
ABSTRACT 

KECK, CHANDLER. Effects of Stressors such as Stocking Density and Feed Restriction on 

Gene Expression Profiles of Birds and their Progeny. (Under the direction of Dr. Christopher 

Ashwell). 

 

 The well-being of animals is a priority area for the agricultural industry. Thus, all areas of 

animal welfare are of particular interest to everyone involved. One of those areas as established 

by the ‘Five Freedoms’ model is freedom from fear and distress; consequently, minimalizing 

stress on these animals is of the utmost importance. Common stressors in the poultry industry 

include stress associated with high stocking densities and with the feed restriction of broiler 

breeders. Though the impact of these stressor on performance parameters have been previously 

studied, the effect these stressors have on the transcriptome of the birds experiencing the stressor 

and their progeny have not been elucidated. Therefore, the goal of this research was to determine 

the effects of these stressors on the transcriptome of the birds experiencing the stress and their 

transgenerational effects.  

 The first experiment was conducted to determine the effect of stocking density on the 

hepatic gene expression of broilers. Stocking densities ranging from 24.4kg/m2 to 39.1kg/m2 

were used and both phenotypical and transcriptome measurements were taken to investigate 

stocking densities effect. The increase in stocking density was found to significantly affect both 

foot pad scores and immune function but did not appear to significantly impact performance 

parameters or clinical measurements of stress. The transcriptome of broilers was significantly 

affected by an increase in stocking density with steroidogenesis and cell movement/migration 

seemingly being the processes affected most. Noteworthy impacted molecules identified via 

RNA sequencing of liver tissues include: IL3, IL17A, IGFBP1, ESR2, PGR, JUN, and DIO2. 



These findings suggest that stressors such as stocking density can have an impact on the 

transcriptome of birds prior to displaying typical clinical signs of stress.  

 The second experiment was conducted to examine the impact of feed restriction of broiler 

breeders during rearing on their hepatic gene expression. Broiler breeders were individually fed 

using a precision feeding system to different levels of feed restriction: control (fed to Ross 708 

recommended body weight), CON+20%, and ad libitum. Feeding program was found to affect 

metabolism and stress response pathways via RNA sequencing of liver tissues with sex hormone 

receptors and their downstream molecules playing a significant role. Interesting molecules that 

were significantly affected include ESR1, ESR2, PGR, DIO2, CREB1, FOXO1, IGF1, TP53, 

PPARA, and TGFB1. The results indicate that feed restriction during rearing has a unique impact 

on the transcriptome of broiler breeders. 

 The third experiment was a continuation of the second in which the impact of feed 

restriction of broiler breeders on the transcriptomes of their broiler progeny was evaluated. The 

hepatic gene expression of broiler offspring of hens who were restrictively fed, as described 

previously, was measured via RNA sequencing of liver tissues. The results indicated a 

significant effect of parental feeding program on the transcriptome of their offspring with 

considerable overlap of affected pathways and molecules with the results of the second 

experiment. These overlapping affected pathways and molecules include immune function, 

metabolism and stress response pathways and the molecules IL4I1, DIO2, DIO3, ESR1, ESR2, 

PGR, and CREB1. There were also indications of epigenetic mechanism induction, but further 

evaluation is needed.  

 The results of these experiments point to common stressors in poultry production having 

a direct impact on the transcriptome of the birds experiencing the stress and on their subsequent 



progeny. Therefore, further evaluation of common industry practices that elicit these stressors is 

needed in the poultry industry. Additionally, the considerable number of overlapping pathways 

and molecules significantly affected by these stressors suggest they may play a role in general 

responses to stress in avian liver tissues and could potentially be used as genetic biomarkers of 

stress in poultry.  
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CHAPTER 1 

LITERATURE REVIEW 

 

Introduction 

            Humans have been using animals for a variety of purposes such as livestock, working 

animals, and companions since domestication thousands of years ago (Zeder, 2012). In 

particular, chickens were initially domesticated for entertainment purposes but have since 

become a staple in animal agriculture. Upon realizing their capability to provide nutritional value 

through both their eggs and meat, humans began selecting for production traits leading to the 

specialized breeds we see today (Al-Nasser et al., 2007). Chickens have a significant role and 

provide an animal protein source to help alleviate poverty in developing countries (Alders and 

Pym, 2009). This intense selection of production traits and efficiency has led to a significant 

increase in the sheer size of the poultry industry worldwide. The subsequent increase in 

production has improved access to animal protein sources; however, as net production has 

increased so have other areas of concern in the industry, primarily the welfare of these birds 

(Scanes, 2007).  

 

Animal welfare background 

Proper animal welfare is based on providing animals with all necessary care and 

treatment. Due to the utilitarian approach and large number of animals raised for food and 

agricultural purposes, animal agriculture is often targeted for scrutiny in regard to animal 

welfare. As a result, animal agriculture as a whole, and specifically the poultry industry has 

increasingly prioritized animal welfare over the past several decades. From its inception in 1979 

by the United Kingdom Farm Animal Welfare Council, the ‘Five Freedoms of Animal Welfare’ 
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have been considered the standard of animal welfare by both the animal agriculture community 

and the poultry industry. These ‘Five Freedoms’ prioritize specific characteristics of animal 

health and include the freedom from thirst, hunger and malnutrition, freedom from discomfort, 

freedom from pain, injury and disease, freedom from fear and distress, and freedom to express 

normal behaviors. As research and understanding of animal welfare have increased, there have 

been adaptations in the ideology such as updating the five freedoms to the ‘Five Domains 

Model’ (Mellor, 2016). In this updated ideology, the five freedoms are revised to domains to 

prevent limitations in applications and include nutrition, environment, health, behavior, and 

mental domains. These domains provide a more all-encompassing approach that better 

exemplifies all aspects of animal welfare.  

While the significance of animal welfare is accepted by all parties involved (Bracke et al., 

2005), the understanding and knowledge of the topic among the general public is lacking 

(Cornish et al., 2016). Because of this, the industry has been pushed to prioritize research on the 

topic and increase efforts in communicating appropriately with the public. Several of the main 

focal points of the public in regard to animal welfare include stocking density, stress, 

transportation/handling and slaughter with stocking density being perceived as critical to 

obtaining adequate farm animal welfare (Vanhonacker et al., 2009).  

 

Effects of stocking density  

Stocking density in the broiler industry is often defined by the ratio of live bird weight to 

floor surface area, as either kilograms per meter squared (kg/m2) or pounds per feet squared 

(lbs/ft2). Governing agencies of animal agriculture have installed regulations and guidelines 

regarding stocking density. In the U.S., the National Chicken Council’s maximum stocking 
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densities vary based on target market weights with ranges from 6.5-9lbs/ft2 (31.7-44.0kg/m2) 

(National Chicken Council, 2010). However, these ranges vary in other parts of the world, for 

example the United Kingdom Department for Environment, Food & Rural affairs limits stocking 

density to 33kg/m2 unless extra requirements including confirmation of low mortality rates and 

good management practices are met in which stocking density can reach 39kg/m2. These 

regulations and guidelines are put in place to lessen the negative public perception of high 

stocking densities, as well as to prevent negative effects of high stocking densities on both 

production and welfare areas on broilers. The evidence of negative effects on production 

measurements such as decreased growth performance and meat characteristics (Simitzis et al., 

2012) could provide incentive for prioritization but these measurements aren’t necessarily direct 

violations of animal welfare; though these effects on production parameters could signify 

underlying issues regarding stress response (Mashaly et al., 2004). Nonetheless, there is evidence 

of stress induction such as an increase in physiological stress levels and oxidative stress levels 

(Simitzis et al., 2012; Najafi et al., 2015). The significance of stress in regard to animal welfare 

will be discussed in further detail later, nevertheless there are clear indications of violations of 

animal welfare through the evidence that increased stocking density has negative effects on 

locomotive activity, antioxidant ability, immunity and increased prevalence of leg weakness 

(Sorensen et al., 2000; Abudabos et al., 2013; Cai et al., 2019). However, there is conflicting 

evidence that suggests increasing stocking density has no effect on some of these characteristics 

(Thomas et al., 2004; Thaxton et al., 2006; Houshmand et al., 2012) displaying there is further 

research needed to fully understand the mechanisms of action taking place.  
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Effects of feed restriction 

Other prioritized animal welfare issues include social behavior issues, inappropriate diet 

and environment, lack of veterinary care, consequences from breeding decisions, poor pain 

management, delayed euthanasia and chronic ill health (Rioja-Lang et al., 2020). Specifically for 

poultry, Rioja-Lang et al. point to deliberately providing an inadequate diet to broiler breeders as 

being an issue that needs prioritization. This restrictive feeding is a result of many compounding 

decisions made by the poultry industry. Primarily, the poultry industry has continuously selected 

for traits such as growth rate to increase both their production and efficiency. This selection has 

also resulted in an increase in appetite (Siegel and Wiseman, 1966). This increased appetite and 

subsequent feed intake has led to further complications such as severe negative implications on 

reproduction that has long been researched (Fuller et al., 1969; Pym & Dillon, 1974; Watson, 

1975). With reproduction being their main role in the industry, adaptations to their feeding 

programs have been made to limit these negative implications. These adaptations include 

restrictively feeding these breeders up to one third of the feed intake of similar age ad libitum fed 

birds during rearing (Savory et al., 1993). Though restrictive feeding has its advantages, it 

invokes cause for concern in regard to the welfare of these animals. Most notably, restrictive 

feeding is known to elicit boredom/feeding frustration behaviors (Mench, 2002). Responses such 

as these often result in further welfare concerns such as increased aggressive pecking (De Jong & 

Guemene, 2011). Additionally, one of the five freedoms of animal welfare, the freedom from 

thirst, hunger and malnutrition, is seemingly violated by this feed restriction. Furthermore, 

indications of both acute and chronic stress, via elevated plasma corticosterone levels and 

heterophil/lymphocyte ratio, have also been observed in response to restrictive feeding of broiler 

breeders bringing stress induction into the forefront (Hocking et al., 1996; Rajman et al., 2006).  
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Effects of stress 

Limiting stress on poultry is one of the established hallmarks of providing adequate 

animal welfare. Additionally, limiting stress also provides production/financial benefits. For 

instance, losses in U.S. animal agriculture from heat stress alone average around $1.7 billion 

annually with $128 million of that occurring in poultry production (St-Pierre et al., 2003). As 

with all businesses, the bottom line is of utmost importance. Therefore, the combination of the 

financial incentives and animal welfare aspect makes limiting stress on these animals a priority, 

but stress is a very complex equation with many factors involved.  

Stress is an overarching term that can have varying definitions. The general response to 

stress was first defined by Selye with his description of how organisms respond to “stress”, 

which he described as various acute non-specific nocuous agents, in a general way in which he 

termed the general adaption syndrome (Selye, 1936). A more up to date characterization by 

Chrousos (2009) defines stress as “a state in which homeostasis is actually threatened or 

perceived to be so”. Chrousos continues to say homeostasis is reestablished by “a complex 

repertoire of behavioral and physiological adaptive responses of the organism.” In this response 

to alterations of the homeostatic state caused by stressors, there are both specific and non-

specific regulatory processes, which are often not mutually exclusive (Siegel, 1995). These 

physiological responses are mediated through an interconnection between the nervous, endocrine 

and immune systems, coined the name the stress system, displaying there are multiple 

components at play with the goal being to return to homeostatic conditions (Siegel, 1980). 

Principal components in which the physiological responses to stress is executed are through the 

hypothalamic-pituitary-adrenal-cortical (HPA) axis, the autonomic nervous system (ANS) and 

the central nervous system (CNS) (Tsigos et al., 2020). Neurons are critical components of the 
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CNS through their role in the central neurochemical circuitry that is responsible for initiation of 

the ‘stress system’. Central neurons to this initiation include the corticotropin-releasing hormone 

(CRH), arginine-vasopressin (AVP) and catecholaminergic neurons. Through a complex system 

of both stimulatory and inhibitory networks, these neurons fine tune the physiological response 

to specific stressors with the help of both the HPA axis and ANS (Tsigos et al., 2020).

 

Figure LR-1. Diagram of general physiological response to stress.  

 

The HPA axis is a critical component in stress response with the size and duration of the 

response being controlled by inhibitory feedback mechanisms of glucocorticoids (Rhodes et al., 

2009). This can be observed in the diagram in Figure LR-1 which provides a general overview 

and flow of the key components of the physiological response to stress. These glucocorticoids 

are the main response hormone to stressors through their capability to manipulate various 

physiological processes. Their synthesis and secretion are stimulated by an adrenocorticotropic 
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hormone (ACTH) whose secretion is principally regulated by CRH. AVP is a synergistic factor 

of this secretion as well, presenting a connection between the CNS and HPA axis (Rhodes, 2017; 

Tsigos et al., 2020). It is important to note that CRH, AVP, ACTH and corticosterone are all 

released in a pulsatile manner controlled by the CLOCK system under normal conditions; 

however, this circadian release is altered when experiencing stress (Nicolaides et al., 2017). 

Therefore, the presence alone of these molecules does not indicate stress induction leading to 

concentration being a vital aspect.  

The ANS is able to provide a prompt response mechanism to alter various physiological 

functions in response to stress through the activity of two of its branches: the sympathetic (SNS) 

and parasympathetic (PNS) nervous systems also displayed in Figure LR-1. Briefly, the SNS is 

often referred to as the “fight or flight” response system where neurons transmit signals via the 

release of acetylcholine (ACh) to stimulate the release of catecholamines, mainly epinephrine. 

These molecules are the main effector molecules that generate responses in target tissues 

including the dilation of pupils, increase of heartrate, relaxation of airways, decrease in 

gastrointestinal tract activity, and stimulation of the release of glucose. The PNS is considered 

the antagonist to the SNS and is often referred to as the “rest and digest” response system. This 

response system also utilizes acetylcholine as a neurotransmitter but here it mainly generates the 

release of norepinephrine which induces antagonistic responses in peripheral organs such as the 

constriction of pupils, slowing of heart rate, contraction of airways, etc. (Rea, 2016).  

Stress can also be broken down into one of two temporal categories, acute or chronic. 

Acute stress is the exposure to short term stressors that often elicit the before mentioned SNS or 

“fight or flight” response. Though acute stress can have lasting effects, the majority of the time 

the ‘stress system’ is well equipped to minimize long term biological effects. Conversely, 



   

 

 

8 

chronic stress is long term exposure to various stressors and can have harmful effects on 

numerous aspects of physiological health (Murray and Hamoudi, 2016). For example, chronic 

stress is a major contributor to psychosocial and physical pathological conditions in humans such 

as metabolic syndrome, obsessive-compulsive disorder, and depression (Chrousos, 2009). 

Though there seems to be a distinct difference between these categories, the line that separates 

the two is blurry; therefore, both should be considered when mentioning stress. 

With glucocorticoids, corticosterone in birds, being the main effector molecules of the 

HPA axis, its concentration is often used as a measurement for stress induction. These 

glucocorticoids are steroid hormones synthesized from cholesterol that are capable of 

manipulating various physiological processes including immune response, cardiovascular tone, 

digestion, metabolism, growth and reproduction (Sapolsky et al., 2000). Glucocorticoids are 

produced in the cortex of the adrenal glands and are secreted in response to ACTH as briefly 

described above. These glucocorticoids mainly carry out their action through binding to the 

respective glucocorticoid receptor which is subsequently able to alter gene expression of 

particular target genes. Specifically in poultry, corticosterone is known to alter energy 

storage/distribution, protein synthesis, fat deposition, and insulin sensitivity displaying 

significant effects on various forms of metabolism (Geraert et al., 1996; Matteri et al., 2000; 

Dong et al., 2007). Continuing, corticosterone also affects other physiological processes in birds 

including locomotion, food intake, growth, reproduction and immune function both through this 

alteration of metabolism and other mechanisms (Gross and Siegel, 1980; Buyse et al., 1987; 

Cockrem et al., 2004). These vast downstream effects are only a portion of the results of stress 

with other effector molecules such as epinephrine being capable of altering other physiological 

systems.  
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Stress, through both glucocorticoids and other effector molecules, affect a vast number of 

bodily systems including cardiovascular, respiratory, endocrine, gastrointestinal, nervous, 

muscles, and reproductive systems (Chu et al., 2010). Because of this there are a lot of organs 

affected; in particular, the liver is a main response organ for maintaining homeostasis (Rui, 

2011). A primary function of the liver is the production of bile which aids in carrying away 

waste and fat digestion in the small intestines. Specifically, in avian species, the liver plays a 

unique role in lipid metabolism due it being the main site of de novo lipogenesis (Emami et al., 

2021). Other functions of the liver include processing and regulation of blood contents including 

amino acids and drugs/poisonous substances, regulating blood clotting, and production of blood 

plasma proteins, immune factors and cholesterol. Though other cells in the body are capable of 

producing cholesterol, the liver is the primary place of cholesterol synthesis. Cholesterol’s most 

crucial role in the body is its role in plasma membrane stability and fluidity; however, it is also a 

precursor for the biosynthesis of many critical molecules including bile acids, vitamin D, and 

steroid hormones (Vučić and Cvetković, 2016). Particularly, cholesterol is a precursor to five 

major classes of steroid hormones: estrogens, glucocorticoids, progestogens, androgens, and 

mineralocorticoids (Berg et al., 2002). The significance of glucocorticoids is detailed above with 

the significance of other classes of steroid hormones being discussed later. With its vital roles in 

metabolism and blood content regulation, the liver itself is highly susceptible to external 

stressors that can disrupt homeostasis of these processes. One of the main recurrent sources of 

stress in this organ is oxidative stress. Under normal conditions it is able to mitigate this stress 

through antioxidants and antioxidative enzymes; however, when undergoing additional external 

stressors, this buffering system can be overwhelmed, compounding the negative effects of said 

external stressor (Emami et al., 2021). A prime example of this is heat stress inducing further 
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oxidative stress through its impact on mitochondrial function. Additionally, the ANS has well 

known effects on various processes in the liver in responses to different stressors. These effects 

include the “fight or flight” responses of the SNS in which epinephrine stimulates the increase of 

the rate of glycogenolysis (conversion of glycogen to glucose) to provide glucose as a source of 

immediate energy for various processes and the “rest and digest” response of the PNS in which 

norepinephrine stimulates the release of bile to aid in fat digestion (Mizuno and Yoshiyuki, 

2017).  

Continuing with the impacts of stress: growth, reproduction, and the thyroid hormone 

axis are known to be inhibited by stress mediators (Chrousos, 2009). Similar to the HPA axis, 

there is a self-regulatory circuit called the hypothalamic-pituitary-thyroid axis that control 

thyroid hormone homeostasis (Shahid et al., 2020). Here the hypothalamic release of thyrotropin 

releasing hormone (TRH) is the initiating step of the cascade in which TRH reaches the anterior 

pituitary via a portal system and stimulates the release of thyroid-stimulating hormone (TSH). 

TSH is subsequently released in the blood and once it reaches the thyroid, it induces the 

synthesis of thyroid hormone. Though the full extent of thyroid hormone synthesis is beyond the 

scope of this review, the physiological effects of thyroid hormones are important. Notably, 

thyroid hormones are able to alter basal metabolism, induce lipolysis or lipid synthesis, stimulate 

metabolism of carbohydrates, and effect fertility, ovulation, and menstruation (Shahid et al., 

2020). Thyroid hormones are commonly found in two different forms in the body, the active 

form triiodothyronine (T3) and the relatively inactive form tetraiodothyronine (T4). Deiodinases 

(DIO1, DIO2, & DIO3) are responsible for the conversion between these different forms of 

thyroid hormones and therefore regulate levels of each. Though they need transport proteins for 

transport, thyroid hormones actions are carried out via the binding to respective receptors that 
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activate transcription factors which carry out the intended role (Brent et al., 2012). Thyroid 

hormones’ numerous functions, specifically its vast metabolic affects including effects on basal 

metabolic rate, protein synthesis, fat, carbohydrate, and protein metabolism, sensitivity to 

catecholamines, and bone growth create interest in these molecules as responders to stress 

(Alberts, 2010; Lara and Rostagno, 2013). 

 

Genetic basis for stress response 

Along with the physiological responses to stress described previously, there are also 

genomic responses. The physiological responses described throughout this review are often 

measures to survive the current stressor with the genomic responses being measures to both 

survive said stressor and adapt to potential future exposures. Similar to the physiological 

response, there are both specific and nonspecific genomic responses to stress (De Nadal et al., 

2011). For example, the sensing and effector mechanisms for stress response vary significantly 

across species, but the signal transduction that mediate these two is relatively conserved. The 

stress-activated protein kinase (SAPK) pathways which includes the mitogen activated protein 

kinase (MAPK) family are highly conserved signal transduction pathways. This family is known 

mediators of a variety of stressors including heat shock and oxidative stress; however, the stress 

sensors that initiate these MAPK pathways and the effector process that follow these pathways 

are highly specific to the organism, tissue, and the stressor itself (De Nadal et al., 2011). An 

overview of this signaling process is found below in Figure LR-2 of how external stressors 

activate transcription and post-transcription factors who subsequently have an impact on the 

genome.  
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Figure LR-2. Diagram of general response to stress impacts genome.  

 

Because of this specificity, it is critical to look at the identified species and/or tissue of 

interest for more information. Unfortunately, to the present author’s best knowledge, the general 

genomic stress response in poultry has not been extensively studied. However, research in the 

genomic responses in one area of stress in poultry, heat stress, has been examined due to its 

priority as a welfare concern.  

Heat stress has been shown to alter the genotype of the birds experiencing said stressor 

(Lan et. al., 2016) and specifically gene expression of the liver (Coble et al., 2014). Functions 

identified via transcriptome analysis that appear to be altered the most by exposure to heat stress 

include genes/processes related to cell cycle, cell signaling, immune function, lipid metabolism 

and redox balance. Intriguing genes involved in these processes also identified include acetyl-

CoA carboxylase, CCK, DIO2, and DIO3 (Coble et al., 2014; Emami et al., 2021). The gene 

DIO2 encodes for the enzyme iodothyronine deiodinase 2. As mentioned beforehand, this 

peroxidase enzyme is important in the activation and deactivation of thyroid hormones (Arrojo e 

Drigo et al., 2013). Similarly, DIO3 encodes for the enzyme thyroxine 5-deiodinase and is vital 
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in its role of inactivating thyroid hormones whose significance was described previously 

(Luongo et al., 2019). Acetyl-CoA carboxylase encodes for an enzyme that aids in the regulation 

of metabolism of fatty acids (Tong, 2005). Interestingly enough, it has been found that acetyl-

CoA carboxylase plays a role in suppressing appetite following metabolic stress (Galic et al., 

2018). Comparably, CCK is primarily responsible for stimulating digestion of fat and protein and 

there is evidence that the CCKergic system is activated in stressful and conflict situations in 

various species (Daugé and Léna, 1998). CCK is also expressed in the peripheral and central 

nervous systems further creating a connection to stress responses (Sekiguchi, 2016).   

Heat stress is further emphasized in poultry compared to other species due to their 

production environment, inability to dissipate body heat and high metabolic activity (Nawab et 

al., 2018). First, broiler producers are often heavily centralized in warmer climates in order to 

reduce production cost. This increased ambient temperature, and often humidity, in combination 

with the high stocking density of these animals create an increased potential for exposure to heat 

stress in their production environment. Second, poultry are homeothermic animals, however they 

do not have sweat glands or a diaphragm and consequently have a reduced ability to dissipate 

heat. This is only further exaggerated by the high metabolic activity of production animals. This 

metabolic activity varies by several factors such as genetic line, feed intake and age. All of which 

seem to unite in broiler production systems creating high metabolic activity and therefore 

generating more body heat. Because of these factors, heat stress is the most extensively studied 

stressor in poultry. It has been shown to affect many physiological functions such as suppress 

performance, immune response, reproduction, body temperature regulation, gut health and 

metabolism (Geraert et al., 1996; Mashaly et al., 2004; Elnagar et al., 2010; Rostagno, 2020).  
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One common response process to heat stress is through heat shock proteins. These 

proteins are produced across many species and in response to exposure to higher temperatures 

beyond normal environmental range. Though they were named heat shock proteins because they 

were initially found in response to heat stress, their production has since been shown to be 

induced by various other stressors including viruses, toxins, and oxidative stress. This being a 

family of proteins, each individual protein is often associated with an individual or multiple 

functions and triggers (Ponomarenko et al., 2013). The transcription of these genes is primarily 

controlled by the corresponding transcription factors, heat shock factors, who again become 

activated under various stress conditions.  

It is obvious that limiting these stressors would be both beneficial to the industry and the 

animals alike, but often conventional ways of limiting these stressors are a double-edged sword. 

For example, as mentioned previously, the poultry breeding industry has successfully selected 

for increased efficiency and rapid growth of broilers. The growth rate phenotype is negatively 

correlated with reproductive efficiency. This has required broiler breeder management to adapt 

and include restricted feeding during rearing to maintain reproductive capacity. As a result, 

simply providing ad libitum feed to these birds would cause negative implications on 

reproduction and other areas such as skeletal health (Renema & Robinson, 2004). Not only 

would this have negative effects on the welfare of these birds but also in the profitability of the 

industry. Similarly, in regard to heat stress, the broiler production portion of the poultry industry 

in the United States is mostly centralized in the southeast. This is partially done to prevent added 

heating cost that would be required in colder climates. However, as described previously, the 

warmer temperatures often can induce heat stress on these birds during peak temperatures. 

Though there are alternative methods used to reduce temperature in these houses such as tunnel 
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ventilation and evaporative cooling pads, these methods are not always capable of fully 

alleviating heat stress on these birds. Comparably to the restrictive feeding conundrum, a 

conventional thought of providing full house air conditioning for these birds is not a financially 

viable option.  

 

Sex hormones’ relationship with stress response 

As suggested throughout this review, external stress can also affect other vital 

physiological processes such as hormone production and regulation. For instance, in response to 

stress, the endocrine system increases the production of steroid hormones (Chu et al., 2010). This 

includes the aforementioned glucocorticoids (cortisol/corticosterone), but also includes other 

cholesterol derived hormones such as the sex hormones: progesterone, testosterone, and 

estradiol. Estrogens specifically, have known functions of regulation of growth and propagation, 

immune function, brain development, and bone health (Amenyogbe et al., 2020). Estrogens also 

amplify the activity of progesterone whose main functions involve reproductive processes but 

also can contribute in immune response and metabolism related functions such as gall bladder 

activity (Hould et al., 1988; Sato et al., 2015). Moreover, estradiol, sex hormones and other 

hormones such as thyroid hormones have been shown capable of stimulating the stress system 

and aid in modulation of the relationship between stress, stress hormones and mental disorders 

(Chrousos, 2009; Cover et al., 2014). 

As mentioned previously, stress response is not fully conserved across species, therefore 

investigation into this connection in poultry specifically is needed. There are known examples of 

this association such as environmental and stressful conditions experienced by parent generation 

of birds being able to alter hormone content in their eggs (Okuliarova et al., 2009; von 
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Engelhardt et al., 2011). Specifically, von Engelhardt et al. explain that external and internal 

stimuli modify the release of gonadotropin-releasing hormone which in turn stimulates the 

production and release of FSH and LH. These hormones are found in circulation and obviously 

play a role in yolk and egg development, but also are able to diffuse directly into the yolk 

influencing the development of the next generation. Stress has also been found to down-regulate 

some reproductive hormone concentrations without affecting circulating LH and FSH levels 

suggesting either a direct effect on hormone production or a potential genomic pathway is at play 

(Rozenboim et al, 2007). For instance, feed restriction has been shown to alter various 

physiological processes including metabolism, reproduction and stress. Sex hormones have been 

shown capable of altering various categories of metabolism (Comitato et al., 2015) and responses 

to stress (Pasquali, 2012) making it a rational potential regulator in this circumstance. 

Furthermore, the HPA axis hormonal response to stress appear to differ by sex with sex 

hormones such as testosterone and progesterone thought to be a contributing factor; thus, 

providing another connection between stress and sex hormones (Stephens et al., 2015).  

 

Role of sex hormone receptors and downstream molecules in stress response 

These sex hormones are able to carry out various effects such as regulating transcription 

through receptors located in target tissues (Gagnidze et al., 2013; Amenyogbe et al., 2020). 

Estrogen receptors are expressed in a variety of tissues including the liver (Amenyogbe et al., 

2020). Both estrogen receptors Estrogen-related receptor alpha (ESR1) and Estrogen-related 

receptor beta (ESR2) have been found to be involved in the development of stress-mediated 

behaviors and contribute to stress reactivity in mammals (Hastings et al., 2018; Georgiou et al., 

2019). ESR1 specifically has been found to also be a regulator of the adaptive response to caloric 
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restriction in pigs creating a specific link to feed restriction (Lkhagvadori et al., 2010). Due to 

this information above and the livers role in metabolism and stress response, these receptors 

could be a linking factor. Interestingly enough, 17B-estradiol and other related estrogens bound 

to estrogen receptors have been found to be major factors that regulate progesterone receptor 

(PGR) levels (Gagnidze et al., 2013). It is important to note that estrogens do not control PGR 

expression in all tissues and studies suggest this may vary by species (Jacobsen and Horwitz, 

2012). Due to poultry liver expression being less extensively studied, this control is not known 

for certain. Other molecules shown capable of controlling PGR expression in various species and 

tissues include cAMP, gonadotropins, FSH, LH, IGF1, and EGF (Jacobsen and Horwitz, 2012). 

Nevertheless, the expression of progesterone receptor - PGR has also been shown to be altered 

when exposed to stress, specifically oxidative stress (Quong et al., 2002). With these mainly 

being mediating factors in female organisms, similar findings have been found in the male 

counterparts with testosterone being the hormone and androgen receptor being the receptor 

making it a viable regulator in its respective sex as well (Hastings et al., 2018). Though these sex 

hormone receptors are of interest, there are other genomic factors such as molecules downstream 

that should be considered in the genomic response to stress as well. Downstream molecules that 

are known to be associated with these sex hormones and receptors include but are not limited to 

CREB1, PPARA, TP53, and TGFB1 (Schmutzler et al., 1998; Puckey and Knight, 2002; Berto et 

al., 2018; Huang et al., 2018).  

Investigating further, CREB1 (Cyclic Adenosine 3',5'-Monophosphate Responsive 

Element Binding Protein 1) is a transcription factor that is responsive to cyclic adenosine 3',5'-

monophosphate (cAMP) levels and has been shown to be associated with major depressive 

disorder with sex hormones (17-ß-estradiol, progesterone & testosterone) thought to play a 
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significant role in the interaction (Zubenko and Hughes, 2009; Carlberg et al., 2015). CREB1 has 

also been shown to mediate 17-ß-estradiol induced cell proliferation displaying a clear 

interaction with sex hormones (Pesiri et al., 2015). There is also a connection between major 

depressive disorder, additional life stress and the HPA axis making CREB1 an intriguing 

downstream molecule (Heim et al., 2008).  

As PPARA’s name (Peroxisome proliferator-activated receptor alpha) suggests, it is 

directly related to oxidative stress response and is a known regulator of metabolism, precisely 

lipid metabolism, in the liver. It along with other transcription factors, CREBH and FOXO1, are 

critical hepatic mediators of diet-induced metabolic dysregulation (Yang et al., 2021). PPARA 

itself has been shown to be upregulated via reactive oxygen species signaling when glucose 

deprivation-induced an oxidative stress response (Jansen et al., 2009). Specifically in poultry, 

expression of PPARA has also been shown to be altered in response to feed restriction in poultry 

creating a more applicable association as well (Madsen and Wong, 2011). Though this molecule 

seems to be specific to diet-induced stress situations, its role in regulation of lipid metabolism, 

bile secretion and other liver functions associated with known ANS responses to stress suggests 

it could play a role in more general stress responses.  

Tumor protein p53 (TP53) is a well-known tumor-suppressing protein that has been 

extensively studied for its role in regulating cell growth and division. It has even been given the 

nickname “guardian of the genome” because of its ability to stop cells with mutated or damaged 

DNA from dividing. What is even more interesting in our case is its ability to respond to a 

variety of cellular stressors including oxidative stress (Sharpless and DePinho, 2002). Reponses 

to these various stressors include extension of protein half-life and activation as a transcription 

factor. These responses help facilitate its ability to halt proliferation until stressor is relieved, 
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necessary repair is induced, or apoptosis is initiated. Most intriguing, nutrient stress via nutrient 

deprivation can trigger TP53 response through AMPK activation (McDade and Fischer, 2019). 

This once again provides a specific link to diet-induced stress, but with TP53’s known role in 

other stress responses, it is an intriguing molecule as well.  

Another molecule downstream of sex hormones and their receptors that could play a 

noteworthy role in general stress response are transforming growth factor betas (TGFB), 

specifically transforming growth factor beta 1 (TGFB1). TGFBs are regulatory molecules with 

known effects on various cellular and biological processes including cell proliferation, cell 

migration, biological development, and immune response (Li et al., 2006). Their role in immune 

response is extensively studied with them being a regulatory cytokine in regulatory T cells 

peripheral tolerance mechanism (Sakaguchi, 2004). Interestingly enough, multimodal stress has 

been shown to increase plasma corticosterone levels and alter dendritic morphology potentially 

through TGFB signaling (Xu et al., 2015). TGFB1 expression has also been shown to be able to 

be modulated by ESR1 providing another link to these sex hormones being key response 

elements and helping modulate stress response (Huang et al., 2018). Also notable, Transforming 

Growth Factor Beta 2 (TGFB2) has been associated with response to heat stress in cattle (Liu et 

al., 2020) further suggesting that TGFBs could play a role in general stress response. Thus, 

providing evidence to support the proposition that the aforementioned sex hormones are able to 

carry out various downstream effects through their receptors and downstream molecules.  

It’s apparent that stress has an impact on both physiological processes and gene 

expression a like. This impact is thought to be through adaptation mechanisms to provide the 

animal with the best chance of surviving. Another key aspect of stress response is responding in 

a way that prepares their offspring for the reoccurrence of a similar stressor. This is thought to be 
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achieved on a genetic level through epigenetic modification. Epigenetics even cover short-term 

regulation of gene expression mediated by some of the transcription factors we have previously 

mentioned, including CREB, suggesting alteration of these genes could be indications of 

epigenetic induction (Johnson, 2010; Lacal and Ventura, 2018).  

 

Transgenerational and epigenetic potential of stress 

Epigenetic modification is considered heritable changes in gene expression that do not 

alter the genetic sequence itself through mechanisms such as DNA methylation and histone 

modification (Jin et al., 2011). DNA methylation is an epigenetic modification where a cytosine 

base of DNA is converted to 5-methylsytosine by DNA methyltransferase (DNMT) enzymes. 

This often occurs directly beside a guanine base, whose corresponding cytosine is methylated 

creating a CpG dinucleotide. This methylation is able to silence the transcription and therefore 

the expression of an individual gene. DNA methylation is regulated by DNMTs who have both 

maintenance and developmental functions (Jin et al., 2011). DNA methylation is also known to 

influence another epigenetic mechanism histone modification and vice-versa (Cedar and 

Bergman, 2009).  Histone modification is another epigenetic mechanism in which histone tails 

undergo various covalent modifications including methylation, acetylation, phosphorylation, 

ubiquitination, and sumoylation. Once again, this mechanism is able to alter heritable gene 

expression without changing the genes themselves (Jin et al., 2011). This change in genes 

expression has led to the development of new traits and even diseases such as cancer in 

organisms (Phillips, 2008).   

A category of epigenetics known as direct epigenetics, which encompass all of the 

epigenetic changes that occur during an organism’s lifespan (Lacal and Ventura, 2018), is 
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pertinent to this discussion as well. This includes the previously mentioned short term and 

dynamic regulation of gene expression. Here, transcription factors including, c-fos, c-jun, and 

CREB, mediate the regulation of gene expression that is capable of launching further cascades of 

adaptive events that regulate the transcription of other genes. This cascade is subsequently 

capable of causing lasting long-term effects making it a factor for consideration (Johnson, 2010; 

Lacal and Ventura, 2018). 

These mechanisms occur due to a variety of circumstances such as normal maintenance 

and development (Jin et al., 2011); however, external factors such as stress has also been shown 

to induce these epigenetic mechanisms (Miller and Sweatt, 2007; Chinnusamy and Zhu, 2009). 

This induction happens through the previously mentioned enzymes DNMTs, notably DNMT1, 

DNMT3A, and DNMT3B (Feng et al., 2010). DNMT3A in particular has been linked to stress 

induction and altering methylation activity of a promotor for the gene corresponding to CRH. As 

mentioned in this review, CRH is critical component in the HPA axis suggesting stress can 

induce epigenetic regulation of the HPA axis (Zannas and West, 2014). Once again, responses to 

these stressors can be specific to both species and tissue therefore both need to be considered. 

Specifically in birds, it is established that external stressors such as heat stress have been 

shown to alter the genotype of the bird experiencing said stressor (Lan et. al., 2016). Similar 

external factors are known to influence the phenotype of the generation that experience said 

factor as well and also can contribute to the phenotype of their offspring, such as altering aspects 

of behavior (i.e. feather pecking and responses to isolation), through epigenetic mechanisms 

covered previously (Guerrero-Bosagna et al., 2018). As the exact mechanisms in chickens has 

not been elucidated, considering the previously explored sex hormones and their respective 

receptors is rational. Additionally, nuclear hormone receptors, specifically sex hormone 
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receptors are capable of producing epigenetic reorganization and therefore significant shapers of 

chromatin structure (Hunter et al., 2015). As the industry continues to learn more information 

about the transgenerational effects of stressors in poultry, adaptations and advances need to 

follow. These advances will closely align with the implementation of new technologies and 

procedures that continue to develop within the industry and will push improvements across the 

board including areas such as animal welfare.  

 

Gaps in knowledge 

Stress has proven to be a central component of animal welfare capable of having 

detrimental effects. With animal welfare becoming an ever-increasing priority in animal 

agriculture, understanding how animals respond to various stressors is crucial for improvement.  

Physiological responses to stress have both general and specific components depending 

on the particular stressor, with the goal of returning back to homeostatic conditions. The general 

physiological responses have been well researched with the responses being achieved through 

the HPA axis, ANS and CNS initiating further action capable of altering various physiological 

processes including immune response, cardiovascular tone, digestion, metabolism, growth and 

reproduction. All of these processes are key aspects of overall production in animal agriculture 

and specifically the poultry industry. With production and profitability being fundamental 

driving forces in the industry, fully understanding responses to stress is vital.  

These responses also vary by species experiencing the stress. The effect of individual 

stressors such as heat, stocking density, and feed restriction on clinical measurements in poultry 

have been researched. All were shown to induce typical indicators of stress induction and further 

negative effects on performance as well. Once again, the performance of these birds is of the 
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utmost importance, but additionally, these physiological responses to stress are an attempt to 

return to homeostatic conditions. These negative effects are seen when these stressors are not 

relieved in an adequate amount of time leading to chronic stress exposure. In addition to the 

physiological responses, there are also genomic responses whose role, in part, is to better prepare 

the individual in the event it is exposed to that stress again. There is specificity to this response 

as well with regard to the stressor itself and the tissue of action. 

These genomic responses could not only pose as unfavorable to the animals themselves, 

but additionally, negative effects on broiler breeders could result in downstream detriment to the 

larger poultry industry. This is particularly problematic due to external stressors being capable of 

altering the gene expression of their offspring, in this case the lucrative broiler generation that 

supports said poultry industry and many allied industries, through epigenetic mechanisms.  

It is clear stressors are capable of vast negative effects across several areas of the poultry 

industry. These effects induce additional harmful underlying mechanisms through alteration of 

gene expression. Yet, the effect of stress on gene expression of the liver, a main regulator of 

homeostasis, has received very little attention in poultry. Given this gap in knowledge necessary 

for the industry, this dissertation set out to explore the hepatic gene expression response to 

common stressors in priority areas of animal welfare and potential transgenerational 

ramifications. 
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ABSTRACT 

 As the poultry industry and the general public’s prioritization of animal welfare has 

grown, so has the research into various areas of concern regarding the wellbeing of agricultural 

animals. Though there has been a significant amount of investigation on the effects of stocking 

density, there has been limited research on identifying early signals of impending stress 

response. One approach to identifying pre-clinical signs of stress is to investigate changes in the 

transcriptome prior to negative impacts on animal welfare. With literature suggesting that 

stocking density negatively effects growth performance and physiological and oxidative stress, 

we choose to focus on the transcriptome of the liver, which plays a key role in both metabolism 

and stress response. The objective of this study was to measure change in gene expression in the 

liver associated with stocking density and to identify biomarkers of stress before the clinical and 

economic impacts are observed. This study is the first to characterize the response of stocking 

density on the liver transcriptome of broilers and therefore provides a unique perspective. These 

results point to increasing stocking density having an impact on hepatic gene expression of genes 

involved in steroidogenesis and cell movement/migration prior to eliciting common clinical signs 

associated with stress. These results could provide a springboard for future work to develop 

biomarkers that could aid in the detection of effects of many potential stressors, such as stocking 

density, so that they may be mediated to improve welfare and performance and reduce economic 

losses. 
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INTRODUCTION 

 The poultry industry and animal agriculture as a whole have increasingly made animal 

welfare a priority. From its inception in 1979 by the UK Farm Animal Welfare Council, the 

‘Five Freedoms of Animal Welfare’ have been considered the standard of animal welfare by both 

the animal agriculture community and the poultry industry. There have been adaptations in the 

ideology, such as updating the five freedoms to the ‘Five Domains Model’ (Mellor, 2016) as 

understanding of animal welfare has increased. Additionally, while perceived animal welfare is a 

priority, the understanding and knowledge of the topic among the general public is lacking 

(Cornish et al., 2016). Because of this, the industry has been pushed to prioritize research on the 

topic and increase efforts in communicating appropriately with the public.  

 One of the main focal points of the public in regard to animal welfare is stocking density 

(Vanhonacker et al., 2009). Stocking density itself is often defined by the ratio of live bird 

weight to floor surface area, generally as either kilogram per meter squared (kg/m2) or pounds 

per feet squared (lbs/ft2) (National Chicken Council, 2010). Governing agencies of animal 

agriculture have installed regulations and guidelines regarding stocking density. For example, the 

national chicken council’s maximum stocking densities vary based on target market weights with 

ranges from 6.5-9lbs/ft2 (National Chicken Council, 2010). These regulations/guidelines are put 

in place due to not only the negative public perception of high stocking densities, but also the 

evidence that high stocking densities of broilers have significant negative effects on clinical 

measurements of both production and welfare areas including decreased growth performance, 

locomotive activity, antioxidant ability, immunity, and increased physiological stress levels, 

oxidative stress levels, and prevalence of leg weakness (Sorensen et al., 2000; Simitzis et al., 

2012; Abudabos et al., 2013; Cai et al., 2019). However, there is conflicting evidence that 
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suggests increasing stocking density has no effect on some of these characteristic (Thomas et al., 

2004; Thaxton et al., 2006; Houshmand et al., 2012).  

 Though it is generally accepted that high stocking densities have a negative effect on the 

performance and welfare of these birds, these conflicting findings bring to light the question: 

what is the exact mechanism? With many confounding variables at play in stocking density 

studies including feeder and water competition, social hierarchies, crowding, litter moisture, and 

mobility issues to name a few, there is still a need for further investigation into the root causes of 

these negative effects.  

 With many studies focusing on clinical responses, a vital area that has received little 

investigation is the underlying functional genomic response to stressors like stocking density. 

Due to the genetic selection of broilers resulting in many unintended adverse effects (Dawkins 

and Layton, 2012), the genetic response to stocking density is a reasonable place to investigate 

and characterize. To our knowledge, there has been little research on the transcriptome response 

to increased stocking density in broilers and specifically on the transcriptome response of the 

liver. While previous studies showed that increased stocking density negatively effects growth 

performance and physiological and oxidative stress, there is little to no information on the 

mechanistic trigger for these downstream effects which is why we choose to look specifically at 

the transcriptome of the liver, which plays a key role in both metabolism and stress response.  

 The objective of this study was to measure the sub-clinical impacts of stocking density on 

the liver transcriptome to identify biomarkers for stress prior to the clinical and economic 

impacts being observed. Our attempt to identify clinical and economic impacts of changes in 

stocking density by measuring performance, welfare and various traditional measurements 

associated with stress includes a specific consideration for confounding variables specific to 
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earlier studies. Because of this, a unique trial design and measurement combination for this study 

was utilized that included production, stress, immune, welfare and functional genomic response 

measurements.  

 

MATERIALS AND METHODS 

 

Husbandry, Experimental Design and Management 

 Ross 708 eggs were obtained from an industry source and incubated under common 

industry conditions. Briefly, eggs were preheated for 12 hours prior to setting, set initially at 

100.5°F (38.1°C) and 60% relative humidity and dropped incrementally over the 18 days in the 

setter to 98.2°F (36.8°C) and 45% relative humidity. At day 19, eggs were transferred to the 

hatcher at 98.4°F (36.9°C) and 55% relative humidity and were incrementally 

increased/decreased to 96°F (35.6°C) and 70% relative humidity at day 21. At hatch, chicks were 

sexed, and males were vaccinated against Marek’s, Newcastle and infectious bronchitis, neck 

tagged, weighed, graded and randomly assigned a treatment group. 20 males were placed per pen 

in a randomized complete block design with 4 treatments and 7 pens per treatment for a total of 

28 pens and 560 birds. Each pen had ad libitum water and feed access with identical nipples and 

feeder space per bird. Litter from previous trial was re-used to mimic industry conditions. 

Industry conditions were also mimicked as much as possible by following common industry 

practices for house temperature, humidity, air quality, etc. Birds were fed an industry standard 

corn and soybean meal based Southern States three phase feed ad libitum. A crumble starter was 

given until 2 weeks of age, a pelleted grower from 2 to 4 weeks of age and a pelleted finisher 

throughout the rest of the trial. There were 4 treatments with final target densities at day 42 of 



   

 

 

40 

24.4kg/m2 (5 lbs/ft2 (A)), 29.3kg/m2 (6 lbs/ft2 (B)), 34.2kg/m2  (7 lbs/ft2 (C)), and 39.1kg/m2 (8 

lbs/ft2 (D)). An estimated pretrial final body weight of 2.5kg (5.512lbs) was used based on data 

from previous trials in that house. These densities were obtained by reducing floor space by 

moving barriers as much as the water lines would allow while also using physical barriers to 

adjust the pen floor area available to birds. Any mortality was recorded, weighed, and replaced 

with a similar weight extra male to try and maintain density. Differences in body weight at time 

of replacement was recorded as well as feed weigh back. Replacement birds were added as 

needed to maintain competition within pens but were not included in sampling. Data from a 

single replicate pen of treatment A was excluded from the analysis of mortality due to an 

instance of feather pecking which resulted in the culling of multiple birds due to welfare 

concerns.  All animal experiments were conducted at the North Carolina Department of 

Agriculture and Consumer Services- Piedmont Research Station and approved by the North 

Carolina State University Institutional Animal Care and Use Committee: IACUC ID# 18-083-A. 

 

Data and Sample Collection 

 Representative pre-trial and representative post-trial litter samples for each treatment 

were collected to evaluate differences in litter moisture. Group pen weights were obtained on 

days 7, 14, 21, 28, 35, 43, and 46 with the feeders being taken out and weighed 2 hours prior to 

each weighing. Empty feeder weights were recorded pretrial and amount of feed added 

throughout the trial was recorded as well. Blood samples were collected via the jugular or 

brachial vein from 3 random birds per pen on days 13, 20, 27, 34, 42 & 46. Blood samples were 

kept on ice until plasma was separated by centrifugation for 10 minutes at 1,500 x g. Plasma 

samples were stored at -20°C until assayed. The European Welfare Quality assessment procedure 
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(Butterworth et. al., 2009) for foot pad and gate scores were performed on 5 random birds per 

pen on days 13, 20, 27, 34, & 42. The same scorer was used throughout all assessments to 

minimize variation. 3 random birds per pen were injected intramuscularly with a sheep red blood 

cell (1% SRBC in phosphate buffered saline (PBS)) solution into the left breast at day 27. Blood 

Samples from these SRBC injected birds were taken prior to injection and 7- & 19-days post 

injection and were stored in tubes free of anticoagulant. At day 46, 3 random birds per pen were 

euthanized via cervical dislocation and samples were collected for carcass yield measurements 

including breast yield (bone in) and whole carcass weights. Samples for RNA isolation including 

breast muscle, liver, spleen and small intestine tissue samples were taken, preserved in 

RNAlater, placed at 4°C for 24 hours then stored at -20°C. Litter moisture was measured via loss 

of drying method as described in AOAC method 934.1 (Nancy and Wendt, 2003) on a 

representative sample of each treatment collected on day 46.  

 

Evaluation of Humoral Immune Response 

 SRBCs as a nonpathogenic antigen were used to evaluate humoral immune response via 

SRBC hemagglutination assay according to methodology by Seigel and Gross (1980) with some 

modifications. Antibody production was evaluated by intramuscular injection of 0.1mL of 1% 

SRBC solution in PBS. Serum samples from 0-, 7-, and 19-days post injection were incubated at 

65C for 1 hour to deactivate the complement. 100L of serum was added to the wells in the first 

column of a 96 well assay plate and serially double diluted in PBS containing 0.5% BSA in 

columns 2-12. 50 L of 1% SRBCs was added to each well. The microplates were sealed with 

foil, shaken for 1 minute then incubated at 37C for 24 hours. The total anti-SRBC antibody titer 
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was then calculated by taking the log2 of the reciprocal of the highest dilution in which there 

were at least 50% hemagglutination observed.  

 

Evaluation of Stress Induction 

 Corticosterone levels of plasma from 20 day 46 birds each from both the highest 

(Treatment D) and the lowest (Treatment A) density were measured using a corticosterone 

competitive enzyme-linked immunosorbent assay (ELISA) kit (Invitrogen-Thermo Fisher 

Scientific- Waltham, MA) with a sensitivity of 18.6pg/mL according to manufacturer protocol. 

Briefly, samples or standards were added to each well followed by the addition of an assay 

buffer. A corticosterone conjugate was then added to each well followed by a corticosterone 

antibody. The plate was gently mixed and incubated at room temperature for an hour. Wells were 

then aspirated with wash buffer followed by the addition of chromogen. Following 30 minutes of 

incubation at room temperature a stop solution was added to each well and mixed. The 

absorbances were immediately read at 450nm and a standard curve was generated using curve-

fitting software. The standard curve was then utilized to identify concentrations of the unknown 

samples.  

 

RNA Isolation and Sequencing  

 RNA was isolated with RNAeasy kit (QIAGEN-Hilden, Germany) according to 

manufactures protocol from liver samples of both the highest density (Treatment D) and the 

lowest density (Treatment A). Briefly, tissue samples were initially homogenized in kit lysis 

buffer and centrifuged. The supernatant was combined with equal volume 70% ethanol and 

loaded on the provided spin columns. Bound RNA was washed with provided buffers and eluted 
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in nuclease free water. Final RNA sample yields were quantified spectrophotometrically using 

NanoDrop 2000 (Thermo Fisher Scientific-Waltham, MA). RNA samples were submitted to NC 

State Universities Genomic Sciences Laboratory for library preparation and sequencing using 

Illumina HiSeq (Illumina-San Diego, CA). Each library consisted of equal amounts pooled RNA 

from 4 samples of the same treatment and 4 libraries were prepared for each of the 2 treatments.  

 

RNA-seq Data Analysis 

 RNA-seq data were analyzed using CLC Genomics Workbench 20.0.3 (Qiagen 

Bioinformatics-Hilden, Germany) to identify differentially expressed genes. High quality reads 

were aligned to the Gallus gallus version-GRCg6a transcriptome. RNA-seq data were mapped 

with a maximum number of allowed mismatches of 2, a minimum length and similarity fraction 

of 0.8, and a maximum number of hits per read of 10. Gene expression values were reported as 

total counts. Differentially expressed genes were defined by an absolute fold change of  1.5 and 

a p-value  0.05. RNA-seq data have been submitted to NCBI and can be found under GEO ID 

(GSE171864). 

 

Functional Analysis of Differentially Expressed Genes 

 Functional analysis of differentially expressed genes were performed via ‘Core Analysis’ 

function of Ingenuity Pathway Analysis (IPA: Qiagen Bioinformatics-Hilden, Germany) and 

‘Data Analysis’ tool of Reactome (REACTOME-Toronto, Canada). The ‘Core Analysis” 

function of Ingenuity Pathway Analysis resulted in the graphical summary, top canonical 

pathways, and table of upstream regulators shown below and in the supplemental material 

section of this paper published in poultry science. The causal network analysis approaches and 
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methods are described by Kramer et al. (2014). The ‘Data Analysis’ tool of Reactome resulted in 

the pathways overview figure in the discussion. The analysis methods for the overexpression 

pathways overview are described by Fabregat et al. (2017). 

 

Statistical Analysis 

 A randomized complete block design with 4 treatments in 7 blocks was used with 

stocking density serving as the treatment. The non-transcriptome data was analyzed using a one-

way ANOVA analysis of JMP pro 15.1 software. Tukey-Kramer HSD was used to determine 

significant differences with a p-value <0.05 being considered significant.  

 

RESULTS 

 

Performance 

 The least squares mean for broiler body weights for each stocking densities at different 

timepoints throughout the trial are displayed in Table I-1. No significant differences were 

observed in average body weights across the treatments at any point in the trial. Though there 

were no significant differences observed, it is important to note that none of the treatments 

reached the expected final body weight of 2.5kgs.  
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Table I-1. The average (Avg) bird weight (Wt) of broiler chickens raised at different stocking 

densities. Data are presented as mean  standard deviation (SD). Threshold of significance set at 

p  0.05.  

 

 1d Avg 

Bird Wt 

(kg)  

SD 

7d Avg 

Bird Wt 

(kg)  

SD 

14d 

Avg 

Bird Wt 

(kg)  

SD 

21d 

Avg 

Bird Wt 

(kg)  

SD 

28d 

Avg 

Bird Wt 

(kg)  

SD 

35d Avg 

Bird Wt 

(kg)  SD 

Final 

(46d) 

Avg Bird 

Wt (kg)  

SD 

 24.4kg/m2 

(5 lbs/ft2) 
0.039  

0.0004 

0.142  

0.004 

0.355  

0.007 

0.657  

0.010 

1.040  

0.027 

1.482  

0.055 

2.375  

0.077 

 29.3kg/m2 

(6 lbs/ft2) 
0.039  

0.0002 

0.142  

0.005 

0.345  

0.017 

0.648  

0.032 

1.018  

0.051 

1.475  

0.087 

2.353  

0.149 

 34.2kg/m2 

(7 lbs/ft2) 
0.039  

0.0002 

0.145  

0.004 

0.362  

0.013 

0.680  

0.027 

1.073  

0.042 

1.556  

0.071 

2.424  

0.105 

 39.1kg/m2 

(8 lbs/ft2) 
0.039  

0.0002 

0.141  

0.005 

0.343  

0.013 

0.654  

0.031 

1.034  

0.049 

1.489  

0.063 

2.382  

0.131 

 

 Table I-2 displays least squares means for final average bird weight, final average breast 

weight, feed conversion ratios (FCR), and average mortality percentage per pen for each 

stocking density. No significant differences were observed across treatments for final average 

bird weight, final average breast weight, cumulative FCR, or mortality rate.   
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Table I-2. Production parameters of broiler chickens raised at different stocking densities 

including final average (Avg) bird weight (Wt) (kg), average breast weight (kg), feed conversion 

ratio (FCR), and average mortality percentage per pen. Data are presented as mean  standard 

deviation (SD). Threshold of significance set at p  0.05.  

 Final (46d) Avg 

Bird Wt (kg)  

SD 

Final (46d) Avg 

Breast Wt (kg)  

SD 

FCR  SD  Avg Mortality 

% per pen  

SD 

 24.4kg/m2 

(5 lbs/ft2) 
2.375  0.077 0.552  0.119 1.580  0.038 2.500  4.183 

 29.3kg/m2 

(6 lbs/ft2) 
2.353  0.149 0.543  0.115 1.556  0.033 5.714  5.345 

 34.2kg/m2 

(7 lbs/ft2) 
2.424  0.105 0.584  0.072 1.567  0.024 1.429  2.440 

 39.1kg/m2 

(8 lbs/ft2) 
2.382  0.131 0.591  0.096 1.574  0.026 2.143  2.673 

  

 The effect of stocking density on welfare parameters including litter moisture percentage, 

gait score and foot pad score measured using the European Welfare Quality assessment 

procedure (Butterworth et al., 2009) are shown in Table I-3. No significant differences were 

observed in day 42 average gait scores, but there was a significant difference observed in regard 

to day 42 pad scores. Treatment D (8 lbs/ft2), the highest stocking density, had a significantly 

higher (worse) average pad score than all other treatments at day 42. Due to taking one 

representative litter sample per treatment, statistical significance could not be determined; 

however, the 2 higher density treatments (C and D) did have higher numerical litter moisture 

percentages than the 2 lower densities.  
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Table I-3. Welfare parameters of broiler chickens raised at different stocking densities including 

litter moisture percentage and gait and foot pad scores measured using the European Welfare 

Quality assessment procedure (Butterworth et. al., 2009). Data are presented as mean  standard 

deviation (SD). Threshold of significance set at p  0.05. 

 

 42d Average Gait Score 

 SD 

42d Average Pad Score 

 SD 

Litter Moisture % 

 24.4kg/m2 

(5 lbs/ft2) 
0.40  0.74 0.09  0.51a 21.2% 

 29.3kg/m2 

(6 lbs/ft2) 
0.34  0.64 0.29  0.75a 22.4% 

 34.2kg/m2 

(7 lbs/ft2) 
0.66  0.94 0.51  0.82a 29.0% 

 39.1kg/m2 

(8 lbs/ft2) 
0.69  0.72 1.09  1.15b 26.2% 

 

Plasma Corticosterone 

 Day 46 plasma corticosterone (cort) levels (ng/ml) for the highest stocking density 

(Treatment D) and the lowest stocking density (Treatment A) are shown in Table I-4. There were 

no significant differences observed in these plasma cort levels. 

 

Table I-4. Plasma corticosterone (Cort) concentrations (ng/ml) of broiler chickens raised at 

different stocking densities. Data are presented as mean  standard deviation (SD). Threshold of 

significance set at p  0.05. 

 

 

 

 

 

 

Immunity  

 The effect of stocking density on immune function through SRBC average titer level are 

shown in Table I-5. Levels were minimal to zero prior to injection and no significant differences 

were observed at that time point. There was a significant difference observed in average titer 

 46d Average Plasma Cort 

concentration (ng/ml)  SD 

24.4kg/m2 (5 lbs/ft2) 11.05  13.30 

39.1kg/m2 (8 lbs/ft2) 13.82  27.82 
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level 7 days post injection between the highest stocking density (Treatment D) and the lowest 

stocking density (Treatment A) with the highest density having the lowest titer level and the 

lowest density having the highest titer level. There were no significant differences observed 19 

days post injection and titer levels returned to lower levels. 

 

Table I-5. Immune response parameters of broiler chickens raised at different stocking densities 

consisting of titer levels at 3 different timepoints. Data are presented as mean  standard 

deviation (SD). Threshold of significance set at p  0.05. 

 

 Day of Injection 

Average Titer  SD 

(24hr incubation) 

7d Post Injection 

Average Titer  SD 

(24hr incubation) 

19d Post Injection 

Average Titer   SD 

(24hr incubation) 

 24.4kg/m2 

(5 lbs/ft2) 
0.048  0.218 1.714  1.488a 0.400  0.598 

 29.3kg/m2 

(6 lbs/ft2) 
0.048  0.218 0.857  0.727ab 0.143  0.478 

 34.2kg/m2 

(7 lbs/ft2) 
0.095  0.301 1.333  1.278ab 0.200  0.696 

 39.1kg/m2 

(8 lbs/ft2) 
0.000  0.000 0.762  0.944b 0.095  0.301 

 

RNA-seq 

 Approximately 278 million, 100 base pair single-end reads were generated using Illumina 

HiSeq technology to sequence the cDNA libraries. This yielded 27.8 gigabases of total sequence 

and an average of 34,838,364 reads per sample. Of those reads, over 96% of them were mapped. 

617 genes were differentially expressed at a significance level of p-value 0.05 and a fold 

change of  1.5 in the comparison of highest vs. lowest stocking density. Of the 617 genes 

differentially expressed, 332 were down-regulated and 285 were up-regulated with 42% of them 

able to be mapped. The expression fold change induced by an increase in stocking density ranged 

from -245.261 to 87.854. The top 20 differentially expressed mapped genes in terms of 

significance level are shown in Table I-6. All 617 differentially expressed genes in order of 
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significance level are shown in the supplemental material section of this paper published in 

poultry science.  

Table I-6. The top 20, in terms of significance level, differentially expressed mapped hepatic 

genes of broilers reared under different stocking densities, the highest stocking density, treatment 

D, (5 lbs/ft2) and the lowest stocking density, treatment A, (8 lbs/ft2). Also shown in the table is 

expression fold change, expression log ratio, and expression false discovery rate (q-value). (CLC 

Genomic Workbench 20) The threshold for significance was set at a p-value  0.05 and a fold 

change of  1.5.  

ID 

Significance level 

(Expr p-value) 

Expr Fold 

Change Expr Log Ratio 

Expr False 

Discovery Rate  

(q-value) 

DIO2 0 2.949723 1.560579 0 

ANGPTL4 7.77E-16 2.401697 1.264054 9.18E-12 

ABCA12 1.22E-09 -3.68791 -1.8828 9.6E-06 

SELENOP1 2.15E-09 4.72178 2.239331 1.19E-05 

LOXL4 5.44E-09 2.316801 1.212134 2.14E-05 

GADD45G 6.87E-09 1.881474 0.911863 2.32E-05 

IGFBP2 6.21E-08 -1.82554 -0.86832 0.000138 

PYROXD2 4.35E-07 1.856538 0.892615 0.000759 

CP 5.17E-06 1.571155 0.651825 0.006102 

PPP1R3B 9.79E-06 1.5618 0.643209 0.01008 

PGAP1 9.82E-06 -1.90457 -0.92946 0.01008 

INHBE 1.6E-05 1.637021 0.711073 0.013748 

TENM2 1.6E-05 -1.91551 -0.93773 0.013748 

GLUL 1.63E-05 -1.57673 -0.65694 0.013748 

TMEM199 1.66E-05 1.594195 0.672828 0.013748 

PPP1R3C 1.72E-05 1.690523 0.757469 0.013748 

RBPJ 1.75E-05 -1.77514 -0.82794 0.013748 

SACS 2.1E-05 -1.60172 -0.67963 0.015962 

STOML3 2.69E-05 1.520454 0.604502 0.018554 

HSD3B1 2.75E-05 1.788997 0.839151 0.018554 

 

Principal Component Analysis (PCA) 

 There appears to be clustering of treatments observed in the PCA plot shown in Figure I-

1. Each point represents a library sample composed of RNA pooled from 4 individuals with N=4 

per treatment. The highest stocking density (Treatment D) is shown in green and the lowest 

stocking density (Treatment A) is shown in blue. 
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Figure I-1. Principal component analysis (PCA) plot of hepatic gene expression (RNA-seq) of 

broilers reared under different stocking densities. Each point represents a library sample 

composed of RNA pooled from four individuals with N = 4 per treatment. Treatment D, (8 

lbs/ft2) is shown in green and treatment A, (5 lbs/ft2) is shown in blue. (CLC Genomic 

Workbench 20) 

 

Canonical Pathway Analysis 

 The most significant canonical pathways elicited in response to an increase in stocking 

density and their significance values are displayed in Figure I-2. The significance values (p-value 

of overlap) for the canonical pathways are calculated by the right-tailed Fisher's Exact Test and 

indicates the probability of association of molecules from the dataset with the canonical pathway 
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by random chance alone. Cholesterol biosynthesis pathways are the canonical pathways that 

appear to be most affected by an increase stocking density.  

 

  
 

Figure I-2. Most significant canonical pathways (x-axis) across the comparison analysis of 

differentially expressed hepatic genes in response to increase in stocking density. The -log of 

said p-value is displayed on the y-axis with the threshold set at p  0.05. The coloring of bars 

indicates predicted pathway activation via orange color or predicted pathway inhibition via blue 

color with the darker coloring meaning more confidence in prediction. This prediction is 

calculated via z-score statistic (Kramer et al. 2013) |z-score| > = 2 being considered significant. 

(Ingenuity Pathway Analysis 1-16) 

 

Upstream Regulation 

 There are 904 upstream regulators significantly affected with a p-value of overlap < 0.05, 

14 of which were predicted to be activated and 18 were predicted to be inhibited. All upstream 
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regulators in order of significance level (p-value of overlap) affected by the differentially 

expressed hepatic genes of broilers reared under different stocking densities (Treatment D vs 

Treatment A) are displayed in the supplemental material section of this paper published in 

poultry science. This table includes significance levels (p-value of overlap), activation z-score, 

predicted activation state and expression log ratios if applicable.  

 

DISCUSSION 

 

Phenotype Data  

 Significant differences in body weight, breast weight, FCR, mortality, gait scores and 

corticosterone levels were not observed when increasing stocking density. This lack of clinical 

evidence contradicts previous studies (Sorensen et al., 2000; Simitzis et al., 2012; Abudabos et 

al., 2013). However, significant differences in foot pad scores and immune response were 

observed as a result of increasing stocking density which is consistent with previous research 

(Sorensen et al., 2000; Cai et al., 2019). These seemingly inconsistent results could be a snapshot 

of subclinical effects of stocking density prior to widespread clinical impacts commonly found 

with an increase in stocking density.  

 The difference in foot pad scores followed along with differences observed in litter 

moisture. The connection between the two have been established previously in avian species 

(Wang et al., 1998; Mayne et al., 2007; Youssef et al., 2011). There is also evidence that there is 

a connection between foot pad injuries and worsening of gait (Weber Wyneken et al. 2015). 

Though we did not observe a statistical significance in gait score, the numerical trend of the 

average gait scores was similar to that of both average pad scores and litter moisture. With 
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weight being a contributing factor to gait abnormalities, these birds not reaching their target 

weight could be a consequential reason for no observed statistically significant differences.  

 The seemingly inconsistent results could also be a result of several different factors 

including confounding variables and actual final densities. A factor that should be considered is 

that this trial was designed to evaluate the effect of stocking density alone, therefore feeder and 

water space per bird was held constant across treatments. With the majority of referenced trials, 

feeder and water space per bird varied with stocking density, creating a potential confounding 

variable. Feeder space access has been shown to affect broiler performance (Lemons and Moritz, 

2016), therefore should be considered in this evaluation. Another important thing to note is that a 

retrospective look at the study identified that the treatments did not reach intended stocking 

densities. The pretrial estimated final body weight of 2.5kgs, which was based on data from 

previous trials in the same house, was not reached with an end of trial average weight of 

2.386kgs. This created lower stocking densities than initially intended resulting in final stocking 

densities of 23.240 kg/m2 (4.760 lbs/ft2) for treatment A, 27.635 kg/m2 (5.660 lbs/ft2) for 

treatment B, 33.215 kg/m2 (6.803 lbs/ft2) for treatment C, and 37.292 kg/m2 (7.638 lbs/ft2) for 

treatment D. These lower than expected densities may not have elicited as dramatic of a clinical 

response as expected from increased stocking density. Because of this, we wanted to identify the 

subclinical effects of stocking density with the hope of pinpointing indicators of negative effects 

of stocking density prior to the negative clinical evidence and negative economic impact being 

present. 
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Genomic Data 

 To our knowledge this is the first study to look at the RNA-seq response to increases in 

stocking density. The increase in stocking density has a unique effect on hepatic gene expression 

with 617 genes being differentially expressed. This is a relatively high number compared to 

similar trials with same number of replicates and similar methods of measurements (Coble et. al., 

2014). The unique impact stocking density is having on these birds can also be seen via the PCA 

plot (Figure I-1). This plot displays clustering of the treatments which further suggests stocking 

density is having a distinctive effect.  

 
 

Figure I-3. Pathways overview based on differentially expressed hepatic genes of broilers reared 

under different stocking densities. The pathway overview is an overview of major biological 

pathways which merges pathway identifier mapping, over-representation, and expression 

analysis from the differentially expressed genes of samples from treatment D (8 lbs/ft2) to 

treatment A (5 lbs/ft2) (REACTOME-Toronto, Canada). The coloring indicates 

overrepresentation coverage with yellow indicating overrepresentation with grey representing 

pathway connections. The analysis methods for the overexpression pathways overview are 

described by Fabregat et al. (2017). 
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 Continuing, the pathways overview in Figure I-3 highlights the main areas 

overrepresented by the differential hepatic gene expression as a result of increasing stocking 

density. The main areas highlighted are the immune system, signal transduction, metabolism, cell 

cycle, gene expression, metabolism of proteins, and cellular responses to external stimuli.  

 The immune system being overrepresented is consistent with our findings and with 

previous research that increasing stocking density affects immune function (Cai et al., 2019). The 

overexpression of gene expression also supports the previously mentioned findings of stocking 

density having a unique impact on hepatic gene expression; nevertheless, the over expression of 

metabolism and cellular responses to external stimuli led us to perform further functional 

analysis on the differentially expressed genes via Ingenuity Pathway Analysis. This further 

functional analysis illustrates that the increase in stocking density is associated with 4 main areas 

of hepatic gene expression: cholesterol biosynthesis, steroid sex hormones, stress response and 

cell movement/migration. 

 The effect on cholesterol biosynthesis can be seen through the results of the canonical 

pathway analysis (Figure I-2). The 4 most significant canonical pathways effected were 

cholesterol biosynthesis I, cholesterol biosynthesis II (via 24,25-dihydrolanosterol), cholesterol 

biosynthesis III (via Desmosterol) and superpathway of cholesterol biosynthesis. It is important 

to note that there is considerable amount of overlap of genes differentially expressed between 

these pathways, but this is important none the less. The genes found to be differentially 

expressed associated with these pathways include: ACAT2, DHCR7, DHCR24, FDFT1, 

HSD17B7, and MSM01. There are also other indications that this effect on cholesterol 

biosynthesis may be affecting other aspects downstream of cholesterol which can be seen in the 

results of the upstream analysis. Several upstream regulators related to cholesterol function with 



   

 

 

56 

significant p-values of overlap from our study include HDL-cholesterol and LDLR. It is 

important to note that cholesterol biosynthesis is also a key initiating step in steroidogenesis 

which produces many key regulatory molecules involved in stress response and various sex 

steroid hormones that play important regulatory roles. These molecules produced via 

steroidogenesis include glucocorticoids, corticosterone, progesterone, beta-estradiol and 

dihydrotestosterone (Bremer and Miller, 2014) all of which were shown to be significantly 

affected downstream by an increase in stocking density.  

 The previously mentioned effect on glucocorticoids, which is known to have 

immunosuppressive and anti-inflammatory properties (Rhen and Cidlowski, 2005), also supports 

the clinical sign of decreased immune response observed by the SRBC hemagglutination assay 

(Table I-5). Further supporting this theory is the fact that glucocorticoids are also known to 

regulate another gene with immune functions, IL3 (predicted to be inhibited with a z-score of -

2.139) (Almawi and Melemedjian, 2002). Along with its significant activation z-score, the IL3 

gene product was also identified to be a key molecule in this response to an increase in stocking 

density via the graphical summary in Figure I-4. Glucocorticoid has also previously been shown 

to regulate IGFBP1(Goswani et al., 1994) which we observed to be differentially expressed in 

response to this treatment with an expression log ratio (ELR) of -1.073 (Table I-6). With 

glucocorticoids also being known to be involved with metabolic function, a link to IGFBP1, a 

gene encoding an insulin-like growth factor binding protein, creates a logical association 

between the two.  

 Insulin-like growth factors have also been associated with a response to both stress levels 

and sex hormone levels (Swartz et al. 2005; Chesik and De Keyser, 2010). Though we did not 

observe a clinical difference in plasma corticosterone concentrations on day 46, the effect 
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observed by the upstream analysis on stress associated molecules, corticosterone and 

glucocorticoid, could suggest that these birds are in a pre-clinical signs state in which the stressor 

may not be to a high enough degree to elicit the typical clinical signs. Continuing with the 

connection between sex hormones and insulin-like growth factors, ESR2 (Estrogen receptor 2), 

which was differentially expressed in our study (ELR = -0.520), has been shown to regulate PGR 

(progesterone receptor) (Murphy, et. al., 2005). PGR has been shown to regulate the expression 

of IGFBP1 (Takano et al., 2007) which provides a logical interaction path as suggested by our 

expression data. There are other results from the upstream analysis that go along with this 

connection. Upstream regulators associated with sex hormones with significant p-values of 

overlap (shown in parenthesis) include progesterone (9.32E-07), it’s receptor PGR (7.93E-05), 

beta-estradiol (9.03E-04), one of its receptor ESR2 (1.55E-04), dihydrotestosterone (1.44E-06), 

PPARA (9.84E-07), and CREB1 (8.88E-05) to name a few. These results suggest a possible 

connection between these sex hormones, stress response and a specific response to an increase in 

stocking density, but further investigation is needed. It is important to consider that often 

upstream regulators are not primarily regulated at the transcriptional level, therefore the lack of 

differential expression of the regulators themselves is not unexpected. 
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Figure I-4. Graphical summary of hepatic gene expression of broilers reared under different 

stocking densities. The graphical summary is an overview of major biological themes from the 

comparisons of differentially expressed genes of samples from treatment D (8 lbs/ft2) to 

treatment A (5 lbs/ft2). (Ingenuity Pathway Analysis 1-16) The coloring indicates predicted 

pathway activation (orange) or predicted pathway inhibition (blue) which was calculated via z-

score statistic (Kramer et. al. 2013). All entities have a p-value  0.05 and all regulators and 

processes have |z-score| > = 2.  

  

 The integration of the impact of stocking density on the liver can be seen in Figure I-4. 

This graphical summary utilizes various functions of IPA Core Analysis including canonical 

pathways, upstream regulators, diseases, and biological functions to create an overview of major 

biological themes from the comparisons of differentially expressed genes of samples from the 
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highest stocking density (Treatment D) and the lowest stocking density, (Treatment A). Cell 

movement, migration, and viability appear to be key processes that are predicted to be inhibited, 

indicated by the color, by this increase in stocking density and the graphical summary 

emphasizes JUN, TNFSF11, TLR9, NFKBIA, IL3, and IL17A as central genes in this hepatic 

gene expression response to an increase in stocking density. JUN was predicted to be inhibited 

(z-score of -2.008 and p-value of overlap of 3.12E-03) as a result of increasing stocking density 

which is consistent with it being known to be part of cellular response to stress and hormone 

stimulus (Bigsby and Li, 1994; Takayama et al., 2006). JUN has also previously been shown to 

be regulated by beta-estradiol (Notas et al., 2013), capable of binding to ESR1(Teyssier et al., 

2001) and regulating TP53 (Schreiber et al., 1999), all of which were shown to be significantly 

affected via p-value of overlap in our results. Another gene emphasized by the graphical 

summary, IL17A (predicted to be inhibited with z-score of -2.436), whose cytokine product has 

previously been shown to be involved in the cellular response to glucocorticoid stimulus, 

immune and inflammatory response (Adcock et al., 2004; Chen and Kolls, 2017) creating a 

connection to the previously mentioned response to stress. IL17A has also been shown to be a 

regulator of TNFSF11 expression (Konermann et al., 2012) which was predicted to be inhibited 

(z-score of -3.223) and highlighted by the graphical summary. The graphical summary also 

points to cell viability (predicted decrease with activation z-score of -2.070), migration of cells 

(predicted decrease with activation z-score of -2.665), cell movement (predicted decrease with 

activation z-score of -3.056), invasion of tumor cell lines (predicted decrease with activation z-

score of -2.449), uptake of monosaccharides (predicted decrease with activation z-score of -

3.099),  and concentration of sterol (predicted increase with activation z-score of 2.330),  as 
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important functions effected by the change in hepatic gene expression resulting from an increase 

in stocking density.   

 Of those, the effect on cell movement and migration stand out. Cell movement was 

shown to be significantly inhibited and affected by an increase in stocking density via its 

activation z-score of -3.056 and p-value of overlap of 6.16E-03. There were 145 genes that were 

differentially expressed across treatments associated with cell movement. These genes include 

several that have been previously mentioned including DIO2, ESR2, IGFBP1, and IGFBP2. 

Similarly, migration of cells was also identified via the graphical summary as a function that was 

significantly inhibited and affected by an increase in stocking density (p-value of 3.83E-03 and 

activation z-score of -2.665) and has 133 genes that were differentially expressed across 

treatments associated with migration of cells. There is significant overlap with the genes 

differentially expressed that can play a role in migration of cells and cell movement as expected 

with DIO2, ESR2, IGFBP1, and IGFBP2 all playing a role in predicted decrease in migration of 

cells as well. It is notable that DIO2 has a p-value of 0.000 with an ELR of 1.561 (Table I-6). 

The gene DIO2 encodes for the enzyme iodothyronine deiodinase 2 which is peroxidase enzyme 

that is important in the activation and deactivation of thyroid hormones (Arrojo e Drigo et al., 

2013). Thyroid hormones have vast metabolic affects including effects on basal metabolic rate, 

protein synthesis, fat, carbohydrate, and protein metabolism, sensitivity to catecholamines, bone 

growth (Alberts, 2010) and is shown to be affected as an upstream regulator in our study with a 

p-value of overlap of 6.54E-04. Interestingly enough, DIO2 has previously been shown to be 

differentially expressed in the liver of broilers exposed to high ambient temperatures (Coble et 

al., 2014). This along with our finding of it being differentially expressed in response to an 

increase in stocking density may suggest it is involved in a more general response to stress. 
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Notably, DIO2 has also been shown to be associated with hormone biosynthetic process, 

specifically estrogen and its receptors (Hammes and Davis, 2015), suggesting they may play a 

role in a more general response to stress as well.  

 It is important to note, of the 617 genes differentially expressed 260 are mapped and 357 

are not mapped which is a result from many chicken genes remaining to be unmapped. Also, 

many other genes have no human/mouse homolog which in some ways can limit functional 

analysis. Though this is common when working with less studied species, it shows there is still 

abundant room for further investigation. 

 

Conclusion 

 Increasing stocking density has a unique impact on hepatic gene expression prior to 

eliciting common clinical signs associated with stress. The cellular functions that are most 

affected appear to be those involved in steroidogenesis and cell movement/migration as 

identified by RNA-seq analysis of the liver transcriptome. These results could provide a baseline 

of information that future research to identify genes or molecules that could aid in the detection 

of negative effects of stressors such as stocking density prior to negative clinical and economic 

signs presenting themselves.  
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CHAPTER 3 

RNA Sequencing Identifies Differential Gene Expression in Broiler Breeders Managed on 

Different Feeding Program 
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ABSTRACT 

 Poultry breeders have successfully selected for increased efficiency and rapid growth of 

broilers. This success has required broiler breeder management to restrict feed intake during 

rearing to prevent negative impacts on reproduction. Although this practice has been the industry 

standard, it is known to cause metabolic stress and welfare issues in regard to hunger and feeding 

distress. With the majority of research on feed restriction focusing on performance parameters, 

there is a knowledge gap on the effect that feed restriction has on the transcriptome of these 

birds. Therefore, the objective of this study was to investigate the impact of different levels of 

feed restriction on the liver transcriptome of breeders due to the liver playing a key role in both 

metabolism and stress response. In this study, we examined hepatic gene expression via RNA 

sequencing of broiler breeders under different levels of feed restriction: control (fed to Ross 708 

recommended body weight (BW)), control+20%, and ad libitum via a precision feeding system. 

This is the first study to characterize the response of feed restriction on the liver transcriptome of 

broiler breeders and thus provides novel information. RNA sequencing results indicate feeding 

programs have a direct impact on hepatic gene expression with the number of genes 

differentially expressed across treatment comparisons ranging from 600 to 1,524. Molecules 

associated with both metabolism and stress response appear to be most significantly affected 

with sex hormone receptors and downstream molecules playing a role. With various forms of 

stress being a known epigenetic inducer, this provides insight into how this widely used practice 

of restrictive feeding is impacting broiler breeders, which could lead to negative effects to the 

subsequent generation.  

 



   

 

 

69 

INTRODUCTION 

 The poultry industry has continuously selected for traits such as growth rate to increase 

both their production and efficiency. This selection has also resulted in an increase in appetite 

(Siegel and Wiseman, 1966). Increased body weight (BW), appetite and feed intake have led to 

complications such as severe negative implications on reproduction including reduced oviduct 

size, slower ovarian follicle growth, and reduced egg production and size (Fuller et al., 1969; 

Pym and Dillon, 1974; Watson, 1975). With reproduction being their main role in the industry, 

adaptations to their feeding programs have been made to limit these negative implications. These 

adaptations include restrictively feeding these breeders up to one third of the feed intake of 

similar age ad libitum fed birds during rearing (Savory et al., 1993). Though this restrictive 

feeding has its advantages, it is one of the major areas of concern in regard to the welfare of 

these animals; notably, restrictive feeding is known to elicit boredom and feeding frustration 

behaviors, aggression, and stress responses to name a few (Mench, 2002; De Jong and Guemene, 

2011).  

 External stressors such as heat stress have been shown to alter the genotype of the birds 

experiencing said stressor (Lan et al., 2016). Similar external factors are known to influence the 

phenotype of the generation that experience said factor as well and can contribute to the 

phenotype of their offspring through epigenetic mechanisms (Guerrero-Bosagna et al., 2018). 

Through processes such as this, these breeders are also able to pass down adaptation mechanisms 

to allow for the next generation to better equipped to survive and thrive. With the broiler breeder 

generation being responsible for the billions of broilers that are raised annually, management 

practices that elicit negative responses which could have implications on a grand scale should be 
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examined. Therefore, it is important to first characterize how restrictive feeding affects gene 

expression of the parent generation.  

 To our knowledge there has been little research on the effects of this restricted feeding on 

the transcriptome of chicken tissues. With the previously mentioned evidence leading one to 

believe that restrictive feeding negatively affects several welfare parameters, looking specifically 

at the transcriptome of the liver, which plays a key role in both metabolism and stress response, 

is an ideal starting point. Therefore, the objective of this study was to characterize the effects of 

restrictive feeding on the transcriptome of the liver of the broiler breeder generation via RNA-

sequencing. This study will provide novel information that will be the basis for the evaluation of 

the transgenerational effect of restrictive feeding of these breeders. 

 

MATERIALS AND METHODS 

 

Trial Design and Tissue Collection 

 This trial was done at the University of Alberta and details regarding the trial and design 

are described by Zukiwsky et al. (2021). Briefly, Ross 708 broiler breeder females were reared 

under different feeding programs to reach unique BW trajectories. Experimental trajectories 

varied in prepubertal and pubertal growth phases starting from the Ross 708 recommended BW 

target up to 22.5% above the Ross 708 recommended BW target, in 2.5% increments 

(CON+2.5%, CON+5%, … CON+22.5%). Three female broiler breeders were assigned to each 

trajectory and were feed restricted to reach their respective target BW. Six additional broiler 

breeders were assigned to an unrestricted group, meaning they were fed every time they went to 

the feeding station and were not limited to a maximum BW. Three BW trajectories were of 
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interest for our analysis and include treatments: control, CON+20% (+20%), and unrestricted (ad 

lib). All birds, including Aviagen Yield Plus males that were used for reproduction, were 

housed in a single environmental chamber with 2 precision feeding (PF) stations at a stocking 

rate of 3.2 birds/m2. Birds were fed a commercial standard starter crumble diet from 0 to 5 wk 

(2,726 kcal ME, 21% CP, and 1.0% Ca), a commercial broiler breeder grower mash from 6 to 

26 wk (2,799 kcal ME, 15% CP, and 0.8% Ca) and a broiler breeder layer mash from 26 wk to 

the end of the experiment (2,798 kcal ME, 15% CP, and 3.4% Ca). Females were fed to achieve 

BW targets specific to their trajectory and males were precision-fed in accordance with the Yield 

Plus male standard BW profile. A wing tag equipped with a radio frequency identification 

(RFID) transponder was applied to the right-wing web of each bird on day 7 to allow the PF 

stations to identify each individual. All birds were fed individual meals using the PF system 

(Zuidhof et al., 2019). If the bird's BW was greater than or equal to the programmed BW target, 

it was gently ejected from the station without gaining access to feed. If the bird's BW was below 

the BW target, it was given access to 65 g of feed for a duration of 90 s. Broiler breeders were 

euthanized by cervical dislocation at 44 weeks and liver tissue samples were taken from 3 broiler 

breeders from each of the control, +20% and ad lib treatments and preserved in RNAlater 

(Thermo Fisher Scientific-Waltham, MA) for RNA isolation. The animal protocol for the study 

was approved by the University of Alberta Animal Care and Use Committee for Livestock and 

followed principles established by the Canadian Council on Animal Care Guidelines and Policies 

(CCAC, 2009). 
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RNA Isolation and Sequencing  

 RNA was isolated with RNAeasy kit (QIAGEN-Hilden, Germany) according to 

manufacturer protocol from liver samples of the control, +20% and ad lib treatments. Briefly, 

tissue samples were initially homogenized in kit lysis buffer and centrifuged. The supernatant 

was combined with equal volume 70% ethanol and loaded on the provided spin columns. Bound 

RNA was washed with provided buffers and eluted in nuclease free water. Final RNA sample 

yields were quantified spectrophotometrically using NanoDrop 2000 (Thermo Fisher Scientific-

Waltham, MA). Three individual RNA samples per treatment were submitted to NC State 

Universities Genomic Sciences Laboratory for library preparation and sequencing using Illumina 

HiSeq (Illumina-San Diego, CA) for a total of 9 cDNA libraries.  

 

RNA Sequencing Data Analysis 

 RNA-seq data were analyzed similar to previous work in our lab (Keck and Ashwell, 

unpublished data) using CLC Genomics Workbench 20.0.3 (Qiagen Bioinformatics- Hilden, 

Germany) to identify differentially expressed genes. High quality reads were aligned to the 

Gallus gallus version-GRCg6a transcriptome. RNA-seq data were mapped with a maximum 

number of allowed mismatches of 2, a minimum length and similarity fraction of 0.8, and a 

maximum number of hits per read of 10. Gene expression values were reported as total counts. A 

comparison was made between each of the 3 treatments to elucidate differentially expressed 

genes which were defined by an absolute fold change of  1.5 and a p-value  0.05. RNA-seq 

data will be submitted to NCBI and a GEO ID will follow (authors will insert the GEO ID in the 

paper published in poultry science).   
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Pathway Analysis of Differentially Expressed Genes 

 Functional analysis of differentially expressed genes were analyzed via ‘Core Analysis’ 

function of Ingenuity Pathway Analysis (IPA: Qiagen Bioinformatics-Hilden, Germany). This 

resulted in graphical summary, top canonical pathways, and table of upstream regulators shown 

below. The causal network analysis approaches and methods are described by Kramer et al. 

(2014).  

 

Statistical Analysis 

 RNA-seq data were analyzed using CLC Genomics Workbench 20.0.3 (Qiagen 

Bioinformatics-Hilden, Germany). Each treatment consisted of 3 samples each resulting from 

one individual from that treatment group. The ‘Differential Expression for RNA-Seq tool’ was 

used to perform a statistical differential expression test for a set of expression tracks by using a 

multi-factorial statistic based on a negative binomial generalized linear model. Statistical 

analysis, algorithms and basis of the tools used in IPA including ‘Core Analysis’, ‘Canonical 

Pathway Analysis’, and ‘Upstream Analysis’ are described by Kramer et al. (2014).  

 

RESULTS 

 

RNA-seq 

 Approximately 123 million, 100 base pair single-end reads were generated using Illumina 

HiSeq technology to sequence the cDNA libraries. This yielded 12.3 gigabases of total sequence 

and an average of 13.7 million reads per sample. Of those reads, over 97.5% of them were 

mapped.  
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Venn Diagram 

 Figure II-1, the Venn diagram of common and unique differentially expressed genes 

between the comparisons of treatment groups, shows that 1,524 genes were differentially 

expressed between the ad lib treatment and control, 1,217 genes were differentially expressed 

between the ad lib treatment and +20% treatment, and 600 genes were differentially expressed 

between the +20% treatment and control at a significance level of p-value 0.05 and a fold 

change of  1.5 in response to a change in feeding program.  

  

Figure II-1. Venn diagram of common and unique differentially expressed hepatic genes 

between the comparisons of each treatment groups reared under different feeding programs. 

Minimum absolute fold change of 1.5 and maximum p-value of 0.05.  The comparison of ad lib 

to control is shown in blue, the comparison of +20% to control is shown in yellow, and the 

comparison of ad lib to 20% is shown in pink. The number differentially expressed genes in each 

comparison is found in parenthesis (#). (CLC Genomic Workbench 20) 
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Differentially Expressed Genes 

 Of the 1,524 genes differentially expressed between the ad lib treatment and control, 864 

were down-regulated and 660 were up-regulated. The fold changes induced by this change in 

feeding program ranged from -157.6 to 138.3. The top 20 differentially expressed mapped genes 

in terms of significance level (p-value) are shown in Table II-1. All differentially expressed 

genes in terms of significance level (p-value) are shown in the supplemental material section of 

this paper published in poultry science.  

 

Table II-1 – Top 20 differentially expressed mapped hepatic genes in terms of significance 

levels of broiler breeders reared under different feeding programs (ad lib compared to control). 

The table includes significance level (Expr p-value), expression fold change, expression log 

ratio, and expression false discovery rate (q-value). (CLC Genomic Workbench 20) The 

threshold for significance was set at a p-value  0.05 and a fold change of  1.5. 

 

Ad lib vs Control 

ID Significance level  

Expr Fold 

change Expr Log₂ Ratio 

Expr False 

Discovery Rate  

APELA 0 -6.01206 -2.58786 0 

ENPP6 0 5.816736 2.54021 0 

IGFBP1 0 6.265564 2.647444 0 

AREG 0 7.320994 2.87204 0 

LPIN1 0 7.483904 2.903791 0 

CHAC1 0 21.55913 4.430227 0 

ALDH1A3 0 33.71045 5.075124 0 

PPP1R3C 1.11E-16 -6.07705 -2.60337 1.86E-13 

SIK1 1.11E-16 5.370935 2.425173 1.86E-13 

SLC16A6 2.22E-16 28.25334 4.820349 3.36E-13 

SLC20A1 3.33E-16 3.58917 1.84365 4.58E-13 

GCNT2 3.21E-14 -6.12598 -2.61494 4.04E-11 

SMIM15 2.58E-12 3.550562 1.828047 3E-09 

PCK1 3.15E-12 7.32555 2.872937 3.18E-09 

KANK4 3.15E-12 -4.15946 -2.0564 3.18E-09 

LIFR 5.85E-12 -2.9104 -1.54122 5.21E-09 

TP53INP1 7.12E-12 2.639303 1.400157 5.98E-09 

IL-18 7.57E-12 4.669508 2.223271 6.02E-09 

RGS2 1.44E-11 7.550396 2.916552 1.09E-08 

EREG 2.14E-11 8.840456 3.144121 1.54E-08 
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 Of the 1,217 genes differentially expressed between the ad lib treatment and +20% 

treatment, 693 were down-regulated and 524 were up-regulated. The fold changes induced by 

this change in feeding program ranged from -390.1 to 369.9. The top 20 differentially expressed 

mapped genes in terms of significance level (p-value) are shown in Table II-2. All differentially 

expressed genes in terms of significance level (p-value) are shown in the supplemental material 

section of this paper published in poultry science.  

 

Table II-2 – Top 20 differentially expressed mapped hepatic genes in terms of significance 

levels of broiler breeders reared under different feeding programs (ad lib compared to +20% 

treatment). The table includes significance level (Expr p-value), expression fold change, 

expression log ratio, and expression false discovery rate (q-value). (CLC Genomic Workbench 

20) The threshold for significance was set at a p-value  0.05 and a fold change of  1.5. 

 

Ad lib vs +20% 

ID Significance level  

Expr Fold 

change Expr Log₂ Ratio 

Expr False 

Discovery Rate  

ALDH1A3 0 20.7854 4.377499 0 

LPIN1 8.99E-15 7.043928 2.81638 6.82E-11 

BD7 2.28E-14 20.42713 4.352415 1.15E-10 

HSPH1 2.18E-13 3.251247 1.700993 8.28E-10 

TMEM175 3.73E-13 -2.67206 -1.41795 1.13E-09 

WDR86 2.03E-12 3.744178 1.904649 4.4E-09 

PPP1R3C 1.35E-11 -4.48925 -2.16648 2.56E-08 

AvBD1 8.15E-11 9.082278 3.183054 1.23E-07 

ZFAND5 1.61E-10 2.740426 1.4544 2.04E-07 

INHBA 9.79E-10 -4.62517 -2.20951 1.14E-06 

JUN 2.73E-09 3.198431 1.677364 2.75E-06 

SLC16A6 2.91E-09 12.44655 3.637675 2.75E-06 

LDLRAD4 3.51E-09 2.541152 1.345483 3.13E-06 

G0S2 5.1E-09 -8.10166 -3.01822 4.07E-06 

NPAS2 5.47E-09 -4.82173 -2.26955 4.11E-06 

RBP7 5.69E-09 6.359299 2.668868 4.11E-06 

XKR9 6.46E-09 -8.07253 -3.01302 4.45E-06 

GJB2 7.63E-09 5.171619 2.370616 5.03E-06 

FOS 1.56E-08 5.499993 2.45943 9.09E-06 

HS3ST3A1 2.03E-08 -34.5943 -5.11246 1.11E-05 

 

 Of the 600 genes differentially expressed between the +20% treatment and the control, 

306 were down-regulated and 294 were up-regulated. The fold changes induced by this change 
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in feeding program ranged from -250.2 to 226.2. The top 20 differentially expressed mapped 

genes in terms of significance level (p-value) are shown in Table II-3. All differentially 

expressed genes in terms of significance level (p-value) are shown in the supplemental material 

section of this paper published in poultry science.  

 

Table II-3 – Top 20 differentially expressed mapped hepatic genes in terms of significance 

levels of broiler breeders reared under different feeding programs (+20% treatment compared to 

control). The table includes significance level (Expr p-value), expression fold change, expression 

log ratio, and expression false discovery rate (q-value). (CLC Genomic Workbench 20) The 

threshold for significance was set at a p-value  0.05 and a fold change of  1.5. 

 

+20% vs Control 

ID Significance level  

Expr Fold 

change Expr Log₂ Ratio 

Expr False 

Discovery Rate  

DIO2 1.58E-09 -5.01502 -2.32625 7.95E-06 

LRR1 5.82E-09 -31.9319 -4.99692 2.2E-05 

MBOAT2 1.24E-07 -4.2538 -2.08875 0.000312 

GCNT2 2.22E-07 -3.26379 -1.70655 0.000443 

BD7 2.35E-07 -11.7701 -3.55705 0.000443 

PDIA2 3.87E-07 7.654166 2.936245 0.000602 

CISH 4.09E-07 -2.22537 -1.15404 0.000602 

NCEH1 2.21E-06 -2.44209 -1.28812 0.002574 

CPNE4 2.86E-06 -9.41317 -3.23468 0.002945 

CHAC1 2.92E-06 4.645482 2.215828 0.002945 

DPYSL2 3.99E-06 -2.49185 -1.31722 0.003768 

ENPP6 5.68E-06 2.800752 1.485814 0.005052 

DCTD 8.84E-06 -2.25385 -1.17239 0.007033 

CD200L 1.26E-05 -24.2694 -4.60107 0.009078 

ADA 1.42E-05 -2.54036 -1.34503 0.009782 

AGRN 1.5E-05 2.056766 1.040378 0.009826 

KLHL32 2.59E-05 -18.9918 -4.2473 0.015303 

SOCS2 2.63E-05 -2.44132 -1.28766 0.015303 

CHRNA6 2.85E-05 -14.2754 -3.83546 0.015557 

LUM 2.88E-05 2.238976 1.162839 0.015557 

 

 There were 49 common differentially expressed genes across all 3 treatment 

comparisons. All of these common differentially expressed genes along with the expression fold 

change and significance levels (p-value) for each comparison are displayed in Table II-4. 
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Table II-4 - The genes differentially expressed across all three treatment comparisons: Ad lib vs. 

Control, Ad lib vs. +20%, and +20% vs. Control. The table includes significance level (Expr p-

value) and expression fold change for each treatment comparison for each gene (CLC Genomic 

Workbench 20). The threshold for significance was set at a p-value  0.05 and a fold change of  

1.5. 

 

  +20% vs. Con Ad lib vs. +20% Ad lib vs. Con 

Name 

Expr 

Fold 

chang

e 

Significanc

e level  

Expr 

Fold 

chang

e 

Significanc

e level  

Expr 

Fold 

chang

e 

Significanc

e level  

ABHD3 1.66 0.02 1.51 0.01 2.52 6.46E-06 

APELA -3.07 5.20E-05 -1.98 0.02 -6.01 0 

AREG 2.66 1.67E-03 2.77 1.06E-06 7.32 0 

AvBD1 -2.9 1.76E-04 9.08 8.15E-11 3.15 2.14E-03 

BID 1.63 4.52E-03 1.6 3.43E-03 2.61 2.25E-08 

CAPN2 2.55 4.27E-03 2 6.88E-03 5.12 5.95E-09 

CATHL2 -4.84 7.53E-03 12.09 1.12E-06 2.47 0.04 

CCK1R 4.32 1.09E-03 2.92 2.61E-03 12.71 3.33E-09 

CHAC1 4.65 2.92E-06 4.62 4.52E-08 21.56 0 

CPNE4 -9.41 2.86E-06 3.84 1.11E-03 -2.58 7.08E-03 

CYFIP2 -1.6 0.02 -1.63 0.01 -2.62 1.94E-06 

CYP2C23b 1.68 0.02 1.56 0.03 2.62 3.96E-09 

DIO2 -5.02 1.58E-09 2.43 9.17E-03 -2.07 4.92E-03 

ENPP6 2.8 5.68E-06 2.07 5.66E-06 5.82 0 

EREG 2.71 0.01 3.23 1.04E-06 8.84 2.14E-11 

GCNT2 -3.26 2.22E-07 -1.88 0.01 -6.13 3.21E-14 

gene:ENSGALG00000001

483 2.2 9.82E-03 2.38 2.07E-04 5.26 3.60E-10 

gene:ENSGALG00000010

616 -1.52 8.94E-03 -1.79 2.93E-03 -2.72 5.37E-09 

gene:ENSGALG00000014

680 1.6 0.03 1.52 0.02 2.43 1.16E-07 

gene:ENSGALG00000014

719 -2.43 1.46E-04 1.56 0.04 -1.56 0.02 

gene:ENSGALG00000030

908 -2.77 8.23E-04 -1.9 0.02 -5.28 1.69E-09 

gene:ENSGALG00000039

177 -1.95 1.70E-03 -2.31 1.30E-03 -4.48 5.25E-10 

gene:ENSGALG00000050

921 29.6 1.82E-04 3.75 0.01 

118.2

5 5.74E-12 

GUCY1A2 -2.15 0.05 4.02 1.67E-05 1.87 0.02 
IGFBP1 1.71 0.04 3.64 1.44E-07 6.27 0 
IL-18 2.16 1.36E-04 2.17 6.26E-04 4.67 7.57E-12 
INHBA 2.22 1.42E-03 -4.63 9.79E-10 -2.06 3.34E-03 
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Table II-4 (continued).  

 

LDLRAD4 -1.58 0.03 2.54 3.51E-09 1.62 7.75E-03 
LYRM4 1.9 2.59E-03 1.62 0.02 3.09 1.47E-09 
MBOAT2 -4.25 1.24E-07 2.21 6.56E-04 -1.92 0.03 
NEDD9 1.57 0.04 1.68 0.04 2.65 3.19E-06 
NOCT 1.66 0.04 1.71 0.02 2.85 1.51E-06 
NR4A1 3.93 8.25E-03 2.45 0.01 9.72 4.16E-06 
PCK1 3.05 1.15E-04 2.39 1.09E-06 7.33 3.15E-12 
PDIA2 7.65 3.87E-07 -3.19 9.00E-03 2.41 0.02 
RGS2 2.57 7.72E-03 2.93 4.91E-03 7.55 1.44E-11 
SGIP1 -34.26 5.32E-04 9.66 0.01 -3.85 0.02 
SGK2 1.66 0.02 -2.57 4.34E-07 -1.54 0.02 
SIK1 2.11 0.01 2.53 2.06E-03 5.37 1.11E-16 
SLC20A1 1.58 3.53E-03 2.26 2.05E-07 3.59 3.33E-16 
SLC22A16 -1.66 0.02 -1.79 0.01 -3.04 7.83E-07 
SLCO2A1 1.51 0.04 1.7 4.55E-03 2.58 2.09E-09 
SMIM15 1.87 4.67E-03 1.89 6.68E-03 3.55 2.58E-12 
TNFSF10 -1.74 0.02 -2.08 8.12E-06 -3.61 7.73E-08 
TRHDE -1.52 0.02 -1.68 8.20E-03 -2.54 3.86E-07 
TSC22D3 1.6 0.01 1.55 4.97E-03 2.49 8.94E-08 
TSPAN16 1.84 0.03 -3.01 2.88E-05 -1.65 0.02 
UBE2J1 1.58 3.65E-03 1.59 1.50E-03 2.51 1.02E-08 

 

 

Principal Component Analysis (PCA) 

 In the PCA plot (Figure II-2), the control and the +20% treatment were more closely 

clustered together with the ad lib treatment seeming to be the outlier group. Each point represents 

a library sample composed of RNA from one individual with N = 3 per treatment.  

 



   

 

 

80 

  

Figure II-2 – Principal component analysis (PCA) plot of hepatic gene expression (RNA-seq) of 

breeders reared under different feeding programs. Each point represents a sample of RNA from 

one individual with N = 3 per treatment. Control is shown as green triangles, +20% is shown as 

blue circles and ad lib is shown as pink squares. (CLC Genomic Workbench 20) 

 

Heat Map 

 The heat map of expression values of the top 25 features (genes or transcripts) with the 

highest index of dispersion is shown in Figure II-3. Both the samples and the features are 

hierarchically clustered by the similarity of expression profiles or patterns. The clustering of 
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samples indicates similar expression profiles between samples of the same treatment. This 

further suggests each treatment is having a unique effect on hepatic gene expression.  

  

Figure II-3 – Heat map of expression values of the top 25 features (genes or transcripts) with the 

highest index of dispersion. Each column represents a single sample from an individual hen 

identified with a sample ID and each row represents a feature, both of which are hierarchically 

clustered. Treatment groups identifying the feeding program under which it was reared is 

represented by color at the top of each column with blue representing control, pink representing 

+20% and green representing ad lib. Expression values are visualized using a gradient color 

scheme with blue being used to represent low expression levels and red being used to represent 

high expression levels. (CLC Genomic Workbench 20) 

 

Predicted Upstream Regulators 

 There were 1,660 upstream regulators significantly affected between the ad lib treatment 

and control, 1,584 upstream regulators significantly affected between the ad lib treatment and 
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+20% treatment, and 856 upstream regulators significantly affected between the +20% treatment 

and control at a significance level of p-value of overlap < 0.05.  

 There were 1,660 upstream regulators significantly affected between the ad lib treatment 

and control with a p-value of overlap < 0.05, 81 of which were predicted to be activated and 29 

were predicted to be inhibited. All upstream regulators in terms of significance level (p-value of 

overlap) affected by the differentially expressed hepatic genes of broiler breeders reared under 

different feeding programs, ad lib vs control, are shown in the supplemental material section of 

this paper published in poultry science. This table includes significance levels (p-value of 

overlap), activation z-score, predicted activation state and expression log ratios if significant.  

 There were 1,584 upstream regulators significantly affected between the ad lib treatment 

and the +20% treatment with a p-value of overlap < 0.05, 57 of which were predicted to be 

activated and 17 were predicted to be inhibited. All upstream regulators in terms of significance 

level (p-value of overlap) affected by the differentially expressed hepatic genes of broiler 

breeders reared under different feeding programs, ad lib vs +20%, are shown in the supplemental 

material section of this paper published in poultry science. This table includes significance levels 

(p-value of overlap), activation z-score, predicted activation state and expression log ratios if 

significant.  

 There were 856 upstream regulators significantly affected between the +20% treatment 

and control with a p-value of overlap < 0.05, 39 of which were predicted to be activated and 10 

were predicted to be inhibited. All upstream regulators in terms of significance level (p-value of 

overlap) affected by the differentially expressed hepatic genes of broiler breeders reared under 

different feeding programs, +20% vs control, are shown in the supplemental material section of 
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this paper published in poultry science. This table includes significance levels (p-value of 

overlap), activation z-score, predicted activation state and expression log ratios if significant.  

 There were 375 common upstream regulators significantly affected (p-value of overlap < 

0.05) across all 3 treatment comparisons: +20% treatment and control, ad lib treatment and 

+20% treatment, and ad lib and control. All common upstream regulators significantly affected 

across all 3 treatment comparisons are shown in the supplemental material section of this paper 

published in poultry science. This table includes significance levels (p-value of overlap) for all 3 

treatment comparisons.  

 

Mechanistic Network 

 The mechanistic network for FOXO1 based on the analysis of the hepatic genes 

differentially expressed in the comparison of the ad lib treatment to the control is shown in 

Figure II-4. Key genes identified via this mechanistic network include FOXO1, JUN, FOS, 

ESR1, PPARA and DIO2 to name a few. 

 The mechanistic network for beta-estradiol based on the analysis of the hepatic genes 

differentially expressed in the comparison of the ad lib treatment to the control is shown in 

Figure II-5. Key molecules and genes identified via this mechanistic network include beta-

estradiol, ESR1, ESR2, TNF, IGF1, progesterone, and PGR to name a few.  

 The mechanistic network for progesterone based on the analysis of the hepatic genes 

differentially expressed in the comparison of the ad lib treatment to the control is shown in 

Figure II-6. Key molecules and genes identified via this mechanistic network include 

progesterone, PGR, ESR2, and IL1B to name a few.  
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DISCUSSION 

 Our results indicate that each treatment is having a unique impact on hepatic gene 

expression with the +20% and the control having more similar transcriptome results and the ad 

lib treatment having the most dramatic impact. Of the 3 comparisons of treatments investigated, 

the comparison between ad lib and control was shown to have the largest differentiation via the 

number of differentially expressed hepatic genes (1,524). This is consistent with our pretrial 

expectations due to these treatments having the widest gap in terms of feed restriction via their 

feeding programs. Also consistent with our pre-trial expectations, the control and +20% 

treatments had the least number of hepatic genes differentially expressed (600) which may be 

due to both being under a restricted feeding program. These results are represented in the Venn 

diagram in Figure II-1 that also displays the number of overlapping genes differentially 

expressed between each comparison. There are several other interesting points displayed in this 

figure including the number of unique genes differentially expressed and that there are only 49 

common genes differentially expressed between the 3 groups -- the low number of common 

genes could further suggest that each treatment is having a unique impact on these birds. This 

also is consistent with the results of the heat map (Figure II-3) giving us more of an indication of 

the unique impact of each treatment. The number of unique genes differentially expressed is 

interesting because once again, the comparison of ad lib to the control having the most (681) and 

the comparison of +20% to the control having the least (173) further illustrates our previous 

observations of the ab lib treatment having the most dramatic impact.  

 The +20% treatment and the control having more similar transcriptome results is further 

supported through the PCA plot in Figure II-2. In Figure II-2, the control group (green) and the 

+20% group (blue) are more closely clustered together with the ad lib group (pink) seeming to be 
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the outlier group. The restriction of nutrient availability appears to alter liver gene expression 

and this plot demonstrates more similar patterns of gene expression in the livers of control and 

+20% groups versus the ad lib group.  

 With the primary investigative aspect of the study being to evaluate the effect of 

restrictive feeding, the results of the comparisons of the ad lib to the control and the comparison 

of the ad lib to the +20% treatment are of the most interest. Restrictive feeding of broiler 

breeders has been shown to affect hepatic metabolism (de Beer et al., 2007), increase 

physiological stress levels (Lindholm et al., 2018), and alter reproductive parameters (Renema et 

al., 1999) and the results of our study indicate these effects on the transcriptome as well. The top 

20 genes in terms of significance level (p-value) of each comparison (Table II-1 and Table II-2) 

support these previous findings. Genes of interest that overlap in both of these comparisons 

include LPIN1, ALDH1A3, PPP1R3C, and SLC16A6. Of those, both LPIN1 and PPP1R3C are 

known to play roles in metabolism with LPIN1 functioning in lipid metabolism (Verheijen, 

2003) and PPP1R3C functioning in glycogen metabolism (Printen et al., 1997).  

 DIO2, was also found to be differentially expressed in all 3 comparisons (Table II-4). 

This is particularly of interest with DIO2’s role in thyroid hormone activation. It is well known 

that thyroid hormones play a vital role in many areas of metabolism and growth, but interestingly 

enough Lartey et al. (2015) showed that the activity of the thyroid gland can be stimulated by 

food availability through DIO2’s ability to convert thyroxine to triiodothyronine. This is thought 

to be achieved through FOXO1, shown to be activated in the ad lib vs control and significantly 

affected in the ad lib vs +20% comparison, repressing DIO2 during periods of fasting (Lartey et 

al., 2015). DIO2 has also been shown to be strongly induced by cAMP and this regulation 

happens through a composite transcription factor model that includes CREB1, Jun and Fos 
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(Canettieri et al. 2008), all 4 of which were shown to be significantly affected via upstream 

analysis across all 3 treatment comparisons. This potential regulation mechanism’s presence is 

evident through the mechanistic network of FOXO1 shown in Figure II-4 and may be an 

adaptation mechanism to adjust to the nutrient availability of the feeding program. This figure 

also highlights the interconnectivity of JUN, FOS, ESR1, TP53, PPARA and IL6 which suggests 

a role in the response to this treatment by each of these molecules, several of which will be 

discussed further.  

  

Figure II-4 – The mechanistic network for FOXO1 based on differentially expressed hepatic 

genes of broiler breeders reared under different feeding programs, ad lib vs control. The 

prediction legend in Figure II-5 indicates what each color and degree of darkness indicates. The 

activation z-score is the basis behind activation/inhibition and the expression log ratio is the basis 

behind increased/decreased measurement. (Ingenuity Pathway Analysis 1-16) 

 

 DIO2 is also an interesting molecule based on its known role in diet-induced obesity 

(Vernia et al., 2013). Poor nutritional status of mothers prior to and during gestation has been 
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suggested to lead to metabolic adaptations programing offspring to be more predisposed to 

developing obesity, but in a sexual dimorphic way (Palou et al., 2010). This was also observed in 

the epidemiology study of the Dutch Famine (Ravelli et al., 1976), which supports further 

examination of progeny to determine if the effect of feed restriction of the breeder generation 

carries to the next generation. Interestingly enough, DIO2 has previously been shown to be 

differentially expressed in the liver of broilers exposed to high ambient temperatures (Coble et 

al., 2014) and exposed to an increase in stocking density (Keck and Ashwell, unpublished data). 

The previously mentioned sexual dimorphic impact and the fact that DIO2 has also been shown 

to be associated with hormone biosynthetic process, specifically estrogen and its receptors 

(Hammes and Davis, 2015), suggests sex hormones, downstream molecules, and DIO2 may play 

a role in a more general transcriptome response to stress as well. For further implications, 

DIO2’s expression has been shown to be capable of being epigenetically controlled with 

FOXO3, also identified in the FOXO1 mechanistic network, being a central molecule in the 

mechanism (Ambrosio et al., 2013). This known epigenetic regulation brings into play potential 

transgenerational effects that could be conceivably widespread across the subsequent broiler 

generation.  

  Continuing, these differing feeding programs having an effect on expression of genes 

associated with metabolism is logical but how this expression is altered is not fully understood. 

The upstream analysis and p-value of overlaps across all 3 comparison point to sex hormones 

and their receptors as being the most impacted upstream regulators by alteration of feeding 

program. Most notable of these sex hormones and their receptors are beta-estradiol, its receptors 

ESR1 and ESR2, progesterone, its receptor PGR, FSH and LH. As mentioned previously, feed 

restriction has been shown to affect metabolism, reproduction and stress which all seem to be 
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interconnected with sex hormones being a potential regulating factor. Sex hormones have been 

shown capable of altering various categories of metabolism (Comitato et al., 2015) and responses 

to stress (Pasquali, 2012) making it a rational potential regulator in this circumstance. 

Interestingly enough both LPIN1 and PP1R3C have both been shown to be regulated by beta-

estradiol (Frasor et al., 2004; Gowri et al., 2007) as well as the previously mentioned association 

with DIO2 providing a connection between metabolism and reproduction in our results. Further 

linking, it is common knowledge that if an organism is not in an ideal environment that can 

provide adequate nutrition, reproduction should not be prioritized (Schneider, 2004). Similarly, 

we found is that increasing prepubertal and pubertal BW gains by more than 15% of the breeder-

recommended target BW triggered fat metabolism and yolk precursors synthesis, which 

consequently advanced sexual maturity (M. Afrouziyeh et al., unpublished data). Thus, 

theoretically, the control feeding program that restrictively feeds these breeders may be altering 

expression of molecules associated with key metabolic and reproductive functions.  

 It is important to note that most of these molecules are not primarily regulated at the 

transcriptional level, so it is expected to not see differential expression of many of these genes. 

However, the differences observed in expression of interconnected molecules (genes) supports 

the predicted states of activation or inhibition and significant affects displayed in the mechanistic 

networks and upstream regulator data. 

 Due to their suggested significant role in response to change in feeding program, the 

mechanistic networks of beta-estradiol and progesterone are shown in Figures II-5 and II-6 

respectively. These networks highlight the genes or molecules downstream of each hormone who 

were most notably affected by a change in feeding program.  
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Figure II-5 – The mechanistic network for beta-estradiol based on differentially expressed 

hepatic genes of broiler breeders reared under different feeding programs, ad lib vs control. The 

prediction legend on the right indicates what each color and degree of darkness indicates. The 

activation z-score is the basis behind activation/inhibition and the expression log ratio is the basis 

behind increased/decreased measurement. (Ingenuity Pathway Analysis 1-16) 

  

 As displayed in the mechanistic network for beta-estradiol, the downstream genes or 

molecules that appear to be significantly affected include ESR1, ESR2, PGR, TNF, IGF1, TP53, 

CREB1, and JUN. There is a considerable amount of overlap between molecules affected by 

both beta-estradiol and progesterone. This can be observed by the genes or molecules that appear 

to be most impacted in progesterone mechanistic network in Figure II-6 which include PGR, 

ESR1, ESR2, IL1B, TNF, CREB1, JUN, and TP53. The majority of these genes have been 

previously associated with either stress or metabolism in various species.  
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Figure II-6 – The mechanistic network for progesterone based on differentially expressed 

hepatic genes of broiler breeders reared under different feeding programs, ad lib vs control. The 

prediction legend in Figure II-5 indicates what each color and degree of darkness indicates. The 

activation z-score is the basis behind activation/inhibition and the expression log ratio is the basis 

behind increased/decreased measurement. (Ingenuity Pathway Analysis 1-16) 

 

 With pathway analysis highlighting these molecules, investigating their known functions 

further is the next logical step. Both ESR1 and ESR2 have been found to be involved in the 

development of stress-mediated behaviors and contribute to stress reactivity (Hastings et al., 

2018; Georgiou et al., 2019). ESR1 specifically, which was differentially expressed in the ad lib 

vs. control comparison (ELR of -1.148) and shown to be significantly affected via upstream 

analysis in all 3 comparisons, has been found to also be a regulator of the adaptive response to 

caloric restriction in pigs (Lkhagvadori et al., 2010). The expression of PGR, which was 

differentially expressed across the ad lib vs control (ELR of -1.929) and ad lib vs +20% 

comparisons (ELR of -2.455) and shown to be significantly affected via upstream analysis in all 

3 comparisons, has also been shown to be altered when exposed to stress, specifically oxidative 

stress (Quong et al., 2002). With these mainly being mediating factors in female organisms, 

similar findings have been found in the male counterparts with testosterone being the hormone 

and androgen receptor (AR) being the receptor making it a viable regulator in its respective sex 

as well (Hastings et al., 2018). With the evidence in both past research and our results pointing to 
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these sex hormones and their receptors being affected by both stress and change in feeding 

program, exploring downstream molecules is necessary.  

 Change in expression of upstream regulators, such as these receptors, has a downstream 

effect on target molecules including many transcription factors. Downstream molecules that are 

known to be associated with these sex hormones and receptors which were highlighted by 

mechanistic networks shown in Figures II-5 and II-6 or highlighted by our pathway analysis 

include but are not limited to CREB1, PPARA, TP53, and TGFB1 (Schmutzler et al., 1998; 

Puckey and Knight, 2002; Berto et al., 2018; Huang et al., 2018). It is important to note, that 

these molecules were also shown to be interconnected with DIO2 and FOXO1 (Figure II-4).  

 Diving deeper, CREB1, which has been shown to be affected in the current study for all 3 

comparisons and activated in the ad lib vs control comparison, has been shown to be associated 

with major depressive disorder with sex hormones (17-B-estradiol, progesterone and 

testosterone) thought to play a significant role in the interaction (Zubenko and Hughes, 2009; 

Carlberg et al., 2015). There is a connection between major depressive disorder, additional life 

stress and the HPA axis, making CREB1 an intriguing molecule shown to be affected (Heim et 

al., 2008).  

 As PPARA’s name (Peroxisome proliferator-activated receptor alpha) suggests, it is 

directly related to an oxidative stress response and was also shown to be affected by feeding 

program in all 3 comparisons of the current study as well as in a previous study examining feed 

restriction (Madsen and Wong, 2011). PPARA itself has been shown to be upregulated via 

reactive oxygen species (ROS) signaling when glucose deprivation-induced an oxidative stress 

response (Jansen et al., 2009).  
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 TP53, a well-known tumor-suppressing protein that has been extensively studied for its 

role in regulating cell growth and division (Aubrey et al., 2016), was shown to be affected in 

both the ad lib vs control and ad lib vs +20% comparisons. It has even been given the nickname 

“guardian of the genome” because of its ability to stop cells with mutated or damaged DNA from 

dividing. What is even more interesting in our case is its ability to respond to a variety of cellular 

stressors including oxidative stress (Sharpless and DePinho, 2002).  

 Another downstream molecule that seems to play a role is TGFB1. TGFB1 was predicted 

to be activated in both the ad lib vs. control (Activation z-score of 3.413) and the ad lib vs. +20% 

treatments (Activation z-score of 2.532). Interestingly enough, multimodal stress has been shown 

to increase plasma corticosterone levels and alter dendritic morphology potentially through TGF-

B signaling (Xu et al., 2015). Though the method of stress induction is not identical to our 

preliminary or potential trial designs, TGFB1 expression has been shown to be modulated by 

ESR1 providing another link to our idea that these sex hormones may be key response elements 

and help modulate stress response (Huang et al., 2018). Also notable, TGFB2, which was found 

to be differentially expressed in both the ad lib vs control (ELR of -1.071) and the ad lib vs 

+20% (ELR -1.497) treatments, has also been associated with response to heat stress in cattle 

(Liu et al., 2020).  

 These findings point to a specific hepatic response to feed restriction during rearing. 

There is a considerable amount of overlap of affected molecules between this study and our 

previous study examining stocking densities effect on hepatic gene (Keck and Ashwell, 

unpublished data). This could suggest that altering feeding programs during rearing could be 

inducing sub-clinical indications of stress prior to observing negative clinical signs. The research 

into the performance and clinical aspect of this trial resulted in the finding that maternal feeding 
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program altered cumulative FCR and gut weight (Zukiwsky et al., 2021). Both of which have 

been previously shown to be associated with response to known stressors such as heat stress 

(Mitchell and Carlisle, 1992; Campos et al., 2016). It appears there are components of both 

metabolic and stress response mechanisms with sex hormones, their receptors and downstream 

molecules playing a role in the response and indicates that the feeding programs can influence 

both clinical and sub-clinical parameters of the broiler breeder generation. With previous 

research suggesting stress induction capable of transgenerational effects through epigenetic 

mechanisms (Guerrero-Bosagna et al., 2018), the effects on the transcriptome of subsequent 

generations should be explored and implications of breeder feeding programs should be 

considered in poultry production systems. 

 It is important to note that just over 30% of genes found to be differentially expressed are 

not currently mapped -- a direct result from many chicken genes remaining to be unmapped. 

Also, many other genes have no human/mouse homolog which in some ways can limit functional 

analysis. Though this is common when working with less studied species, it shows there is still 

abundant room for further investigation.  

 

Conclusion 

 Altering the feeding program of broiler breeders during rearing has a unique impact on 

hepatic gene expression. The processes that appear to be most affected are metabolism and stress 

response pathways which was identified via RNA-seq analysis of the liver transcriptome. Sex 

hormones, their receptors, and downstream molecules have been identified as key response 

elements to a change in feeding program and the identification of these key molecules could aid 
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in the early detection of negative effects associated with restrictive feeding and potentially stress 

induction. These results provide new information that should be considered when evaluating 

systematic changes to commercial broiler breeder feeding strategies.   
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CHAPTER 4 

RNA Sequencing Identifies Differential Gene Expression in Offspring of Broiler Breeders 

Managed on Different Feeding Programs 
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ABSTRACT 

 The broiler industry has historically selected for more efficient feed conversion and faster 

growth. As a result, common practice is to restrict broiler breeder feeding during rearing to prevent 

negative impacts on reproduction. This severe feed restriction causes metabolic stress and welfare 

issues in regard to hunger and feeding distress. Similar stressors have been shown to alter the 

phenotype of offspring, possibly through epigenetic mechanisms. Prior work in breeder hens 

identified differences in hepatic gene expression as a result of feeding program, but the impact on 

subsequent progeny was unknown. Therefore, the objective of this study was to investigate the 

impact of different levels of feed restriction of the breeder generation on the transcriptome of their 

progeny. In this study, we examined hepatic gene expression via RNA sequencing of broilers 

whose maternal generation experienced different levels of feed restriction: control (fed to Ross 

708 recommended body weight), control+20% BW, and ad libitum via a precision feeding (PF) 

system. All broilers were fed ad libitum via PF system. RNA sequencing results point to feeding 

programs of the broiler breeder generation having a direct impact on hepatic gene expression of 

the broiler offspring with the number of genes differentially expressed across treatment 

comparisons ranging from 334 to 431. Pathways that are affected include those molecules 

associated with immune response, metabolism and stress response with sex hormone receptors and 

their downstream molecules playing a significant role. There are also indications of induction of 

epigenetic mechanisms such as DNA methylation. These observations suggest a potential stress 

induced genomic effect of breeder feeding management with transgenerational implications that 

impact the growth and efficiency of broilers and therefore should be considered in poultry 

production systems and evaluated further.  
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INTRODUCTION 

 As the broiler industry has adapted to meet changing market demands, they are constantly 

improving performance traits such as growth rate. A consequence of this selection has been an 

increase in appetite (Siegel and Wiseman, 1966). In addition to increases in body weight (BW), 

appetite, and feed intake, there are adverse effects on reproduction including reduced oviduct 

size, slower ovarian follicle growth, and reduced egg production and egg size (Fuller et al., 1969; 

Pym and Dillon, 1974; Watson, 1975). Since reproduction is the primary function of these 

animals, changes have been made to their feeding programs in order to mitigate these negative 

impacts. A common adaptation involves feeding these birds a third as much feed as similarly 

aged ad libitum fed birds during rearing (Savory et al., 1993). While this limited feeding plan 

does have its benefits, it represents a major stress for these animals that can lead to excessive 

boredom, feeding frustration, and aggression, among other stress responses (Mench, 2002; De 

Jong and Guemene, 2011; Arrazola et al., 2019; Arrazola et al., 2020). In such cases, additional 

welfare concerns often arise, such as an increase in pecking (De Jong and Guemene, 2011; 

Arrazola et al., 2020). Acute and chronic stress have also been distinguished by elevated plasma 

corticosterone levels and a heterophil to lymphocyte ratio on broiler breeders induced by 

restrictive feeding (Hocking et al., 1996; Rajman et al., 2006; Bowling et al., 2018; Arrazola et 

al., 2019). 

 Previous research by our lab has demonstrated that feed restriction alters the 

transcriptome of these of the birds experiencing said restriction (Keck et al., unpublished data). 

Analogously, external stressors such as heat stress and stocking density have also been shown to 

alter the genotype of the birds experiencing the stressor (Lan et al., 2016; Keck and Ashwell, 

unpublished data). Similar external factors such as stress are known to influence the phenotype 
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of the generation that experience said factor as well and also can contribute to the phenotype of 

their offspring through epigenetic mechanisms (Guerrero-Bosagna et al., 2018). Additionally, 

feed restriction has been demonstrated to increase stress of broiler breeders during lay, and in 

turn reduced broiler growth (Bowling et al., 2018). With the broiler breeder generation being 

responsible for the billions of broilers that are raised annually, management practices that elicit 

negative responses which could have implications on such a grand scale should be examined. 

 Our examination into the effect of restrictive feeding on the broiler breeder generation 

indicated a direct impact on hepatic gene expression of molecules associated with both 

metabolism and stress response (Keck et al., unpublished data). There are also numerous 

indications pointing to stress being capable of inducing transgenerational affects via epigenetic 

mechanisms (Miller and Sweatt, 2007; Chinnusamy and Zhu, 2009; Guerrero-Bosagna et al., 

2018). Since there are multiple epigenetic modification mechanisms such as DNA methylation 

and histone modification capable of producing heritable changes in gene expression that do not 

actually alter the genetic sequence itself (Jin et al., 2011), the gene expression should be 

measured first to identify presence of impact. Therefore, the objective of this study was to 

characterize the effects of restrictive feeding of the broiler breeder generation on the 

transcriptome of the liver of their progeny (broiler generation) through gene expression via 

RNA-seq. The liver is a tissue of interest due to its transcriptome previously being shown to be 

impacted by restrictive feeding (Keck et al., unpublished data) and its central role in both 

metabolism and stress response. With little prior research on the transgenerational effects of 

restrictive feeding on the broiler transcriptome, these results will provide novel information that 

can be utilized when evaluating how the industry feeds broiler breeders. 
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MATERIALS AND METHODS 

 

Trial Design and Tissue Collection 

 This trial was done at the University of Alberta and details regarding the trial and design 

are described by Zukiwsky et al. (2021). 

 

Broiler Breeder Generation. Briefly, Ross 708 broiler breeder females were reared under 

different feeding programs to reach unique body weight (BW) trajectories. Experimental 

trajectories varied in prepubertal and pubertal growth phases starting from the Ross 708 

recommended BW target up to 22.5% above the Ross 708 recommended BW target, in 2.5% 

increments (CON+2.5%, CON+5%, … CON+22.5%). Three female broiler breeders were 

assigned to each trajectory and were feed restricted to reach their respective target BW. Six 

additional broiler breeders were assigned to an unrestricted group, meaning they were fed every 

time they went to the precision feeding (PF) station and were not limited to a maximum BW. The 

PF system is described in detail by Zuidhof et al. (2019). Briefly, these stations are capable of 

individually feeding birds according to their assigned feeding programs through several real time 

measurements. Three female broiler breeders from 3 BW trajectories were sampled for our 

analysis and include treatments: CON (control), CON+20% (+20%), and unrestricted (ad lib). 

All birds, including Aviagen Yield Plus males that were used for reproduction, were housed in a 

single environmental chamber with 2 precision feeding stations at a stocking rate of 3.2 birds/m2. 

Birds were fed a commercial standard starter crumble diet from 0 to 5 wk (2,726 kcal ME, 21% 

CP, and 1.0% Ca), a commercial broiler breeder grower mash from 6 to 26 wk (2,799 kcal ME, 

15% CP, and 0.8% Ca) and a broiler breeder layer mash from 26 wk to the end of the experiment 
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(2,798 kcal ME, 15% CP, and 3.4% Ca). Females were fed to achieve BW targets specific to 

their trajectory and males were precision-fed in accordance with the Yield Plus male standard 

BW profile. A wing tag equipped with a radio frequency identification (RFID) transponder was 

applied to the right-wing web of each bird on day 7 to allow the PF stations to identify each 

individual. All birds were fed individual meals using the PF system. If the bird's BW was greater 

than or equal to the programmed BW target, it was gently ejected from the station without 

gaining access to feed. If the bird's BW was below the BW target, it was given access to 65 g of 

feed for a duration of 90 s.  

 

Broiler Generation. Eggs were collected from the source flock over a 7 d period at 42 wk of age 

and stored at 18°C before incubation. The hen ID was recorded on each egg and eggs were 

examined for quality. The eggs were incubated at 30% RH and 37.5°C. On d 7, eggs were 

candled and discarded if infertile. Eggs were transferred at d 18 into pedigree hatching baskets 

and placed in a hatcher (30% RH and 37.5°C). At hatch, chicks were feather-sexed and randomly 

assigned to 1 of 4 environmental chambers with 3 PF stations and ad libitum access to water. A 

wing tag equipped with an RFID transponder was applied to the right wing web of each chick on 

d 7 for individual identification within the PF stations. Birds were fed commercial broiler diets: a 

starter crumble from d 0 to 10 (3,044 kcal ME, 23.0% CP, and 1.0% Ca), a grower crumble from 

11 to 24 d (3,091 kcal ME, 20.5% CP, and 0.9% Ca) and a finisher pellet from d 25 to 35 

(3,170 kcal ME, 21.0% CP, and 0.8% Ca). Similarly, as described previously, the PF system 

provided multiple meals to individual broilers throughout the day. Each broiler voluntarily 

entered the station where it was recognized by its unique RFID. Broilers were fed ad libitum 

meaning they were given access to feed on every station visit. The duration of each feeding bout 
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was 60 s. During each feeding bout, broilers had access to 75 g of feed from 0 to 13 d, which was 

reduced to 65 g from d 14 to 35 to minimize feed wastage. Body weight and feed intake for 

every feeding bout was recorded in a database along with the RFID. Birds were euthanized at 35 

days. Liver tissue samples were taken from 7 broiler offspring from hens under control and ad lib 

treatment along with 9 broiler offspring from hens under +20% treatment and preserved in 

RNAlater (Thermo Fisher Scientific-Waltham, MA) for RNA isolation.  

 

RNA Isolation and Sequencing  

 RNA was isolated with RNAeasy kit (QIAGEN-Hilden, Germany) according to 

manufactures protocol from liver samples of the control, +20% and ad lib treatments. Briefly, 

tissue samples were initially homogenized in kit lysis buffer and centrifuged. The supernatant 

was combined with equal volume 70% ethanol and loaded on the provided spin columns. Bound 

RNA was washed with provided buffers and eluted in nuclease free water. Final RNA sample 

yields were quantified spectrophotometrically using NanoDrop 2000 (Thermo Fisher Scientific-

Waltham, MA). Seven individual RNA samples for each the control and ad lib treatment and 9 

individual RNA samples for the +20% treatment were submitted to NC State Universities 

Genomic Sciences Laboratory for library preparation and sequencing using Illumina HiSeq 

(Illumina-San Diego, CA) for a total of 23 cDNA libraries. 

 

RNA Sequencing Data Analysis 

 RNA-seq data were analyzed similar to previous work in our lab (Keck and Ashwell, 

unpublished data) using CLC Genomics Workbench 20.0.3 (Qiagen Bioinformatics- Hilden, 

Germany) to identify differentially expressed genes. High quality reads were aligned to the 



   

 

 

107 

Gallus gallus version-GRCg6a transcriptome. RNA-seq data were mapped with a maximum 

number of allowed mismatches of 2, a minimum length and similarity fraction of 0.8, and a 

maximum number of hits per read of 10. Gene expression values were reported as total counts. A 

comparison was made between each of the 3 treatments to elucidate differentially expressed 

genes which were defined by an absolute fold change of  1.5 and a p-value  0.05. RNA-seq 

data will be submitted to NCBI and a GEO ID will follow (authors will insert the GEO ID in the 

paper published in poultry science).   

 

Pathway Analysis of Differentially Expressed Genes 

 Functional analysis of differentially expressed genes were analyzed via ‘Core Analysis’ 

function of Ingenuity Pathway Analysis (IPA: Qiagen Bioinformatics-Hilden, Germany). This 

resulted in graphical summary, top canonical pathways, and table of upstream regulators shown 

below or in supplemental figures. The causal network analysis approaches and methods are 

described by Kramer et al. (2014).  

 

Statistical Analysis 

 RNA-seq data were analyzed using CLC Genomics Workbench 20.0.3 (Qiagen 

Bioinformatics-Hilden, Germany). The control and ad lib treatment consisted of 7 samples and 

the +20% treatment consisting of 9 samples each resulting from one individual from that 

treatment group. The ‘Differential Expression for RNA-Seq tool’ was used to perform a 

statistical differential expression test for a set of expression tracks by using a multi-factorial 

statistics based on a negative binomial generalized linear model. Statistical analysis, algorithms 
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and basis of the tools used in IPA including ‘Core Analysis’, ‘Canonical Pathway Analysis’, and 

‘Upstream Analysis’ are described by Kramer et al. (2014).  

 

RESULTS 

 

RNA-seq 

 Approximately 339 million, 100 base pair single-end reads were generated using Illumina 

HiSeq technology to sequence the cDNA libraries. This yielded 33.9 gigabases of total sequence 

and an average of 14.7 million reads per sample. Of those reads, 97% of them were mapped. 

 

Venn Diagram 

 The Venn diagram of common and unique differentially expressed genes between the 

comparisons of treatment groups in Figure III-1 shows a pretty uniform number of genes 

differentially expressed between the comparisons of the ad lib treatment to the control (360), the 

ad lib treatment to the +20% treatment (334) and the +20% treatment to the control (431). The 

number of unique genes differentially expressed follows this same pattern with the comparison 

of ad lib treatment to the control having 178, the comparison of +20% treatment to the control 

having 237, and the comparison of ad lib treatment to +20% treatment having 174.  
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Figure III-1 – Venn diagram of common and unique differentially expressed hepatic genes 

between the comparisons of progeny of broiler breeders from each treatment group reared under 

different feeding programs. Minimum absolute fold change of 1.5 and maximum p-value of 0.05.  

The comparison of ad lib to control is shown in blue, the comparison of +20% to control is 

shown in yellow, and the comparison of ad lib to 20% is shown in pink. The number 

differentially expressed genes in each comparison is found in parenthesis (#). (CLC Genomic 

Workbench 20) 

 

Differentially Expressed Genes 

 Of the 360 genes differentially expressed between the ad lib treatment and control, 195 

were down-regulated and 165 were up-regulated. The fold changes induced by this change in 

feeding program ranged from -379.0 to 113.7. The top 20 differentially expressed mapped genes 

in terms of significance level (p-value) are shown in Table III-1. All of the differentially 

expressed genes in terms of significance level (p-value) are shown in the supplemental material 

section of this paper published in poultry science.  
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Table III-1 – Top 20, in terms of significance level, differentially expressed mapped hepatic 

genes of progeny of broiler breeders reared under different feeding programs (ad lib compared to 

control). The table includes the significance level (Expr p-value), expression fold change, 

expression log ratio, and expression false discovery rate (q-value). (CLC Genomic Workbench 

20) The threshold for significance was set at a p-value  0.05 and a fold change of  1.5.  

 

Ad lib vs. Control 

ID Significance level  

Expr Fold 

change Expr Log₂ Ratio 

Expr False 

Discovery Rate  

CRYBA2 2.14E-11 -379.005 -8.56607 3.37E-07 

DIO2 4.7E-10 -14.7222 -3.87993 3.7E-06 

BLB1 3.01E-09 2.964524 1.5678 1.58E-05 

ATRNL1 8.92E-07 -2.61409 -1.38631 0.002806 

KRT14 1.43E-06 -12.4392 -3.63683 0.00375 

NEK10 4.99E-05 -12.0399 -3.58975 0.064395 

SAMD11 5.32E-05 -1.75939 -0.81508 0.064395 

MEOX1 7.91E-05 -2.69737 -1.43155 0.088844 

TUBA1C 9.18E-05 1.655725 0.727463 0.096328 

EVA1B 0.000127 1.598759 0.676952 0.114438 

WDR72 0.000135 3.409218 1.769441 0.114438 

H2A-VII_5 0.00014 113.6507 6.828462 0.114438 

DPP10 0.000205 2.892378 1.532256 0.146804 

CEMIP 0.000232 1.806926 0.853537 0.159038 

GRIA1 0.000325 2.688011 1.426539 0.204395 

HBM 0.000624 -1.76214 -0.81732 0.32709 

CORO2B 0.000869 -2.34447 -1.22926 0.379781 

GALK1 0.001023 -1.60144 -0.67937 0.402463 

AGMO 0.001102 -2.26838 -1.18166 0.422946 

CNTN5 0.001739 2.075815 1.053678 0.544343 

 

 Of the 334 genes differentially expressed between the ad lib treatment and +20% 

treatment, 151 were down-regulated and 183 were up-regulated. The fold changes induced by 

this change in feeding program ranged from -188.7 to 139.1. The top 20 differentially expressed 

mapped genes in terms of significance level (p-value) are shown in Table III-2. All of the 

differentially expressed genes in terms of significance level (p-value) are shown in the 

supplemental material section of this paper published in poultry science.  
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Table III-2 – Top 20, in terms of significance level, differentially expressed mapped hepatic 

genes of progeny of broiler breeders reared under different feeding programs (ad lib compared to 

+20% treatment). The table includes the significance level (Expr p-value), expression fold 

change, expression log ratio, and expression false discovery rate (q-value). (CLC Genomic 

Workbench 20) The threshold for significance was set at a p-value  0.05 and a fold change of  

1.5. 

 

Ad lib vs. +20% 

ID Significance level  

Expr Fold 

change Expr Log₂ Ratio 

Expr False 

Discover Rate  

CRYBA2 2.39E-09 -188.691 -7.55988 3.76E-05 

DIO2 1.38E-07 -9.57652 -3.2595 0.001086 

KCNA3 6.61E-06 2.49634 1.319814 0.020833 

NID1 2.58E-05 1.785541 0.836361 0.045174 

HS3ST3A1 2.89E-05 -2.5704 -1.36199 0.045501 

ATP6V1G3 6.28E-05 5.831815 2.543945 0.082504 

ANO1 7.6E-05 -2.27674 -1.18697 0.087518 

ACTA1 8.3E-05 -4.33732 -2.1168 0.087518 

IL4I1 8.33E-05 3.986732 1.995207 0.087518 

NEK10 9.69E-05 -11.9628 -3.58049 0.089846 

FYB 0.000134 1.526185 0.60993 0.117073 

CORIN 0.000179 4.318097 2.110395 0.140972 

SOCS2 0.000219 2.06698 1.047525 0.147492 

FKBP14 0.000224 -1.84864 -0.88647 0.147492 

ZNFX1 0.000244 1.743351 0.801863 0.147743 

SULT1B 0.00029 1.810222 0.856167 0.157623 

DND1 0.00032 5.21581 2.382891 0.162871 

CADM3 0.00032 1.770715 0.824332 0.162871 

AVD 0.00039 4.332877 2.115325 0.186313 

DDR2 0.000423 2.098802 1.069566 0.191981 

  

 Of the 431 genes differentially expressed between the +20% treatment and the control, 

236 were down-regulated and 195 were up-regulated. The fold changes induced by this change 

in feeding program ranged from -164.3 to 46.1. The top 20 differentially expressed mapped 

genes in terms of significance level (p-value) are shown in Table III-3. All of the differentially 

expressed genes in terms of significance level (p-value) are shown in the supplemental material 

section of this paper published in poultry science.  
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Table III-3 – Top 20, in terms of significance level, differentially expressed mapped hepatic 

genes of progeny of broiler breeders reared under different feeding programs (+20% treatment 

compared to Control). The table includes the significance level (Expr p-value), expression fold 

change, expression log ratio, and expression false discovery rate (q-value). (CLC Genomic 

Workbench 20) The threshold for significance was set at a p-value  0.05 and a fold change of  

1.5. 

 

+20% vs. Control 

ID Significance level  

Expr Fold 

change Expr Log₂ Ratio 

Expr False 

Discovery Rate  

RAB23 1.02E-11 2.406707 1.26706 1.6E-07 

SELENOP1 3.46E-07 -2.15051 -1.10468 0.001816 

KRT5 2.79E-06 -3.39769 -1.76456 0.006208 

GPR183 3.15E-06 2.356667 1.236748 0.006208 

BG8 4.33E-06 -2.26715 -1.18088 0.007571 

ALDH1A2 5.42E-06 1.810802 0.856629 0.008536 

TMEM144 2.33E-05 1.530605 0.614102 0.024431 

CCK1R 2.74E-05 9.7021 3.278297 0.026961 

ATP6V1G3 2.92E-05 -7.5101 -2.90883 0.027051 

GK5 4.38E-05 1.784589 0.835592 0.032845 

FNDC4 5.96E-05 -2.16861 -1.11677 0.040795 

USH2A 0.000121 3.847402 1.943885 0.070833 

KRT14 0.000135 -6.99426 -2.80617 0.075323 

GSTM3 0.000139 1.671569 0.741203 0.075323 

MANSC1 0.000184 2.105626 1.07425 0.093305 

STAT4 0.000203 1.852002 0.889085 0.097006 

CADM3 0.00026 -1.84448 -0.88321 0.110951 

CYR61 0.000265 -2.50024 -1.32207 0.110951 

ADD2 0.000412 -2.37415 -1.24741 0.160096 

RASGEF1A 0.000465 2.332741 1.222026 0.170388 

 

 There were 2 common differentially expressed genes across all 3 treatment comparisons. 

Both of these common differentially expressed genes along with the expression fold change and 

significance levels (p-value) for each comparison are displayed in Table III-4. 
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Table III-4 - The genes differentially expressed across all three treatment comparisons: Ad lib 

vs. Control, Ad lib vs. +20%, and +20% vs. Control. The table includes the significance level 

(Expr p-value) and expression fold change for each treatment comparison for each gene (CLC 

Genomic Workbench 20). The threshold for significance was set at a p-value  0.05 and a fold 

change of  1.5. 

 

  +20% vs. Con Ad lib vs. +20% Ad lib vs. Con 

Name 

Expr 

Fold 

change 

Significance 

level  

Expr 

Fold 

change 

Significance 

level  

Expr 

Fold 

change 

Significance 

level  

BLB1 1.71 4.64E-03 1.73 0.01 2.96 3.01E-09 

IL4I1 -0.87 .02 3.99 8.33E-05 2.18 0.04 

 

Principal Component Analysis (PCA) 

 The PCA plot of both the broiler breeder and broiler generation in Figure III-2 shows the 

differential hepatic gene expression across the generation and displays a unique clustering of 

both the breeder generation and the progeny generation. Each point represents a library sample 

composed of RNA from one individual with N = 32.  
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Figure III-2 – 3D Principal component analysis (PCA) plot of hepatic gene expression (RNA-

seq) of both the breeder and progeny generations. Each point represents a sample of RNA from 

one individual with N = 32. The breeder generation is shown in light blue and the progeny 

generation is shown in yellow. (CLC Genomic Workbench 20) 

  

 Though the PCA plot by treatment of the broiler generation in Figure III-3 shows the 

control slightly grouped together, it does not appear to display any distinct clustering of 

treatments. Each point represents a library sample composed of RNA from one individual with N 

= 23.  
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Figure III-3 – 3D Principal component analysis (PCA) plot of hepatic gene expression (RNA-

seq) of progeny from each treatment group reared under different feeding programs. Each point 

represents a sample of RNA from one individual with N = 23. Control is shown in green, +20% 

is shown in blue and Ad lib is shown in pink. (CLC Genomic Workbench 20) 

  

 The PCA plot by sex of the broiler generation in Figure III-4 shows slight clustering of 

progeny based on sex. Each point represents a library sample composed of RNA from one 

individual with N = 23.  
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Figure III-4 – 3D Principal component analysis (PCA) plot of hepatic gene expression (RNA-

seq) of progeny from each treatment group reared under different feeding programs. Each point 

represents a sample of RNA from one individual with N = 23. Females are shown in green and 

Males are shown in pink. (CLC Genomic Workbench 20) 

 

 Though the PCA plot in Figure III-4 shows the clustering based on sex, the PCA plot by 

the combination of sex and treatment of the broiler generation in Figure III-5 does not display 

any distinct clustering when accounting for both sex and treatment. Each point represents a 

library sample composed of RNA from one individual with N = 23.  
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Figure III-5 – 3D Principal component analysis (PCA) plot of hepatic gene expression (RNA-

seq) of progeny from each treatment group reared under different feeding programs. Each point 

represents a sample of RNA from one individual with N = 23. Female ad lib are shown in 

orange, male ad lib are shown in red, female +20% are shown in teal, male +20% are shown in 

green, female control are shown in purple, and male control are shown in blue. (CLC Genomic 

Workbench 20) 

 

Heat Map 

 A heat map of expression values of the top 25 features (genes or transcripts) with the 

highest index of dispersion for both the breeder and progeny generation is shown in Figure III-6. 

Both the samples and the features (genes or transcripts) are hierarchically clustered by the 

similarity of expression profiles or patterns. There appears to be distinct clustering of samples 
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from each generation, represented by color at the top, which is consistent with the observations 

from the PCA plot in Figure III-2.   

 

  

Figure III-6 – Heat map of expression values of the top 25 features (genes or transcripts) with 

the highest index of dispersion. Each column represents a single sample from an individual bird 

identified with a sample ID and each row represents a feature, both of which are hierarchically 

clustered. Generation is represented by color at the top of each column with light blue 

representing the breeder generation and yellow representing the progeny generation. Expression 

values are visualized using a gradient color scheme with blue being used to represent low 

expression levels and red being used to represent high expression levels. (CLC Genomic 

Workbench 20) 

  

 A heat map of expression values of the top 25 features (genes or transcripts) with the 

highest index of dispersion across the broiler generation is shown in Figure III-7. Both the 

samples and the features (genes or transcripts) are hierarchically clustered by the similarity of 
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expression profiles or patterns. There are 3 metadata layers shown in this figure including sex, 

treatment and the combination of sex and treatment. There appears to be no distinct clustering of 

samples from any of the layers which is consistent with the observations from the PCA plots in 

Figures III-3 and III-5, but not as consistent with the PCA plot in Figure III-4. 
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Figure III-7 – Heat map of expression values of the top 25 features (genes or transcripts) with 

the highest index of dispersion. Each column represents a single sample from an individual 

broiler identified with a sample ID and each row represents a feature, both of which are 

hierarchically clustered. Three metadata layers is represented by color at the top of each column 

with the combination of sex plus treatment being the first layer, sex being the second and 

treatment being the third. For the combination of sex and treatment layer, blue is representing 

male controls (MC), purple is representing female controls (FC), green is representing male 

+20% (M2), teal is representing female +20% (F2), red is representing male ad lib (MA), and 

orange is representing female ad lib (FA). For the sex layer, pink is representing males and green 

is representing females. For the treatment layer, green is representing control, blue is 

representing +20% and pink is representing ad lib. Expression values are visualized using a 

gradient color scheme with blue being used to represent low expression levels and red being used 

to represent high expression levels. (CLC Genomic Workbench 20) 
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Predicted Upstream Regulators 

 There were 1,165 upstream regulators predicted by IPA to be significantly affected 

between the ad lib treatment and control with a p-value of overlap < 0.05, 3 of which were 

predicted to be activated and 9 were predicted to be inhibited. All upstream regulators in terms of 

significance level (p-value of overlap) affected by the differentially expressed hepatic genes of 

progeny of broiler breeders reared under different feeding programs, ad lib treatment compared 

to control, are shown in the supplemental material section of this paper published in poultry 

science. This table includes significance levels (p-value of overlap), activation z-score, predicted 

activation state and expression log ratios if significant.  
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 There were 309 upstream regulators significantly affected between the ad lib treatment 

and the +20% treatment with a p-value of overlap < 0.05, 5 of which were predicted to be 

activated and 1 was predicted to be inhibited. All upstream regulators in terms of significance 

level (p-value of overlap) affected by the differentially expressed hepatic genes of progeny of 

broiler breeders reared under different feeding programs, ad lib treatment compared to +20% 

treatment, are shown in the supplemental material section of this paper published in poultry 

science. This table includes significance levels (p-value of overlap), activation z-score, predicted 

activation state and expression log ratios if significant. 

 There were 904 upstream regulators significantly affected between the +20% treatment 

and control with a p-value of overlap < 0.05, 3 of which were predicted to be activated and 9 

were predicted to be inhibited. All upstream regulators in terms of significance level (p-value of 

overlap) affected by the differentially expressed hepatic genes of progeny of broiler breeders 

reared under different feeding programs, +20% treatment compared to control, are shown in the 

supplemental material section of this paper published in poultry science. This table includes 

significance levels (p-value of overlap), activation z-score, predicted activation state and 

expression log ratios if significant.  

 There were 36 common upstream regulators significantly affected (p-value of overlap < 

0.05) across all 3 treatment comparisons: +20% treatment compared to control, ad lib treatment 

compared to +20% treatment, and ad lib treatment compared to control. All common upstream 

regulators significantly affected across all 3 treatment comparisons are shown in the 

supplemental material section of this paper published in poultry science. This table includes 

significance levels (p-value of overlap) for all 3 treatment comparisons.  
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DISCUSSION 

 Our results show there is unique hepatic gene expression based on generation when 

comparing the prior breeder transcriptome data with the current broiler transcriptomes. The PCA 

plot in Figure III-2 shows distinctive clustering of both the breeder and progeny generations and 

therefore similar patterns of hepatic gene expression. This is consistent with the heat map in 

Figure III-6, which displays more similar gene expression patterns across each generation. This 

was expected based on time of sampling for each generation being vastly different, 44 weeks-

Breeder and 35 days-Progeny, thus at vastly different physiological states. Several genes 

identified by the heat map in Figure III-5 that display very different expression patterns based on 

generation include GC, CHIA, APOB, CTSEAL, RPB, APOV1, VTG2, and VTG1.  

 However, when examining the progeny generation by treatment, no distinct clustering or 

grouping was observed within the treatments. This is displayed by both the PCA plot in Figure 

III-3 and the heat map in Figure III-7. The PCA plot in Figure III-3 shows slight clustering of the 

control, but no distinct pattern is observed. With previous research in other species suggesting a 

sexual dimorphic transgenerational effect (Palou et al. 2010), we wanted to explore this 

categorizing. As shown in the PCA plot (Figure III-4) there is a slight separation based on sex 

displaying similar gene expression patterns. However, when looking at the combination of sex 

and treatment as shown in Figure III-5, there is not clustering. This is consistent with our 

findings shown in the heat map in Figure III-7 where no distinct patterns are observed when 

categorizing for sex or the combination of sex and treatment. Because of this observation, we 

decided to examine samples across treatment while not accounting for sex differences. We 

acknowledge this could be a confounding variable and may need to be explored further, but with 
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our limited number of samples of each sex per treatment, we believe this was our best avenue 

moving forward. 

 Based on our examination of the effects of these feeding programs on the breeder 

generation hepatic gene expression (Keck et al., unpublished data), we expected to see a unique 

impact on hepatic gene expression of the broiler generation with the ad lib treatment having the 

most dramatic impact. With the breeder generation being the one experiencing the treatment and 

the broiler generation all being fed similarly, we expected and observed fewer differences in 

gene expression. Of the comparisons of treatments investigated, all 3 had a similar number of 

differentially expressed hepatic genes, as shown in the Venn diagram in Figure III-1, with the 

comparison of ad lib to control having 360, the comparison of +20% to control having 431, and 

the comparison of ad lib to +20% having 334. Contrary to our findings with the breeder 

generation, the comparison of +20% to control had the most differentially expressed genes. 

Interestingly enough, there were only two genes differentially expressed across all 3 treatment 

comparisons, IL4I1 and BLB1 both of which function in immune response. The expression of 

the immunosuppressive enzyme IL4I1 has interestingly been found to be altered in response to 

D-Methionine supplementation of broilers undergoing heat stress (Lee et al., 2018). With 

methionine supplementation capable of influencing carbon metabolism and epigenetic 

mechanisms such as DNA methylation (Waterland, 2006), this may suggest epigenetic 

modifications are at play.   

 Though the clustering of treatments in the PCA plot (Figure III-3) and heat map (Figure 

III-7) of the progeny is not as distinctive as in the breeder generation, there was still a unique 

impact made by each treatment on the hepatic gene expression of the progeny generation as 

observed by the number of differentially expressed genes. The top 20 differentially expressed 
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mapped genes for each comparison are shown in tables III-1, III-2, and III-3. Notable genes that 

appear in multiple of the top 20 tables include: DIO2, CRYBA2, ATP6V1G3, and NEK10. DIO2 

is of particular interest because it was not only found to be differentially expressed in response to 

feeding program in our examination of the breeder generation and in response to an increase in 

stocking density (Keck and Ashwell, unpublished data), but also found to be in the top 20 

differentially expressed mapped genes in the ad lib vs control (Table III-1) and ad lib vs +20% 

(Table III-2) comparisons of the broiler generation.  

 As mentioned in previous work, DIO2 is an interesting molecule in particular due to its’s 

role in thyroid hormone activation through deiodinases being responsible for the conversion 

between different forms of thyroid hormones and therefore regulating levels of each. It is well 

known that thyroid hormones play a vital role in many areas of metabolism and growth, but 

interestingly enough Lartey et al. showed that the activity of the thyroid gland can be stimulated 

by food availability through DIO2’s ability to convert thyroxine to triiodothyronine. This is 

thought to be achieved through FOXO1, shown to be significantly affected in all 3 comparisons 

of the broiler generation, repressing DIO2 during periods of fasting (Lartey et al., 2015). DIO2 

has also been shown to be strongly induced by cAMP and this regulation happens through a 

composite transcription factor model that includes CREB, JUN, and FOS (Canettieri et al. 2008). 

The mechanistic network of CREB1 is shown below in Figure III-8. It displays an 

interconnection between CREB1, FOS, and DIO2 providing a potential regulation mechanism 

and therefore a possible adaptation mechanism to adjust to the nutrient availability of the feeding 

program.  
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Figure III-8 – The mechanistic network for CREB1 based on differentially expressed hepatic 

genes of progeny of broiler breeders reared under different feeding programs, ad lib vs control. 

The prediction legend indicates what each color and degree of darkness indicates. The activation 

z-score is the basis behind activation/inhibition and the expression log ratio is the basis behind 

increased/decreased measurement. (Ingenuity Pathway Analysis 1-16) 

 DIO2 is also an interesting molecule based on its known role in diet-induced obesity 

(Vernia et al., 2013). Poor nutritional status of mothers prior-to and during gestation has been 

suggested to lead to metabolic adaptations programming offspring to be more predisposed to 

developing obesity, but in a sexually dimorphic way (Palou et al. 2010). This was also observed 

in the epidemiology study of the Dutch Famine (Ravelli et al., 1976). Interestingly enough, DIO2 

has previously been shown to be differentially expressed in the liver of broilers exposed to high 

ambient temperatures (Coble et al., 2014) and exposed to an increase in stocking density (Keck 

and Ashwell, unpublished data). The previously mentioned sexual dimorphic impact and the fact 

that DIO2 has also been shown to be associated with hormone biosynthetic process, specifically 

estrogen and its receptors (Hammes and Davis, 2015), suggests sex hormones, downstream 

molecules and DIO2 may play a role in a more general transcriptome response to stress. 

Additionally, DIO2’s counterpart, DIO3, was found to be significantly affected in both the ad lib 
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treatment to control and the +20% treatment to control comparisons providing more support that 

these deiodinases may be playing a role in stress response.  

 Sex hormones and their receptors were identified in both the breeder generation and in 

response to an increase in stocking density (Keck and Ashwell, unpublished data) as potential 

key molecules in response to stress. These molecules include beta-estradiol, its receptors ESR1 

and ESR2, and progesterone, and its receptor PGR. Beta-estradiol was found to be significantly 

affected across all 3 treatment comparisons. External stress has also been shown capable of 

affecting various physiological processes such as hormone production and regulation. For 

instance, in response to stress, the endocrine system increases the production of steroid hormones 

(Chu et al., 2010). This logically includes the stress hormones cortisol/corticosterone, but also 

includes other cholesterol derived hormones such as the sex hormones progesterone, 

testosterone, and estradiol. Furthermore, estradiol, sex hormones and other hormones such as 

thyroid hormones have been shown capable of stimulating the stress system and aid in the 

modulation of the relationship between stress, stress hormones and mental disorders (Chrousos, 

2009; Cover et al., 2014). 

 These sex hormones, notably beta-estradiol and progesterone, are able to carry out 

various effects such as regulating transcription through receptors located in target tissues 

(Gagnidze et al., 2013; Amenyogbe et al., 2020). Both estrogen receptors (ESR1 and ESR2) have 

been found to be involved in the development of stress-mediated behaviors and contribute to 

stress reactivity (Hastings et al., 2018; Georgiou et al., 2019). ESR1, which was found to be 

significantly affected by treatment in the ad lib to control comparison, has been found to also be 

a regulator of the adaptive response to caloric restriction in pigs creating a specific link to feed 

restriction (Lkhagvadori et al., 2010). ESR2 was also found to be significantly affected by 
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treatment in the ad lib to control and +20% to control comparisons. Due to this information 

above and the liver’s role in metabolism and stress response, these receptors could be a linking 

factor. Interestingly enough, 17B-estradiol and other related estrogens bound to estrogen 

receptors have been found to be major factors that regulate PGR levels (Gagnidze et al., 2013). 

PGR was found to be significantly affected by treatment in the ad lib to control and the +20% to 

control comparisons and the expression of PGR has also been shown to be altered when exposed 

to stress, specifically oxidative stress (Quong et al., 2002). Though these sex hormone receptors 

are of interest, there are other genomic factors such as molecules downstream that should be 

considered in the genomic response to stress as well.  

 One of those downstream molecules, CREB1, which was found to be significantly 

affected in the ad lib to control comparison, is a transcription factor that is responsive to cAMP 

levels. It has also been shown to be associated with major depressive disorder with sex hormones 

(17-ß-estradiol, progesterone & testosterone) thought to play a significant role in the interaction 

(Zubenko and Hughes, 2009; Carlberg et al., 2015). Similarly, CREB1 has been shown to be 

associated with sex hormone receptors and shown to mediate 17-ß-estradiol induced cell 

proliferation creating a further connection with sex hormones and their receptors (Pesiri et al., 

2015; Berto et al., 2018). Continuing, the mechanistic network of CREB1, displayed in Figure 

III-8, exhibits interactions with key molecules including DIO2, FOS, Creb, CCK, and INS that 

were found to be significantly affected by treatment in our results. The previously mentioned 

connections and a connection between major depressive disorder, additional life stress and the 

HPA axis make CREB1 an intriguing downstream molecule (Heim et al., 2008).  

 Since we are investigating treatment effects on the transcriptome of the offspring of the 

individuals experiencing the treatment, potential epigenetic modifications are of interest. One of 
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the most studied epigenetic mechanisms is DNA methylation. It is able to make heritable 

changes in gene expression without altering coding sequence through converting a cytosine base 

of DNA to 5-methylcytosine via DNA methyltransferase (DNMT) enzymes. This methylation is 

able to alter the transcription and therefore the expression of an individual gene. Additionally, 

there is a category of epigenetics known as direct epigenetics, which encompasses all of the 

epigenetic changes that occur during an organism’s lifespan (Lacal and Ventura, 2018) and 

includes the short-term and dynamic regulation of gene expression. Here, transcription factors 

including, FOS, JUN, and CREB, mediate the regulation of gene expression that is capable of 

launching further cascades of adaptive events that regulate the transcription of other genes. This 

cascade is subsequently capable of causing lasting long-term effects making it a factor for 

consideration (Johnson, 2010; Lacal and Ventura, 2018). Though the broiler breeder generation 

is the one capable of direct epigenetic induction due to it being the generation experiencing the 

stressor, the fact that all 3 of the previously mentioned known mediating transcription factors of 

this response (CREB, JUN, and FOS) were all found to be significantly affected in all treatment 

comparisons of the corresponding broiler breeder study further suggests epigenetic mechanisms 

are at play (Keck et al., unpublished data). 

 Continuing, these epigenetic mechanisms occur due to a variety of circumstances such as 

normal maintenance and development (Jin et al., 2011); however, external factors such as stress 

has also been shown to induce these mechanisms (Miller and Sweatt, 2007; Chinnusamy and 

Zhu, 2009). This induction happens through the previously mentioned enzymes DNMTs, 

specifically DNMT1, DNMT3A, and DNMT3B (Feng et al., 2010). DNMT3A and DNAMT3B 

were both shown to be significantly affected by treatment in both the ad lib to +20% and +20% 

to control comparisons. DNMT3A, which also was found to be inhibited in the +20% to control 
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comparisons, has been linked to stress induction and altering methylation activity of a promotor 

for the gene corresponding to CRH. CRH is a critical component in the HPA axis suggesting 

stress can induce epigenetic regulation of the HPA axis (Zannas and West, 2014). With the HPA 

axis capable of altering many physiological processes such as immune function and digestion, 

these downstream effects could have a significant impact on the broiler generation.  

 In addition to the genomic differences, phenotype differences were observed in the 

corresponding paper that covers performance and production effects. Here it was found that 

reduction of feed restriction on the broiler breeders resulted in reduced gut weight and increased 

feed efficiency in the broiler generation (Zukiwsky et al., 2021). These phenotypical responses 

could be indications of transgenerational effects of subsequent stress induction as stressors in 

poultry, such as heat stress and cold stress, have been shown to affect feed efficiency (Olfati et 

al., 2018).  

 As shown in our findings, this feed restriction on the broiler breeder generation has 

effects on the hepatic gene expression of both the broiler breeder generation experiencing the 

feed restriction and the subsequent progeny broiler generation. The results also point to possible 

epigenetic modifications being induced due to this feed restriction. However, since epigenetic 

mechanisms such as DNA methylation and histone modification were not measured with this 

study, further investigation into these mechanisms is needed for confirmation of induction. 

Additionally, as mentioned previously, with sex being a potential confounding variable, further 

investigation into sex differences with an increased number of replicates at all levels would 

provide beneficial information. 
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Conclusion 

 Altering the feeding program during rearing of the broiler breeder generation has an 

impact on the hepatic gene expression of the broiler offspring. Immune and stress response, 

metabolism, and sex hormone receptors (and their downstream molecules) appear to be most 

impacted by this change in the parental feeding program. Our results also suggest induction of 

epigenetic mechanisms such as DNA methylation signifying a potential stress-induced genomic 

effect with transgenerational implications. Though further investigation is needed into the 

epigenetic responses of this alteration of feeding program, the suggestions of altering growth and 

efficiency indicate it should be considered in poultry production systems and evaluated further.  
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CHAPTER 5 

General Conclusions 

 The well-being of animals is a priority area for the agricultural industry and specifically 

the poultry industry. Thus, all areas of animal welfare are of particular interest to everyone 

involved. One of those areas as established by the ‘Five Freedoms’ model is freedom from fear 

and distress; consequently, minimalizing stress on these animals is of the utmost importance. 

Common stressors in the poultry industry include stress associated with high stocking densities 

and stress associated with the feed restriction of broiler breeders. Though the impact of these 

stressor on performance parameters have been previously studied in poultry, the effect these 

stressors have on the transcriptome of the birds experiencing the stressor and their progeny have 

not been elucidated. Therefore, the goal of this research was to determine the effects of these 

stressors on the transcriptome of the birds experiencing the stress and if there are 

transgenerational effects.  

 The results from Chapter I indicate that increasing stocking density has a unique impact 

on hepatic gene expression prior to eliciting common clinical signs associated with stress. The 

increase in stocking density resulted in significant differences in the measurements of both foot 

pad scores and immune function but did not significantly affect performance parameters or 

clinical measurements of stress. However, increasing stocking density resulted in significantly 

affecting steroidogenesis and cell movement/migration with the molecules: IL3, IL17A, 

IGFBP1, ESR2, PGR, JUN, and DIO2 being identified to be significantly affected via RNA 

sequencing analysis. These results point to a stressor, in this case stocking density, having an 

impact on the transcriptome of these birds before they display measurable clinical signs of stress 

induction.  
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 The results from Chapter II signify that feed restriction of broiler breeders during rearing 

has a significant impact on their haptic gene expression. The feed restriction of these birds 

appears to affect molecules associated with metabolism and stress response pathways which was 

identified via RNA sequencing of liver tissues. The molecules most significantly affected by this 

feed restriction seem to be the sex hormone receptors ESR1, ESR2, and PGR and downstream 

molecules including DIO2, CREB1, FOXO1, IGF1, TP53, PPARA, and TGFB1. Our findings 

suggest feed restriction has an impact on gene expression of the birds experiencing the restriction 

and this impact may be a genomic response to stress.  

 The results from Chapter III suggest that feed restriction of broiler breeders during 

rearing has an effect on the hepatic gene expression of their offspring. The processes that seem to 

be most affected by this feed restriction of the parent generation include metabolism, immune 

function and stress response. This feed restriction of the parent generation also affects the 

molecules IL4I1, DIO2, DIO3, ESR1, ESR2, PGR, and CREB1 in the broiler generation, 

showing considerable overlap with the findings of the effects of said feed restriction on the 

generation experiencing the restriction. The results also suggest possible epigenetic mechanism 

induction with DNMT3A and DNMT3B being significantly affected.  

 The overall body of work presented in this dissertation provide evidence that common 

stressors in poultry production including stocking density stress and feed restriction have an 

impact on the transcriptome of the bird experiencing the stressor and their offspring. These 

stressors appear to have similar effects on the hepatic gene expression with DIO2, sex hormone 

receptors (ESR1, ESR2, and PGR) and downstream molecules being common molecules 

affected by each stressor. These results point to these molecules playing a role in general 
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responses to stress in avian liver tissues and thus could potentially be used as genetic biomarkers 

of stress in poultry.  

 

Future Considerations 

 Though these molecules could potentially be used as genetic biomarkers of stress, the 

time restraint and technology necessary to replicate these measurements is a considerable hurdle 

when trying to apply genetic biomarkers to an industry setting. One trend in the poultry industry 

is the pursuit of identifying blood biomarkers that indicate problems in poultry. Currently there 

are examples of potential blood biomarkers of stress such as corticosterone and heterophil to 

lymphocyte ratio; however, there are complications with replicability and length of time of their 

measurement techniques. Due to these complications, there is still a need for the identification of 

a blood biomarker in poultry that indicates induction of stress. The findings in this dissertation 

suggest sex hormones, such as beta-estradiol and progesterone, thyroid hormones and associated 

molecules as potential candidates to be an indicator of stress in poultry. Understandably, further 

research is needed to verify this connection. 

 The investigation into the association of these molecules in the blood and stress induction 

in poultry would take an extensive trial and allocations due to the number of replicates needed to 

elucidate differences in blood parameters. In this investigation, broilers could be exposed to 

several stressors common to the poultry industry including stocking density and heat stress while 

measuring a variety of blood parameters at multiple timepoints. These blood parameters could 

include measuring blood hormone levels such as beta-estradiol, progesterone, and thyroid 

hormones who had corresponding molecules suggested to be significantly affected by a variety 

of stressors in this dissertation. If statistically significant differences in blood hormone levels 
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were found in response to manipulating the external stressors these birds experience, then 

presumably these blood hormone levels could be used as relatively quick indicators of stress in 

an industry setting. Management practices could then be adjusted to relieve said external stress 

on these birds and could therefore provide more adequate animal welfare and potentially better 

performance. 

 The induction of epigenetic mechanisms such as DNA methylation by these stressors is 

another area that the findings of this dissertation point to that needs further research and 

allocations. The investigation into DNA methylation measurements could be done by using a 

methylation-specific PCR approach on the remaining tissue samples from our restrictive feeding 

trial. In this examination, one could investigate the methylation status of the candidate genes that 

were identified as being affected in the RNA sequencing results of this research. This 

examination, being a more targeted approach, would be the most cost-efficient method and could 

provide validation that the results from Chapter III of the feed restriction of broiler breeders 

impacting the genome of their offspring was through epigenetic mechanisms. If allocations and 

funds are available, more global genome wide DNA methylation measurements such as whole 

genome bisulfite sequencing of these samples could be performed to explore the effects of this 

stressor on methylation patterns beyond the examination of individual target genes mentioned 

previously. Similar trial designs using other stressors commonly found in the poultry industry 

would be needed for extrapolation of this connection of stress and epigenetic mechanism 

induction to other stressors.  

 The implications of these findings should be widely considered in the poultry industry. 

These findings demonstrate the significance of the choice’s poultry producers make, i.e. feeding 

programs and stocking density rates, and that they have considerable implications on the welfare 
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of the birds. These findings also establish there is a significant impact of common stressors in 

poultry production on the transcriptome of the birds experiencing them and their offspring. Due 

to the construction of the poultry industry, producers’ choices and subsequent stressors that 

impact the progeny of the generation experiencing the stress will have an exponential effect on 

the industry as a whole. Though further investigation is needed into the epigenetic responses of 

these stressors, the suggestions of cellular processes including metabolism, immune function, 

and stress response being affected indicate each choice and subsequent stressor should be 

considered in poultry production systems and evaluated further.  
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