 108 group compared 

to control in the cecum.  

On day 5, there were differences (P<0.05) in mRNA abundance of EAAT3, bo,+AT, ZnT1, 

and CAT2 (Table 3.5).  For EAAT3, there was increased mRNA abundance in the 107 and 108 

groups compared to the 106 group in the duodenum, which was not different from control.  The 

mRNA abundance of bo,+AT was lower in the 107 group compared to control in the duodenum.  In 

the jejunum, ileum, and cecum, there was lower bo,+AT mRNA abundance for all challenged 

groups compared to control.  For ZnT1, there was greater mRNA abundance for the 107 group 

compared to the control and 108 group in the jejunum.  In the ileum, ZnT1 mRNA abundance was 

lower in the 108 group compared to the 106 group, which was not different from control.  For 

CAT2, the mRNA abundance was lower in the 108 group compared to control in the duodenum. 

In the jejunum, mRNA abundance of CAT2 was lower in all challenged groups compared to the 

control and in the ileum, mRNA abundance of CAT2 was lower in the 106 and 108 groups 

compared to the control. CAT2 mRNA abundance was lower in the 107 and 108 groups compared 

to the control in the cecum. 
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On day 7, there were differences (P<0.05) in mRNA abundance of EAAT3, bo,+AT, ZnT1, 

GLUT2, CAT2, and LAT1 (Table 3.6).  EAAT3 mRNA abundance was greater in the 107 group 

than the control and 108 group in the cecum.  Also in the cecum, mRNA abundance of bo,+AT was 

lower in the 108 group than the 107 group, which was not different from control.  In the duodenum, 

ZnT1 mRNA abundance was greater in the 107 and 108 groups compared to control and greater in 

the 107 and 108 groups compared to control and the 106 group in the jejunum.  ZnT1 mRNA 

abundance was greater in the 108 group than the control and the 106 group in both the ileum and 

the cecum.  GLUT2 mRNA abundance was lower in the 107 and 108 groups compared to control 

in the ileum and lower in the 108 group compared to control in the cecum.  CAT2 mRNA 

abundance was greater in the 108 group than control in the cecum.  For LAT1, mRNA abundance 

was greater in the 106 group compared to control and the 107 and 108 groups in the duodenum.  In 

the ileum and cecum, LAT1 mRNA abundance was greater in the 106 group than the control.   

 

Discussion 

 
 Nutrient transporters play an essential role in the absorption of nutrients from the intestinal 

lumen.  Pathogens such as Salmonella may have an influence on the expression of nutrient 

transporters in order to replicate and colonize the gastrointestinal tract of chickens.  In this study, 

changes in the expression of nutrient transporters were observed.  These changes appear to be 

dependent on challenge dosage, day and tissue.  

 Changes in mRNA abundance could be divided into two phases post challenge: early (day 

1 and day 2) and delayed (day 5 and day 7).  Early changes were observed in the nutrient transporter 

EAAT3.  Abundance of EAAT3 mRNA abundance was dose-dependent.  A decrease in EAAT3 

mRNA abundance was consistent in the ileum and cecum of the 107 group compared to the control 
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group.  The ileum and cecum are the main sites for Salmonella colonization (Meade et al., 2009).  

However, little to no changes in EAAT3 mRNA abundance could be observed by day 7.  EAAT3 

is responsible for the transport of glutamate and aspartate.  Glutamate is essential to the enterocyte 

serving as the main energy source for these cells.  Decreasing expression of EAAT3 could 

essentially shut down the enterocyte, which would make the cell less favorable for Salmonella to 

invade.    

Changes in bo,+AT mRNA abundance were observed on day 2 and day 5.  Early changes 

in bo,+AT mRNA abundance were observed in the 107 and 108 groups, with decreases in mRNA 

abundance in both groups in comparison to the control.  By day 5, bo,+AT mRNA abundance in 

the jejunum, ileum and cecum were lower in all challenge groups.  The transporter bo,+AT is 

responsible for the transport of cystine and other cationic amino acids into the enterocyte and efflux 

of neutral amino acids out of the enterocyte (Palacin and Kanai, 2004).  Delayed changes in CAT2 

and LAT1 were also observed.  Abundance of CAT2 mRNA was lower in all tissues of the 108 

group in comparison to the control on day 5.  Cationic amino acid transporter 2 is a low-affinity, 

high capacity transporter of cationic amino acids (Verrey et al., 2004).  Abundance of LAT1 

mRNA was greater in all tissues of the 106 group in comparison to the control on day 7.  L-type 

amino acid transporter 1 is a Na+-independent transporter responsible for the transport of neutral 

amino acids with large branched or aromatic side chains (Verrey et al., 2004).  Manipulation of 

bo,+AT, CAT2, and LAT1 could provide Salmonella with amino acids needed for bacterial 

metabolism and growth.   

Delayed changes in the nutrient transporter GLUT2 were observed on day 5 and day 7.  

The decrease in mRNA abundance of GLUT2 was consistently observed in the ileum and cecum 

of the 108 group.  GLUT2 is responsible for the transport of glucose, galactose, mannose, and 
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fructose on the basolateral membrane of the enterocyte.  The availability of glucose may be 

essential to the pathogen.  Less of GLUT2 may lead to an increase of glucose inside the enterocyte, 

which may be beneficial for Salmonella growth. 

ZnT1 mRNA abundance was affected throughout the trial period.  Interestingly on day 1, 

changes in ZnT1 mRNA abundance were observed between the challenged groups; however, not 

with the control group.  An increase in ZnT1 mRNA abundance was observed in the 106 group in 

the duodenum, jejunum, and ileum compared to the 107 and 108 groups.  The differences in ZnT1 

mRNA abundance could be influenced by the dosage given to each group.  By day 7, a delayed 

change was observed, with an increase of ZnT1 mRNA abundance in the 107 and 108 groups in all 

tissues.  Increased expression of ZnT1 would result in the increased efflux of zinc out of the 

enterocyte.  Zinc is essential in resisting disease, improving wound healing and in helping maintain 

gut integrity (Zhang et al., 2012).  The delayed efflux of zinc by the 107 and 108 groups could 

indicate a possible immune response to the Salmonella challenge.  However, it should be noted 

that only one zinc transporter was analyzed in this study; zinc transporters on the brush border 

membrane should be looked into in the future to fully understand the role of zinc during a 

Salmonella challenge.  Manipulation of nutrient transporters could be essential to the survival of 

Salmonella within the gastrointestinal tracts of poultry.  Early changes in nutrient transporters 

could be a response by the enterocyte to limit the invasion of Salmonella.  However, the response 

may be dependent on the challenge dose. 
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Table 3.1: Forward and Reverse Primers of Nutrient Transporter Genes 

a Primer sequence designed by Gilbert, et al., 2007 
b Primer sequence designed by Paris and Wong, 2010 

  

Gene Gene full 

name 

Location Function Forward/reverse primer 

b0,+AT
 a

 

Solute carrier 

family 7, 

member 9 

(SLC7A9) 

Brush 

border 

Na+-independent neutral/cystine, cationic amino 

acid exchanger 

CAGTAGTGAATTCTCTGAGTGTGAAGCT 

/GCAATGATTGCCACAACTACCA 

CAT2
 a

 

Cationic 

amino acid 

transporter-2 

(SLC7A2) 

Basolateral Transports lysine, arginine and histidine 
TGCTCGCGTTCCCAAGA  

/GGCCCACAGTTCACCAACAG 

EAAT3
 a

 

Excitatory 

amino acid 

transporter 3 

(SLC1A1) 

Brush 

border 
Transports aspartate, glutamate and cysteine 

TGCTGCTTTGGATTCCAGTGT 

/AGCAATGACTGTAGTGCAGAAGTAATATATG 

LAT1
 a

 

L type amino 

acid 

transporter-1 

(SLC7A5) 

Basolateral Transports hydrophobic amino acids 
CACACTATGGGCGCATGCT 

/ATTGTGCCTGGAGGTGTTGGT 

GLUT2
 a

 

Glucose 

transporter-2 

(SLC2A2) 

Basolateral 
Transports fructose, mannose, galactose, glucose 

and glucosamine 

CTCAGCCAGGTGTACTGTGCTT 

/CGTCATCCGCTTCAGTCTCA 

SGLT1
 a

 

Sodium 

glucose 

transporter-1 

(SLC5A1) 

Brush 

border  
Transports low concentrations of D-glucose 

GCCATGGCCAGGGCTTA 

/CAATAACCTGATCTGTGCACCAGTA 

ZnT1b 

Zinc 

transporter-1 

(SLC22A18) 

Basolateral Efflux of Zn2+ 
TCCGGGAGTAATGGAAATCTTC 

/AATCAGGAACAAACCTATGGGAAA 

Beta-actin
 a

 Beta-actin Cytosol Reference gene 
GTCCACCGCAAATGCTTCTAA 

/TGCGCATTTATGGGTTTTGTT 
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Table 3.2:  Liver, Spleen and Ceca Colonization 1, 2, 5 and 7 days after Salmonella Challenge. 

*Values are significantly different from control (P <0.05) 

  

 Day 1 Day 2 Day 5 Day 7 

Salmonella culture- positive/total  Salmonella culture- positive/total  Salmonella culture- positive/total  Salmonella culture- positive/total  

Challenge Liver Spleen Ceca Liver Spleen Ceca Liver Spleen Ceca Liver Spleen Ceca 

CON 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 

L 3/6 3/6 6/6* 5/6* 3/6 6/6* 6/6* 5/6* 6/6* 6/6* 4/6* 6/6* 

M 5/6* 4/6* 6/6* 6/6* 4/6* 6/6* 6/6* 6/6* 6/6* 6/6* 6/6* 6/6* 

H 6/6* 2/6 6/6* 6/6* 5/6* 6/6* 6/6* 6/6* 6/6* 6/6* 6/6* 6/6* 
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Table 3.3: Expression of Nutrient Transporters on Day 1 in Young Broilers Challenged with Salmonella Typhimurium  

Tissue Challenge/Gene EAAT3 bo,+AT ZnT1 GLUT2 CAT2 LAT1 SGLT1 

Duodenum CON 1.14A 1.01 1.05AB 1.14AB 1.01 1.26 1.08 

 L-106 1.24A 0.85 1.42 A 2.72 A 1.22 4.23 1.55 

 M-107 0.43B 1.06 0.51B 1.27 AB 2.64 4.08 0.93 

 H-108 0.59AB 0.78 0.61B 0.76 B 0.54 0.99 0.86 

P-value 0.01 0.63 0.004 0.02 0.16 0.13 0.18 

Pooled SEM 0.16 0.18 0.17 0.40 0.64 1.22 0.23 

        

Jejunum CON 1.05AB 1.00 1.12AB 1.03B 1.13 1.07B 1.07 

 L-106 1.54A 1.29 1.22A 2.42A 1.35 2.69AB 2.69 

 M-107 0.53B 0.90 0.43B 0.89B 3.48 3.38A 3.37 

 H-108 0.67B 0.86 0.54AB 0.69B 1.46 1.53AB 1.53 

P-value 0.001 0.45 0.018 0.003 0.08 0.03 0.29 

Pooled SEM 0.14 0.20 0.19 0.30 0.66 0.54 0.16 

        

Ileum CON 1.10AB 1.08 1.17AB 1.54AB 1.17 1.36 1.50 
 L-106 1.53A 1.57 1.76A 4.51A 3.23 1.58 2.76 
 M-107 0.54B 0.74 0.52B 0.76B 0.32 1.05 2.57 
 H-108 0.66B 0.97 0.58B 0.39B 0.03 0.95 1.69 

P-value 0.002 0.12 0.003 0.01 0.67 0.42 0.15 

Pooled SEM 0.16 0.23 0.22 0.80 0.40 0.63 0.27 

        

Cecum CON 1.44A 1.20 1.14 1.01 1.12AB 1.12 1.03 

 L-106 0.57AB 0.50 0.78 4.84 0.63B 0.63 2.02 

 M-107 0.24B 0.53 0.78 0.59 2.60A 2.60 3.46 

 H-108 0.45AB 0.96 0.90 0.44 0.93AB 0.93 1.45 

P-value 0.04 0.24 0.58 0.08 0.03 0.08 0.38 

Pooled SEM 0.28 0.27 0.20 1.26 0.45 0.64 0.36 
A,BMeans with no common superscript within a gene and a tissue differ significantly (P<0.05). 
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Table 3.4: Expression of Nutrient Transporters on Day 2 in Young Broilers Challenged with Salmonella Typhimurium 

Tissue Challenge/Gene EAAT3 bo,+AT ZnT1 GLUT2 CAT2 LAT1 SGLT1 

Duodenum CON 1.02 1.02A 1.06A 1.16 1.15 1.09 1.02 

 L-106 0.62 0.61B 0.88AB 1.44 0.95 1.89 1.11 

 M-107 0.74 0.70AB 0.64AB 0.93 1.60 2.83 1.16 

 H-108 0.82 0.68B 0.50B 0.45 1.37 1.95 1.07 

P-value 0.053 0.04 0.01 0.07 0.24 0.29 0.97 

Pooled SEM 0.10 0.10 0.11 0.25 0.23 0.61 0.20 

        

Jejunum CON 1.02A 1.01 1.26 1.04 1.06B 1.02 1.08 

 L-106 0.49B 0.79 1.03 1.09 0.85B 1.79 1.13 

 M-107 0.59AB 0.78 0.61 0.89 1.62AB 2.95 0.99 

 H-108 0.83AB 0.83 0.58 0.73 2.17A 2.40 0.92 

P-value 0.02 0.25 0.23 0.54 0.02 0.16 0.91 

Pooled SEM 0.11 0.10 0.26 0.19 0.29 0.59 0.22 

        

Ileum CON 1.06A 2.51A 1.28 1.12 1.17 1.07B 1.04 

 L-106 0.57AB 1.99AB 1.09 0.66 0.68 1.35B 1.30 

 M-107 0.36B 1.51B 0.98 0.91 1.44 2.78AB 1.35 

 H-108 0.32B 1.47B 0.52 0.42 1.45 3.21A 1.25 

P-value 0.02 0.02 0.32 0.08 0.28 0.006 0.88 

Pooled SEM 0.16 0.22 0.29 0.19 0.30 0.43 0.29 

        

Cecum CON 1.03A 1.14A 1.04 1.57 1.04 1.03B 1.02A 

 L-106 0.18B 0.24B 1.12 0.68 0.59 1.69AB 0.67AB 

 M-107 0.13B 0.20B 0.80 0.52 1.00 2.94A 0.66AB 

 H-108 0.21B 0.31B 0.58 0.27 0.87 2.00AB 0.48B 

P-value <.0001 0.01 0.29 0.11 0.46 0.049 0.02 

Pooled SEM 0.10 0.18 0.21 0.37 0.21 0.44 0.20 
A,B,CMeans with no common superscript within a gene and a tissue differ significantly (P<0.05). 
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Table 3.5: Expression of Nutrient Transporters on Day 5 in Young Broilers Challenged with Salmonella Typhimurium 

Tissue Challenge/Gene EAAT3 bo,+AT ZnT1 GLUT2 CAT2 LAT1 SGLT1 

Duodenum CON 1.15AB 1.11A 1.05 1.06 1.12A 1.05 1.04 

 L-106 0.70B 0.47AB 1.85 0.64 0.55AB 1.43 1.20 

 M-107 1.67A 0.39B 1.66 1.22 0.64AB 2.07 1.24 

 H-108 1.67A 0.67AB 1.18 1.32 0.05B 1.25 1.03 

P-value 0.02 0.03 0.04* 0.20 0.004 0.22 0.90 

Pooled SEM 0.23 0.16 0.21 0.23 0.17 0.35 0.26 

        

Jejunum CON 1.08 1.06A 1.05C 1.08 1.16A 1.07 1.04 

 L-106 0.89 0.38B 2.23AB 0.83 0.37B 0.94 1.44 

 M-107 1.54 0.28B 2.30A 1.32 0.33B 1.06 1.60 

 H-108 1.57 0.57B 1.27BC 1.63 0.03B 1.11 1.50 

P-value 0.13 0.001 0.003 0.09 0.003 0.96 0.30 

Pooled SEM 0.23 0.11 0.24 0.21 0.18 0.24 0.22 

        

Ileum CON 1.10 1.07A 1.05AB 1.20A 1.28A 1.03 1.05 

 L-106 0.71 0.39B 1.60A 0.22B 0.27B 0.90 1.80 

 M-107 1.14 0.30B 1.37AB 0.38B 0.43AB 0.83 1.68 

 H-108 1.08 0.41B 0.91B 0.42B 0.05B 1.10 1.43 

P-value 0.37 0.001 0.01 0.005 0.01 0.63 0.52 

Pooled SEM 0.19 0.12 0.37 0.17 0.23 0.16 0.37 

        

Cecum CON 1.08 1.13A 1.13 1.14A 1.22A 1.04 1.13 

 L-106 0.45 0.35B 1.01 0.42B 0.41AB 2.48 0.72 

 M-107 0.51 0.21B 0.89 0.23B 0.28B 1.97 0.83 

 H-108 0.57 0.22B 0.51 0.20B 0.08B 1.76 0.35 

P-value 0.054 0.001 0.12 0.002 0.01 0.09 0.21 

Pooled SEM 0.16 0.15 0.18 0.16 0.22 0.37 0.25 
A,B,Means with no common superscript within a gene and a tissue differ significantly (P<0.05).  *Values could not be further separated 

using Tukey’s Test.  
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Table 3.6: Expression of Nutrient Transporters on Day 7 in Young Broilers Challenged with Salmonella Typhimurium 

Tissue Challenge/Gene EAAT3 bo,+AT ZnT1 GLUT2 CAT2 LAT1 SGLT1 

Duodenum CON 1.01 1.01 1.03C 1.04 1.06 1.06B 1.09 

 L-106 1.40 1.60 1.49BC 1.43 2.35 12.19A 1.03 

 M-107 1.00 1.04 2.82AB 0.90 2.64 2.58B 1.20 

 H-108 1.39 0.98 3.67A 1.07 1.50 1.34B 1.59 

P-value 0.046* 0.10 0.001 0.65 0.62 0.01 0.32 

Pooled SEM 0.12 0.19 0.41 0.30 0.94 2.26 0.23 

        

Jejunum CON 1.02 1.07 1.03B 1.02 1.07 1.22 1.04 

 L-106 1.23 1.59 1.88B 0.85 1.56 6.94 1.20 

 M-107 1.10 1.34 3.29A 0.84 1.36 4.62 1.20 

 H-108 1.24 1.01 3.60A 0.63 1.62 1.83 1.80 

P-value 0.37 0.08 <0.0001 0.11 0.60 0.11 0.23 

Pooled SEM 0.10 0.17 0.30 0.10 0.31 1.71 0.28 

        

Ileum CON 1.07 1.70 1.04B 1.13A 1.04 1.23B 1.09 

 L-106 0.97 1.73 1.49B 0.76AB 1.28 12.75A 1.14 

 M-107 0.92 1.47 2.44AB 0.21B 2.32 6.03AB 1.03 

 H-108 0.81 1.20 3.11A 0.15B 1.71 3.09AB 1.21 

P-value 0.87 0.36 0.004 0.01 0.11 0.049 0.81 

Pooled SEM 0.22 0.23 0.21 0.20 0.36 2.80 0.16 

        

Cecum CON 1.31B 1.42AB 1.04B 1.25A 1.02B 1.39B 1.30 

 L-106 1.40AB 1.80AB 1.11B 1.08AB 1.49AB 9.10A 1.43 

 M-107 2.86A 2.15A 1.67AB 0.44AB 1.16AB 6.39AB 1.81 

 H-108 0.49B 0.38B 3.06A 0.21B 1.84A 3.05AB 1.71 

P-value 0.003 0.02 0.001 0.01 0.02 0.01 0.89 

Pooled SEM 0.37 0.36 0.40 0.22 0.18 1.56 0.52 
A,B,Means with no common superscript within a gene and a tissue differ significantly (P<0.05).  *Values could not be further separated 

using Tukey’s Test.  
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Figure 3.1: Treatment layout* 
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Figure 3.2: Salmonella Cecal Recovery in Young Broilers 1, 2, 3, 4, 5, 6 and 7 Days after Challenge  

 
A,BMeans with no common superscript differ significantly  

CON=Control, L=106 challenge group, M= 107 challenge group, H=108 challenge group  
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Chapter 4 

Temporal- and Tissue- Specific Changes in mRNA Abundance of Avian Beta-

Defensins and Liver-Expressed Antimicrobial Peptide 2 in Young Broilers 

Challenged with Salmonella Typhimurium. 

 

Abstract 

Salmonella is the most common cause of bacterial foodborne illness in the United States.  

The pathogen can be actively shed by birds through the feces.  However, these infected birds may 

show little to no signs of a Salmonella infection.  Salmonella has been shown to induce an immune 

response in poultry. Avian Beta-defensins (AvBD) and liver-expressed antimicrobial peptide 2 

(LEAP2) are host defense peptides, which can be effective against bacterial infections.  The 

objective of this experiment was to study the effects of a Salmonella challenge on the mRNA 

abundance of AvBD and LEAP2 over seven days.  A host immune response to Salmonella 

challenge was initially observed.  However, the response was dependent on dosage, as greater 

LEAP2 mRNA abundance was observed on day 1 in the 106 group when compared to the 107 and 

108 groups.  At later points after challenge, a lower abundance of AvBD1, 6, 8, 10, and 12 mRNA 

was observed in the lower gastrointestinal tract especially in the 108 group, indicating that the 

pathogen may be influencing intestinal expression of AvBD mRNA. 

 

Introduction 

 
Salmonella is a bacterium commonly found in the digestive tract of poultry.  In the United 

States, it is the leading cause of bacterial foodborne illness (CDC, 2013).  This microorganism 

infects poultry as well as humans via the oral route.  It must travel down the gastrointestinal tract 
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and reach the distal ileum and cecum, where it outcompetes the resident microflora and penetrates 

the mucosal epithelium (Berndt et al., 2007).  Salmonella colonization activates an inflammatory 

response leading to an innate immune response by the host. 

Host defense peptides (HDPs) are a component of the innate immune system.  HDPs are a 

diverse group of small peptides that are enriched in hydrophobic and cationic amino acid residues 

(van Dijk et al., 2011).  In avian species, three class of HDPs, avian beta-defensins (AvBD), 

cathelicidins (CATH) and liver-expressed antimicrobial peptide (LEAP2) have been described.  

Salmonella infected chickens have shown an increased expression of AvBD3, AvBD10, and 

AvBD12 six hours post-challenge (Meade et al., 2009).  Increased expression of LEAP2 has also 

been seen in Salmonella infected chickens (Townes et al., 2004).  Thus, Salmonella induces a host 

immune response, leading to an increased expression of certain HDPs.  

Previous research has shown that mRNA abundance of HDPs is greater during a 

Salmonella challenge; however, the pathogen is able to survive and thrive within the host, which 

may lead to contamination issues when these birds are processed.  However, little research has 

been done to observe changes in AvBDs and LEAP2 mRNA expression during the gradual 

colonization incidence of Salmonella.  The objective of this study was to examine the influence of 

a Salmonella challenge on the mRNA abundance of AvBD and LEAP2 in the small intestines of 

young broilers over a 7 day time period.  

 

Materials and Methods 

RNA Extraction and Relative qPCR 

 Tissue samples used in this study were those described and collected in Chapter 3. Total 

RNA was extracted from duodenal, jejunal, ileal and cecal samples from birds (n=5) in each 

treatment group collected at days 1, 2, 5, and 7 following the Direct-zol RNA Miniprep (Zymo 
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Research Corp, Irvine, CA) protocol.  The RNA concentration for each sample was quantified 

using a Nanodrop 1000 (Fisher Scientific, Hampton, NH) and then diluted to 200 ng/µL.  The 

genes analyzed included LEAP2 and the following avian beta-defensins: AvBD1, AvBD6, 

AvBD8, AvBD10, AvBD11, AvBD12, and AvBD13.  The cDNA was synthesized from 500 ng 

of total RNA using a High-capacity cDNA reverse transcription kit (Applied Biosystems, 

Waltham, MA).  The cDNA samples were diluted 1:30 for qPCR.  Each of the qPCR wells 

contained 5 µL of Fast SYBR Green Master mix (Applied Biosystems), 1 µL of forward primer 

(5 nM), 1 µL of reverse primer (5 nM), 2 µL of diethyl pyrocarbonate treated water and 1 µL of 

cDNA and the reactions were run in a 7500 Fast Real-time PCR instrument (Applied Biosystems).  

The primers for each of the genes plus beta-actin are listed in Table 4.1.  These genes were selected 

based on intestinal expression of AvBDs observed by Hong et al. (2012) and previous research 

done in our lab, which evaluated expression of AvBDs and LEAP2 during an Eimeria challenge 

(Paris et al., 2013; Su et al., 2014; 2017) and  

 Fold change was calculated using the ΔΔCt method (Livak and Schmittgen, 2001). 

Expression of beta-actin served as the reference gene to calculate ΔCt.  For each individual day, 

the average ΔCt of the control duodenum, jejunum, ileum and ceca was used as the calibrator to 

calculate ΔΔCt of the corresponding treatment tissues.  

 

Statistical Analysis  

 Changes in gene expression of host defense peptides (AvBD and LEAP2) were analyzed 

by ANOVA using the JMP Pro 13 software (SAS Institute, Cary, NC). The model included the 

main effects of treatment, sorted by tissue and genes.  Significant differences (P<0.05) were further 

separated using Tukey’s Test. 
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Chi-Square analysis was performed using the JMP Pro 13 software (SAS Institute) to 

determine significant differences (P<0.05) between groups in Salmonella colonization rate.  

 

Results 

From day 1 to day 7, all three challenge groups had greater number of colony forming units 

(cfu) of Salmonella Typhimurium when compared to the control group (Chapter 3, Figure 3.2).  

On day 1, 50 to 100 percent of collected livers tested positive for Salmonella in the 107 and 108 

groups. Only 33 to 67 percent of collected spleens tested positive for Salmonella in the challenged 

groups.  On day 2, 83 to 100 percent of collected livers tested positive for Salmonella in the 

challenged groups.  Of collected spleens, 50 to 63 percent tested positive for Salmonella.  On days 

5 and 7, all collected livers from all challenged groups tested positive for Salmonella.  In collected 

spleens, 83 to 100 percent tested positive for Salmonella on day 5 and 67 to 100 percent positive 

for Salmonella on day 7.  On days 1, 2, 5 and 7, all collected ceca from all challenged groups tested 

positive for Salmonella. All livers, spleens and ceca collected from the control group tested 

negative for Salmonella throughout the entirety of the trial (Table 4.2).  

On day 1, there were differences (P<0.05) in mRNA abundance of AvBD-10 and LEAP2 

(Table 4.3).  In the duodenum, abundance of LEAP2 mRNA was greater in the 106 group compared 

to control, 107 and 108 groups.  In the 108 group, LEAP2 mRNA abundance was lower compared 

to the control group.  In the jejunum, ileum, and cecum there was lower abundance of LEAP2 

mRNA in the 107 and 108 groups compared to the 106 group.  In the jejunum and ileum, the 106 

group was not different from the control group whereas in the cecum, the 106 group was greater 

than the control.  Also in the cecum, AvBD-10 mRNA abundance was lower in the 107 group 

compared to the control group.   
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On day 2, there were differences (P<0.05) in mRNA abundance of AvBD12 and AvBD13 

(Table 4.4).  In the jejunum, AvBd12 mRNA abundance was increased in the 108 group compared 

to the control group.  In the duodenum, a difference in abundance of AvBD13 was observed; 

however, when a Tukey’s test was performed, the groups could not be further separated.  

Numerically, a greater abundance of AvBD13 mRNA was observed in both the 106 and 107 groups 

compared to the control group.  In the cecum, the 106 group had a greater abundance of AvBD13 

compared to the 108 group but not different from the control group. 

On day 5, there were differences (P<0.05) in mRNA abundance of all AvBD (Table 4.5).  

For AvBD-1, there was a decrease in mRNA abundance in the 107 and 108 groups compared to the 

control group in the jejunum, decrease in all challenged groups compared to the control in the 

ileum and decrease in the 107 and 108 groups compared to the control in the cecum.  For AvBD6, 

there was lower mRNA abundance in the 107 and 108 groups compared to the control group in the 

jejunum and cecum and lower in all challenged groups compared to the control in the ileum.  For 

AvBD8, mRNA abundance was downregulated in the ileum of all challenged groups compared to 

the control group and downregulated in the cecum of the 107 and 108 groups compared to the 

control.  In the duodenum, jejunum, ileum and cecum, AvBD10 mRNA abundance was lower in 

all challenged groups compared to the control.  For AvBD11, mRNA abundance was lower in all 

challenged groups compared to the control in the duodenum and ileum.  A difference in mRNA 

abundance of AvBD-11 was observed in the jejunum, however, groups could not be further 

separated using a Tukey’s test.  Numerically, a lower abundance of AvBD11 mRNA was observed 

in all challenged groups compared to the control group.  For AvBD12, mRNA abundance was 

decreased in all challenged groups in the duodenum, ileum and cecum compared to the control.  In 

the jejunum, mRNA abundance was decreased in the 107 group compared to the control group.  A 
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difference in mRNA abundance of AvBD13 was observed in the ileum, however, groups could 

not be further separated using a Tukey’s test.  Numerically, a lower abundance of AvBD13 mRNA 

was observed in all challenged groups compared to the control group. In the cecum, AvBD13 

mRNA abundance was lower in the 107 and 108 groups compared to the control.  For LEAP2, 

mRNA abundance in the ileum was lower in all challenged groups compared to the control group.  

On day 7, there were differences (P<0.05) in mRNA abundance for AvBD6, 10, 11, 12, 13 

and LEAP2 (Table 4.6).  For AvBD6, there was decrease in mRNA abundance in the 107 and 108 

groups compared to the 106 group in the duodenum, which was not different from the control.  In 

the cecum, mRNA abundance was lower in the 108 group compared to the 106 group, however not 

different from the control.  For AvBD8, a difference in mRNA abundance was observed in the 

duodenum and jejunum, however, groups could not be further separated using a Tukey’s test.  In 

the cecum, mRNA abundance was greater in the 106 group compared to the 108 group, but the 106 

group was not different compared to the control.  For AvBD10, mRNA abundance was greater in 

the 106 group compared to the 107 and 108 groups in the duodenum, but the 106 group was not 

different from the control group.  For AvBD11, AvBD12 and AvBD13, mRNA abundance in the 

duodenum was increased in the 106 group compared to the control and the 107 and 108 groups.  For 

LEAP2, a difference in mRNA abundance was observed in the duodenum, however, groups could 

not be further separated using a Tukey’s test.  In the jejunum, mRNA abundance of LEAP2 was 

greater in the 107 and 108 groups compared to the control.   

 

Discussion 

Results from tested ceca indicate that the Salmonella challenge of the challenged groups 

was successful.  Salmonella was also able to successfully colonize the ceca as recovered cfu 



43 
 

numbers remained high throughout the trial.  The ileum and ceca serve as the primary sites for 

Salmonella challenge and colonization (Meade et al., 2009).  From day 1 to day 7, a gradual 

increase in positive livers and spleens were observed, indicating that a systemic Salmonella 

infection had been established in the challenged groups.   

The majority of AvBDs did not show an early change in response to the Salmonella 

challenge.  Meade et al. (2009) observed an increase in AvBD expression six hours post- 

Salmonella challenge with an increase in heterophils, monocytes and macrophages at 20 and 48 

hours post-challenge.  The most common mode of action for AvBDs is bacterial killing; however, 

AvBDs may also recruit and activate other immune cells (Cuperus et al., 2013).  This could explain 

why a change in the intestinal AvBD mRNA abundance  at ~24 hours post challenge was not 

observed and the increase in heterophils and macrophages observed by Meade et al. (2009), 

suggesting AvBD .  The Salmonella challenge did affect the abundance of LEAP2 mRNA, which 

seems to be dependent on challenge dose.  In the duodenum and cecum, an increase in LEAP2 

mRNA abundance was observed in the 106 group compared to the control, while in the jejunum 

and ileum, LEAP2 mRNA was only numerically greater.  This increase in LEAP2 is similar to the 

response seen by Townes et al. (2004).  LEAP2 has been suggested to affect the permeability of 

the outer Salmonella membrane, which may lead to cell death (Townes et al., 2009).  The increase 

of LEAP2 may indicate an immune response to the challenge and an attempt to terminate it.  

Interestingly, the opposite response is seen in the abundance of LEAP2 mRNA in all tissues of the 

108 group.  This decrease in LEAP2 mRNA may indicate the pathogen may have been able to 

suppress intestinal expression of LEAP 2 at a high challenge dose.  Very little changes in AvBD 

or LEAP2 mRNA abundance were observed on day 2.  It is a very different response from what is 
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observed on day 1, which may indicate the pathogen was able to evade the response by the host 

immune system. 

A remarkable response to the Salmonella challenge was observed on day 5 as the 

abundance of all HDPs mRNA were downregulated in various tissues in the Salmonella challenged 

groups compared to the control.  AvBD10 mRNA abundance was lower in all tissues in both the 

107 and 108 challenged groups.  This may indicate that AvBD10 plays an important role in 

regulating bacterial infections of the gastrointestinal tract.  The Salmonella challenge appears to 

have a pronounced impact on the mRNA abundance of AvBD1, 6, 8, 10, and 12 in the lower 

gastrointestinal tract, which is the main site of Salmonella colonization, especially in the 107 and 

108 groups.  This may indicate that the pathogen might be able to influence the intestinal AvBD 

expression as part of the immune evasion strategy of the pathogen.  This ability has also been 

observed after Campylobacter infection of chickens (van Dijk et al., 2012).  The manipulation of 

AvBD might be essential in the systemic spread of Salmonella as all livers and spleens collected 

from the 107 and 108 groups tested positive for Salmonella.  However, by day 7, the 

downregulation of AvBD that was observed on day 5 was no longer present.  

AvBDs and LEAP2 have been shown to be effective peptides against pathogens in in vitro 

settings.  In the current study, we observed abundance of AvBDs and LEAP2 mRNA during a 

Salmonella challenge.  The host immune system was initially able to respond to the Salmonella 

challenge.  However, the response was dependent on dosage, with greater LEAP2 mRNA 

abundance in the 106 group compared to the 107 and 108 groups.  As the infection progressed, a 

lower abundance of AvBD mRNA was observed in the lower gastrointestinal tract.  AvBDs and 

LEAP2 may be effective against pathogen infection; however, pathogens may have developed 
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mechanisms to ensure survival from host HDPs, which leads to successful colonization of the 

gastrointestinal tract of poultry.
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Table 4.1:  Forward and Reverse Primers of Host Defense Peptide Genes 

1 Primer sequence designed by Su et al., 2017 
2Primer sequence designed by Casterlow et al., 2011 
3Primer sequence designed by Gilbert et al., 2007 

  

Gene Gene full name  Forward/reverse primer. 

AvBD11 Avian Beta Defensin 1  GAGTGGCTTCTGTGCATTTCTG 

/TTGAGCATTTCCCACTGATGAG 

AvBD61 Avian Beta Defensin 6 GCCCTACTTTTCCAGCCCTATT / 

GGCCCAGGAATGCAGACA 

AvBD81 Avian Beta Defensin 8 ATGCGCGTACCTAACAACGA 

/TGCCCAAAGGCTCTGGTATG 

AvBD101 Avian Beta Defensin 10 CAGACCCACTTTTCCCTGACA 

/CCCAGCACGGCAGAAATT  

AvBD111 Avian Beta Defensin 11 GGTACTGCATCCGTTCCAAAG 

/GCATGTTCCAAATGCAGCAA  

AvBD121 Avian Beta Defensin 12 TGTAACCACGACAGGGGATTG 

/GGGAGTTGGTGACAGAGGTTT  

AvBD131 Avian Beta Defensin 13 CAGCTGTGCAGGAACAACCA 

/CAGCTCTCCATGTGGAAGCA  

LEAP22 Liver-expressed antimicrobial peptide 2 CTCAGCCAGGTGTACTGTGCTT 

/CGTCATCCGCTTCAGTCTCA 

Beta-actin3 Beta-actin GTCCACCGCAAATGCTTCTAA 

/TGCGCATTTATGGGTTTTGTT 
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Table 4.2:  Liver, Spleen and Ceca Colonization 1, 2, 5 and 7 days after Salmonella Challenge. 

 

*Values are significantly different from control (P <0.05) 

  

 Day 1 Day 2 Day 5 Day 7 

Salmonella culture- positive/total  Salmonella culture- positive/total  Salmonella culture- positive/total  Salmonella culture- positive/total  

Challenge Liver Spleen Ceca  Liver Spleen Ceca Liver Spleen Ceca Liver Spleen Ceca 

CON 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 

L 3/6 3/6 6/6* 5/6* 3/6 6/6* 6/6* 5/6* 6/6* 6/6* 4/6* 6/6* 

M 5/6* 4/6* 6/6* 6/6* 4/6* 6/6* 6/6* 6/6* 6/6* 6/6* 6/6* 6/6* 

H 6/6* 2/6 6/6* 6/6* 5/6* 6/6* 6/6* 6/6* 6/6* 6/6* 6/6* 6/6* 
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Table 4.3: Expression of Host Defense Peptides in Young Broilers Challenged with Salmonella Typhimurium on Day 1  

A,B,CMeans with no common superscript within a gene and a tissue differ significantly (P<0.05) 
  

Tissue Challenge/Gene AvBD1 AvBD6 AvBD8 AvBD10 AvBD11 AvBD12 AvBD13 LEAP2 

Duodenum CON 1.12 1.12 1.20 2.51 1.16 1.16 1.18 1.08B 

 L-106 1.87 1.18 1.80 0.53 1.81 1.43 1.10 2.02A 

 M-107 0.88 0.77 1.27 0.34 0.72 0.67 0.62 0.43BC 

 H-108 0.74 0.50 0.77 0.86 0.56 0.70 0.48 0.05C 

P-value 0.59 0.65 0.66 0.40 0.44 0.40 0.30 <.0001 

Pooled SEM 0.62 0.43 0.58 0.97 0.58 0.36 0.30 0.23 

 

Jejunum CON 1.13 1.12 1.25 1.89 1.34 1.17 1.23 1.05AB 

 L-106 2.03 2.20 2.92 1.37 1.50 2.30 1.84 1.30A 

 M-107 1.07 1.06 1.69 0.35 0.68 0.72 0.49 0.45BC 

 H-108 1.11 0.95 1.52 1.10 0.83 1.05 0.87 0.06C 

P-value 0.19 0.20 0.29 0.41 0.42 0.33 0.39 <.0001 

Pooled SEM 0.35 0.44 0.64 0.63 0.39 0.62 0.55 0.15 

 

Ileum CON 1.16 1.09 1.20 1.22 1.07 1.29 1.54 1.05AB 

 L-106 1.86 1.74 2.39 0.45 1.23 2.35 1.36 1.36A 

 M-107 0.81 0.73 1.16 0.18 0.44 0.46 0.55 0.16BC 

 H-108 0.99 1.00 1.60 1.90 1.06 1.02 0.79 0.02C 

P-value 0.22 0.07 0.13 0.13 0.25 0.23 0.38 0.0001 

Pooled SEM 0.36 0.25 0.38 0.53 0.28 0.62 0.45 0.23 

 

Cecum CON 1.22 2.85 1.34 1.27A 1.06 1.07 1.05 1.09B 

 L-106 1.20 2.69 1.17 0.34AB 0.91 1.03 0.98 2.07A 

 M-107 1.17 2.58 1.27 0.28B 0.66 0.69 0.78 0.14C 

 H-108 0.52 1.58 0.98 0.69AB 0.52 0.85 0.75 0.02C 

P-value 0.54 0.67 0.92 0.04 0.11 0.70 0.65 <0.0001 

Pooled SEM 0.39 0.71 0.39 0.23 0.16 0.25 0.20 0.23 
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Table 4.4:  Expression of Host Defense Peptides in Young Broilers Challenged with Salmonella Typhimurium on Day 2.  

A,B,Means with no common superscript within a gene and a tissue differ significantly (P<0.05).  *Values could not be further 

separated using Tukey’s Test.   

Tissue Challenge/Gene AvBD1 AvBD6 AvBD8 AvBD10 AvBD11 AvBD12 AvBD13 LEAP2 

Duodenum CON 1.92 1.25 1.07 1.08 1.03 1.15 1.03 1.01 

 L-106 1.86 1.26 0.88 0.97 1.02 1.73 1.44 0.93 

 M-107 3.28 1.31 0.97 1.26 1.41 1.60 1.46 0.93 

 H-108 0.34 1.42 1.24 1.04 1.21 1.25 0.89 0.67 

P-value 0.09 0.26 0.54 0.51 0.33 0.42 0.046* 0.44 

Pooled SEM 0.73 0.26 0.18 0.14 0.17 0.28 0.16 0.15 

 

Jejunum CON 1.59 1.08 1.10 1.01 1.05 1.05B 1.08 1.06 

 L-106 1.65 1.20 0.87 1.57 1.13 2.04AB 0.94 1.05 

 M-107 2.12 1.61 1.16 1.70 1.24 1.58AB 0.91 0.76 

 H-108 0.58 2.38 1.91 2.32 1.81 2.16A 1.10 0.96 

P-value 0.19 0.25 0.35 0.18 0.29 0.04 0.83 0.86 

Pooled SEM 0.48 0.48 0.42 0.4 0.29 0.26 0.18 0.28 

 

Ileum CON 2.15 1.21 1.03 1.10 1.11 1.14 1.06 1.08 

 L-106 1.03 0.81 0.59 2.01 1.60 1.23 1.27 0.40 

 M-107 2.02 1.05 0.86 2.10 1.82 1.34 1.69 1.00 

 H-108 0.42 1.50 1.35 1.91 1.85 1.03 1.34 0.37 

P-value 0.07 0.38 0.39 0.24 0.49 0.86 0.51 0.25 

Pooled SEM 0.49 0.27 0.31 0.37 0.37 0.27 0.29 0.31 

 

Cecum CON 2.14 2.53 1.06 1.07 1.01 1.09 1.02AB 1.07 

 L-106 1.02 1.66 0.49 1.01 1.09 1.07 1.14A 0.38 

 M-107 1.34 2.34 0.57 0.85 1.14 0.85 1.02AB 0.70 

 H-108 0.17 1.57 0.52 0.58 0.67 0.34 0.44B 0.42 

P-value 0.23 0.43 0.06 0.27 0.20 0.06 0.04 0.08 

Pooled SEM 0.65 0.48 0.16 0.18 0.16 0.20 0.17 0.19 
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Table 4.5:  Expression of Host Defense Peptides in Young Broilers Challenged with Salmonella Typhimurium on Day 5.  

A,B,Means with no common superscript within a gene and a tissue differ significantly (P<0.05).  *Values could not be further separated 

using Tukey’s Test.   

Tissue Challenge/Gene AvBD1 AvBD6 AvBD8 AvBD10 AvBD11 AvBD12 AvBD13 LEAP2 

Duodenum CON 1.27 1.14 1.13 1.13A 2.74A 1.07A 1.23 1.06 

 L-106 0.49 0.52 0.59 0.35B 0.96B 0.43B 0.45 0.85 

 M-107 0.61 0.69 0.81 0.31B 0.93B 0.43B 0.37 0.96 

 H-108 0.42 0.42 0.63 0.27B 0.93B 0.39B 0.50 1.03 

P-value 0.13 0.60 0.24 0.001 0.004 0.0051 0.10 0.76 

Pooled SEM 0.26 0.18 0.20 0.14 0.34 0.13 0.25 0.15 

 

Jejunum CON 1.26A 1.16A 1.42 1.29A 1.33 1.27A 1.49 1.04 

 L-106 0.47AB 0.57AB 0.69 0.26B 0.27 0.40AB 0.46 0.93 

 M-107 0.33B 0.37B 0.45 0.29B 0.27 0.31B 0.38 1.14 

 H-108 0.33B 0.36B 0.53 0.28B 0.41 0.50AB 0.70 1.00 

P-value 0.03 0.02 0.11 0.02 0.04* 0.04 0.23 0.71 

Pooled SEM 0.22 0.18 0.20 0.24 0.27 0.23 0.40 0.13 

 

Ileum CON 1.21A 1.31A 1.30A 1.23A 1.13A 1.11A 1.45 1.19A 

 L-106 0.33B 0.31B 0.31B 0.22B 0.28B 0.40B 0.30 0.42B 

 M-107 0.28B 0.30B 0.33B 0.31B 0.33B 0.41B 0.34 0.50B 

 H-108 0.12B 0.12B 0.17B 0.14B 0.14B 0.20B 0.20 0.35B 

P-value 0.01 0.01 0.01 0.002 0.001 0.003 0.04* 0.01 

Pooled SEM 0.19 0.22 0.22 0.18 0.15 0.15 0.31 0.16 

 

Cecum CON 1.18A 1.30A 1.20A 1.24A 1.42 1.09A 1.15A 1.04 

 L-106 0.57AB 0.56AB 0.46AB 0.26B 0.36 0.46B 0.47AB 0.70 

 M-107 0.23B 0.29B 0.24B 0.19B 0.24 0.29B 0.21B 0.51 

 H-108 0.24B 0.16B 0.15B 0.08B 0.10 0.10B 0.13B 0.41 

P-value 0.01 0.003 0.004 0.002 0.058 0.001 0.01 0.16 

Pooled SEM 0.19 0.19 0.18 0.19 0.34 0.15 0.19 0.20 
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Table 4.6:  Expression of Host Defense Peptides in Young Broilers Challenged with Salmonella Typhimurium on Day 7. 

A,B,CMeans with no common superscript within a gene and a tissue differ significantly (P<0.05).  *Values could not be further 

separated using Tukey’s Test.  

Tissue Challenge/Gene AvBD1 AvBD6 AvBD8 AvBD10 AvBD11 AvBD12 AvBD13 LEAP2 

Duodenum CON 1.05 1.14AB 1.20 1.04AB 1.05B 1.10B 1.07B 1.07 

 L-106 1.66 1.82A 1.42 1.64A 1.98A 3.92A 2.80A 1.08 

 M-107 0.77 0.28B 0.17 0.41B 0.53B 0.66B 0.53B 1.85 

 H-108 0.52 0.32B 0.13 0.43B 0.53B 0.57B 0.50B 1.93 

P-value 0.06 0.002 0.03* 0.0001 0.0001 0.0001 0.0001 0.02* 

Pooled SEM 0.28 0.26 0.35 0.16 0.15 0.21 0.21 0.22 

 

Jejunum CON 1.19 1.16 1.18 1.19 1.20 1.14 1.16 1.04C 

 L-106 2.22 1.43 1.10 1.05 1.39 1.78 1.49 1.24BC 

 M-107 0.93 0.58 0.28 0.62 0.84 1.08 1.07 2.02AB 

 H-108 0.68 0.38 0.11 0.54 0.61 0.68 0.60 2.43A 

P-value 0.07 0.08 0.047* 0.20 0.43 0.42 0.43 0.001 

Pooled SEM 0.42 0.30 0.30 0.24 0.36 0.47 0.35 0.21 

 

Ileum CON 1.05 1.19 1.15 1.14 1.18 1.25 1.16 1.06 

 L-106 1.67 1.51 1.85 1.32 1.79 3.07 2.35 0.64 

 M-107 1.00 1.03 0.69 1.10 1.26 1.53 1.31 0.64 

 H-108 1.25 0.42 0.31 0.83 0.73 0.88 0.80 0.54 

P-value 0.56 0.14 0.20 0.72 0.29 0.11 0.20 0.07 

Pooled SEM 0.36 0.31 0.50 0.31 0.37 0.63 0.51 0.14 

 

Cecum CON 1.17 1.55AB 1.30AB 1.32 1.24 1.48 1.20 1.16 

 L-106 1.88 2.55A 1.70A 1.86 2.42 3.04 2.14 0.86 

 M-107 1.12 1.41AB 0.67AB 1.26 2.01 2.28 2.14 1.49 

 H-108 1.07 0.87B 0.32B 0.66 0.78 0.89 0.92 0.61 

P-value 0.39 0.046 0.03 0.14 0.15 0.08 0.12 0.18 

Pooled SEM 0.37 0.38 0.32 0.34 0.52 0.47 0.42 0.28 
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Chapter 5 

 

mRNA Expression of Nutrient Transporters, Avian Beta-Defensins and Liver-

Expressed Antimicrobial Peptide 2 during a Campylobacter Challenge in One 

and Two Week Old Broilers 

 

 
Abstract 

 

Campylobacter is a bacterium ubiquitously found in the gastrointestinal tract of poultry.  

However, there is limited research on its effect on the mRNA abundance of nutrient transporters, 

defensins and liver-expressed antimicrobial peptides in Campylobacter infected broilers.  The 

objective of this study was to characterize the effects of Campylobacter on the mRNA abundance 

of these three factors.  Day of hatch commercial broiler chicks were inoculated with one of three 

(106, 107, 108) colony-forming unit (cfu) levels of Campylobacter jejuni.  Quantitative RT-PCR 

analyses revealed that expression of zinc transporter 1 (ZnT1) increased (P<0.05) on day 7 in the 

duodenum, ileum and ceca in birds challenged with 106 cfu of Campylobacter.  An increase 

(P<0.05) in the expression of all AvBD were observed on day 14 in the ileum and ceca in the 106 

group.  These results demonstrate the role that avian beta-defensins play during a Campylobacter 

challenge.  

 

Introduction 

Campylobacter is one of the most common causes of bacterial foodborne illness in the 

United States (Ghareeb et al., 2012).  Commonly found in the gastrointestinal tract of poultry, 

birds may carry high loads of the bacterium without showing any clinical signs of infection 

(Newell et al., 2003; Van Deun et al., 2008).  However, colonization by Campylobacter negatively 
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impacts the production of poultry by affecting the well-being of the birds (Humphrey, 2006; 

Williams et al., 2013).  

The small intestine plays an important role in the absorption of nutrients.  Due to the 

expression of nutrient transporters throughout the entire gastrointestinal tract, the chicken is able 

to absorb amino acids and sugars through its entirety (Awad et al., 2007).  Downregulation of 

nutrient transporters in the duodenum, jejunum, and ceca has been reported in Campylobacter-

infected chickens (Awad et al., 2014).  However, the ileum of these birds were not tested.  

Avian beta-defensins (AvBDs) and liver-expressed antimicrobial peptide 2 (LEAP2) are 

two classes of host defense peptides that belong to the innate immune system (Cuperus et al., 

2013).  Defensins are cysteine-rich cationic peptides, with the beta-defensins being the sole 

defensin family found in birds.  The expression of host defense peptides seems to be influenced 

during bacterial infections.  Expression of AvBDs was upregulated in the gastrointestinal and 

reproductive tracts of chickens during Salmonella challenges (Yoshimura et al., 2006; Milona et 

al., 2007; Akbari et al., 2008).  However, challenge may cause vastly variable effects in defensin 

expression.  In Salmonella infected chickens, LEAP2 was found to be upregulated (Townes et al., 

2004).  The objective of this study was to evaluate the mRNA expression of nutrient transporters, 

AvBD and LEAP2 during a Campylobacter challenge at three challenge levels.   

 

Materials and Methods 

Animals 

One hundred and fifty-two day-of-hatch Ross 308 cross broiler chicks were obtained from 

a local commercial hatchery.  The paper chick tray liners were taken for Campylobacter testing. 

Upon arrival, chicks were orally challenged with Campylobacter and then placed into pens.  The 

trial was run in one disinfected, environmentally controlled room with four 1.8 x 1.4 m floor pens 
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with fresh pine shavings (Figure 5.1).  The chicks were provided with heat lamps to ensure they 

received adequate heat for the first few days.  All floor pens were equipped with nipple drinkers 

and feed trays, which were monitored on a daily basis.  All birds received a non-medicated corn-

soybean meal starter diet obtained from the Texas A&M University Poultry Research Center.  The 

diet was formulated to meet or exceed the National Research Council nutrient requirements for 

poultry (NRC, 1994).  Chicks were provided feed and water ad libitum from time of placement 

until termination.  This study was approved by the Southern Plains Agricultural Research Center 

Animal Care and Use Committee and conducted at the Food and Feed Safety Research Laboratory 

(USDA Agricultural Research Service, College Station, TX) 

 

Tray Liner Evaluation 

 Using aseptic techniques, each individual tray liner was placed into a gallon-size bag and 

150 mL of Buffered Peptone Water (BPW) was added into each bag.  Bags were then thoroughly 

massaged for 60 seconds to ensure there was proper contact between the paper tray-liner and the 

BPW. One milliliter of tray-liner BPW solution was transferred into 9 mL of 2X Bolton’s solution 

(Musgrove et al., 1997).  After 24 hours, each solution was streaked onto Campy-Cefex plates 

(Stern et al., 1992) and incubated in a microaerophilic environment (85% N2, 10% CO2 and 5% 

O2) for 48 hours at 42°C.  Colonies were then analyzed for morphology.     

 

Challenge 

 For the challenge, a strain of Campylobacter jejuni (wild-type) was used (Byrd et al., 

1998).  The challenge inoculum was prepared using an overnight culture in Bolton’s broth.  The 

culture was serially diluted in Butterfield’s solution (Sigma Chemical Company, St. Louis, MO) 
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to make three different challenge dosages that were approximately 106, 107, 108 colony-forming 

units (cfu) per mL.  The viable cell concentrations of the three challenge inoculums were confirmed 

by cfu on campy-cefex plates.  Plates were incubated for 48 hours at 42°C in a microaerophilic 

environment and expressed as log10 to determine cfu/mL.  The control group received 0.5 mL of 

sterile Butterfield’s solution by oral gavage and occurred before the challenge groups.  Challenge 

was administered by crop gavage of 0.5 mL to each bird within a challenge group.  Challenge was 

administered with the 106 cfu challenge dosage group occurring first and ending with the 108 cfu 

challenge dosage group.  

 

Tissue collection  

 Before challenge, six day of hatch chicks were randomly selected, euthanized by cervical 

dislocation and subjected to necropsy immediately after euthanasia for tissue collection.  The small 

intestine from each bird was aseptically removed and a 1.25-2.0 cm whole tissue sample was taken 

from the duodenum, jejunum, ileum and ceca, washed in phosphate buffer solution and 

immediately placed into collection tubes containing RNAlater® solution (Qiagen, Germantown, 

MD).  Chicks were observed daily for 28 days after the challenge. On days 7, 14, 21, and 28, six 

chicks from each of the four groups were randomly selected, euthanized by cervical dislocation 

and subjected to necropsy immediately after euthanasia for tissue collection.  To prevent 

contamination, the control group was sampled first followed by the challenged groups (106, 107, 

108 cfu).  A cecum from each bird was aseptically removed and cecal contents were aseptically 

collected, weighed and serially diluted 1:10, 1:100, 1:1000, and 1: 10,000 in 9 mL Butterfield’s 

solution and spread onto Campy-Cefex plates.  Campy-Cefex plates were incubated at 42°C for 

48 hours in a microaerophilic environment and colonies were counted and analyzed for colony 
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morphology. Suspected colonies were confirmed as Campylobacter spp. by examination of colony 

morphology and motility on a wet mount slide under phase-contrast microscopy.  A piece of tissue 

from the remaining ceca was taken and placed into RNAlater® solution (Qiagen) and the remaining 

tissue, along with the liver and spleen were individually placed into 9 mL of Bolton’s broth, 

incubated at 42°C for 24 hours and streaked onto Campy-Cefex plates.  Plates were incubated for 

an additional 48 hours in a microaerophilic environment at 42°C and observed for presence or 

absence of Campylobacter.  The small intestine from each bird was also aseptically removed and 

a 1.25-2.0 cm whole tissue sample was taken from the duodenum, jejunum and ileum, washed in 

phosphate buffer solution and immediately placed into collection tubes containing RNAlater® 

solution (Qiagen).  All intestinal samples were frozen at -80°C until shipped to Virginia Tech.  

 

RNA Extraction and Relative qPCR 

 Total RNA was extracted from duodenal, jejunal, ileal,and cecal samples from birds (n=5) 

collected on d7 and d14, following the Direct-zol RNA Miniprep protocol (Zymogen, Irvine, CA). 

The RNA concentration for each sample was quantified using a Nanodrop 1000 (Thermo 

Scientific, Waltham, MA) and then diluted to 200 ng/µL. The nutrient transporter genes analyzed 

included the neutral (LAT1), Na+-independent (bo,+AT), anionic (EAAT3), and cationic (CAT2) 

amino acid transporters, the facilitated (GLUT2) and Na+-dependent (SGLT1) sugar transporters 

and the zinc (ZnT1) transporter.  The host defense peptides analyzed included: LEAP2 and the 

avian beta-defensins AvBD1, AvBD6, AvBD8, AvBD10, AvBD11, AvBD12, and AvBD13.  The 

cDNA was synthesized from 500 ng of total RNA using a High-capacity cDNA reverse 

transcription kit (Applied Biosystems, Waltham, MA).  The cDNA samples were diluted 1:30 for 

qPCR. Each of the qPCR wells contained 5 µL of Fast SYBR Green Mastermix (Applied 
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Biosystems), 1 µL of forward primer (5 nM), 1 µL of reverse primer (5 nM), 2 µL of Diethyl 

pyrocarbonate treated water, and 1 µL of cDNA and the reactions were run in a 7500 Fast Real-

time PCR instrument (Applied Biosystems).  The primers for each of the genes plus beta-actin are 

listed in Tables 5.1 and 5.2.  These genes were selected based on previous research done in our 

lab, which evaluated expression of nutrient transporters and AvBD during an Eimeria challenge 

(Paris et al., 2013; Su et al., 2014; 2015; 2017; Yin et al., 2015).  

 Fold change was calculated using the ΔΔCt method (Livak and Schmittgen, 2001).  Beta-

actin served as the reference gene to calculate ΔCt.  For each individual day, the average ΔCt of 

the control duodenum, jejunum, ileum and ceca were used as the calibrator to calculate ΔΔCt of 

the corresponding challenge group.  

 

Statistical Analysis 

 Campylobacter recovery levels (cfu/g of cecal contents) were analyzed by ANOVA using 

the JMP Pro 13 software, the model included the main effect of log10 cfu, sorted by day. 

Significant differences (P<0.05) were further separated using Tukey’s Test.     

 Changes in gene expression of nutrient transporters and host defense peptides were 

analyzed by ANOVA using the JMP Pro 13 software.  The model included the main effect of 

treatment, sorted by tissue and genes.  Significant differences (P<0.05) were further separated 

using Tukey’s Test. 

Chi-Square analysis was performed using the JMP Pro 13 software to determine significant 

differences between groups in Campylobacter colonization rate.  
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Results 

From day 7 through day 28, all three challenge groups had greater cfu number of C. jejuni 

compared with the control groups (Figure 5.2).  On day 7, the 107 group had a lower cfu number 

when compared to the 108 group.  However, for the remainder of the trial there were no differences 

in cfu numbers between challenge groups.  Control birds were all Campylobacter-free except for 

one bird on day 28. 

Although samples were collected at day 7, 14, 21, and 28, only day 7 and 14 samples were 

analyzed for gene expression to evaluate early changes during Campylobacter colonization.  On 

day 7, there were differences (P<0.05) in mRNA abundance of six nutrient transporters (Table 

5.4).  For EAAT3, mRNA abundance in the duodenum was greater in the 106 group compared to 

the 108 group with the 106 group not different from the control group.  The bo,+AT mRNA 

abundance in the duodenum was greater in the 107 group compared to the control group.  For 

ZnT1, mRNA abundance in the duodenum and ileum was greater in the 106 and 107 group 

compared to the control.  In the cecum, mRNA abundance was greater in the 106 group compared 

to the control.  GLUT2 mRNA abundance in the ileum was greater in the 107 group compared to 

the control.  In the cecum, GLUT2 mRNA abundance was greater in the 106 group compared to 

108 group with the 106 group not different from the control.  For LAT1, mRNA abundance was 

greater in the 108 group compared to the control in the duodenum and the 107 group compared to 

the control in the jejunum.  SGLT1 mRNA abundance was lower in the 106 group compared to the 

control.  

Also on day 7, there were differences (P<0.05) in mRNA abundance of three AvBDs 

(Table 5.5).  AvBD10 mRNA abundance was greater in the 106 group compared to the control in 

duodenum, lower in the 107 and 108 groups compared to the control in the ileum, and greater in 
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the 106 group compared to the 108 group in the cecum with the 106 group not different from the 

control.  A difference in mRNA abundance for AvBD11 was observed in the ileum; however, it 

could not be further separated with a Tukey’s test.  Numerically, the mRNA abundance in the 106 

and 107 groups was lower compared to the control.  For AvBD12, mRNA abundance was lower 

in the 108 group compared to the control group in the cecum.  The AvBD13 mRNA abundance in 

the cecum was greater in the 106 group compared to the 107 and 108 groups with the 106 group not 

different from the control.  For LEAP2, mRNA abundance decreased in the 107 and 108 groups 

compared to the control.   

On day 14, there were differences in mRNA abundance of six nutrient transporters (Table 

5.6).  For EAAT3, mRNA abundance was greater in the jejunum of the 106 group compared to the 

108 group with the 106 group not different from the control and in the ileum, mRNA abundance 

was greater in the 106 group compared to the control.  The bo,+AT mRNA abundance was greater 

in the 106 group compared the 107 and 108 groups in the duodenum, with the 106 group not different 

from the control group.  In the jejunum and ileum, there was an increase in bo,+AT mRNA 

abundance in the 106 group compared to the control, and the 107 and 108 groups.  For ZnT1, mRNA 

abundance in the ileum was greater in the 106 group compared to the control.  For GLUT2, mRNA 

abundance in the jejunum and cecum was greater in the 106 group compared to the 108 group with 

the 106 group not different to the control.  In the ileum, there was an increase in GLUT2 mRNA 

abundance in the 106 group compared to the control and the 107 and 108 groups.  For CAT2, mRNA 

abundance in the duodenum was greater in the 107 group compared to the control.  For SGLT1, 

there was an increase in mRNA abundance in the 106 and 108 groups compared to the control. 

Also on day 14, there were differences in mRNA abundance of all AvBDs and LEAP2 

(Table 5.7).  AvBD1 mRNA abundance in the duodenum was greater in the 106 and 107 groups 
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compared to the 108 group with the 106 and 107 groups not different from control.  In the jejunum, 

mRNA abundance was lower in the 108 group compared to the control.  In the ileum and cecum, 

mRNA abundance was greater in the 106 group compared to the control group.  For AvBD6, there 

was an increase in mRNA abundance in the 106 compared to the 108 group with the 106 group not 

different to the control.  In the jejunum, mRNA abundance was lower in the 108 group compared 

to the control.  In the ileum and cecum, mRNA abundance was greater in the 106 group compared 

to the control and the 107 and 108 groups.  For AvBD8, there was a decrease in mRNA abundance 

in the duodenum and jejunum in the 108 group compared to the control.  In the ileum and cecum, 

there was an increase in AvBD8 mRNA abundance in the 106 group compared to the control and 

the 107 and 108 groups.  AvBD10 mRNA abundance in the duodenum was greater in the 106 group 

compared to the 108 group with the 106 group not different compared to the control.  In the ileum, 

AvBD10 mRNA abundance was greater in the 106 group compared to the control and the 107 and 

108 groups.  AvBD10 mRNA abundance in the cecum was increased in the 106 group compared 

to the control and the 107 group.  For AvBD11, mRNA abundance in the duodenum was greater 

in the 106 group compared to the 108 group with the 106 group not different to the control.  In the 

ileum, AvBD11 mRNA abundance was increased in the 106 group compared to the control and 

107 and 108 groups and in the cecum, mRNA abundance was increased in the challenged groups 

compared to the control.  AvBD12 mRNA abundance in the ileum was greater in the 106 group 

compared to the control and in the cecum, mRNA abundance was greater in the 106 and 108 groups 

compared to the control.  For AvBD13, mRNA abundance was greater in the 106 group compared 

to the 108 group in the duodenum.  In the ileum, AVBD13 mRNA abundance was increased in the 

106 group compared to the control and 107 group.  AvBD13 mRNA abundance was increased in 

the cecum of all challenged groups compared to the control group.  LEAP2 mRNA abundance in 
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the cecum was greater in the 108 group compared to the 107 group with the 108 group not different 

from control.  

 

Discussion 

 There was an increase in the expression of ZnT1 in the 106 group compared to the control 

in the duodenum, ileum and ceca on day 7 and ileum on day 14.  Zinc is a trace mineral that has 

many important cellular functions, such as enzymatic reactions, DNA synthesis and gene 

expression (Berg et al., 1996). An increase in mRNA expression of ZnT1 could indicate an 

increased efflux of zinc from the enterocytes into the blood supply.  However, with the analysis 

limited to one zinc transporter, the influx of zinc into the enterocytes is unknown.  Further research 

into other zinc transporters could help explain the role zinc could play during a Campylobacter 

challenge.  

A delayed change in bo,+AT mRNA abundance was observed on day 14.  An increase in 

bo,+AT mRNA abundance was observed in the jejunum and ileum of the 106 group compared to 

the control group.  The transporter bo,+AT is responsible for the transport of cystine and other 

cationic amino acids.  By increasing bo,+AT expression, there would be an increase of cystine and 

other cationic amino acids entering the enterocyte.  This may be a host response to limit available 

amino acids in the brush border membrane of the ileum since Campylobacter colonization occurs 

in the intestinal mucosa.  Also in the ileum, mRNA abundance of GLUT2 was increased in the 106 

group compared to the control.  GLUT2 is responsible for the transport of glucose, galactose and 

mannose, and fructose out of the enterocyte.  Interestingly, SGLT1 mRNA was also increased in 

the ileum of the 106 group compared to the control, increasing the transport of glucose into the 
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enterocyte.  In the ileum of the 106 group, GLUT2 and SGLT1 may be working together to limit 

the availability of glucose into the intestinal mucosal, which could be used by Campylobacter.   

Interestingly, an early decrease in the expression of LEAP2 in the ceca was seen in the 107 

and 108 groups on day 7.  This decrease in LEAP2 is similar as reported in Eimeria infections, in 

which the protozoan appears to be influencing the gut environment (Casterlow et al., 2011; Su et 

al., 2015; 2017).  A decrease in AvB12 mRNA was also observed in the cecum of the 108 group 

compared to the control.  Suppression of the intestinal expression of CATH2, another host defense 

peptide, which has the ability to eliminate Campylobacter, was observed in young broilers infected 

with Campylobacter (van Dijk et al., 2012).  The decrease in LEAP2 expression may indicate a 

similar evasion strategy by the bacterium to ensure it survives.     

The increase in the expression of all observed AvBDs in the ileum of the 106 group on day 

14 could explain the increased transport of nutrients.  The increase of glucose could also be used 

to fuel the production of HDPs as an increase of mRNA abundance of all AvBDs is seen in the 

ileum and cecum of the 106 group.  In the ceca, expression of AvBDs varied within the challenged 

groups, with the 106 group expressing an increase in all AvBDs.  Increased expression of AvBDs 

could be an attempt by the host to prevent the bacteria from spreading systemically.  

Campylobacter has been reported to induce a response from the immune system, with the release 

of pro-inflammatory cytokines (Vaezirad et al., 2016). Avian beta-defensins can induce pro-

inflammatory cytokine expression in macrophages, indicating AvBDs may play an important role 

in immune responses (Semple et al., 2011).    

 During the duration of the trial, isolation of Campylobacter from the ceca was never below 

6 logs cfu within any of the challenge groups.  This may indicate that although the host was able 
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to activate the innate immune system in response to the bacterium, it was unsuccessful in 

eliminating the bacterium from the gastrointestinal tract.   

 Although not many changes in the expression of nutrient transporters were observed, there 

were a few differences seen compared to the results reported by Awad et al. (2014).  In 14-day-

old broilers challenged with  108 cfu of C. jejuni, a decrease in expression of GLUT2, SGLT1 and 

EAAT3 was observed.  In the current study, we observed increases of GLUT2, SGLT1 and EAAT3 

mRNA in the ileum.  However, at times, the greater expression seen in these genes were between 

the challenge groups and not the control group.  Age of birds when challenged and the type of 

birds used could explain why differences were observed between these two studies.  

 In summary, changes in mRNA expression of nutrient transporters, AvBDs, and LEAP2 

were observed.  These changes appear to be dependent on the challenge dose, age, and tissue.  The 

increased expression of AvBDs may suggest the role they play in the immune response that has 

been previously reported to occur during a Campylobacter infection.  It is still unclear what role 

the zinc transporter may play during a Campylobacter infection; however, a similar effect has been 

seen in Salmonella infections. 
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Table 5.1: Forward and Reverse Primers of Nutrient Transporter Genes 

a Primer sequence designed by Gilbert, et al., 2007 
b Primer sequence designed by Paris and Wong, 2013 

  

Gene Gene full 

name 

Location Function Forward/reverse primer 

b0,+AT
a
 

Solute carrier 

family 7, 

member 9 

(SLC7A9) 

Brush border 
Na+-independent neutral/cystine, cationic amino acid 

exchanger 

CAGTAGTGAATTCTCTGAGTGTGAAGCT  

/GCAATGATTGCCACAACTACCA 

CAT2
a
 

Cationic amino 

acid 

transporter-2 

(SLC7A2) 

Basolateral Transports lysine, arginine and histidine 
TGCTCGCGTTCCCAAGA  

/GGCCCACAGTTCACCAACAG 

EAAT3
a
 

Excitatory 

amino acid 

transporter 3 

(SLC1A1) 

Brush border Transports aspartate, glutamate and cysteine 
TGCTGCTTTGGATTCCAGTGT  

/AGCAATGACTGTAGTGCAGAAGTAATATATG 

LAT1
a
 

L type amino 

acid 

transporter-1 

(SLC7A5) 

Basolateral Transports hydrophobic amino acids 
CACACTATGGGCGCATGCT 

 /ATTGTGCCTGGAGGTGTTGGT 

GLUT2
a
 

Glucose 

transporter-2 

(SLC2A2) 

Basolateral 
Transports fructose, mannose, galactose, glucose and 

glucosamine 

CTCAGCCAGGTGTACTGTGCTT  

/CGTCATCCGCTTCAGTCTCA 

SGLT1
 a

 

Sodium 

glucose 

transporter-1 

(SLC5A1) 

Brush border Transports low concentrations of D-glucose 
GCCATGGCCAGGGCTTA  

/CAATAACCTGATCTGTGCACCAGTA 

ZnT1b 

Zinc 

transporter-1 

(SLC22A18) 

Basolateral Efflux of Zn2+ 
TCCGGGAGTAATGGAAATCTTC  

/AATCAGGAACAAACCTATGGGAAA 

Beta-actin
a
 Beta-actin Cytosol Reference gene 

GTCCACCGCAAATGCTTCTAA  

/TGCGCATTTATGGGTTTTGTT 
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Table 5.2: Forward and Reverse Primers of Host Defense Peptide Genes 

Gene Gene full name  Forward/reverse primer. 

AvBD11 Avian Beta Defensin 1  GAGTGGCTTCTGTGCATTTCTG 

/TTGAGCATTTCCCACTGATGAG 

AvBD61 Avian Beta Defensin 6 GCCCTACTTTTCCAGCCCTATT 

/GGCCCAGGAATGCAGACA 

AvBD81 Avian Beta Defensin 8 ATGCGCGTACCTAACAACGA 

/TGCCCAAAGGCTCTGGTATG 

AvBD101 Avian Beta Defensin 10 CAGACCCACTTTTCCCTGACA 

/CCCAGCACGGCAGAAATT  

AvBD111 Avian Beta Defensin 11 GGTACTGCATCCGTTCCAAAG 

/GCATGTTCCAAATGCAGCAA  

AvBD121 Avian Beta Defensin 12 TGTAACCACGACAGGGGATTG 

/GGGAGTTGGTGACAGAGGTTT  

AvBD131 Avian Beta Defensin 13 CAGCTGTGCAGGAACAACCA 

/CAGCTCTCCATGTGGAAGCA  

LEAP22 Liver-expressed antimicrobial peptide 2 CTCAGCCAGGTGTACTGTGCTT 

/CGTCATCCGCTTCAGTCTCA 

Beta-actin3 Beta-actin GTCCACCGCAAATGCTTCTAA 

/TGCGCATTTATGGGTTTTGTT 
1 Primer sequence designed by Su et al., 2017 
2Primer sequence designed by Casterlow et al., 2011 
3Primer sequence designed by Gilbert et al., 2007 

  



66 
 

Table 5.3: Campylobacter jejuni Liver and Spleen Colonization 7, 14, 21 and 28 Days after Challenge  

*Values are significantly different from control (P <0.05) 

  

 Day 7 Day 14 Day 21 Day 28 

Challenge Campylobacter 

culture- 

positive/total – 

Liver 

Campylobacter 

culture- 

positive/total - 

Spleen 

Campylobacter 

culture- 

positive/total - 

Liver 

Campylobacter 

culture- 

positive/total - 

Spleen 

Campylobacter 

culture- 

positive/total - 

Liver 

Campylobacter 

culture- 

positive/total - 

Spleen 

Campylobacter 

culture- 

positive/total - 

Liver 

Campylobacter 

culture- 

positive/total - 

Spleen 

CON 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6 

L 0/6 2/6 2/6 2/6 1/6 6/6* 1/6 3/6 

M 0/6 0/6 1/6 2/6 3/6 3/6 2/6 2/6 

H 0/6 0/6 0/6 2/6 2/6 5/6* 3/6 2/6 
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 Table 5.4: Day 7 mRNA Abundance of Nutrient and Sugar Transporters in Campylobacter jejuni Challenged and Non-Challenged Young 

Broilers.  

A,BMeans with no common superscript within a gene and a tissue differ significantly (P <0.05).  
  

Tissue Treatment EAAT3 bo,+AT ZnT1 GLUT2 CAT2 LAT1 SGLT1 

Duodenum CON 1.04AB 1.02B 1.12B 1.13 1.10 1.08B 1.02A 

 L-106 1.52A 1.47AB 4.46A 1.38 1.56 2.78AB 0.56B 

 M-107 0.96AB 1.56A 4.29A 1.25 2.07 2.55AB 0.80AB 

 H-108 0.79B 1.16AB 2.01B 1.21 2.15 3.46A 0.62AB 

P-value 0.03 0.01 0.001 0.96 0.18 0.05 0.02 

Pooled SEM 0.16 0.11 0.55 0.33 0.36 0.56 0.10 

 

Jejunum  CON 1.09 1.05 1.16 1.04 1.07 1.09B 1.12 

 L-106 1.25 1.19 3.14 1.17 1.32 1.74AB 0.73 

 M-107 1.04 1.17 3.31 1.11 2.39 3.21A 0.63 

 H-108 1.06 1.14 2.27 0.87 1.93 2.46AB 1.05 

P-value 0.80 0.93 0.053 0.57 0.07 0.03 0.08 

Pooled SEM 0.17 0.17 0.56 0.16 0.36 0.47 0.15 

 

Ileum CON 1.10 0.80 1.13B 1.07B 1.06 1.10 1.21 

 L-106 1.72 1.26 5.11A 2.48AB 0.81 1.72 0.76 

 M-107 1.33 1.46 4.76A 2.83A 1.00 1.61 0.99 

 H-108 1.09 1.19 3.6AB 1.43AB 0.79 1.33 0.73 

P-value 0.39 0.13 0.001 0.01 0.65 0.23 0.56 

Pooled SEM 0.29 0.19 0.78 0.38 0.18 0.24 0.27 

 

Cecum CON 1.17 1.02 1.05B 1.07AB 1.04 1.05 1.19 

 L-106 0.58 0.78 4.07A 2.08A 0.71 2.61 0.49 

 M-107 0.61 0.70 2.62AB 0.95AB 2.87 2.49 0.69 

 H-108 0.77 1.34 2.32AB 0.37B 1.26 1.41 1.32 

P-value 0.29 0.34 0.01 0.02 0.06 0.13 0.12 

Pooled SEM 0.23 0.26 0.52 0.35 0.56 0.52 0.29 
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Table 5.5: Day 7 mRNA Abundance of Avian Beta-Defensins in Campylobacter jejuni Challenged and Non-Challenged Young Broilers.  

A,BMeans with no common superscript within a gene and a tissue differ significantly (P <0.05).  *Values could not be further separated 

using Tukey’s Test.  

  

Tissue Treatment AvBD1 AvBD6 AvBD8 AvBD10 AvBD11 AvBD12 AvBD13 LEAP2 

Duodenum CON 1.08 1.13 1.19 1.08B 1.17 1.13 1.22 1.03 

 L-106 1.19 1.84 1.16 2.03A 1.82 1.54 1.19 0.92 

 M-107 1.59 1.63 1.05 1.18AB 1.33 0.96 0.66 0.73 

 H-108 1.25 1.42 0.96 1.64AB 1.72 1.12 0.88 0.44 

P-value 0.93 0.80 0.95 0.02 0.59 0.21 0.25 0.16 

Pooled SEM 0.56 0.52 0.32 0.22 0.38 0.19 0.22 0.18 

 

Jejunum CON 1.13 1.19 1.20 1.31 1.19 1.14 1.28 1.04 

 L-106 1.21 0.75 0.94 1.32 1.84 1.41 1.20 0.75 

 M-107 1.28 0.58 1.01 0.58 0.88 0.64 0.55 0.69 

 H-108 0.62 0.39 0.60 0.47 1.98 0.59 0.46 0.52 

P-value 0.64 0.07 0.51 0.051 0.11 0.40 0.07 0.06 

Pooled SEM 0.39 0.21 0.33 0.29 0.52 0.23 0.25 0.13 

 

Ileum CON 1.10 1.40 1.24 1.13A 1.03 1.03 1.14 1.01 

 L-106 0.80 1.28 0.81 0.59AB 0.64 0.95 0.87 1.36 

 M-107 0.77 0.77 0.76 0.42B 0.43 0.50 0.44 1.33 

 H-108 0.66 0.70 0.54 0.49B 1.00 0.68 0.61 0.44 

P-value 0.32 0.51 0.24 0.02 0.04* 0.11 0.11 0.07 

Pooled SEM 0.17 0.39 0.24 0.15 0.15 0.16 0.20 0.25 

 

Cecum CON 1.05 0.76 1.03 1.10AB 1.30 1.12A 1.11AB 1.18A 

 L-106 1.10 0.84 2.29 1.19A 1.06 0.85AB 1.55A 0.71AB 

 M-107 1.93 1.81 1.56 0.71AB 0.60 0.58AB 0.77B 0.34B 

 H-108 0.66 0.49 0.53 0.40B 0.38 0.39B 0.53B 0.19B 

P-value 0.30 0.11 0.12 0.02 0.06 0.03 0.01 0.01 

Pooled SEM 0.47 0.38 0.50 0.18 0.24 0.16 0.18 0.19 
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Table 5.6: Day 14 mRNA Abundance of Nutrient and Sugar Transporters in Campylobacter jejuni Challenged and Non-Challenged Young 

Broilers.  
Tissue Treatment EAAT3 bo,+AT ZnT1 GLUT2 CAT2 LAT1 SGLT1 

Duodenum CON 1.08 1.03AB 1.04 1.06 1.02B 1.03 1.05 

 L-106 1.31 1.81A 0.97 1.57 1.36AB 1.43 1.21 

 M-107 0.95 0.82B 0.93 0.74 1.85A 1.56 1.38 

 H-108 0.66 0.97B 1.44 0.55 1.59AB 1.65 1.68 

P-value 0.07 0.02 0.17 0.07 0.03 0.34 0.33 

Pooled SEM 0.16 0.21 0.16 0.26 0.18 0.25 0.24 

        

Jejunum  CON 1.05AB 1.04B 1.09 1.03AB 1.01 1.01 1.02 

 L-106 1.22A 2.07A 1.65 1.46A 0.96 1.15 1.74 

 M-107 0.89AB 1.17B 1.34 1.07AB 0.97 0.98 1.62 

 H-108 0.59B 1.16B 1.50 0.65B 1.54 1.27 1.50 

P-value 0.03 0.001 0.53 0.004 0.13 0.67 0.24 

Pooled SEM 0.14 0.16 0.28 0.13 0.19 0.19 0.25 

        

Ileum CON 1.09B 1.04B 1.07B 1.05B 1.11 1.05 1.08B 

 L-106 2.29A 3.39A 2.42A 2.66A 1.33 1.19 2.71A 

 M-107 1.45AB 1.26B 2.09AB 0.99B 1.26 1.21 2.46AB 

 H-108 1.79AB 1.54B 2.07AB 0.77B 1.51 1.34 2.97A 

P-value 0.03 <.0001 0.04 0.01 0.53 0.49 0.01 

Pooled SEM 0.26 0.25 0.31 0.34 0.19 0.13 0.38 

        

Cecum CON 1.06 1.08 1.11 1.09AB 1.08 1.01 1.13 

 L-106 1.46 1.43 1.72 1.30A 0.75 1.32 2.34 

 M-107 1.48 1.16 1.64 0.53AB 0.91 0.94 2.44 

 H-108 0.99 0.98 2.53 0.48B 0.96 1.22 2.30 

P-value 0.24 0.39 0.14 0.02 0.41 0.32 0.24 

Pooled SEM 0.2 0.19 0.40 0.20 0.13 0.16 0.50 
A,BMeans with no common superscript within a gene and a tissue differ significantly (P <0.05).  
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Table 5.7: Day 14 mRNA Abundance of Avian Beta-Defensins in Campylobacter jejuni Challenged and Non-Challenged Young Broilers.  

A,B,CMeans with no common superscript within a gene and a tissue differ significantly (P <0.05) 

  

Tissue Treatment AvBD1 AvBD6 AvBD8 AvBD10 AvBD11 AvBD12 AvBD13 LEAP2 

Duodenum CON 1.16AB 1.12AB 1.05A 1.05AB 1.02AB 1.03 1.09AB 1.04 

 L-106 1.29A 1.54A 1.51A 1.64A 1.33A 1.35 1.37A 0.87 

 M-107 1.30A 1.10AB 1.01A 1.02AB 1.17AB 1.78 1.21AB 0.64 

 H-108 0.34B 0.37B 0.38B 0.56B 0.49B 0.5 0.55B 1.30 

P-value 0.01 0.01 0.0003 0.02 0.04 0.20 0.02 0.25 

Pooled SEM 0.19 0.20 0.13 0.20 0.19 0.41 0.17 0.22 

 

Jejunum CON 1.06A 1.09A 1.10A 1.01 1.04 1.06 1.01 1.06 

 L-106 0.66AB 0.72AB 0.87AB 1.06 0.96 0.75 1.23 1.09 

 M-107 0.74AB 0.67AB 0.75AB 0.80 0.60 0.90 1.19 1.09 

 H-108 0.28B 0.32B 0.35B 0.48 0.40 0.32 0.47 1.26 

P-value 0.01 0.02 0.02 0.051 0.050 0.09 0.18 0.95 

Pooled SEM 0.14 0.15 0.15 0.15 0.17 0.20 0.26 0.26 

 

Ileum CON 1.13B 1.16B 1.17B 1.06B 1.11B 1.09B 1.13B 1.09 

 L-106 3.18A 3.43A 3.61A 3.82A 3.92A 3.38A 4.11A 2.18 

 M-107 1.47AB 1.37B 1.39B 1.57B 1.59B 1.55AB 1.36B 2.53 

 H-108 1.24AB 1.29B 1.49B 1.87B 1.94B 1.99AB 2.21AB 0.89 

P-value 0.03 0.001 0.01 0.001 0.001 0.02 0.01 0.08 

Pooled SEM 0.50 0.37 0.47 0.41 0.41 0.47 0.56 0.48 

 

Cecum CON 1.16B 1.02B 1.20B 1.08C 1.08C 1.07B 1.09B 1.14AB 

 L-106 4.45A 4.44A 4.91A 7.02A 5.66A 4.88A 5.94A 3.35AB 

 M-107 3.30AB 1.89B 2.28B 3.62BC 4.09AB 3.82AB 3.9A 1.01B 

 H-108 2.20AB 2.01B 2.34B 5.44AB 3.36B 4.18A 4.28A 3.97A 

P-value 0.01 0.001 0.003 0.0003 0.0003 0.01 0.0002 0.02 

Pooled SEM 0.63 0.46 0.59 0.75 0.56 0.75 0.57 0.72 
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Figure 5.1: Treatment layout* 
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Figure 5.2: Campylobacter Cecal Recovery in Young Broilers 7, 14, 21, and 28 Days after Challenge  

 
A,B,CMeans with no common superscript differ significantly  

CON=Control, L=106 challenge group, M= 107 challenge group, H=108 challenge group  
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Chapter 6 

 

In situ Hybridization of AvBD-8 and AvBD-10 in the Ileum of  

Campylobacter-Challenged Young Broilers 

 

Abstract 

Campylobacter is a bacterium ubiquitous to the gastrointestinal tract of poultry.  Avian β-

defensins (AvBDs) are small cationic peptides, which are effective against bacteria.  In the current 

study, the location of AvBD8 and AvBD10 mRNA expression in the ileum of Campylobacter-

infected and non-infected broiler chickens was examined using the in situ hybridization RNAscope 

method.  At day 7, the expression of AvBD8 and AvBD10 mRNA was detected in cells dispersed 

throughout the intestinal villus and crypt.  At day 14, expression of AvBD8 and AvBD10 mRNA 

was less intense than day 7.  The expression pattern was similar as day 7 with cells expressing 

AvBD8 and AvBD10 mRNA dispersed throughout the intestinal villus and crypt.  No obvious 

differences between Campylobacter-infected and non-infected birds was observed in the current 

study.  Because this was a pilot study with a small sample size, additional samples would need to 

be analyzed to determine the influence Campylobacter may have on location and cell expression 

of AvBDs in broiler chickens. 

 

Introduction 

 Campylobacter is a zoonotic bacterium commonly found in the gastrointestinal tract of 

poultry, and is a major cause of bacterial foodborne illness in the United States (Hoffmann et al., 

2012).  Campylobacter induces a pro-inflammatory immune response in birds during an infection 
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(Vaezirad et al., 2016).  However, the immune response is self-limiting and the pathogen remains 

in the lower portion of the gastrointestinal tract, where it can colonize and proliferate.  

 Avian β-defensins (AvBDs) are a class of host defense peptides (HDPs), which can be 

effective against Gram-negative and Gram-positive bacteria as well as viruses and fungi (Cuperus 

et al., 2013).  Fourteen AvBDs have been described in chickens (Evans et al., 1995).  Cathelicidins, 

another class of HDPs, have been shown to be effective against Campylobacter in vitro (van Dijk 

et al., 2012).  However, little is known about the cells that express AvBDs in the gastrointestinal 

tract of chickens.  The objective of this study was to identify cells that express AvBD8 and 

AvBD10 mRNA in the ileum of chickens.  

 

Materials and Methods 

Tissue Processing 

Tissue samples used in this study were those described and collected in Chapter 5 where 

1- to 1.5-cm2 long ileal samples were stored in RNAlater® for ~2 years (Qiagen, Germantown, 

MD).  Tissues were placed into phosphate buffered 4% paraformaldehyde for 24 hours.  The 

tissues were then stored in 70% ethanol at 4°C for 24 hours after fixation and then sent to the 

Virginia Tech Veterinary Teaching Hospital Histopathology Lab (Blacksburg, VA) for paraffin 

embedding.  The paraffin blocks were cut into 4- to 6-µm sections with a microtome (Microm HM 

355S, Thermo-Fisher Scientific, Waltham, MA) and stored at room temperature. 

 

In situ Hybridization Analysis  

 The in situ hybridization (ISH) technique was performed using the RNAscope kit and 

method (Advanced Cell Diagnostics Inc., ACD, Newark, CA) described by Wang et al., (2012).  
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Ileal tissues were collected from two different chickens from both control and infected groups on 

day 7 and day 14.  Only two samples were examined because the integrity of the tissues was not 

optimal because tissues were not processed and stored for the RNAscope technique at the time of 

collection.  A set of probes for chicken AvBD8 and AvBD10 were custom designed by ACD.  The 

ileal samples were processed in accordance to the manufacturer’s directions using the HybEZ oven 

and RNAscope HD Detection reagent kits.  The ileal tissues within one time-point were pre-treated 

and hybridized as a group to minimize variation.  The red chromogen was used for detection of 

AvBD8 and AvBD10.  After RNAscope processing, the slides were stained with a 50% Gill #2 

hematoxylin solution (Sigma Aldrich, St. Louis, MO), rinsed in distilled water and then placed 

into 0.02% ammonia water.  After slides were allowed to air dry, a drop of VectaMount™ 

permanent mounting medium (Vector Laboratories, Burlingame, CA) was added and a coverslip 

was applied on top.  Images were captured with a Nikon Eclipse 80i microscope and DS-Ri1 digital 

camera. 

 

Results 

 Cells expressing AvBD8 and AvBD10 mRNA in the ileum of non-challenged and 

Campylobacter-challenged birds at day 7 and day 14 post-challenge were identified by in situ 

hybridization.  At day 7, AvBD-8 and AvBD-10 mRNA were detected in the ileum; however, the 

expression appeared to be variable between control and challenged birds.  Strong expression of 

both AvBD8 and AvBD10 mRNA was seen in the ileum of the control #1 and challenged #1 

(Figure 6.1).  AvBD8 and AvBD10 mRNA were located in cells of the intestinal villi and crypts.  

Expression of AvBD8 and AvBD10 mRNA in the replicate day 7 samples (control #2 and 

challenged #2) was lower in comparison to the first sample (Figure 6.2).  However, expression of 
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AvBD8 and AvBD10 mRNA was still in cells throughout the intestinal villi and crypts.  At day 

14, some expression of AvBD8 and AvBD10 mRNA was detected.  In Figure 6.3, AvBD8 and 

AvBD10 mRNA were detected at the base of the intestinal villi and in the crypt at a lower level.  

Expression of AvBD8 and AvBD10 was not detected in the ileum of the challenged bird (#1).  In 

Figure 6.4, AvBD8 and AvBD10 mRNA was again lowly expressed in the intestinal villi and crypt 

of control #2.  In the challenged bird, expression of AvBD8 and AvBD10 mRNA appeared 

throughout the intestinal villi and crypt.  

 

DISCUSSION 

 Avian beta-defensins are an important first line of defense against pathogens as part of the 

innate immune system.  Classified as host defense peptides, AvBDs are synthesized in the host 

phagocytic and mucosal epithelial cells (Zhang and Sunkara, 2014).  They are produced and 

secreted as precursors and can be processed into mature peptides upon an infection.  The objective 

of this study was to localize the expression of AvBD8 and AvBD10 in non-infected and 

Campylobacter-infected broilers.  Due to the storage and the age of the ileal tissue samples, 

intestinal villus and crypt integrity was not ideal for the RNAscope method.  However, detection 

of AvBD8 and AvBD10 showed some success.  Variation of expression of AvBD8 and AvBD10 

mRNA can be observed between samples within the control or challenge group.  This variation 

could be due to individual variabilities in the immune responses to the pathogen.  On day 7, 

expression of AvBD8 and AvBD10 mRNA appeared to be strong and dispersed within the 

intestinal villus and crypt.  On day 14, the intensity of expression for AvBD8 and AvBD10 

appeared to be lower than that seen on day 7; however, the distribution pattern appeared to be 

similar.  Detection of AvBD8 and AvBD10 mRNA in the intestinal tissue was consistent with a 
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previous report showing expression of AvBD8 and AvBD10 by qPCR (Hong et al., 2012).  AvBD8 

and AvBD10 may play an important role in the intestinal immune response against pathogens. 

 In mammals, paneth cells, secretory cells found in the epithelium of the small intestines, 

are the primary producers of HDPs in the gastrointestinal tract (Bevins and Salzman, 2011).  

Paneth cells are located at the base of the crypts of Lieberkühn.  Although paneth-like cells have 

been recently described in chickens, little is known about their function (Wang et al., 2016).  

Localization of LEAP2 in chickens was found in the enterocytes of the small intestines (Su et al. 

2017).  Host defense peptides may also be produced by the bone marrow and circulating 

phagocytic cells (Diamond et al., 2009).  In the current study, localization of AvBD8 and AvBD10 

mRNA was not limited to the crypts of Lieberkühn and expression was observed throughout the 

intestinal villus and crypts.  This distribution in expression of AvBD8 and AvBD10 may indicate 

that the production of AvBDs may occur throughout the villus and crypts by various epithelial 

cells or may be of myeloid origin and circulate in the blood to the intestinal villus. 
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Figure 6.1:  Expression profile of AvBD8 and AvBD10 in the ileum of control and Campylobacter-challenged broilers at Day 7. Red 

dots show the location of AvBD8 and AvBD10 mRNA. 
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Figure 6.2:  Expression profile of AvBD8 and AvBD10 in the ileum of control and Campylobacter-challenged broilers at Day 7. Red 

dots show the location of AvBD8 and AvBD10 mRNA. 
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Figure 6.3:  Expression profile of AvBD8 and AvBD10 in the ileum of control and Campylobacter-challenged broilers at Day 14. Red 

dots show the location of AvBD8 and AvBD10 mRNA. 
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Figure 6.4: Expression profile of AvBD8 and AvBD10 in the ileum of control and Campylobacter-challenged broilers at Day 14. Red 

dots show the location of AvBD8 and AvBD10 mRNA. 
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Chapter 7 

 

Epilogue 

 
Salmonella challenge may have early and late influences on the expression of nutrient 

transporters and host defense peptides (HDPs) in broiler chickens.  Early changes in nutrient 

transporter mRNA abundance could signify a possible response by the host to limit the pathogen 

invasion of the enterocytes.  The efflux of zinc out of the enterocyte may signify another host 

response in the use of zinc in a possible immune response to the pathogen.  Further research is 

needed to examine the role that zinc may play during a Salmonella challenge.  Salmonella was 

also shown to have a late influence on the abundance of HDPs in the lower gastrointestinal tract.  

This may indicated that early attempts to control Salmonella were unsuccessful and once 

Salmonella intracellularly invades the host enterocytes, HDPs become ineffective, leading to the 

decrease of HDPs production and secretion.  

Campylobacter may have late influences on the expression of nutrient transporters and 

HDPs in broiler chickens.  Zinc may also play a role during the start of a Campylobacter challenge 

as an increase in ZnT1 mRNA abundance was observed.  Changes in nutrient transporter mRNA 

abundance could signify a possible response by the host to limit the nutrients available on the 

apical side of the enterocytes.  However, results from mRNA abundance of AvBDs may indicate 

an attempt by the host to induce an immune response to Campylobacter at a low challenge level.   

Salmonella and Campylobacter are of great concern to the commercial poultry industry.  

Commonly found in the gastrointestinal tract of poultry, these pathogens may exist within a poultry 

flock without being detected.  The results of this dissertation may bring forth possible areas of 

future research that could provide a better understanding of Salmonella and Campylobacter 
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pathogenesis in poultry and in the development of new possible intervention strategies in 

controlling these pathogens. 
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