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RNA-Seq Analysis Reveals Spatial and Sex Differences in Pectoralis Major Muscle of Broiler Chickens Contributing to Difference in Susceptibility to Wooden Breast Disease
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Wooden Breast Disease (WBD) is a novel myopathy affecting the pectoralis major muscle of modern broiler chickens. The etiology of WBD is not currently known, but has been linked to increased feed efficiency, growth rate, and muscle yield in broiler chickens. Differential effect of WBD has been detected between regions of the P. major and between sexes of broilers—male birds and the cranial aspect of the muscle tend to be more severely affected by the disease than females and the caudal aspect. This study aimed to characterize biological differences in the P. major between regions of the muscle and sexes of birds. Samples were taken from the cranial and caudal aspects of P. major muscles of 3-week-old, unaffected male and female birds for RNA sequencing. RNA was extracted and used for preparation of cDNA libraries, which were sequenced by the Delaware Biotechnology Institute (DBI) using HiSeq2500. Sequence reads were aligned to the chicken reference genome with HISAT, and genes were analyzed for differential expression between regions of the breast muscle and sexes of birds using CuffDiff. Functional analysis was performed on differentially expressed genes (DEGs) between sex groups using DAVID and Ingenuity Pathway Analysis (IPA). There were 12 DEGs between cranial and caudal samples, and 260 between male and female birds. Out of the 260 genes differentially expressed between sexes, 189 were upregulated in males. Of this subset, 103 genes (55%) were located on the Z-chromosome. There was increased expression of genes involved in fat metabolism and oxidative stress responses in the cranial region of the P. major muscle, as well as increased expression of fat metabolism, oxidative stress response, antiangiogenesis, and connective tissue proliferation genes in male broilers. These results support the hypothesis that there are biological characteristics in male broilers and the cranial region of the breast muscle that may make them more susceptible to WBD, as well as raising the possibility of a metabolic switch in modern broiler chickens that may be more prominent in males.
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INTRODUCTION

Demand for poultry meat has greatly increased over the last 50 years. To meet the still-growing demand for poultry meat, the poultry industry has implemented methods to increase growth rate, feed efficiency, and muscle yield, especially that of the breast muscle, in turkeys and chickens. These improvements in the efficiency of the poultry industry may have inadvertently induced a higher incidence of muscle disorders and abnormalities, such as deep pectoral muscle disease and white striping (Petracci et al., 2013). Myopathies such as these have negative impacts on the poultry industry, as they decrease the quality of chicken breast meat, resulting in the breast being condemned entirely or downgraded for use in manufactured products such as pet food.

Relatively recently, a novel myopathy known as Wooden Breast Disease (WBD) has made an appearance in modern broiler chickens across the world. As described by Sihvo et al. (2014), WBD is characterized by a pale, bulging pectoralis major muscle (P. major) that is palpably firm. Recent histological studies indicate that the earliest signs of WBD appear in the first week post-hatch, when affected birds begin to display localized phlebitis with perivascular lipid infiltration (Papah et al., 2017). Later stages of WBD demonstrate diffuse myodegeneration, inflammatory cell infiltration, fibrosis, necrosis, and lipid infiltration (Papah et al., 2017). Though they may occur independently of each other, WBD is often coexistent with another muscle condition, namely, white striping on the muscle (Sihvo et al., 2014; Mudalal et al., 2015; Dalle Zotte et al., 2017, 2018).

Many aspects of WBD have been characterized at histological and molecular levels, however, its exact etiology is currently unknown. To the best of our knowledge, there has not been any indication of a pathogenic association with the disease, and it is arguable whether or not there is a strong genetic determinism for WBD. However, most agree that the disease is related to the increase in muscle yield, growth rate, and feed efficiency of modern broiler chickens over the past 50 years (Kuttappan et al., 2012; Lorenzi et al., 2014; Sihvo et al., 2014; Russo et al., 2015; Zhou et al., 2015; Abasht et al., 2019), as birds that have not been selectively bred for these economically desirable traits are unaffected by WBD. Additionally, environmental factors impacting growth rate in broilers play major roles in the expression of WBD. In a recent study by Meloche et al. (2018c), reducing feed intake in broilers directly reduced growth rate, and in turn decreased the incidence and severity of WBD, as well as levels of molecular markers for broiler myopathies such as creatine kinase and lactate dehydrogenase. Likewise, reducing digestible lysine, as well as dietary energy and other amino acid densities in feed can reduce the severity of breast muscle myopathies (Meloche et al., 2018a, b). However, birds with reduced nutrient treatments in these studies typically had decreases live performance traits such as body and P. major weight (Meloche et al., 2018a, b). It has also been reported that earlier hatch times and increased temperature during incubation day 14–18 result in fewer and less severe P. major myopathies in broiler chickens (Clark et al., 2017). However, it can not be disregarded that birds undergoing the increased incubation temperature treatment also had lower body weights and P. major weights than control birds (Clark et al., 2017).

A previous study from our laboratory on differential gene expression between WBD-affected and unaffected tissue revealed altered biological pathways correlated with the disease. Mutryn et al. (2015) found over 1500 differentially expressed genes (DEGs) between birds affected and unaffected by WBD, suggesting hypoxia, oxidative stress, connective tissue disorders, and cellular repair mechanisms in WBD-affected tissues. A study by Abasht et al. (2016) on the WBD metabolic profile demonstrates evidence of decreased glucose metabolism through glycolysis. Additional studies on gene expression show evidence of myodegeneration, inflammation, lipid infiltration, and fibrosis (Zambonelli et al., 2016; Papah et al., 2018) in WBD-affected tissues.

In most WBD-affected samples, the cranial aspect of the pectoralis major muscle appears to be more severely affected than the caudal, as it tends to be firmer, thicker, and display a higher degree of white striations than the caudal aspect (Bailey et al., 2015; Clark and Velleman, 2016; Papah et al., 2017). Additionally, it has been observed that male modern broiler chickens have a higher incidence rate of WBD than females, and typically are more severely affected by the disease (Trocino et al., 2015). Considering the correlation of WBD with increased body and breast muscle mass and growth rates, it could be assumed that male birds and the cranial aspect of the pectoralis major muscle are more susceptible to WBD because they grow faster and larger than female birds and the caudal aspect of the muscle. It is a fact that male broiler chickens tend to have higher pectoralis major and overall body masses than females, as well as typically growing at a faster rate (Scheuermann et al., 2003; Tatara et al., 2012; Trocino et al., 2015). Therefore, the key to understanding increased WBD incidence and severity in male broilers and the cranial region of the muscle is understanding the biological differences between sexes of birds and regions of the pectoralis major that are associated with higher growth rates and body size.

This study aims to provide answers for a few questions: Why is the cranial aspect of the pectoralis major more affected by WBD than the caudal, and why are males more affected than females? Additionally, why does the breast muscle grow larger and faster in male birds than females, and why does the cranial aspect grow faster and become thicker than the caudal aspect? This study utilizes RNA sequencing techniques to look at differential gene expression between cranial and caudal sections of the pectoralis major, as well as between male and female birds in search of differing biological pathways that may lead to differing susceptibility to WBD.

MATERIALS AND METHODS

Chickens and Sample Collection

A total of 171 Cobb500 broiler chickens of the same egg age and parent flock were hatched at the University of Delaware poultry farm and placed on the floor with wood shavings in chicken houses with automatic ventilation and a light cycle consisting of 1 h of darkness followed by 23 h of light per day. Houses were kept initially at 95°F and lowered by 5°F each week until they reached 70°F. Birds were fed standard commercial starter and grower diets and were allowed free access to feed and water. Bird houses were kept below a stocking density of 30 kg/m2 throughout the entirety of the experiment in accordance with the Animal Care and Use Handbook 2014 of the College of Agriculture and Natural Resources, University of Delaware. The animal protocols were reviewed and approved by the University of Delaware’s Institutional Animal Care and Use Committee.

Birds were weighed each week from the day they hatched until they were humanely euthanized by cervical dislocation at day 7, 14, 21, or 56 of age. Birds euthanized at days 7, 14, and 21 had their sexes determined by identification of gonads during necropsy, as secondary sex characteristics are unnoticeable until around 4 weeks of age. For birds euthanized at day 56, their sexes were determined by observation of secondary sex characteristics.

At 3 weeks of age, 24 birds were randomly selected and euthanized by cervical dislocation followed by necropsy and sample collection for histologic examination and RNA-sequencing. Tissue samples were taken from the cranial and caudal aspects of the P. major muscle of all 24 birds. Samples were approximately 2 g in mass and were harvested along the longitudinal axis of the muscle fibers. To ensure that the same muscle fibers were used for microscopy and RNA-seq, each sample was split into two at the middle perpendicular to muscle fibers, with one portion immediately immersed into 10% neutral buffered formalin for histology, while the other was flash frozen in liquid nitrogen before transfer to -80°C for RNA-seq. The muscle samples were taken from the same regions for all experimental chickens.

Selection and Identification of Samples for RNA Sequencing

This study aimed to use samples from unaffected chickens to examine the spatial and sex effects on the occurrence of WBD. We used samples from unaffected birds because we aim to study the innate biological differences between sexes of birds and regions of the P. major muscle without any discernible clinical, gross and histological changes attributable to WBD. There are a few important reasons we chose to study birds at 3 weeks of age. At this point in their life, broiler chickens do not typically present discernible clinical or gross changes associated with WBD. Detection of these changes frequently occur after 3 weeks of age (Papah et al., 2017). Hence, by utilizing 3-week-old birds, we are simultaneously selecting birds that do not have apparent clinical disease, but may be exhibiting molecular signatures of the developing disease that would become fulminant later in life. Indeed, a recent study in our laboratory demonstrated that molecular changes associated with WBD precede its clinical/gross presentation (Papah et al., 2018). Another important factor is that at 3 weeks of age, male and female broilers are beginning to diverge in terms of body weight and growth rates, with males growing faster and larger. Up until this point, male and female broilers grow similarly. Results from the current study supports this observation (see Figure 1). By studying birds that are at this point of divergence, we have a higher chance of seeing differences in gene expression between the sexes.
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FIGURE 1. Comparison of weekly body weight by sex. Day 1 refers to the day of hatch. Male broilers have significantly higher average body weights than females at ages 7, 14, 21, 28, 35, 42, 49, and 56 days (P ≤ 0.0001).



To identify and determine samples to be used in this study, all muscle tissue samples were subjected to microscopic analysis for tissues changes due to WBD; this was in addition to gross evaluation. Processing of samples for histologic assessment followed routine H/E protocol as used in the previous study (Papah et al., 2017) where cross and longitudinal sections of the tissues were obtained.

To classify all 24 samples on the basis of degree of tissue pathology associated with WBD, four categories were identified; namely unaffected, mild, moderate, and severe (Table 1). The degree and extent of microscopic lesions in the two sections (cross and longitudinal) per sample was used to determine the degree of tissue pathology under the four categories. Microscopic parameters used included myofiber degeneration and fragmentation, inflammatory cell infiltration, interstitial edema, necrosis, variability in myofiber sizes, lipid infiltration and fibrosis. Samples without any lesions or subtle focal degeneration (occupying <5% of the tissue slide) were placed under the unaffected category. Samples exhibiting single-cell myodegenerative changes occupying 5–25% of the tissue slide with focal infiltration of inflammatory cells were placed under the mild category. Samples with 25–50% of the tissue slide displaying myodegenerative changes with multifocal inflammation and focal interstitial edema were considered to be moderate. Samples with multifocal to diffuse myodegeneration over >50% of the tissue slide, myonecrosis and inflammatory cell infiltration as well as variability of fiber sizes and focal lipid infiltration were considered to be severely affected (Figure 2). It should be noted that muscle samples from the cranial and caudal regions were examined independently. Therefore, for a sample to qualify for RNA-sequencing analysis in the current study, both cranial and caudal samples had to be unaffected.

TABLE 1. Histological presentation of pectoral muscle samples harvested from the cranial and caudal pectoral regions of broiler chickens at 3 weeks of age.
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FIGURE 2. Histological sections of P. major sample showing the various stages of pathology associated with WB: (A) unaffected muscle sample; (B) mildly affected muscle tissue exhibiting multifocal myodegeneration (arrowhead) and focal infiltration by inflammatory cells (arrow); (C) moderately affected sample as shown by diffuse myofiber degeneration multifocal inflammatory cell infiltration and fibrosis (asterisk); (D) severely/markedly affected muscle sample as indicated by diffuse myodegeneration, diffuse myofiber inflammation, lipid infiltration and phlebitis (open arrowhead).



Pectoralis major muscle samples from 7 birds exhibited normal morphology in both the cranial and caudal portions, and 12 samples from 6 birds (3 males and 3 females) were selected for RNA-sequencing (Table 2). We performed Principal Component Analysis to ensure that our sample size was adequate for the study (Supplementary Figure 1).

TABLE 2. Total body masses of birds used in the RNA-seq study.
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RNA Sequencing

A total of 12 cranial and caudal tissue samples from male and female birds were used for RNA extraction and sequencing. RNA was isolated from the samples using the mirVana miRNA Isolation Kit (Thermo Fisher Scientific). RNA quality was tested using Nanodrop 1000 and Fragment Analyzer, which confirmed that the quality of the isolated RNA was acceptable for it to be used throughout the rest of the protocol. Complementary DNA (cDNA) libraries were synthesized using the TruSeq Stranded mRNA Sample Preparation Kit (Illumina), utilizing low sample protocol. Libraries were then sent to the Delaware Biotechnology Institute (DBI) where they were paired-end (2X101) sequenced with Illumina HiSeq 2500.

Data Analysis

The quality of the resulting sequences was checked using FastQC v0.11.5. Low quality bases were trimmed with Trimmomatic v0.36, using parameters TRAILING:20 and SLIDINGWINDOW:4:15. After trimming, the reads were aligned to the chicken reference genome Gallus_gallus-5.0.89 using HISAT v2.1.0, then differential expression analysis was performed using Cuffdiff v2.2.1. Significant genes were defined as those with a false discovery rate (FDR) adjusted p-value of less than 0.05. Differential expression analysis of cranial vs. caudal aspects of the P. major muscle was performed separately for males and females. The analyses detected no DEGs in females and only 12 in males, indicating a nearly consistent gene expression profile between cranial and caudal aspects of the muscle in both male and female datasets. For greater statistical power, cranial and caudal data were combined for males vs. female analysis, and likewise male and female data were combined for cranial vs. caudal comparison. To identify biological processes and pathways that are significantly enriched by the differentially expressed genes, the gene list was analyzed using the Database for Annotation, Visualization and Integrated Discovery (DAVID) v6.8 (Huang et al., 2009a, b) and Ingenuity Pathways Analysis (IPA) by QIAGEN (Krämer et al., 2014).

RESULTS

Body Weight Analysis

A linear regression analysis was performed using JMP statistical software (JMP Pro® Version 13, SAS Institute Inc.) to determine statistical significance of body weight differences between male and female broilers over time, and to confirm the divergence of body weight and growth rate between male and female broilers at 3 weeks of age (Figure 1). Except for the first day of life, body weight differed significantly (p-value ≤ 0.0001) between males and females in all days of weight measurement (Supplementary Table 1).

RNA-Seq Analysis

Cranial vs. Caudal

There were 12 differentially expressed genes found between cranial and caudal tissue samples (Table 3). Eight of these genes were upregulated and four were downregulated in the cranial samples.

TABLE 3. Cranial vs. caudal differentially expressed genes.
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As there were only 12 significant DEGs in the cranial versus caudal comparison, IPA and DAVID analysis were not performed on this dataset. Rather, we explored the functions of these genes individually: Perilipin 1 (PLIN1), G0/G1 switch gene 2 (G0S2), and fatty acid-binding protein 4 (FABP4) are all involved in lipid metabolism; neuritin 1 (NRN1) is involved in nervous system development; kyphoscoliosis peptidase (KY) is involved in muscle growth, and homeobox A11 (HOXA11) and pituitary homeobox 2 (PITX2) are transcription factors. HBAD refers to the gene coding for hemoglobin subunit alpha-D. Fibromodulin (FMOD), collagen type XI alpha 1 chain (COL11A1), collagen type XII alpha 1 chain (COL12A1), and collagen type XXII alpha 1 chain (COL22A1) are all involved in collagen synthesis and interactions (Gene, 2004).

Male vs. Female

A total of 260 genes were differentially expressed between males and females, 189 of which were upregulated in males. Of the 71 genes downregulated in males, 13 of them had expression values of or very close to zero. These genes were mapped to the W chromosome (3 genes) or unplaced scaffolds (9 genes), except for one gene mapped to the Z chromosome, which is likely a genome assembly error. Because they demonstrate an FPKM value of 1.7–43.4 in females but zero in males, these genes on unplaced scaffolds are also likely to be on the W chromosome, which does not exist in male birds. The top 10 upregulated and downregulated genes in males are identified in Table 4.

TABLE 4. Top 10 upregulated and downregulated genes in males1.
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Of the 260 differentially expressed genes between males and females of the current study, 58 overlapped with differentially expressed genes found in the previous study by Papah et al. (2018) studying differential gene expression between WBD-affected and unaffected 3-week-old male broilers (Supplementary Figure 2). Of the 58 overlapping genes, 47 of them (81%) shared the same directionality.

Ingenuity Pathway Analysis of the differentially expressed genes between male and female unaffected samples provided predictions of differentially regulated biological functions (Table 5) and pathways (Table 6), as well as predicting the possible activation or deactivation of upstream regulators (Table 7).

TABLE 5. Top biological functions for males vs. females.
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TABLE 6. Top ten canonical pathways for males vs. females.
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TABLE 7. Significant activated and inhibited upstream regulators.
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Additionally, by entering a list of the genes upregulated in males into DAVID we were able to find gene ontologies upregulated in male birds. DAVID analysis yielded 12 main gene ontologies upregulated in male broilers (Table 8). “Gene Count” refers to the number of genes associated with a given ontology, out of the 88 gene IDs DAVID accepted from the list of 189 genes upregulated in male broilers. Entering a separate list of the 71 downregulated genes in males did not yield significant results from DAVID.

TABLE 8. DAVID ontologies for genes expressed higher in male.
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DISCUSSION

Fat Metabolism

Analysis of differentially expressed genes between regions of the pectoralis major muscle and sexes of birds strongly suggests increased fat metabolism and deposition in male birds and the cranial aspect of the breast muscle. This correlates with the increased fat content found in the P. major muscle of birds affected with Wooden Breast and/or white striping (Mudalal et al., 2014; Soglia et al., 2016) as well as evidence of fatty infiltration observed in histological studies even before wooden breast is clinically and grossly detectable (Papah et al., 2017). This suggests that the breast muscle in male broilers, as well as the cranial aspect of the breast muscle, have a higher tendency to accumulate lipids, which may make them more susceptible to WBD.

For example, fatty acid-binding protein 4 (FABP4), which was upregulated in males, plays a major role in fat accumulation by acting as a fatty acid carrier and segregating fatty acids for triglyceride synthesis to develop adipose tissue (Smathers and Petersen, 2011). This protein is also a biomarker for adipocyte differentiation (Zhang et al., 2015). Similarly, lipoprotein lipase (LPL), upregulated in male birds, is an effective biomarker for adipogenesis. LPL, whose active form is found on the endothelium of capillaries and small-caliber blood vessels, acts by hydrolyzing triglycerides in blood into free fatty acids for oxidative phosphorylation by other cells. Additionally, the free fatty acids can be re-esterified into triglycerides for storage in adipocytes (Zhang et al., 2015). This finding is in line with a recent study in our laboratory that showed upregulation of FABP4 in the P. major muscles of WBD-affected chickens at week 3 of age (Papah et al., 2018). Taken together, these studies suggest that active intracellular mobilization of lipids accompanies the early phase of WBD in chickens.

Fatty acid translocase (CD36), upregulated in males, is a receptor for multiple types of ligands, including long-chain fatty acids. It behaves as a fatty acid translocase in adipose tissue, as well as cardiac and skeletal muscle (Febbraio et al., 2001), and therefore may play a role in fat accumulation. In agreement, palmitic acid was predicted by IPA as an activated upstream regulator in males, suggesting higher levels of this long chain fatty acid in the breast muscle of males compared with females. CD36 has been found to play a role in other pathways that are significant to WBD, included antiangiogenesis and immune functions (Febbraio et al., 2001).

Ingenuity pathway analysis suggests activation of an upstream regulator that stimulates genes involved in fat metabolism. Peroxisome proliferator-activated receptor alpha (PPARA) is a ligand-dependent nuclear receptor that regulates expression of multiple genes involved in lipid metabolism, including adiponectin (ADIPOQ), FABP4, CD36, perilipin 1 and 2 (PLIN1/PLIN2), and LPL. Because these genes and a few other PPARA target genes are upregulated in the male vs. female dataset, IPA predicted that PPARA is activated in male broilers. PPARA also plays key roles in regulating multiple steps of the fatty acid β-oxidation (Lemberger et al., 1996), supporting a hypothesis of increased mitochondrial fatty acid β-oxidation in male modern broilers that will be discussed further in the next section. IPA activation networks for PPARA and palmitic acid are shown in Figure 3.
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FIGURE 3. Activation network diagrams for PPARA (left) and palmitic acid (right). Pink and green shapes represent genes upregulated or downregulated in males, respectively. Orange arrows represent IPA’s prediction that the upstream regulator activates the corresponding genes. Yellow arrows represent disagreement between the direction of the gene expression (i.e., up or downregulation) and IPA’s prediction of the relationship between the upstream regulator and the corresponding gene. Gray arrows mean that IPA predicts a relationship between the upstream regulator and the corresponding gene but cannot predict the exact effect. Image produced using IPA.



Additional significant genes involved in fat deposition and metabolism include patatin-like phospholipase domain-containing protein 2 (PNPLA2), pyruvate dehydrogenase kinase 4 (PDK4), retinol binding protein 7 (RBP7), solute carrier family 44 member 1 (SLC44A1), and acetyl-CoA acyltransferase 2 (ACAA2), all upregulated in the P. major muscle of males. ACAA2 is a gene with key involvement in mitochondrial fatty acid β-oxidation. It catalyzes the final step in the β-oxidation pathway, in which β-ketoacyl-CoA reacts with a free molecule of coenzyme A to produce acetyl-CoA (Nelson and Cox, 2008).

It has been observed that abdominal fat is the most variable body component of broiler chickens, and that female broilers tend to have more abdominal cavity fat deposition than males (Leenstra, 1986), which is consistent with the lower feed efficiency of females. It is well known that increased abdominal fat deposition is associated with the lower feed efficiency in chickens (Zhuo et al., 2015). These findings from prior studies agree with our results that suggests male broilers have higher uptake and oxidation of lipids by the P. major muscle. It can be hypothesized that female broilers catabolize lipids at a lower rate than male broilers due to lower expression of fat metabolism genes in the muscle, and as a result they have more accumulation of fat in the abdominal cavity.

Metabolic Shift

Evidence of increased fat metabolism in the pectoralis major muscle of male birds is especially significant because it opposes the normal metabolism of the muscle. The pectoralis major in chickens is a “white” muscle, meaning it consists almost entirely of type II fast-twitch fibers (Ono et al., 1993; Verdiglione and Cassandro, 2013), contains little myoglobin (hence the “white” color) (Kranen et al., 1999), operates primarily on glycolytic metabolism, and performs little to no oxidative phosphorylation of fats (Remignon et al., 1994). Remignon et al. (1994) found that two key enzymes involved in fatty acid oxidation, citrate synthase and 3-hydroxyl-CoA dehydrogenase, had significantly lower activity than lactate dehydrogenase, a key enzyme in glycolysis, in the P. major of broiler chickens. These observations held true for both fast- and slow-growing broiler lines. Because oxidative metabolism normally contributes little energy to the chicken breast muscle compared to glycolytic metabolism, it is unusual that we observed increased expression of fat metabolism-related genes in the muscle.

This data suggests a metabolic shift from primarily glycolytic metabolism to increasing proportions of fatty acid oxidative metabolism. An important gene supporting this hypothesis is LPL, which was found to decrease glucose metabolism when overexpressed in mice (Voshol et al., 2001). Evidence of increased fatty acid oxidation and redirection of carbohydrates from glycolysis to other metabolic pathways such as the pentose phosphate, glucuronic and hexosamine biosynthetic pathways have been noted in birds affected by WBD (Abasht et al., 2016; Papah et al., 2018) and also in high feed-efficiency broilers which are more susceptible to WBD (Abasht et al., 2019). Therefore decreased glycolytic activities and increased uptake and oxidation of fatty acids appear to be a key feature of WBD.

Palamiuc et al. (2015) described inhibition of glucose metabolism and a shift of fuel preference to lipids during a metabolic shift event early in the development of amyotrophic lateral sclerosis (ALS) in mice. Affected mice experienced increased expression of LPL, CD36, PDK4, forkhead box O1 (FOXO1), and PPARβ/γ during this metabolic shift. LPL, CD36, and PDK4 are upregulated in males in our data set. FOXO1 and PPARβ/γ are not upregulated in males in our dataset, but FOXO1 was predicted to be an activated upstream regulator by IPA. Whether increased expression of one of these genes, increased fatty acid concentration in the muscle, or another factor entirely outside of this pathway is the initial cause of the hypothesized metabolic shift in WBD has yet to be deciphered.

It is likely that the shift from glycolytic to oxidative metabolism in the muscle is a change that is energetically beneficial for faster growth and higher feed efficiency, but has had detrimental effects on the breast muscles of modern broilers. Type II muscle fibers are poor at scavenging H2O2, allowing accumulation of reactive oxygen species (ROS) in the muscle when lipids are utilized for extended periods of time, which is known to lead to mitochondrial dysfunction and muscular damage (Anderson and Neufer, 2006). This hypothesis is in agreement with a study by Papah et al. (2018) in which WBD-affected broilers demonstrated increased mitochondrial dysfunction. Affected mice that underwent the metabolic shift in Palamiuc et al., 2015 study displayed evidence of ROS accumulation. Mechanisms of oxidative stress and its effect on the chicken breast muscle are further discussed in Section “Oxidative Stress.”

Oxidative Stress

Oxidative stress is the accumulation of ROS generated through metabolic reactions, and the resulting imbalance between ROS and antioxidant substances, which can lead to damage of DNA (Cooke et al., 2003) and injury of tissues due to reactions involving ROS, such as lipid peroxidation and protein damage (Betteridge, 2000). IPA and DAVID analysis predict that biological reactions to oxidative stress are upregulated in male birds. The reason for this could be that modern male broilers grow faster and larger than their female counterparts, and are therefore generating ROS at a higher rate, but do not have sufficient mechanisms to counteract ROS accumulation. Male broilers’ increased susceptibility to oxidative stress may play a large part in their increased susceptibility to WBD, and supports a hypothesis that oxidative stress plays a role in the development of WBD.

The aforementioned RNA-sequencing study by Mutryn et al. (2015) identified oxidative stress as a potential factor in the development of WBD when they found many DEGs associated with an increased ROS in WBD-affected birds. Additionally, Abasht et al. (2016) found that WBD-affected birds exhibited increased biomarkers related to oxidative stress, as well as increased levels of molecules that could affect redox homeostasis, including xanthine, hypoxanthine, and urate. In the current study, upregulated genes involved in oxidative stress responses include aprataxin (APTX), NR4A3, DNA damage recognition and repair factor (XPA), TXN, ADIPOQ, CD36, POSTN, oxidative stress-induced growth inhibitor 1 (OSGIN1), G protein subunit alpha Q (GNAQ), RET, cytokine inducible SH2-containing protein (CISH), ChaC glutathione specific gamma-glutamylcyclotransferase 1 (CHAC1), and cholecystokinin (CCK). Some of these genes are involved in attempt to relieve and protect against the damage of oxidative stress. For example, it has been discovered that adiponectin, coded for by ADIPOQ, protects cells against cytotoxicity when under oxidative stress by activating adenosine monophosphate-activated protein kinase (AMPK), which in turn increases metabolism of glucose and fatty acids (Chan et al., 2012). Additionally, TXN is a regulator of cellular responses to oxidative stress, and overexpression of TXN protects against cytotoxicity resulting from oxidative stress (Nishinaka et al., 2013).

However, the higher expression of CHAC1, which was the top upregulated gene in male broilers, may have a detrimental effect to the muscle. A prior study found that CHAC1 expression is increased by stress in the endoplasmic reticulum, and its protein degrades glutathione in the cell (Crawford et al., 2015). This is important because glutathione is a major antioxidant in cells, and its depletion results in oxidative stress (Crawford et al., 2015). The higher expression of CHAC1 in male broilers suggests that glutathione is being degraded at a higher rate than normal, which may be playing a big role in oxidative stress in male broilers. CHAC1 is also a member of the unfolded protein response (UPR) pathway and promotes apoptosis (Mungrue et al., 2009). However, because our data doesn’t show differential expression of other key genes in the UPR pathway, such as CHOP, PERK, XBP, and ATF1, we can assume that the UPR pathway isn’t regulated differently between sexes of birds.

CCAAT enhancer binding protein α (CEBPA) is a transcription factor involved in stimulating oxidative stress responses from other genes downstream, and it was predicted to be activated in males by IPA. CEBPA and other CEBP-family proteins undergo increased expression under stress, and in turn they increase expression of other oxidative stress response genes (Huggins et al., 2016), including ADIPOQ and TXN. Another activated transcription regulator, NFE2L2, acts similarly by mediating stress and inflammatory responses through regulation of CD36, OSGIN1, DNAJ heat shock protein family member B5 (DNAJB5), and ANXA1 (Figure 4). Upregulation of these stress response genes suggests the existence of increased oxidative stress in male birds, which could be a key factor in their susceptibility to WBD.


[image: image]

FIGURE 4. Activation network diagram for NFE2L2. Pink shapes represent genes that were upregulated in the dataset. Orange arrows demonstrate that IPA predicts NFE2L2 activates the corresponding genes. The yellow line to CTGF means that the fold change for CTGF is not consistent with IPA’s predicted relationship between NFE2L2 and CTGF. Image produced using IPA.



Vascular Damage

DAVID and IPA suggest that blood clotting and antiangiogenic functions are upregulated in male broilers. Additionally, IPA predicts increased cardiovascular damage in males, with significant related diseases and disorders including atherosclerosis, vascular lesions, and vaso-occlusion. These results are in agreement with a study by Papah et al. (2018). The results suggest that compared with females, male birds are more susceptible to vascular damage and increased antiangiogenic activity, even without being affected by any degree of WBD. This correlates with the observed presence of inflammation and lipogranulomas in the vasculature of WBD-affected birds (Papah et al., 2017), as well as a hypothesis that localized hypoxia caused by increased oxygen demand and compromised vasculature may be a factor in the development of WBD (Mutryn et al., 2015).

Like vascular damage, inhibition of vasculogenesis can also lead to inadequate delivery of oxygen and nutrients to skeletal muscle, and could be a factor in the development of WBD (Sihvo et al., 2018). Male broilers, which grow more quickly than females, would require a concomitant increase in angiogenic activity to ensure that their rapidly-growing muscle tissue has proper vasculature. Though there were some angiogenic genes upregulated in males, such as annexin A-1 (ANXA1) and endoplasmic reticulum aminopeptidase 1 (ERAP1), they appear to be overtaken by multiple upregulated antiangiogenic genes. For example, thrombospondin 1 and 2 (THBS1 and THBS2) are known antiangiogenic genes upregulated in male broilers. They inhibit angiogenesis by interference with endothelial cell migration, as well as competing with growth factors to bind to proteoglycans on endothelial cell surfaces (Tolsma et al., 1993; Lawler, 2000).

THBS1, as well as CD36, ADIPOQ, LPL, serpine family E member 2 (SERPINE2), coagulation factor XIII A chain (F13A1), and G protein subunit Alpha Q (GNAQ) are all upregulated and involved in blood coagulation and clotting, both of which were found to be upregulated functions in male broilers in DAVID and IPA. This makes sense, as it is known that the activation of coagulation is largely mediated by inflammatory cytokines (Esmon, 2005). Interestingly, a study by Mutryn et al. (2015) showed that coagulation pathways were downregulated in WBD-affected birds, despite inflammatory pathways being upregulated. Perhaps this is due to natural anti-coagulant mechanisms kicking in to compensate for persisting coagulation and inflammation in later stages of WBD to prevent further damage to the body. The involvement of coagulation mechanisms in broiler growth and WBD require further investigation.

Connective Tissue Proliferation

DAVID and IPA both predict that proliferation of connective tissue is being significantly upregulated in male birds. A male predisposition for connective tissue growth correlates with findings of fibrosis and increased collagen levels in histological studies (Papah et al., 2017) as well as gene expression of WBD-affected tissues (Mutryn et al., 2015; Papah et al., 2018), which may be a factor of the stiffness of WBD-affected muscle (Mudalal et al., 2014; Soglia et al., 2016). Studies confirm increased collagen content throughout the bodies of male chickens, including the P. major muscle (Granot et al., 1991; Sakakibara et al., 2010). Males’ increased propensity for connective tissue proliferation may be an important factor in their increased susceptibility to WBD.

As an example, connective tissue growth factor (CTGF), upregulated in males, is highly fibrogenic. It stimulates connective tissue proliferation and extracellular matrix (ECM) development, and is overexpressed in many fibrotic lesions (Rachfal and Brigstock, 2003). Additionally, CTGF has been identified as being transcriptionally regulated by transforming growth factor-beta (TGF-β) (Rachfal and Brigstock, 2003), which was also predicted by IPA to be an activated upstream regulator in male broilers. Transforming growth factor beta-induced (TGFBI) is upregulated in males as well, and plays key roles in ECM development and ECM-muscle cytoskeleton interactions in mice and humans, as well as myofiber growth and myofibril bundling in zebrafish embryos (Kim and Ingham, 2009).

Additionally, periostin (POSTN) was upregulated in males. POSTN is most well-known for its involvement in osteogenesis but is also expressed in collagen-rich connective tissues throughout the body—mostly those that are subjected to constant mechanical stress (Norris et al., 2007). Considering the physical stress put on the P. major during its rapid growth in modern broilers, it is reasonable to hypothesize that the increased expression of POSTN in males could contribute to higher collagen content in male broiler breast muscles, as well as increasing their susceptibility to WBD. This hypothesis may be supported by upregulation of small muscle protein x-linked (SMPX) and nuclear receptor subfamily 4 group A member 3 (NR4A3) in male broilers. SMPX is a gene regulated downstream of NR4A3 and is involved in muscle regulation. The exact mechanism of SMPX isn’t currently clear, as there are conflicting studies arguing whether or not it is involved in muscle growth and differentiation (Eftestøl et al., 2014; Ferrán et al., 2016). However, there are studies suggesting that SMPX may be related to mechanical stress (Eftestøl et al., 2014), supporting the idea that increased biomechanical stress in the breast muscle may be a contributing factor to differential expression of genes between regions of the muscle and sexes of birds, as well as contributing to the development of WBD.

Additional DEGs (males vs. females) indicated as being involved in connective tissue proliferation by IPA include tenomodulin (TNMD), ret proto-oncogene (RET), histidine triad nucleotide binding protein 1 (HINT1), x-ray repair cross-complementing 4 (XRCC4), RAS P21 protein activator 1 (RASA1), thioredoxin (TXN), cyclin D3 (CCND3), nephroblastoma-overexpressed gene (NOV), ADIPOQ, fibulin 1 (FBLN1), Dickkopf WNT signaling pathway inhibitor 3 (DKK3), and klotho (KL).

Muscle Development

As previously explained, a key predisposing factor of WBD is increased muscle growth rates and yields in modern broiler chickens. By examining genes involved in muscle growth we seek to find differences in expression that could explain the cause of increased growth rates and muscle yields in male broilers and the cranial aspect of the breast muscle.

Unexpectedly, F-box 32 (FBXO32) was upregulated in male broilers. This is unusual because FBXO32 is involved in muscle atrophy by behaving as a ubiquitin protein ligase and enhancing proteolysis (Gomes et al., 2001). Increased expression of FBXO32 could be a response to muscle damage caused by oxidative stress, or by hypoxia as hypothesized by Mutryn et al. (2015).

While there are some DEGs involved in muscle growth in cranial vs. caudal and male vs. female analysis, there are many genes with key roles in growth that don’t exhibit differential expression in either analysis, such as insulin-like growth factors 1 and 2 (IGF-1 and IGF-2), fibroblast growth factor (FGF), hepatocyte growth factor (HGF), platelet-derive growth factor (PDGF), myostatin (MSTN), myogenin (MYOG), and myoferlin (MYOF) (McFarland, 1999). This makes it difficult to draw any conclusions on the involvement of differential gene expression at week 3 post-hatch in increased growth in male broilers and the cranial aspect of the breast muscle.

Rather than differential gene expression at 3 weeks of age mediating increased growth in male birds and the cranial region of the muscle, it is possible that differences in muscle growth are caused by the morphology of the muscle fibers themselves, decided before 3 weeks of age. Smith and Fletcher (1987) found that myofibers in the cranial region of the pectoralis major muscle had significantly smaller cross-sectional areas than those in the caudal region, suggesting a higher myofiber density in the cranial region. Additionally, studies also report a higher myofiber density and number in the muscles of male chickens both pre- and post-hatch, as well as reporting as smaller average cross-sectional area in male myofibers than in females (Henry and Burke, 1998; Scheuermann et al., 2003). The larger number of myofibers in modern male broiler chickens and the cranial aspect of the breast muscle could contribute to their increased growth rate and mass.

Z Chromosome

Out of the 189 genes upregulated in the pectoralis major of male broilers, 103 are located on the Z chromosome. Because we aimed to uncover the biological basis of increased growth rates in male broiler chickens, differential expression of genes on the sex chromosomes is of particular interest to us. In birds, the sex chromosomes are “W” and “Z,” with females being heterogametic (ZW) and males homogametic (ZZ).

Dosage compensation is a mechanism that balances gene expression on sex chromosomes between males and females to compensate for differences in expression caused by differences in copy numbers of the sex chromosomes (Nguyen and Disteche, 2006). However, it has been found that the dosage compensation mechanism in birds is not as effective as it is in mammals. While the male-to-female ratio for expression of X-linked genes in mammals is typically close to 1.00 (Nguyen and Disteche, 2006), the male-to-female ratio for expression of Z-linked genes in birds has been reported to be between 1.4 and 1.6 by Ellegren et al. (2007), and between 1.33 and 1.58 by Itoh et al. (2007). In agreement to these findings, a recent study from our laboratory reported that genes on the Z chromosome in male broiler chickens are expressed 1.35 times higher than that in females (Zhuo et al., 2017). As shown in Figure 5, DEGs on the Z chromosome show more uniform log 2 fold-change values than DEGs on autosomes. In addition, except one gene (not shown in Figure 5), all DEGs on Z chromosome are expressed higher in males with a mean fold-change value of 1.84 (log 2 fold-change = 0.88). Collectively, these findings suggest that the copy number of the Z chromosome is likely to be responsible for higher expression of these genes in males.


[image: image]

FIGURE 5. Log2 fold-change of differentially expressed genes separated by whether they are located on an autosome or the Z chromosome. Notice the consistency in log2-fold-change values of genes on the Z chromosome.



The inherent upregulation of Z-linked genes in male birds may provide some insight on the cause of increased WBD susceptibility in male broilers. IPA provided a network of differentially expressed genes between males and females related to growth. However, very few of these genes could be related to body size or muscle growth. As an example, heat shock protein family B member 3 (HSPB3) is upregulated in males in our dataset. It is known to be highly expressed during myogenic differentiation and plays a role as a “quality control” factor (Sugiyama et al., 2000). Higher HSPB3 expression may reflect increased myogenic activity in male broilers, but it does not explain it.

There weren’t many upregulated Z-linked genes involved in muscle and body growth, but we found that there were several upregulated Z-linked genes in males that were related to fat metabolism and deposition, including PLIN2, LPL, ACAA2, ALC44A1, RPP25L, HINT1, and AP3B1. This suggests a possibility that male broilers innately perform more lipid metabolizing activities, which corresponds with the hypothesis that a metabolic shift toward increased lipid metabolism may play a role in WBD development.

It should be noted that this innate difference in fat metabolism between the sexes is most likely unrelated to hormonal differences. Rather, it is likely driven by cell-autonomous sex differences in gene expression. In birds, somatic cells have inherent sex identities, and different “sexes” of cells can respond differently to the same profile of gonadal hormones (Zhao et al., 2010). In addition to the avian cell-autonomous sex identity phenomenon, it has been implicated that sex hormone levels in birds may not contribute to juvenile growth or body weight differences between the sexes. A study by Burke and Edwards (1994) found that male turkeys castrated early in life did not demonstrate significantly different body weights at 3, 6, 9, 12, or 15 weeks of age from their uncastrated counterparts, suggesting that testosterone levels do not have an effect on the growth rate or body mass of poultry.

CONCLUSION

Through RNA-sequencing and analysis using DAVID and IPA, we were able to identify differences in gene expression between male and female broiler chickens, as well as the cranial and caudal aspects of the P. major muscle, that lead us to identify potential factors involved in different susceptibility to WBD between sexes of birds and regions of the breast muscle. Upregulation of genes involved in fat metabolism and deposition, vascular lesions and antiangiogenesis, and oxidative stress responses in males give us insight into the predisposing factors that may make male broilers more susceptible to WBD. Predicted changes in the activation states of transcription regulators, upstream enzymes and kinases, etc., suggest that gene expression changes observed in the current study could be linked to alteration in the activity of a few upstream regulators. Importantly, differential expression of genes on the Z-chromosome may be due to a lack of complete dosage compensation.

Though there were few differentially expressed genes identified in the cranial versus caudal analysis, there is some upregulation of genes involved in fat metabolism and muscle development in the cranial aspect of the muscle. However, we are reluctant to conclude that this reflects the mechanism of increased growth in the cranial aspect, because many key genes involved in regulating muscle growth are not differentially expressed in cranial vs. caudal or male vs. female analysis.

Unaffected birds for the current study were selected through gross and histological evaluation; however, there is a possibility that the development of WBD has started in these samples at a molecular level, and hence, some of the findings in the current study may be relevant to the onset of molecular perturbations ultimately leading to cellular and tissue damage in WBD. In agreement with this conclusion, the data collected in this project correlates with data from previous analyses of WBD-affected birds (Mutryn et al., 2015), including early developmental stages of WBD (Papah et al., 2018). However, as suggested above, some of the findings in the current study, such as higher expression of genes on Z chromosome in males, may be relevant to fundamental biological sex differences in modern broilers. Future studies with a heritage line of broilers in which WBD is not known to occur may be of interest to verify whether such differences are also present in slow-growing lines of chickens.

DATA AVAILABILITY

The RNA-seq data generated and analyzed for this study is deposited in NCBI’s Sequence Read Archive (Study Accession No. SRP198866 and Bioproject Accession No. PRJNA543674).

ETHICS STATEMENT

Animal protocols for this study were approved by the University of Delaware Institutional Animal Care and Use Committee.

AUTHOR CONTRIBUTIONS

BA conceptualized and oversaw the study, contributed to the scientific discussion, and revised the manuscript. BB performed RNA isolation, contributed to preparation of cDNA libraries, conducted IPA and DAVID analysis, and wrote the original draft of the manuscript. MP conducted histopathological examination of muscle samples and drafted its relevant literature in the Section“Selection and Identification of Samples for RNA Sequencing.” ZZ contributed to preparation of the cDNA libraries and conducted bioinformatic (RNA-seq) analysis.

FUNDING

This project was supported by the Agriculture and Food Research Initiative Competitive Grant No. 2016-67015-25027 from the USDA National Institute of Food and Agriculture. Funding for the support of BIOMIX was received from the Delaware INBRE (NIGMS P20GM103446), the State of Delaware, and the Delaware Biotechnology Institute.

ACKNOWLEDGMENTS

We gratefully acknowledge the in-kind support by Cobb-Vantress Inc., in providing hatching eggs. We appreciate RNA sequencing services provided by the University of Delaware DNA Sequencing and Genotyping Center at the Delaware Biotechnology Institute (DBI). RNA-seq data was analyzed on DBI’s shared computing cluster—BIOMIX. We also thank the members in Dr. Abasht’s laboratory for assistance with animal experiment, samples and data collection, and data visualization.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphys.2019.00764/full#supplementary-material

REFERENCES

Abasht, B., Mutryn, M. F., Michalek, R. D., and Lee, W. R. (2016). Oxidative stress and metabolic perturbations in wooden breast disorder in chickens. PLoS One 11:e0153750. doi: 10.1371/journal.pone.0153750

Abasht, B., Zhou, N., Lee, W. R., Zhuo, Z., and Peripolli, E. (2019). The metabolic characteristics of susceptibility to wooden breast disease in chickens with high feed efficiency. Poul. Sci. doi: 10.3382/ps/pez183

Anderson, E. J., and Neufer, P. D. (2006). Type II skeletal myofibers possess unique properties that potentiate mitochondrial H2O2 generation. Am. J. Physiol. Cell Physiol. 290, C844–C851.

Bailey, R. A., Watson, K. A., Bilgili, S. F., and Avendano, S. (2015). The genetic basis of pectoralis major myopathies in modern broiler chicken lines. Poult. Sci. 94, 2870–2879. doi: 10.3382/ps/pev304

Betteridge, D. J. (2000). What is oxidative stress? Metabolism 49, 3–8. doi: 10.1016/s0026-0495(00)80077-3

Burke, W. H., and Edwards, H. M. (1994). Effect of castration on body weight, muscle growth, and bone characteristics of male Nicholas strain turkeys. Poult. Sci. 73, 457–463. doi: 10.3382/ps.0730457

Chan, K., Lam, K. S., Cheng, O., Kwan, J. S., Ho, P. W., Cheng, K. K., et al. (2012). Adiponectin is protective against oxidative stress induced cytotoxicity in amyloid-beta neurotoxicity. PLoS One 7:e52354. doi: 10.1371/journal.pone.0052354

Clark, D. L., and Velleman, S. G. (2016). Spatial influence on breast muscle morphological structure, myofiber size, and gene expression associated with wooden breast myopathy in broilers. Poult. Sci. 95, 2930–2945. doi: 10.3382/ps/pew243

Clark, D. L., Walter, K. G., and Velleman, S. G. (2017). Incubation temperature and time of hatch impact broiler muscle growth and morphology. Poult. Sci. 96, 4085–4095. doi: 10.3382/ps/pex202

Cooke, M. S., Evans, M. D., Dizdaroglu, M., and Lunec, J. (2003). Oxidative DNA damage: mechanisms, mutation and disease. FASEB J. 17, 1195–1214. doi: 10.1096/fj.02-0752rev

Crawford, R. R., Prescott, E. T., Sylvester, C. F., Higdon, A. N., Shan, J., Kilberg, M. S., et al. (2015). Human CHAC1 protein degrades glutathione, and mRNA induction is regulated by the transcription factors ATF4 and ATF3 and a bipartite ATF/CRE regulatory element. J. Biol. Chem. 290, 15878–15891. doi: 10.1074/jbc.M114.635144

Dalle Zotte, A., Tasoniero, G., Puolanne, E., Remignon, H., Cecchinato, M., Catelli, E., et al. (2017). Effect of wooden breast appearance on poultry meat quality, histological traits, and lesions characterization. Czech J. Anim. Sci. 62, 51–57. doi: 10.17221/54/2016-cjas

Eftestøl, E., Alver, T. N., Gundersen, K., and Bruusgaard, J. C. (2014). Overexpression of SMPX in adult skeletal muscle does not change skeletal muscle fiber type or size. PLoS One 9:e99232. doi: 10.1371/journal.pone.0099232

Ellegren, H., Hultin-Rosenberg, L., Brunström, B., Dencker, L., Kultima, K., and Scholz, B. (2007). Faced with inequality: chicken do not have a general dosage compensation of sex-linked genes. BMC Biol. 5:40. doi: 10.1186/1741-7007-5-40

Esmon, C. T. (2005). The interactions between inflammation and coagulation. Br. J. Haematol. 131, 417–430. doi: 10.1111/j.1365-2141.2005.05753.x

Febbraio, M., Hajjar, D. P., and Silverstein, R. L. (2001). CD36: a class B scavenger receptor involved in angiogenesis, atherosclerosis, inflammation, and lipid metabolism. J. Clin. Invest. 108, 785–791. doi: 10.1172/jci14006

Ferrán, B., Martí-Pàmies, I., Alonso, J., Rodríguez-Calvo, R., Aguiló, S., Vidal, F., et al. (2016). The nuclear receptor NOR-1 regulates the small muscle protein, X-linked (SMPX) and myotube differentiation. Sci. Rep. 6:25944. doi: 10.1038/srep25944

Gene (2004). National Center for Biotechnology Information. Bethesda, MD: National Library of Medicine (US). Available at: https://www.ncbi.nlm.nih.gov/gene/

Gomes, M. D., Lecker, S. H., Jagoe, R. T., Navon, A., and Goldberg, A. L. (2001). Atrogin-1, a muscle-specific F-box protein highly expressed during muscle atrophy. Proc. Natl. Acad. Sci. U.S.A. 98, 14440–14445. doi: 10.1073/pnas.251541198

Granot, I., Pines, M., Plavnik, I., Wax, E., Hurwitz, S., and Bartov, I. (1991). Skin tearing in broilers in relation to skin collagen: effect of sex, strain, and diet. Poult. Sci. 70, 1928–1935. doi: 10.3382/ps.0701928

Griffin, J. R., Moraes, L., Wick, M., and Lilburn, M. S. (2018). Onset of white striping and progression into wooden breast as defined by myopathic changes underlying Pectoralis major growth. Estimations of growth parameters as predictors for stage of myopathy progression. Avian Pathol. 47, 2–13. doi: 10.1080/03079457.2017.1356908

Henry, M. H., and Burke, W. H. (1998). Sexual dimorphism in broiler chick embryos and embryonic muscle development in late incubation. Poult. Sci. 77, 728–736. doi: 10.1093/ps/77.5.728

Huang, D. W., Sherman, B. T., and Lempicki, R. A. (2009a). Bioinformatics enrichment tools: paths toward the comprehensive functional analysis of large gene lists. Nucleic Acids Res. 1, 1–13. doi: 10.1093/nar/gkn923

Huang, D. W., Sherman, B. T., and Lempicki, R. A. (2009b). Systemic and integrative analysis of large gene lists using DAVID bioinformatic resources. Nat. Protoc. 4, 44–57. doi: 10.1038/nprot.2008.211

Huggins, C. J., Mayekar, M. K., Martin, N., Saylor, K. L., Gonit, M., Jailwala, P., et al. (2016). C/EBPγ is a critical regulator of cellular stress response networks through heterodimerization with ATF4. Mol. Cell. Biol. 36, 693–713. doi: 10.1128/MCB.00911-15

Itoh, Y., Melamed, E., Yang, X., Kampf, K., Wang, S., Yehya, N., et al. (2007). Dosage compensation is less effective in birds than in mammals. J. Biol. 6:2. doi: 10.1186/jbiol53

Kim, H. R., and Ingham, P. W. (2009). The extracellular matrix protein TGFBI promotes myofibril bundling and muscle fibre growth in the zebrafish embryo. Dev. Dyn. 238, 56–65. doi: 10.1002/dvdy.21812

Krämer, A., Green, J., Pollard, J., and Tugendreich, S. (2014). Casual analysis approaches in ingenuity pathway analysis. Bioinformatics 30, 523–530. doi: 10.1093/bioinformatics/btt703

Kranen, R. W., Van Kuppevelt, T. H., Goedhart, H. A., Veerkamp, C. H., Lambooy, E., and Verkamp, J. H. (1999). Hemoglobin and myoglobin content in muscles of broiler chickens. Poult. Sci. 78, 467–476. doi: 10.1093/ps/78.3.467

Kuttappan, V. A., Brewer, V. B., Apple, J. K., Waldroup, P. W., and Owens, C. M. (2012). Influence of growth rate on the occurrence of white striping in broiler breast fillets. Poult. Sci. 91, 2677–2685. doi: 10.3382/ps.2012-02259

Lawler, J. (2000). The functions of thrombospondin-1 and -2. Curr. Opin. Cell Biol. 12, 634–640. doi: 10.1016/s0955-0674(00)00143-5

Leenstra, F. R. (1986). Effect of age, sex, genotype and environment on fat deposition in broiler chickens—a review. World Poul. Sci. J. 42, 12–25. doi: 10.1079/wps19860002

Lemberger, T., Desvergne, B., and Wahli, W. (1996). Peroxisome proliferator-activated receptors: a nuclear receptor signaling pathway in lipid physiology. Annu. Rev. Cell Dev. Biol. 12, 335–363. doi: 10.1146/annurev.cellbio.12.1.335

Lorenzi, M., Mudalal, S., Cavani, C., and Petracci, M. (2014). Incidence of white striping under commercial conditions in medium and heavy broiler chickens in Italy. J. Appl. Poul. Res. 23, 754–758. doi: 10.3382/japr.2014-00968

McFarland, D. C. (1999). Influence of growth factors on poultry myogenic satellite cells. Poult. Sci. 78, 747–758. doi: 10.1093/ps/78.5.747

Meloche, K. J., Fancher, B. I., Emmerson, D. A., Bilgili, S. F., and Dozier, W. A. (2018a). Effects of reduced digestible lysine density on myopathies of the pectoralis major muscles in broiler chickens at 48 and 62 days of age. Poult. Sci. 97, 3311–3324. doi: 10.3382/ps/pey171

Meloche, K. J., Fancher, B. I., Emmerson, D. A., Bilgili, S. F., and Dozier, W. A. (2018b). Effects of reduced dietary energy and amino acid density on pectoralis major myopathies in broiler chickens at 36 and 49 days of age 1. Poult. Sci. 97, 1794–1807. doi: 10.3382/ps/pex454

Meloche, K. J., Fancher, B. I., Emmerson, D. A., Bilgili, S. F., and Dozier, W. A. (2018c). Effects of quantitative nutrient allocation on myopathies of the Pectoralis major muscles in broiler chickens at 32, 43, and 50 days of age. Poult. Sci. 97, 1786–1793. doi: 10.3382/ps/pex453

Mudalal, S., Babini, E., Cavani, C., and Petracci, M. (2014). Quantity and functionality of protein fractions in chicken breast fillets affected by white striping. Poult. Sci. 93, 2108–2116. doi: 10.3382/ps.2014-03911

Mudalal, S., Lorenzi, M., Soglia, F., Cavani, C., and Petracci, M. (2015). Implications of white striping and wooden breast abnormalities on quality traits of raw and marinated chicken meat. Animal 9, 728–734. doi: 10.1017/S175173111400295X

Mungrue, I. N., Pagnon, J., Kohannim, O., Gargalovic, P. S., and Lusis, A. J. (2009). CHAC1/MGC4504 is a novel proapoptotic component of the unfolded protein response, downstream of the ATF4-ATF3-CHOP cascade. J. Immunol. 182, 466–476. doi: 10.4049/jimmunol.182.1.466

Mutryn, M., Brannick, E., Fu, W., Lee, W., and Abasht, B. (2015). Characterization of a novel chicken muscle disorder through differential gene expression and pathway analysis using RNA-sequencing. BMC Genomics 16:399. doi: 10.1186/s12864-015-1623-0

Nelson, D. L., and Cox, M. M. (2008). Oxidation of Fatty Acids. Lehninger Principles of Biochemistry, 5th Edn. New Yorkm, NY: W.H. Freeman and Company, 652–655.

Nguyen, D. K., and Disteche, C. M. (2006). Dosage compensation of the active X chromosome in mammals. Nat. Genet. 38, 47–53. doi: 10.1038/ng1705

Nishinaka, Y., Masutani, H., Nakamura, H., and Yodoi, J. (2013). Regulatory roles of thioredoxin in oxidative stress-induced cellular responses. Redox Rep. 6, 289–295. doi: 10.1179/135100001101536427

Norris, R. A., Damon, B., Mironov, V., Kasyanov, V., Ramamurthi, A., Moreno-Rodriguez, R., et al. (2007). Periostin regulates collagen fibrillogenesis and the biomechanical properties of connective tissues. J. Cell Biochem. 101, 695–711. doi: 10.1002/jcb.21224

Ono, Y., Iwamoto, H., and Takahara, H. (1993). The relationship between muscle growth and the growth of different fiber types in the chicken. Poult. Sci. 72, 568–576. doi: 10.3382/ps.0720568

Palamiuc, L., Schlagowski, A., Ngo, S. T., Vernay, A., Dirrig-Grosch, S., Henriques, A., et al. (2015). A metabolic switch toward lipid use in glycolytic muscle is an early pathologic event in a mouse model of amyotrophic lateral sclerosis. EMBO Mol. Med. 7, 526–546. doi: 10.15252/emmm.201404433

Papah, M. B., Brannick, E. M., Schmidt, C. J., and Abasht, B. (2017). Evidence and role of phlebitis and lipid infiltration in the onset and pathogenesis of wooden breast disease in modern broiler chickens. Avian Pathol. 46, 623–643. doi: 10.1080/03079457.2017.1339346

Papah, M. B., Brannick, E. M., Schmidt, C. J., and Abasht, B. (2018). Gene expression profiling of the early pathogenesis of wooden breast disease in commercial broiler chickens usin g RNA-sequencing. PLoS One 13:e0207346. doi: 10.1371/journal.pone.0207346

Petracci, M., Mudalal, S., Bonfiglio, A., and Cavani, C. (2013). Occurrence of white striping under commercial conditions and its impact on breast meat quality in broiler chickens. Poult. Sci. 92, 1670–1675. doi: 10.3382/ps.2012-03001

Rachfal, A. W., and Brigstock, D. R. (2003). Connective tissue growth factor (CTGF/CCN2) in hepatic fibrosis. Hepatol. Res. 26, 1–9. doi: 10.1016/s1386-6346(03)00115-3

Remignon, H., Gardahaut, M. F., Marche, G., and Ricard, F. H. (1994). Selection for rapid growth increases the number and the size of muscle fibres without changing their typing in chickens. J. Muscle Res. Cell Motil. 16, 95–102. doi: 10.1007/bf00122527

Russo, E., Drigo, M., Longoni, C., Pezzotti, R., Fasoli, P., and Recordati, C. (2015). Evaluation of white striping prevalence and predisposing factors in broilers at slaughter. Poult. Sci. 94, 1843–1848. doi: 10.3382/ps/pev172

Sakakibara, K., Tabata, S., Shiba, N., Gotoh, T., Nishimura, S., and Iwamoto, H. (2010). Myofibre composition and total collagen content in M. iliotibialis lateralis and M. pectoralis of Silkie and White Leghorn chickens. Br. Poult. Sci. 41, 570–574. doi: 10.1080/713654983

Scheuermann, G. N., Bilgili, S. F., Hess, J. B., and Mulvaney, D. R. (2003). Breast muscle development in commercial broiler chickens. Poult. Sci. 82, 1648–1658. doi: 10.1093/ps/82.10.1648.

Sihvo, H. K., Airas, N., Lindén, J., and Puolanne, E. (2018). Pectoral vessel density and early ultrastructural changes in broiler chicken wooden breast myopathy. J. Comp. Pathol. 161, 1–10. doi: 10.1016/j.jcpa.2018.04.002

Sihvo, H. K., Immonen, K., and Puolanne, E. (2014). Myodegeneration with fibrosis and regeneration in the pectoralis major muscle of broilers. Vet. Pathol. 51, 619–623. doi: 10.1177/0300985813497488

Smathers, R. L., and Petersen, D. R. (2011). The human fatty acid-binding protein family: evolutionary divergences and functions. Hum. Genomics 5, 170–191.

Smith, D. P., and Fletcher, D. L. (1987). Chicken breast muscle fiber type and diameter as influenced by age and intramuscular location. Poult. Sci. 67, 908–913. doi: 10.3382/ps.0670908

Soglia, F., Laghi, L., Canonico, L., Cavani, C., and Petracci, M. (2016). Function property issues in broiler breast meat related to emerging muscle abnormalities. Food Res. Int. 89, 1071–1076. doi: 10.1016/j.foodres.2016.04.042

Sugiyama, Y., Suzuki, A., Kishikawa, M., Akutsu, R., Hirose, T., Waye, M. M. Y., et al. (2000). Muscle develops a specific form of small heat shock protein complex composed of MKBP/HSPB2 and HSPB3 during myogenic differentiation. J. Biol. Chem. 275, 1095–1104. doi: 10.1074/jbc.275.2.1095

Tatara, M. R., Brodzki, A., Pyz-Lukasik, R., Pasternak, K., and Szpetnar, M. (2012). Sex-related differences in skeletal muscle amino acid concentrations in 20 week old turkeys. Jpn. Poul. Sci. Assoc. 49, 219–223. doi: 10.2141/jpsa.011099

Tolsma, S. S., Volvert, O. V., Good, D. J., Frazier, W. A., Polverini, P. J., and Bouck, N. (1993). Peptides derived from two separate domains of the matrix protein thrombospondin-1 have anti-angiogenic activity. J. Cell Biol. 122, 497–511. doi: 10.1083/jcb.122.2.497

Trocino, A., Piccirillo, A., Birolo, M., Radaelli, G., Bertotto, D., Filiou, E., et al. (2015). Effect of genotype, gender, and feed restriction on growth, meat quality, and the occurrence of white striping and wooden breast in broiler chickens. Poult. Sci. 94, 2996–3004. doi: 10.3382/ps/pev296

Verdiglione, R., and Cassandro, M. (2013). Characterization of muscle fiber type in the pectoralis major muscle of slow-growing local and commercial chicken strains. Poult. Sci. 92, 2433–2437. doi: 10.3382/ps.2013-03013

Voshol, P. J., Jong, M. C., Dahlmans, V. E. H., Kratky, D., Levak-Frank, S., Zechner, R., et al. (2001). In muscle-specific lipoprotein lipase-overexpressing mice, muscle triglyceride content is increased without inhibition of insulin-stimulated whole-body and muscle-specific glucose uptake. Diabetes 50, 2585–2590. doi: 10.2337/diabetes.50.11.2585

Zambonelli, P., Zappaterra, M., Soglia, F., Petracci, M., Sirri, F., Cavani, C., et al. (2016). Detection of differentially expressed genes in broiler pectoralis major muscle affected by white striping – wooden breast myopathies. Poult. Sci. 95, 2771–2785. doi: 10.3382/ps/pew268

Zhang, W., Bai, S., Liu, D., Cline, M. A., and Gilbert, E. R. (2015). Neuropeptide Y promotes adipogenesis in chicken adipose cells in vitro. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 181, 62–70. doi: 10.1016/j.cbpa.2014.11.012

Zhao, D., McBride, D., Nandi, S., McQueen, H. A., McGrew, M. J., Hocking, P. M., et al. (2010). Somatic sex identity is cell autonomous in the chicken. Nature 464, 237–242. doi: 10.1038/nature08852

Zhou, N., Lee, W. R., and Abasht, B. (2015). Messenger RNA sequencing and pathway analysis provide novel insights into the biological basis of chickens’ feed efficiency. BMC Genomics 16:195. doi: 10.1186/s12864-015-1364-0

Zhuo, Z., Lamont, J., and Abasht, B. (2017). RNA-seq analyses identify frequent allele specific expression and no evidence of genomic imprinting in specific embryonic tissues of chicken. Sci. Rep. 7:11944. doi: 10.1038/s41598-017-12179-9

Zhuo, Z., Lamont, J., Lee, W. R., and Abasht, B. (2015). RNA-seq analysis of abdominal fat reveals differences between modern commercial broiler chickens with high and low feed efficiencies. PLoS One 10:e0135810. doi: 10.1371/journal.pone.0135810

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Brothers, Zhuo, Papah and Abasht. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fphys-10-00764-g004.jpg





OPS/images/fphys-10-00764-g005.jpg
Log2 Fold Change

10

A
a A
Ay G G A A =
A A A A A
A, A At a faa m i AM“ A A AAA Laa IO P T T W T TV TP L sl A A LA A‘.
Aaafaa’ s a “ b s PR P i a A aa s MM e FE RS a0 Sty W A b
W' Vg wW Wi g v "YW w
v A v a4 Vigy ¥
v v v Vv A v - v v
v v v v
v v
v
v

Origin
¢ Autosome
¢ Z Chromosome

Expression in Males
4 Higher
v Lower





OPS/images/fphys-10-00764-g002.jpg





OPS/images/fphys-10-00764-g003.jpg





OPS/images/fphys-10-00764-g001.jpg
Mean Weight (g)

5000
2000

4000

3000

2000 |

1000

— Male

21

28
Age (Days)

35

49






OPS/images/cross.jpg
3,

i





OPS/images/fphys-10-00764-t001.jpg
Cranial pectoral

Normal
Mild

Mild

Mild
Moderate
Moderate
Moderate
Severe
Total

Caudal pectoral

Normal
Normal
Mild
Moderate
Normal
Mild
Moderate
Moderate

Number of samples

- 4 4 NN oo

N
N






OPS/images/fphys-10-00764-t002.jpg
Bird ID# Sex Total body mass (g)

484951 M 1068
485058 M 982
485061 M 1000
484918 F 888
485060 F 846
485067 F 869






OPS/images/fphys-10-00764-t007.jpg
Upstream regulator

ACOX1
MYOD1
N-cor
CD44
MAPK9
CTNNB1
IL6

ERK
NCOA2
TGFB3
CEBPA
FOXO1
PPARA
NFE2L2

Molecule type

Enzyme

Transcription regulator
Group

Other

Kinase

Transcription regulator
Cytokine

Group

Transcription regulator
Growth factor
Transcription regulator
Transcription regulator
Ligand-dependent nuclear receptor
Transcription regulator

Activation Z-score

—2.45
—2.41
—2.22
2.00
2.00
2.00
2.07
2.20
2,22
2.24
2.35
2.42
2.54
2.58

Overlapping P-value

1.21E-03
4.70E-03
9.72E-05
6.62E-03
3.72E-02
2.32E-02
3.72E-02
3.61E-03
3.77E-04
1.96E-03
3.58E-03
5.54E-05
2.41E-05
2.32E-03





OPS/images/cover.jpg
, frontiers
in Physiology

RNA-Seq Analysis Reveals Spatial
and Sex Differences in Pectoralis
Major Muscle of Broiler Chickens
Contributing to Difference in
Susceptibility to Wooden
Breast Disease





OPS/images/fphys-10-00764-t008.jpg
Ontology

Coagulation

Cytokine production
Response to wounding
Cell adhesion

Foam cell differentiation
Lipid metabolism
Protein metabolism
Antiangiogenesis
Extracellular matrix organization
Tissue development
Immune response
Oxidative stress

Gene count

© o ~

e
o

[
N I S S et

P-value

4.41E-04
6.99E-04
1.76E-03
2.37E-03
3.19E-03
3.23E-03
3.89E-03
7.65E-03
8.66E-03
1.34E-02
1.35E-02
2 297E-02







OPS/images/fphys-10-00764-t003.jpg
Gene Caudal FPKM Cranial FPKM Log2 (fold change)!

PITX2 1.44 4.47 1.63
HOXA11 1.06 3.20 1.60
NRN1 2.81 7.93 1.50
PLIN1 3.98 9.52 1.26
FABP4 47.22 91.08 0.95
HBAD 37.58 70.28 0.90
KY 26.75 49.26 0.88
G0S2 49.17 90.03 0.87
FMOD 21.15 8.65 —1.29
COL12A1 4.76 1.59 —1.59
COL22A1 1.62 0.45 —1.76
COL11A1 6.14 1.71 —1.88

TA positive (or negative) log2 (fold change) signifies higher (or lower) expression of
the corresponding gene in the cranial aspect of the muscle.






OPS/images/fphys-10-00764-t004.jpg
Gene Female FPKM Male FPKM Log2 (Fold Change)

CHACH 1.58 14.28 3.22
ENSGALGO00000046114 0.85 7.23 3.09
c7 1.79 8.10 2.18
PDK4 1.96 8.71 2.16
NOV 0.41 1.79 212
RPL3L 1.69 6.98 2.04
CCK 3.22 12.08 1.91
FMOD 6.57 21.76 1.73
CSMD1 1.07 3.46 1.69
MT4 42.37 133.88 1.66
CD24 4.94 1.62 —1.60
TNNIH 22.05 6.96 —1.66
CLEC19A 4.09 1.29 —1.67
GCH1 4.95 1.33 —1.90
ENSGALG00000044018 3.19 0.83 —1.94
AMPH 9.26 2256 —2.04
ENSGALG00000036306 3.05 0.56 —2.45
RAPGEF4 3.51 0.46 —2.93
KCHIP2 214 0.27 —2.96
ENSGALGO00000029783 4.22 0.11 -5.22

! Excludes 13 genes with male FPKM values of less than 0.1, located on the W
chromosome or an unplaced scaffold. A positive (or negative) log2 (fold change)
signifies higher (or lower) expression of the corresponding gene in male birds.






OPS/images/fphys-10-00764-t005.jpg
Biological function

Diseases and disorders
Cancer

Organismal injury and
Abnormalities
Cardiovascular disease
Neurological disease
Gastrointestinal disease

Molecular and cellular
functions

Cell morphology

Lipid metabolism

Small molecule biochemistry
Molecular transport

Cell death and survival

Physiological system
development and function

Cardiovascular system
Development and function
Organ development

Organ morphology

Skeletal and muscular system
Development and function
Tissue morphology

P-value

7.86E-03 - 2.39E-08
7.86E-03 - 2.39E-08

7.86E-03 - 4.77E-07
7.86E-03 - 4.77E-07
7.73E-03 - 1.19E-06

7.86E-03 - 1.37E-06
7.86E-03 - 2.90E-06
7.86E-03 - 2.90E-06
7.73E-03 - 2.94E-06
7.86E-03 - 4.40E-06

7.86E-03 - 1.58E-07
7.66E-03 - 1.58E-07
7.86E-03 - 1.35E-06
7.86E-03 - 1.37E-06

7.73E-03 - 1.37E-06

Number of molecules

163
165

43
41
154

37
31
44
26
64

43
32
43
43

54





OPS/images/fphys-10-00764-t006.jpg
Canonical pathway

D-myo-inositol (1,4,5,6)-
tetrakisphosphate biosynthesis
D-myo-inositol (3,4,5,6)-
tetrakisphosphate biosynthesis
3-Phosphoinositide
Biosynthesis
3-Phosphoinositide
Degradation
D-myo-inositol-5-phosphate
Metabolism

Fatty acid p-oxidation |
superpathway of inositol
phosphate compounds
complement system

retinol biosynthesis

IGF-1 signaling

P-value

9.85E-04

9.85E-04

1.06E-03

1.59E-03

1.80E-03

2.00E-03
2.63E-03

3.05E-03
4.38E-03
9.84E-03

Molecules

6





OPS/images/logo.jpg
, frontiers
in Physiology





