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Commercial broilers represent a remarkable feat in the optimization of meat 

production, principally due to many generations of intensive artificial selection for 

economically important production traits such as rapid growth, high breast muscle 

yield, and low feed utilization. One of the unintended consequences of such selection 

among modern broiler chickens has been the relatively recent emergence of several 

muscle disorders mainly affecting the pectoralis major muscle and severely impacting 

meat quality. Two such myopathies, wooden breast and white striping, are the focus of 

this dissertation due to their high prevalence and economic importance. Severe 

wooden breast presents grossly as pale, enlarged, and palpably firm pectoralis major 

muscle, with visible signs of inflammation such as petechial hemorrhages and tissue 

edema. White striping, which often co-occurs with wooden breast and is considered by 

many to be part of the same disease spectrum, presents as fatty white striations 

running parallel to the muscle fiber. 

The overarching objective of this dissertation was to improve our 

understanding of the pathogenesis of wooden breast and white striping in modern 

commercial broiler chickens primarily using ‘omics technologies and techniques. 

However, the first section eschews primary research and instead presents a novel 

hypothesis on the etiology and pathogenesis of these myopathies founded in existing 

literature, unpublished data from our lab, and an examination of the intricacies of 

avian glucose transport and metabolism. It purports that evident dysfunction of 

glucose and lipid metabolism in wooden breast closely aligns with similar changes 
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 xviii 

associated with type 2 diabetes and metabolic syndrome in mammals, and that reliance 

on insulin-independent glucose transport in the skeletal muscle of chickens may 

produce the wooden breast phenotype in lieu of increased plasma glucose levels. The 

remaining studies investigated hematologic, metabolomic, transcriptomic, and 

genomic changes associated with development of the wooden breast phenotype in a 

crossbred commercial broiler population that was raised to 7 weeks of age and scored 

for both wooden breast and white striping. 

The first study assessed the association of wooden breast with perturbations in 

various venous blood parameters – blood gases, electrolytes, etc. – acquired through a 

rapid blood test and also examined changes in body weight distribution and lung 

morphology. Chickens with wooden breast were found to exhibit blood gas 

disturbances potentially indicative of insufficient respiratory gas exchange and 

elevated metabolism, including higher potassium and total carbon dioxide and lower 

oxygen saturation and pH. A microscopic comparison of lung tissues did not provide 

any evidence that lung morphology was a contributing factor, but affected broilers 

possessed a significantly heavier pectoralis major muscle and whole feathered wing 

compared to unaffected broilers, which could contribute to increased metabolic 

demand or impaired respiration. 

The second study involved untargeted metabolomic profiling of blood plasma 

in 250 male broilers to find metabolites associated with wooden breast and white 

striping and to identify plasma biomarkers that could be used as a diagnostic tool for 

future research. Two statistical approaches were employed to achieve the two distinct 

goals of this study – mixed linear modeling and stepwise feature selection for a 

support vector machine. The findings from this study revealed changes in histidine 



 xix 

metabolism, lipid metabolism, and nucleotide metabolism associated with wooden 

breast and found that metabolites associated with white striping were almost entirely a 

subset of those associated with wooden breast. The metabolite 3-methylhistidine, 

which is often used as an index of myofibrillar breakdown in skeletal muscle and is 

increased in plasma of individuals with uncontrolled diabetes mellitus, was the top 

metabolite for both wooden breast and white striping in our mixed linear model and 

was also the metabolite with highest marginal prediction accuracy (82%) for wooden 

breast in our support vector machine. The final support vector machine achieved a 

prediction accuracy of 94% using only 6 metabolites, supporting the use of plasma 

biomarkers as an objective and quantitative measure of wooden breast severity for 

future research. 

The third study looked at early changes in gene expression in the pectoralis 

major muscle associated with later development of wooden breast at market age. 

Biopsy samples of the left pectoralis major muscle were collected from birds at 14 

days of age, and birds were subsequently raised to 7 weeks of age to allow sample 

selection based on the wooden breast phenotype at market age. RNA sequencing was 

performed on 5 unaffected and 8 affected female chicken samples, and differential 

expression analysis found wooden breast status at market age to be associated mainly 

with increased lipid metabolism and altered calcium homeostasis at 2 weeks of age. 

The genes peroxisome proliferator-activated receptor gamma (PPARG) and 

lipoprotein lipase (LPL) were two of many lipid metabolism genes expressed higher in 

wooden breast affected birds, and encode proteins that function respectively as an 

important transcription factor for lipid uptake and adipogenesis and as the rate-limiting 

catalyst for hydrolysis of triglycerides in circulating lipoproteins. A large proportion 



 xx 

of differentially expressed genes were also found to be linked to type 2 diabetes in 

humans, with Ras related glycolysis inhibitor and calcium channel regulator (RRAD) 

perhaps the best example of this. This gene was originally named Ras-related 

associated with diabetes because it was identified via subtraction cloning as the only 

gene out of 4000 cDNA clones that was overexpressed in skeletal muscle of type 2 

diabetic individuals compared to non-diabetic or type 1 diabetic individuals. 

The fourth and final study was a genome-wide association study of nearly 

1200 broilers to investigate the genetic basis of wooden breast and white striping and 

identify candidate genes using genomic marker data. Heritability was estimated at 0.5 

for both wooden breast and white striping with high genetic correlation between them 

(0.9). The majority of quantitative trait loci identified for both myopathies were 

located in a ~8 Mb region of chicken chromosome 5, which has highly conserved 

synteny with a portion of human chromosome 11 containing a cluster of imprinted 

genes associated with growth and metabolic disorders such as type 2 diabetes and 

Beckwith-Wiedemann syndrome. Top candidate genes include potassium voltage-

gated channel subfamily Q member 1 (KCNQ1), involved in insulin secretion and 

cardiac electrical activity, lymphocyte-specific protein 1 (LSP1), involved in 

inflammation and immune response, and dynamin 2 (DNM2), involved in biphasic 

insulin secretion and associated with two congenital neuromuscular diseases in 

humans. 

Collectively, this dissertation frames the pathogenesis of wooden breast and 

white striping as closely related metabolic muscle disorders involving and potentially 

resulting from extensive dysregulation of glucose and lipid metabolism. Most 

importantly, this work emphasizes the systemic nature of these breast muscle disorders 
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and highlights the need for future research on other organs that likely contribute to 

myopathy development, including the pancreas, liver, and adipose tissue. 

 



 1 

INTRODUCTION 

This dissertation comprises a broad, but by no means exhaustive, study of 

molecular and physiological changes – DNA, RNA, metabolites, and blood gases – 

associated with two economically important muscle disorders of modern commercial 

broiler chickens called wooden breast and white striping. The two highlights of this 

work are undoubtedly (1) the novel hypothesis on the etiology and pathogenesis of 

wooden breast and white striping described in Chapter 2 and (2) the genome-wide 

association (GWA) study described in Chapter 6. Because Chapter 2 provides a 

relatively comprehensive review of the literature surrounding wooden breast and white 

striping, it would be redundant to provide additional background on these disorders 

here. Instead, the remainder of this introduction is dedicated to discussing some of the 

important considerations underlying the GWA study of Chapter 6, including 

genotyping, association testing, and interpretation of results. 

1.1 Genotyping  

Technologies for genotyping genetic variants generally fall into one of two 

categories, genomic sequencing or DNA probe-based microarrays. Several 

commercial microarrays currently exist for Gallus gallus, including the Axiom 

Genome-Wide Chicken Genotyping 600k array (Kranis et al., 2013) and the 60k 

Illumina SNP BeadChip (Groenen et al., 2011), which were both designed using 

individuals from several broiler and layer populations. Due to their low cost and 
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convenience, genotyping arrays are the most popular genotyping technology in GWA 

studies although their popularity is starting to wane as the cost of sequencing falls 

(Tam et al., 2019). Several drawbacks of DNA microarrays make next-generation 

sequencing (NGS)-based methods of genotyping more attractive for certain types of 

studies.  

One important limitation of microarrays is that they are designed using a specific 

population and therefore may not be representative of the genomic variation in the 

research population (Bumgarner, 2013). For example, the major chicken genotyping 

arrays were designed for use in western commercial broiler and layer populations and 

do not capture genomic variation in heritage chicken breeds or non-domesticated 

ancestors of the modern chicken (Liu et al., 2019). This is an even greater challenge 

for those who study non-model organisms which may require custom arrays, although 

there is support for cross-species applications such as the use of the Axiom 600k 

chicken array in several species of grouse (Minias et al. 2019).  

Another limitation of microarrays that is more relevant to the study described in 

Chapter 6 is their bias toward common variants with relatively high minor allele 

frequencies even though rare variants have been demonstrated to contribute substantial 

fractions of complex disease heritability (Bomba et al., 2017). This issue is mitigated 

by the use of newer high-density microarrays, which can be used alongside whole-

genome sequencing to impute low-frequency variants (Ros-Freixedes et al., 2020). 

However, many studies are still under-powered to detect significant effects of low-

frequency variants especially if effects sizes are small (Bomba et al., 2017).  

The GWA study described in this dissertation utilizes an NGS-based genotyping 

method called genotyping-by-sequencing (GBS), which involves constructing reduced 
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representation DNA libraries with restriction enzymes that target specific genomic 

sequences (Elshire et al., 2011). Compared to microarrays, some of the major 

advantages of this method are (1) the flexibility to target different areas of the genome 

depending on which restriction enzymes are used, (2) the ability to genotype without a 

pre-existing reference genome, and (3) the ability to lower costs by pooling samples 

and reducing genomic representation.  

The low-depth genotyping-by-sequencing (GBS) method described in Chapter 

6 (Dodds et al., 2015) has relatively high levels of missing data because it relies on a 

relatively low amount of sequence data, measured in sequence reads, for each 

individual. A reduction in the amount of sequence reads for an individual’s genome is 

accomplished by reducing the percentage of a genome that is targeted for sequencing 

or by reducing the number of reads at each locus (average read depth). A lower read 

depth reduces our ability to confidently determine the true genotype at a given locus 

and requires special treatment in genotype calling.  

The study described in Chapter 6 doesn’t have an exceedingly low average 

read depth, but the read depth varies considerably from locus to locus. To 

accommodate this variation, a Bayesian genotype caller such as PolyRad (Clark et al., 

2019) can be used to calculate the probability of each possible genotype informed by 

data other than just sequence reads (e.g. linkage disequilibrium and allele frequency). 

Genotype probabilities can then be converted to continuous genotype calls, which 

allow the uncertainty about a genotype to be reflected in the genotype call itself.  

1.2 Association Testing 

Mixed linear models (MLMs) are a highly popular method of testing for 

association in GWA studies because of their effectiveness in accounting for 
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relatedness among individuals (Zhou and Stephens, 2012). The inclusion of a random 

polygene effect with variance dependent on a kinship matrix reflecting genetic 

similarity across individuals eliminates the need for pedigree knowledge and mitigates 

the threat of spurious associations caused by cryptic relatedness and unknown 

admixture (Kang et al., 2008). A major challenge of MLMs, however, is the 

computational impracticality of explicitly accounting for pairwise relatedness with 

large sample sizes. To address this, several approximate methods have been developed 

to reduce computational time by, for example, using pre-estimated variance 

components or eigen decompositions of the genomic relatedness matrix (Kang et al., 

2010; Zhang et al., 2010; Zhou and Stephens, 2012). 

Mixed linear models are generally used to estimate additive genetic variation 

captured by markers in a dataset, but can also be utilized to estimate non-additive 

genetic variation such as dominance and gene-gene interactions, which can account 

for a high percentage of phenotypic variance. For example, in one GWA of daily 

weight gain in pigs, additive, dominance, and epistatic variance were found to 

contribute 35.7%, 5.6%, and 9.5% respectively to total phenotypic variance (Su et al., 

2012). Non-additive genetic variance is also expected to be higher in a crossbred 

population, like the study population used in this dissertation, compared to a pure line 

due to greater heterozygosity and lower linkage disequilibrium (Su et al., 2012).  

Non-additive genetic variance was not addressed in Chapter 6 of this 

dissertation, partly due to added complexity of working with continuous genotypes. 

Very few programs designed for association testing with MLMs permit the use of 

continuous genotypes. The tool used in Chapter 6, GCTA (Yang et al., 2011), required 

a patch to accommodate continuous genotypes and does not include functions to 
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estimate and partition dominant and epistatic variances. Additionally, dominance is 

more difficult to estimate with continuous genotypes because the genotype reflects 

both uncertainty as well as zygosity.  

1.3 Interpretation of Results 

Disease causing variants are generally not directly genotyped in GWA studies, 

which instead use a set of genetic variants, often single nucleotide polymorphisms 

(SNPs), distributed throughout the genome that serve as markers with known 

locations. A SNP with an allele state that is associated with the disease being studied 

may either be causal or highly correlated (in linkage disequilibrium; LD) with the 

causal allele (Hirschhorn and Daly, 2005). As was demonstrated by Fu et al. (Fu et al., 

2015), crossbred broiler populations like the sample population studied throughout 

this thesis, have much lower LD than their pure line grandparents. This is because the 

selection that produces a purebred animal or plant acts as a bottleneck in genetic 

diversity, increasing the frequency of certain alleles at each locus that produce 

desirable traits and reducing or even eliminating other alleles. As a result, purebred 

populations have higher homozygosity than crossbred populations as well as higher 

LD and longer haplotype blocks, or sections of genome where a specific set of alleles 

is frequently found together. 

The use of a 4-way crossbred population in this dissertation was intentional 

with regard to harnessing low LD for a higher resolution map of quantitative trait loci. 

In other words, significant SNPs are likely to be physically close to causal mutations. 

However, because LD is a very noisy statistic with large variation between genomic 

regions (Paigen and Petkov, 2010), the identification of candidate genes from genetic 

markers is sometimes an imprecise practice. Grouping SNPs into quantitative trait loci 
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is challenging for the same reason. It can be difficult to distinguish between multiple 

variants with smaller independent effects and a single variant of large effect that is in 

LD with numerous markers. 

Complicating matters further, most variants identified in GWA studies explain 

only a small proportion of heritability. This phenomenon, often called “missing 

heritability” is true even in well-powered studies with large sample sizes. Rare 

variants, small effect sizes, non-additive effects, epigenetics, and genetic linkage have 

all been proposed as contributors to missing heritability, in addition to complications 

with phenotype measurement (Manolio et al., 2009). Wooden breast is a perfect 

example of the latter issue, because not only is it difficult to consistently measure 

disease severity but we also must question (1) if what we call wooden breast is truly a 

collection of several disorders or (2) if the distinction between wooden breast and 

white striping is a false dichotomy. With all of this in mind, it’s important to realize 

that the GWA study described in Chapter 6 is just the beginning of our exploration of 

the genetic basis of wooden breast. The genetic architecture of such quantitative traits 

can be astoundingly complex, involving variation in thousands of genes interacting 

with the environment and each other. Every thrilling discovery just raises more 

questions to explore. 
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GLUCOLIPOTOXICITY: A PROPOSED ETIOLOGY FOR WOODEN 

BREAST AND RELATED MYOPATHIES IN COMMERCIAL BROILER 

CHICKENS 

(Juniper A. Lake & Behnam Abasht. Frontiers in Physiology, 11:169, (2020)). 

https://www.frontiersin.org/articles/10.3389/fphys.2020.00169/full  

2.1 Abstract 

Wooden breast is one of several myopathies of fast-growing commercial 

broilers that has emerged as a consequence of intensive selection practices in the 

poultry breeding industry. Despite the substantial economic burden presented to 

broiler producers worldwide by wooden breast and related muscle disorders such as 

white striping, the genetic and etiological underpinnings of these diseases are still 

poorly understood. Here we propose a new hypothesis on the primary causes of 

wooden breast that implicates dysregulation of lipid and glucose metabolism. Our 

hypothesis addresses recent findings that have suggested etiologic similarities between 

wooden breast and type 2 diabetes despite their phenotypic disparities. Unlike in 

mammals, dysregulation of lipid and glucose metabolism is not accompanied by an 

increase in plasma glucose levels but generates a unique skeletal muscle phenotype, 

i.e. wooden breast, in chickens. We hypothesize that these phenotypic disparities result 

from a major difference in skeletal muscle glucose transport between birds and 

mammals, and that the wooden breast phenotype most closely resembles 

complications of diabetes in smooth and cardiac muscle of mammals. Additional basic 

research on wooden breast and related muscle disorders in commercial broiler 

Chapter 2 

https://www.frontiersin.org/articles/10.3389/fphys.2020.00169/full
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chickens is necessary and can be informative for poultry breeding and production as 

well as for human health and disease. To inform future studies, this paper reviews the 

current biological knowledge of wooden breast, outlines the major steps in its 

proposed pathogenesis, and examines how selection for production traits may have 

contributed to its prevalence. 

2.2 Introduction 

The last half century has witnessed remarkable gains in commercial broiler 

production characterized primarily by rapid growth, high feed efficiency, and high 

breast muscle yield (Havenstein et al., 2003a, 2003b). Alongside improvements to 

production traits, intense breeding programs and enhanced management practices may 

have elicited the emergence of several muscle disorders among fast-growing broiler 

strains. Myopathies such as wooden breast, white striping, spaghetti meat, and dorsal 

cranial myopathy significantly impact meat quality, causing substantial economic 

losses in the poultry industry (Zimermann et al., 2012; Kuttappan et al., 2016; Baldi et 

al., 2018; Zanetti et al., 2018). Speculation on the causes of these muscle disorders has 

focused largely on impaired oxygen supply, buildup of metabolic waste, and 

overstretching or compartmentalization of the muscle due to sustained rapid growth of 

skeletal muscle and consequent vascular marginalization (Kuttappan et al., 2013; 

Mudalal et al., 2015; Dalle Zotte et al., 2017; Lilburn et al., 2018). While each of these 

may well be a contributing factor, a critical analysis of the literature and findings in 

our laboratory has prompted us to submit a new hypothesis. Here we propose that 

dysregulation of lipid and glucose metabolism is an important underlying cause of 

wooden breast and related muscle disorders in commercial broiler chickens (Figure 
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2.1). Moreover, we suggest that there are substantial similarities in the mechanistic 

underpinnings of wooden breast in broiler chickens and type 2 diabetes in mammals. 

 

 

Figure 2.1: A simplified schematic representation of the proposed pathogenesis of 

wooden breast and white striping in the pectoralis major muscle.  

A key difference between wooden breast in broilers and type 2 diabetes in mammals is 

the dependence on insulin-independent glucose transport in skeletal muscle of 

chickens. This results in unchanged or increased uptake of glucose from blood (star) 

even when glycolysis and glycogenesis are substantially downregulated and shunting 

of that glucose into alternative pathways that contribute to the wooden breast 

phenotype. 

 

2.3 Lipid Accumulation in Wooden Breast Phenotype 

Evidence of lipid accumulation (Papah et al., 2017) and altered lipid 

metabolism (Papah et al., 2018; Lake et al., 2019) early in the onset of wooden breast 

suggest that dysregulation of lipid metabolism is a key etiological feature of  the 

myopathy. Lipid accumulation in the pectoralis major of wooden breast affected 
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chickens is evident at the molecular, microscopic, and macroscopic levels. Affected 

breast muscle has an overall higher percent composition of fat (Soglia et al., 2016), an 

altered fatty acid profile (Gratta et al., 2019), and is substantially more likely than 

unaffected fillets to exhibit signs of white striping, characterized by fatty white 

striations running parallel to the muscle fiber that are visible to the naked eye 

(Tasoniero et al., 2016; Dalle Zotte et al., 2017). Microscopic evidence of lipid 

accumulation and its associated pathological changes includes the presence of lipid 

droplets, lipogranulomas, and lipid-laden foam cells in the pectoralis major as early as 

the first week of age (Papah et al., 2017). At the molecular level, metabolomic 

profiling of 7-week-old birds shows that affected tissues have higher levels of multiple 

long chain fatty acids, including palmitate, palmitoleate, stearate, and oleate, as well as 

accumulation of various phospholipid and triglycerides catabolites (Abasht et al., 

2016). Lipid accumulation is further supported by the upregulation of lipid 

metabolism genes in the pectoralis major of 2- and 3-week-old birds that were later 

diagnosed with wooden breast at 7 weeks of age (Papah et al., 2018; Lake et al., 

2019). These genes include fatty acid translocase (CD36), fatty acid binding protein 4 

(FABP4), lipoprotein lipase (LPL), and peroxisome proliferator-activated receptor 

gamma (PPARG) among others (Lake et al., 2019). Such studies provide 

overwhelming evidence of altered lipid metabolism in the pectoralis major of wooden 

breast affected broilers starting in early phases of the disease. 

Of the genes mentioned above, LPL stands out due to its encoded protein’s key 

role as a metabolic gatekeeper in terms of partitioning circulating lipids among tissues 

(Wang and Eckel, 2009). The LPL gene encodes lipoprotein lipase, an enzyme that 

attaches to the surface of vascular endothelial cells and serves as the rate-limiting 



 14 

catalyst for hydrolysis of triglycerides in two types of circulating lipoproteins – 

portomicrons/chylomicrons and very-low-density lipoproteins (VLDL) – providing 

non-esterified fatty acids and monoglycerides for use by surrounding tissues (Mead et 

al., 2002; Wang and Eckel, 2009). Regulation of LPL expression occurs in a tissue-

specific manner and alterations to LPL levels in one tissue can affect systemic nutrient 

partitioning by reducing substrate availability to other tissues (Wang and Eckel, 2009). 

Increased expression of LPL is a consistent and early signal of the overprovision of 

lipids to the pectoralis major in affected birds. LPL is upregulated in 2- and 3-week-

old broilers that later develop wooden breast (Papah et al., 2018; Lake et al., 2019), it 

has been proposed as a contributor to sex-linked differences in wooden breast 

incidence rate and severity (Brothers et al., 2019), and its increased expression in 

affected birds has been localized to the site where disease is first microscopically 

apparent – the endothelium of veins undergoing phlebitis (Papah and Abasht, 2019). 

Lipid accumulation in the pectoralis major has been consistently linked to 

wooden breast, but the mechanism by which it may be involved in the myopathy has 

not been sufficiently explored. Papah et al. (2017) pointed out the resemblance of the 

lipid infiltration and phlebitis of wooden breast to atherosclerosis, although symptoms 

are restricted to the veins of affected broilers. It has also been suggested that increased 

expression of lipid metabolism genes in the early stages of wooden breast may signify 

a pathogenetic relationship with metabolic syndrome and type 2 diabetes in humans 

(Lake et al., 2019). Ectopic fat deposition and the resulting lipotoxicity, specifically in 

skeletal muscle, are known to be major metabolic risk factors for type 2 diabetes and 

related conditions (Rasouli et al., 2007), and we believe they play an important 

etiological role in wooden breast and similar muscle disorders. However, an important 
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missing link between lipid accumulation and other aspects of the wooden breast 

phenotype is the fate of glucose in the pectoralis major. 

2.4 Lipotoxic Inhibition of Glycolysis and Glycogenesis 

The pectoralis major of wooden breast affected birds exhibits signs of severely 

altered glucose metabolism, specifically inhibition of glycolysis. This is strongly 

supported by lower levels of glycolytic intermediates, such as glucose-6-phosphate 

and fructose-6-phosphate, and glycolytic end products, such as pyruvate and lactate, in 

affected birds (Abasht et al., 2016). Glycogen levels are also significantly lower 

(Abasht et al., 2016), which discounts the idea that increased synthesis of glycogen 

(glycogenesis) from glucose-6-phosphate or decreased degradation (such as glycogen 

storage disease) cause the reduction in glycolytic intermediates and end products. 

Inhibition of glycolysis is also supported by downregulation of the glycolytic enzyme 

6-phosphofructo-2-kinase (PFKFB3) (Mutryn et al., 2015a) as well as the isoform 

primarily expressed in skeletal muscle, PFKFB1 (unpublished data), in 7-week-old 

affected birds. In that study, PFKFB3 and PFKFB1 were the only detected HIF1-

dependent gene that were downregulated rather than upregulated (Mutryn et al., 

2015a). The suppression of glycolysis in affected birds is actually at odds with a 

common hypothesis that hypoxia resulting from breast muscle growth and vascular 

deficiency is the primary cause of wooden breast and other breast muscle disorders in 

modern broilers (Boerboom et al., 2018; Sihvo et al., 2018; Livingston et al., 2019a; 

Petracci et al., 2019). Hypoxia is widely known to stimulate glycolysis in lieu of more 

oxygen-demanding means of ATP production (Semenza et al., 1994). What must be 

determined, then, is the trigger for altered glucose metabolism as well as the fate of 

glucose that doesn’t undergo glycolysis in the pectoralis major. 
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Reduced glucose uptake from plasma is an unlikely cause of reduced 

glycolysis as there is no difference in plasma glucose levels between affected and 

unaffected birds (Livingston et al., 2019a, 2019b) and expression of various glucose 

transporter genes is actually upregulated in the pectoralis major of affected birds 

(unpublished data). The liver has a major role in maintaining blood glucose levels, 

compensating for increased plasma glucose by synthesizing more hepatic glycogen 

(Hers, 1976). However, the livers of wooden breast affected birds also have lower 

glycogen content than livers of unaffected birds (Kawasaki et al., 2018). Although 

additional research on glucose uptake in wooden breast is required, this evidence 

suggests that glucose is taken up by the breast muscle, but not used for energy 

production or storage as fully as it is in unaffected birds. 

We believe that the observed decrease in glycolytic flux is primarily a result of 

cellular stress responses to lipid accumulation in the pectoralis major. When lipids 

accumulate in cells and tissues that are not adequately equipped to metabolize or store 

them, such as liver and muscle, they can activate a broad range of cellular stress and 

immune responses such as toll-like receptor (TLR) signaling (Lee and Hwang, 2006), 

increased production of reactive oxygen species (ROS) (Goglia and Skulachev, 2003), 

endoplasmic reticulum stress, and the unfolded protein response (Volmer and Ron, 

2015). These responses create deleterious effects, collectively referred to as 

lipotoxicity, and can destabilize metabolic functions such as glycolysis. In wooden 

breast, we believe oxidative stress is the key inhibitor of glycolysis based on 

downregulation of the glycolytic gene PFKFB3 in affected broilers (Mutryn et al., 

2015a). PFKFB3 encodes the enzyme that catalyzes the conversion of fructose-6-

phosphate to fructose 2,6-bisphosphate, which itself is a potent activator of glycolysis 
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via allosteric regulation of phosphofructokinase 1. PFKFB3 is also considered a 

regulator of oxidative stress because of its ability to sense and respond to redox 

homeostasis, shunting glucose to the pentose phosphate pathway in response to 

elevated levels of ROS (Seo and Lee, 2014; Yamamoto et al., 2014). 

In mammals, lipotoxic inhibition of glucose oxidation in skeletal muscle and 

adipose tissue is accompanied by downregulation of insulin-sensitive glucose 

transporter 4 (GLUT4), resulting in the insulin resistance and high plasma glucose 

levels that characterize type 2 diabetes (Randle et al., 1965; Groop and Ferrannini, 

1993). Reduced GLUT4-mediated glucose transport is especially impactful in skeletal 

muscle, which is the major site of glucose uptake in the postprandial state (DeFronzo 

and Tripathy, 2009). This process has been demonstrated in a study of muscle-specific 

overexpression of LPL in transgenic mice (Kim et al., 2001). In that experiment, 

overexpression of muscle-specific LPL caused major metabolic changes in skeletal 

muscle, including a 3-fold increase in triglyceride content, an increased number of 

lipid droplets around the mitochondrial region, a 52% decrease in insulin-stimulated 

glucose uptake, a 48% decrease in glycolysis, and an 88% decrease in glycogen 

synthesis (Kim et al., 2001). The key difference between this mouse model of type 2 

diabetes and the wooden breast phenotype is that wooden breast is not associated with 

a significant change in plasma glucose levels (Livingston et al., 2019a, 2019b). 

However, this disparity is likely a result of differences between avian and mammalian 

glucose transport and insulin signaling in skeletal muscle. 

2.5 Insulin-Independent Glucose Transport in Chicken Skeletal Muscle 

The polarity and size of glucose molecules prevent their transport across lipid 

membranes by simple diffusion (Navale and Paranjape, 2016). Two families of 
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glucose transporters, sodium-glucose linked transporters (SGLTs) and facilitated 

glucose transporters (GLUTs), control the movement of glucose into and out of cells 

(Navale and Paranjape, 2016) and thus play an important role in glucose homeostasis 

and regulation of blood glucose levels. In mammals, glucose transport in skeletal 

muscle relies primarily on the activity of GLUT1 and GLUT4 (Klip et al., 1996). 

GLUT1 is preferentially restricted to the cell surface and provides insulin-independent 

basal levels of glucose while GLUT4 is sequestered in intracellular vesicles and 

rapidly translocated to the cell surface in response to insulin, exercise, or hypoxia 

(Klip et al., 1996; Shepherd and Kahn, 1999). Impairment of the insulin signaling 

cascade in skeletal muscle of mammals, which can occur in response to chronic high-

fat conditions (Zierath et al., 1997), reduces the insulin-stimulated translocation of 

GLUT4 to the plasma membrane. Pancreatic β-cells compensate for a reduced insulin 

response by increasing secretion of insulin, but eventually this becomes insufficient 

and reduced GLUT4 translocation causes accumulation of glucose in the blood. 

Avian glucose transport and insulin signaling are not as well characterized as 

those of mammals (Braun and Sweazea, 2008), but it is well known that chickens are 

naturally hyperglycemic and insulin resistant, possessing circulating insulin 

concentrations approximately equal to those of mammals but extremely high plasma 

glucose levels (Akiba et al., 1999; Tokushima et al., 2005). Insulin resistance in 

chickens has been partly attributed to hyperactivity of insulin receptor signaling in 

skeletal muscle, where phosphatidylinositol 3-kinase (PI3K) activity, a key component 

of the insulin signaling pathway, was found to be 30 times higher in chickens than in 

rats (Dupont et al., 2004). In fact, insulin privation via immuno-neutralization was 

found to have no effect on PI3K activity in chicken skeletal muscle, although it 
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resulted in altered expression of major metabolic transcription factors in both the liver 

and skeletal muscle (Godet et al., 2008). Another major contributor is perhaps the 

intrinsic lack of any GLUT4 homologues in the chicken genome and resulting 

predominance of insulin-independent glucose transport. An attempt to detect GLUT4 

homologues in various tissues of broiler chickens found that GLUT4 cDNA was 

completely undetectable in any of the 19 chicken tissues that were tested, which 

included the pectoralis major (Seki et al., 2003). The intrinsic lack of GLUT4 and low 

expression levels of other common glucose transporters (GLUT1, GLUT2, GLUT3, 

and GLUT8) in skeletal muscle of broilers (Kono et al., 2005) suggests that glucose 

transport is regulated differently in chickens than it is in mammals and may primarily 

be insulin-independent. 

The reliance on insulin-independent glucose transporters in chicken skeletal 

muscle may explain why there are no mammalian skeletal muscle disorders that are 

equivalent to wooden breast. Rather, the wooden breast phenotype shares striking 

similarities with various complications of type 2 diabetes in smooth muscle and 

cardiac muscle, such as atherosclerosis, diabetic cardiomyopathy and myocardial 

fibrosis, diabetic nephropathy, pulmonary fibrosis, diabetic retinopathy, and non-

alcoholic fatty liver disease. These diseases frequently involve lipid accumulation, 

inflammation, oxidative stress, calcium dysregulation, endoplasmic reticulum stress, 

hypoxia, hypertrophy, and fibrosis—features    that have also been well-documented 

in wooden breast. The greater role of insulin-independent glucose transport in cardiac 

and smooth muscle allows glucose uptake even when glycolysis and glycogenesis are 

impaired. The importance of insulin-insensitive glucose transport in development of 

diabetic retinopathy (Kumagai, 1999), atherosclerosis (Wall et al., 2018), diabetic 
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nephropathy (Brosius and Heilig, 2005), pulmonary fibrosis (Cho et al., 2017), 

diabetic myocardial fibrosis (Asbun and Villarreal, 2006; Gorski et al., 2019) and non-

alcoholic fatty liver disease (Nanji et al., 1995) has been demonstrated and is in 

support of our hypothesis that wooden breast shares substantial etiological factors with 

type 2 diabetes in mammals. 

2.6 Pathological Shunting of Glucose to Ancillary Pathways 

The suppression of glycolysis and glycogenesis concurrent with unchanged or 

increased uptake of glucose from blood results in increased flux of glucose through 

alternative metabolic pathways (Fantus et al., 2006), including the pentose phosphate, 

glucuronic acid, hexosamine biosynthesis, and aldose reductase (polyol) pathways. 

There is evidence that all of these pathways are upregulated in affected birds (Abasht 

et al., 2016; Papah et al., 2018). 

Glucose that is phosphorylated to glucose-6-phosphate can directly enter both 

the pentose phosphate pathway and the glucuronic acid pathway. In addition to 

generating carbon skeletons and ribose 5-phosphate, a precursor to nucleotide 

synthesis, the pentose phosphate pathway is a major source of NADPH, the main 

reductant that drives free radical detoxification and anabolic growth (Kruger and Von 

Schaewen, 2003). Accumulation of pentose phosphate pathway intermediates 6-

phosphogluconate and sedoheptulose 7-phosphate support the upregulation of this 

pathway in 7-week-old affected birds (Abasht et al., 2016). Glucose-6-phosphate is 

also utilized to produce glucuronic acid, a precursor to ascorbic acid and a building 

block of proteoglycans, glycosaminoglycans, and glycolipids. Elevated levels of 

ascorbate and UDP-glucuronate in affected birds suggests that this pathway is 

upregulated as well (Abasht et al., 2016). 
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Glucose-6-phosphate can also be converted to fructose-6-phosphate and 

consumed in the hexosamine biosynthesis pathway. The hexosamine biosynthesis 

pathway is responsible for production of uridine diphosphate N-acetylglucosamine 

(UDP-GlcNAc), a nucleotide sugar and coenzyme used for protein glycosylation and 

the synthesis of glycosaminoglycans, proteoglycans, and glycolipids (Fantus et al., 

2006). The gene encoding this pathway’s rate-limiting enzyme, glutamine-fructose-6-

phosphate transaminase 2 (GFPT2), was found to be upregulated in 3-week-old 

broilers affected by wooden breast (Papah et al., 2018). In fact, three of the four genes 

involved in the hexosamine biosynthesis pathway – GFPT2, phosphoglucomutase 3 

(PGM3), and UDP-N-acteylglucosamine pyrophosphorylase 1 (UAP1) – show 

increased expression in the pectoralis major of high-feed-efficiency broilers, which are 

more susceptible to wooden breast than those with low feed efficiency (Abasht et al., 

2019). In agreement, affected birds have higher levels of hexosamine biosynthesis 

pathway intermediates isobar UDP-acetylglucosamine and UDP-acetylgalactosamine 

at 7 weeks of age (Abasht et al., 2016). Increased production of proteoglycans is also 

supported by Clark and Velleman (Clark and Velleman, 2017), who found greater 

RNA expression of decorin in the pectoralis major of affected birds. The protein 

encoded by this gene is a small leucine-rich proteoglycan that regulates collagen 

cross-linking, although it is unclear if increased collagen cross-linking is a universal 

feature of the wooden breast phenotype (Velleman et al., 2017; Baldi et al., 2019). 

Proteoglycans and glycosaminoglycans are important components of the extracellular 

environment and increased production of them is associated with extensive 

remodeling of the extracellular matrix. 
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Excess glucose is also consumed in the polyol pathway, a two-step process that 

converts glucose first to sorbitol and then to fructose (Yan, 2018). Upregulation of the 

polyol pathway, specifically its first step, in wooden breast and white striping is 

supported by an accumulation of sorbitol in the pectoralis major (Abasht et al., 2016; 

Boerboom et al., 2018). One notable effect of polyol pathway stimulation is the 

induction of collagen synthesis (Bleyer et al., 1994; Ha et al., 1997) due at least in part 

to transcriptional activation of transforming growth factor-β (TGF- β) (Ishii et al., 

1998; Han et al., 1999; Tokudome et al., 2004). All three isoforms of TGF-β are 

considered important regulators of inflammation, extracellular matrix protein 

deposition, and fibrosis, and altered activity of TGF-β proteins is known to contribute 

to various fibroproliferative disorders in humans (Pohlers et al., 2009). Increased 

expression of transforming growth factor β 3 (TGFB3) in the pectoralis major muscle 

of affected birds at 7 weeks (Mutryn et al., 2015a) may represent a link between 

altered glucose metabolism and increased collagen production in wooden breast, the 

latter of which is widely considered to be an important feature of the myopathy 

contributing to the characteristic firmness of the pectoralis major (Sihvo et al., 2014; 

Soglia et al., 2016; Papah et al., 2017). 

Finally, glucose can be used in the production of advanced glycation end 

products (Fantus et al., 2006). Advanced glycation end products are proteins or lipids 

that become glycated as a result of exposure to sugars and can have numerous 

pathological effects, such as induction of cytokine production, increased vascular 

permeability and inflammation, inhibition of vascular dilation, and enhanced oxidative 

stress (Basta et al., 2004). These effects are consistent with current knowledge of 
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wooden breast, although altered production of advanced glycation end products has 

not yet been reported. 

Increased flux of glucose through these alternative pathways (Figure 2.2) is a 

pathological manifestation of altered glucose utilization, likely resulting from reduced 

glycolysis and glycogenesis alongside unchanged or increased import of glucose from 

the blood. This process is often referred to as glucose toxicity and is considered a key 

component of pancreatic β-cell dysfunction, insulin resistance, and chronic 

complications of diabetes such as diabetic neuropathy, retinopathy, and nephropathy 

in mammals. 

 

Figure 2.2: Altered carbohydrate metabolism in wooden breast and relevant effects 

of each pathway.  
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Wooden breast is associated with a reduced flux of glucose through glycolytic and 

glycogenic pathways and shunting of glucose into ancillary pathways, including the 

aldose reductase, pentose phosphate, glucuronic acid, and hexosamine biosynthesis 

pathways. It has not yet been demonstrated whether or not wooden breast also 

involves increased synthesis of advanced glycation end products. 

 

2.7 Disruption of Redox Homeostasis and Oxidative Stress 

Oxidative stress occurs when the production and accumulation of ROS become 

unbalanced with an organism’s ability to detoxify reactive intermediates and can lead 

to cell and tissue damage. Broiler chickens show signs of greater oxidative stress in 

the pectoralis major than layers (Zahoor et al., 2017) and broilers with high feed 

efficiency have greater oxidative stress response in the breast muscle compared to 

those with low feed efficiency (Zhou et al., 2015). In wooden breast, affected broilers 

have metabolite profiles indicative of altered redox homeostasis involving higher free 

radical exposure than unaffected birds (Abasht et al., 2016). Similarly, various genes 

involved in oxidative stress response are upregulated in wooden breast birds at both 3 

weeks and 7 weeks of age (Abasht et al., 2015; Mutryn et al., 2015a; Papah et al., 

2018). 

As previously discussed, lipotoxicity is likely a major contributor to oxidative 

stress in the early stages of wooden breast. Fatty acids are particularly prone to ROS-

induced oxidative damage via a process called lipid peroxidation, which proceeds in 

an aggressively self-propagating chain reaction that can induce damage to proteins and 

DNA (Goglia and Skulachev, 2003; Schrauwen, 2007). When the supply of fatty acids 

overwhelms the storage and oxidative capacity of cells, which is more likely in 

mitochondria-scarce, type IIB pectoralis major muscle fibers, they accumulate in the 

cell and around the mitochondria where they can have extremely damaging effects 



 25 

(Schrauwen and Hesselink, 2004; Anderson and Neufer, 2006). Fatty acid transport 

into the mitochondria is generally regulated by the enzyme carnitine 

palmitoyltransferase 1 (Schrauwen, 2007). Lower levels of free carnitine in the 

pectoralis major of affected birds (Abasht et al., 2016) may reflect increased transport 

of long-chain fatty acids into the mitochondria by carnitine palmitoyltransferase 1. 

Fatty acids and fatty acid derivatives inside the mitochondrial matrix are extremely 

vulnerable to ROS-induced lipid peroxidation and can cause substantial mitochondrial 

damage due to the complex nature of the matrix space (Goglia and Skulachev, 2003). 

Oxidative damage to the mitochondria due to fatty acid accumulation may be 

attenuated by mitochondrial energy uncoupling, mediated largely by uncoupling 

protein 3 (UCP3), an enzyme activated by lipid peroxides (Goglia and Skulachev, 

2003; Rousset et al., 2004; Schrauwen and Hesselink, 2004). However, UCP3 was 

found to be downregulated in wooden breast affected birds at 3 weeks of age (Papah et 

al., 2018), suggesting an impaired uncoupling response. High coupling efficiency in an 

environment with severe lipid accumulation would directly contribute to ROS 

production and lipid peroxidation and also allow for increased mitochondrial damage 

by ROS inside the mitochondrial matrix. 

After initial derangement of redox homeostasis, multiple factors can contribute 

to a positive feedback loop of oxidative stress. Most ROS are generated as normal by-

products during mitochondrial electron transport, specifically at respiratory complexes 

I and III of the oxidative phosphorylation pathway (Rousset et al., 2004), and are 

prevented from reaching damaging levels by various cellular defenses such as 

superoxide dismutase and glutathione peroxidase (Anderson and Neufer, 2006). 

Potential genetic variation in antioxidant response may be a key contributor to wooden 
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breast susceptibility in broilers, as altered redox homeostasis can inhibit the activity of 

anti-oxidant enzymes and increase ROS production at mitochondrial respiratory 

complex I (Yabe-Nishimura, 1998; Chung, 2004; Yan, 2018). In diabetes, the polyol 

pathway is believed to play a critical role in oxidative stress and vascular damage due 

to its derangement of redox homeostasis (Yabe-Nishimura, 1998; Chung, 2004; Yan, 

2018). The first of two reactions in the pathway is conversion of glucose and NADPH 

to sorbitol and NADP+ by aldose reductase and is suggested to be upregulated in the 

pectoralis major of affected birds based on the accumulation of sorbitol (Abasht et al., 

2016; Boerboom et al., 2018). Mutryn et al. (2015) proposed NADPH-oxidase activity 

as another contributor to altered NADP+/NADPH homeostasis related to 

inflammatory and immune responses. The consumption of NADPH by aldose 

reductase and NADPH-oxidase reduces the activity of other NADPH-dependent 

enzymes such as glutathione reductase, an important anti-oxidative enzyme, and nitric 

oxide synthase, which produces nitric oxide from L-arginine (Yabe-Nishimura, 1998). 

Nitric oxide is a soluble gas produced by endothelial cells that has many functions, 

including regulation of vascular homeostasis, vasodilation, angiogenesis, endothelial 

cell growth, and protection of vessels from injury (Tousoulis et al., 2012). 

Disruption of NAD+/NADH homeostasis can also increase ROS production, 

wherein overproduction of the electron donor NADH increases activity of NADH-

dependent mitochondrial respiratory complex I (Hirst et al., 2008). The conversion of 

sorbitol and NAD+ to fructose and NADH by sorbitol dehydrogenase (SORD) in the 

second reaction of the polyol pathway is one potential contributor to this imbalance; 

however, this is unlikely in wooden breast as decreased SORD expression 

(unpublished data) and greater accumulation of sorbitol (Abasht et al., 2016) in 
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affected birds provide testimony for reduced SORD activity. Rather, potentially higher 

levels of NADH in wooden breast may be partly attributed to lower activity of the 

glycerol-3-phosphate shuttle (Abasht et al., 2019) or lower activity of lactate 

dehydrogenase. An imbalance of cytosolic NAD+/NADH would not only increase 

ROS production but could also limit NAD+ supply to key metabolic enzymes required 

for sustaining glycolysis and the citric acid cycle. Free NAD+ is a cofactor for 

glyceraldehyde 3-phosphate dehydrogenase and oxoglutarate dehydrogenase, both of 

which are downregulated in affected birds according to differential expression analysis 

(Abasht et al., 2015; Papah et al., 2018). Free NAD+ is also a cofactor for the pyruvate 

dehydrogenase complex which serves as a link between glycolysis and the citric acid 

cycle (Yan, 2018). 

2.8 Calcium cycling abnormalities 

Maintenance of intracellular Ca2+ pools is fundamental to generating the Ca2+ 

signals required for numerous cellular processes (Berridge et al., 2003). The pectoralis 

major of wooden breast affected birds exhibits upregulation of genes encoding both 

parvalbumin and sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA) 2 

(Mutryn et al., 2015a) as well as increased abundance of SERCA protein (Soglia et al., 

2016). Both proteins are involved in sequestering calcium and their upregulation 

constitutes evidence of a compensatory response to increased intracellular calcium in 

muscle cells (Mutryn et al., 2015a). Parvalbumin is a Ca2+-binding protein that 

functions as a calcium buffer and SERCAs are intracellular pumps located in the 

sarcoplasmic/endoplasmic reticulum (SR) membranes that use ATP to translocate Ca2+ 

from the cytoplasm to the SR lumen (Berridge et al., 2003). Evidence of dysregulated 

calcium homeostasis and impaired excitation-contraction coupling is also present in 2- 
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and 3-week-old broilers, prior to manifestation of wooden breast phenotype at market 

age (Papah et al., 2018; Lake et al., 2019). Increased levels of calcium in the pectoralis 

major of birds affected by white striping, wooden breast, or both (Sandercock et al., 

2009; Tasoniero et al., 2016; Zambonelli et al., 2016) suggests that myocellular uptake 

of Ca2+ from extracellular spaces is affected in addition to dysregulation of 

intracellular calcium pools. 

It is unclear what provides the primary stimulus for calcium dysregulation in 

wooden breast and, unfortunately, there is no consensus regarding a single cause of 

altered calcium cycling in diabetes despite extensive research. However, one popular 

hypothesis contends that chronic exposure to excessive nutrients, specifically glucose 

and lipids, in tissues unequipped to fully metabolize, store, or dispose of them can 

initiate SR and mitochondrial stress that result in disruption of calcium homeostasis 

(Arruda and Hotamisligil, 2015). At least three mechanisms can aid in understanding 

this process: (1) fatty acids and ROS stimulate release of Ca2+ from the SR and inhibit 

removal of Ca2+ from the cytosol, (2) formation of the mitochondrial permeability 

transition pore and mitochondrial depolarization cause release of Ca2+ from the 

mitochondria, and (3) depolarization of the plasma membrane causes an influx of Ca2+ 

from extracellular spaces. The SR lumen serves as the most important Ca2+ store in the 

cell (Arruda and Hotamisligil, 2015), but an excess of fatty acids, fatty acid 

derivatives, and ROS can cause release of Ca2+ from the SR lumen by activating 

ryanodine and inositol trisphosphate (IP3)-sensitive calcium channels (Cheah, 1981; 

Ursini et al., 2004; Berezhnov et al., 2008; Wei et al., 2009). Certain types of fatty 

acids can also inhibit SERCA activity, preventing calcium removal from the cytosol 

(Berezhnov et al., 2008; Fu et al., 2011). Fluxes in intracellular calcium can be 
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buffered by increased calcium uptake in the mitochondria, where Ca2+ can elevate 

ATP production (Berridge et al., 2003). However, excess mitochondrial Ca2+ can 

sensitize the mitochondrial permeability transition pore, leading to membrane 

depolarization and the rapid release of Ca2+ into the cytosol (Gunter et al., 1994; 

Berezhnov et al., 2008). High concentrations of long-chain fatty acids could also 

stimulate formation of the mitochondrial permeability transition pore (Penzo et al., 

2002). 

Calcium released from internal stores in the SR and mitochondria cannot 

explain why the pectoralis major of wooden breast birds has an increased percent 

composition of Ca2+. Dysregulation of cation homeostasis that extends beyond Ca2+ in 

affected birds provides evidence that an influx of Ca2+ into the cytoplasm from 

extracellular spaces involves cell membrane depolarization. Specifically, affected 

birds show higher sodium and lower magnesium and phosphorus in the pectoralis 

major as well as higher blood potassium levels (Zambonelli et al., 2016; Livingston et 

al., 2019b). At resting condition, the concentration of K+ is higher inside the cell while 

the concentration of Na+ and Ca2+ is higher outside the cell (Bahar et al., 2016), but 

the opening of voltage-gated calcium and sodium channels during membrane 

depolarization results in the rapid influx of Ca2+ and Na+ from extracellular spaces 

(Bahar et al., 2016). The subsequent efflux of K+ through voltage-dependent and 

voltage-independent channels allows repolarization of the membrane (Bahar et al., 

2016). Calcium influx in wooden breast might be induced by certain types of fatty 

acids (Huang et al., 2006), by oxidative damage to the cell membrane (Ursini et al., 

2004), or by the gradient-dependent activity of Na+/Ca2+ exchangers that exchange 

three moles of Na+ for one mole of Ca2+ (Berridge et al., 2003). Opening of voltage 
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gated calcium channels can exacerbate the release of calcium from endoplasmic 

reticulum stores in a process called calcium-induced calcium release (Endo, 2009). 

One notable effect of altered calcium cycling in skeletal muscle, specifically of 

increased ATP-dependent SERCA activity, is a substantial increase in oxygen 

consumption and concurrent elevation of resting metabolic rate (Smith et al., 2013). 

Disruption of calcium homeostasis is potentially a major contributor to the venous 

hypercapnia, venous hypoxemia, and muscular hypoxia of the pectoralis major that 

have been documented in wooden breast affected broilers (Mutryn et al., 2015a; 

Livingston et al., 2019a, 2019b). Other effects of calcium dysregulation include 

mitochondrial damage (Orrenius et al., 2015), aberrant excitation/contraction signaling 

(Berridge et al., 2003), chronic SR stress (Fu et al., 2011), stimulation of skeletal 

muscle growth (Ermak and Davies, 2001), calcium-dependent proteolysis (Yin et al., 

2013), and ultimately cell death (Hajnóczky et al., 2006). As a major site of post-

translational protein modification, the SR is crucial to producing functional proteins. 

Calcium-dependent proteolysis and SR stress could contribute to the lower protein 

content and lower water holding capacity of wooden breast fillets due to their effects 

on protein degradation and protein production. 

Dysregulation of calcium signaling can also induce expression of genes 

encoding myoglobin and slow muscle fiber type proteins, a feature of wooden breast 

discovered through differential expression analysis (Mutryn et al., 2015a) and 

confirmed with RNA in situ hybridization (RNA ISH) (Papah and Abasht, 2019). 

Expression of myoglobin and other muscle-specific genes is regulated by a synergistic 

interaction between transcription factors in the nuclear factor of activated t cells 

(NFAT) and myocyte enhancer factor-2 (MEF-2) families (Chin et al., 1998). 
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Transcriptional activation of NFAT and MEF-2 is mediated by calcineurin, a calcium-

activated phosphatase, such that calcium fluxes and intracellular concentrations will 

ultimately determine the fiber type composition within a specific skeletal muscle 

(Chin et al., 1998). Lipid supplementation and hypoxic conditions have also been 

demonstrated to stimulate myoglobin expression, possibly through calcium-

independent pathways (De Miranda et al., 2012). 

2.9 Venous Inflammation and Vascular Permeability 

Venous and perivascular inflammation and lipid accumulation are the first 

microscopic signs of wooden breast, potentially contributing to the edema, petechial 

hemorrhages, and tissue damage that are macroscopically apparent in late stages of the 

disease (Papah et al., 2017). It has been noted that these symptoms resemble 

atherosclerosis in humans (Papah et al., 2017), a condition closely linked to diabetes 

mellitus that consists of chronic inflammation induced by excessive lipid 

accumulation (Li et al., 2014). The upregulation of genes associated with vascular 

disease in 3-week-old broilers that later develop wooden breast (Papah et al., 2018) 

corroborates this hypothesis, but fails to explain why vascular inflammation is limited 

to veins. Recent work using RNA ISH to localize expression of a selection of genes in 

affected pectoralis major muscle provides an important clue. In that study, higher LPL 

expression was found in the veins of affected breast muscle and not the arteries (Papah 

and Abasht, 2019), suggesting a causal link between venous and perivascular lipid 

accumulation and the inflammatory response. This connection between increased LPL 

activity and inflammation has been thoroughly studied in the context of 

atherosclerosis. 
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The participation of LPL in the pathogenesis of atherosclerosis is two-fold: it 

mediates both the increased hydrolysis of lipoprotein triglycerides as well as the 

retention of lipoprotein remnants. High LPL activity increases local hydrolysis of 

triglycerides in portomicrons and VLDL, which produces free fatty acids, portomicron 

remnants, intermediate-density lipoproteins, and low-density lipoproteins (Alvarenga 

et al., 2011). Elevated levels of fatty acids and lipoprotein remnants cause damage to 

vessels as they trigger an inflammatory response, induce endothelial cell apoptosis, 

and increase endothelial permeability (Toborek et al., 2002; Eiselein et al., 2007; 

Rocha et al., 2016). A critical element of the inflammatory response caused by fatty 

acids is the activation of TLRs in the presence of high glucose (Lee and Hwang, 2006; 

Dasu and Jialal, 2010). TLR activation initiates an inflammatory cascade that includes 

the release of pro-inflammatory cytokines and cell adhesion molecules as well as T 

cell activation and the rapid differentiation of monocytes into macrophages (Krutzik et 

al., 2005). In wooden breast affected birds, toll-like receptor 2 type 2 precursor 

(TLR2-2) was one of the top 30 genes identified as a biomarker of wooden breast 

severity, with significant elevation in moderately-affected birds compared to 

unaffected or severely-affected birds (Abasht et al., 2015). The author suggested that 

this expression pattern may be indicative of the progression of the disease involving 

regulation by some negative feedback mechanism. If disease severity and disease 

progression are considered more or less equivalent, a similar pattern can be seen with 

lipid metabolism genes, which are generally upregulated in 2- and 3-week-old birds 

but relatively unchanged or downregulated in 7-week-old birds (Mutryn et al., 2015a; 

Papah et al., 2018; Papah and Abasht, 2019). Due to the apparent coupling of lipid 
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metabolism and venous inflammation, negative feedback regulation of lipid 

metabolism could be associated with a reduction in the innate immune response. 

Endothelial cell damage and apoptosis due to increased lipoprotein metabolism 

increases the permeability of the endothelium and triggers leukocyte adhesion and 

transmigration into the vessel wall (Aghajanian et al., 2008). Lipoprotein remnants, 

which normally enter back into circulation to be cleared by the liver (Alvarenga et al., 

2011), can then diffuse into the tunica intima where LPL mediates binding between 

remnant particles and proteoglycans in the sub-endothelial extracellular matrix (Olin 

et al., 1999). The subsequent activation of extracellular matrix proteins such as matrix 

metalloproteinases can elicit remodeling of the extracellular matrix (Amin et al., 

2017), a process that is a well-substantiated in the wooden breast pathogenesis 

(Mutryn et al., 2015a; Papah et al., 2018). LPL-mediated bridging normally occurs 

between lipoprotein remnants and heparan sulfate proteoglycans on cell surfaces 

before lipoproteins undergo hydrolysis (Olin et al., 1999). Increased retention of 

lipoprotein remnants in the extracellular matrix and on cell surfaces increases the 

likelihood that they will be modified (e.g. oxidized) or taken up by scavenging 

macrophages to form foam cells, triggering further inflammatory reactions (Botham et 

al., 2007). The pro-atherosclerotic role of both active and inactive LPL has been 

demonstrated in mice (Wang et al., 2007), suggesting that both the hydrolysis and 

bridging functions of LPL are important. 

2.10 Broiler Selection and Wooden Breast 

Consolidation of poultry breeding and intense selection for production traits 

have undoubtedly played an oversized role in the rise of muscle disorders such as 

wooden breast, white striping, and spaghetti meat among commercial broilers. Even 
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without completely understanding the genetic architectures underlying these traits, it is 

possible to speculate how selection for specific performance metrics might increase 

the predisposition of meat-type chickens to these myopathies. Much of this 

speculation can be framed in the context of supply and demand of nutrients in the 

pectoralis major muscle. Juvenile growth rate, which has increased substantially since 

the 1950s independent of improvements to feed formulation (Havenstein et al., 2003b) 

and which is correlated with wooden breast severity, represents a major component of 

the supply side of this equation. The rapid growth rate of modern broilers reflects 

increased delivery of nutrients to the whole body, stemming from some combination 

of greater appetite, suppressed satiety (Barbato, 1994), as well as improved digestion 

and absorption in the digestive system (Smith et al., 1990). 

Selection for feed efficiency has also raised digestive and absorptive capacity 

but may not increase the overall supply of nutrients to the body as increased energy 

absorption from feed is at least partly offset by reduced feed consumption. A larger 

effect of using feed efficiency as a major selection criterion relates to its correlation 

with fat distribution and blood lipid levels (Griffin et al., 1989; Zhuo et al., 2015). 

Unlike selection for juvenile growth rate, which is accompanied by increased fat 

deposition in adipose tissue depots, selection for increased feed efficiency is 

accompanied by reduced fat deposition in adipose tissue depots (Abasht et al., 2020). 

This reflects altered nutrient partitioning in high feed efficiency birds which is likely 

multifaceted, involving changes to metabolic processes in several organs such as 

reduced adipogenesis in abdominal fat, reduced lipogenesis in the liver, and increased 

lipoprotein triglyceride hydrolysis in skeletal muscle. Regardless of the specific 

biological mechanisms, there is evidence that improvements to such performance traits 
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are associated with a shifting of fat metabolism away from the liver and normal 

adipose depots toward skeletal muscle (Griffin et al., 1989; Larkina et al., 2010; Zhuo 

et al., 2015). In commercial broiler chickens, selection for large breast muscle 

partitions more nutrients toward the pectoralis major, which may be particularly 

susceptible to metabolic perturbations due to its primary composition of type IIB 

glycolytic muscle fibers (Anderson and Neufer, 2006). 

Selection for feed efficiency has also raised digestive and absorptive capacity 

but may not increase the overall supply of nutrients to the body as increased energy 

absorption from feed is at least partly offset by reduced feed consumption. A larger 

effect of using feed efficiency as a major selection criterion relates to its correlation 

with fat distribution and blood lipid levels (Griffin et al., 1989; Zhuo et al., 2015). 

Unlike selection for juvenile growth rate, which is accompanied by increased fat 

deposition in adipose tissue depots, selection for increased feed efficiency is 

accompanied by reduced fat deposition in adipose tissue depots (Abasht et al., 2020). 

This reflects altered nutrient partitioning in high feed efficiency birds which is likely 

multifaceted, involving changes to metabolic processes in several organs such as 

reduced adipogenesis in abdominal fat, reduced lipogenesis in the liver, and increased 

lipoprotein triglyceride hydrolysis in skeletal muscle. Regardless of the specific 

biological mechanisms, there is evidence that improvements to such performance traits 

are associated with a shifting of fat metabolism away from the liver and normal 

adipose depots toward skeletal muscle (Griffin et al., 1989; Larkina et al., 2010; Zhuo 

et al., 2015). In commercial broiler chickens, selection for large breast muscle 

partitions more nutrients toward the pectoralis major, which may be particularly 
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susceptible to metabolic perturbations due to its primary composition of type IIB 

glycolytic muscle fibers (Anderson and Neufer, 2006). 

2.11 Concluding Remarks 

We believe that the wooden breast phenotype in commercial broilers is a 

manifestation of lipotoxicity and glucotoxicity resulting from the chronic oversupply 

of both lipids and carbohydrates to the pectoralis major and also the disruption of 

normal lipid and glucose metabolism. Dependence on insulin-independent glucose 

transport in the skeletal muscle of chickens causes lipid accumulation in the pectoralis 

major to be accompanied by unchanged or increased uptake of glucose, causing 

metabolic and structural alterations that closely resemble complications of diabetes in 

smooth and cardiac muscle of mammals. In addition to improving our understanding 

of the etiology and pathogenesis of wooden breast and related myopathies, this 

hypothesis supports the use of these muscle disorders as models of human metabolic 

diseases. 
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BLOOD GAS DISTURBANCES AND DISPROPORTIONATE BODY 

WEIGHT DISTRIBUTION IN BROILERS WITH WOODEN BREAST 

(Juniper A. Lake, Erin M. Brannick, Michael B. Papah, Cory Lousenberg, Sandra G. 

Velleman, & Behnam Abasht. Frontiers in Physiology, 11:304, (2020)). 

https://www.frontiersin.org/articles/10.3389/fphys.2020.00304/full  

3.1 Abstract 

Wooden breast syndrome is a widespread and economically important 

myopathy and vasculopathy of fast growing, commercial broiler chickens, primarily 

affecting birds with high feed efficiency and large breast muscle yield. To investigate 

potential systemic physiological differences between birds affected and unaffected by 

wooden breast, a total of 103 market-age Cobb 500 broilers were sampled for 13 blood 

parameters and the relative weights of the pectoralis major muscle, pectoralis minor 

muscle, external oblique muscle, wing, heart, lungs, liver, and spleen. Blood analysis 

was performed on samples taken from the brachial vein of live birds and revealed 

significant differences in venous blood gases between affected and unaffected 

chickens. Chickens with wooden breast exhibited significantly higher potassium (K+) 

and lower partial pressure of oxygen (pO2), oxygen saturation (sO2), and pH. 

Additionally, affected males had significantly higher partial pressure of carbon dioxide 

(pCO2) and total carbon dioxide (TCO2) than unaffected males. Wooden breast 

affected broilers also possessed a significantly heavier pectoralis major muscle and 

whole feathered wing compared to unaffected broilers. Blood gas disturbances 

characterized by high pCO2 and low pH are indicative of insufficient respiratory gas 

Chapter 3 
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exchange, suggesting that wooden breast affected broilers have an elevated metabolic 

rate that may also be inadequately compensated due to cardiovascular deficiencies 

such as poor venous return or respiratory insufficiency. Lung tissues from 12 birds 

with extreme sO2 values were subsequently examined to assess whether lung 

pathology contributed to the observed blood gas disturbance. Comparison of lung 

morphology between affected and unaffected birds revealed no apparent differences 

that could contribute to decreased parabronchial gas exchange. However, an 

interesting finding was the detection of pulmonary phlebitis in one of the wooden 

breast-affected samples consistent with vascular changes observed in pectoralis major 

muscle exhibiting the wooden breast phenotype. Our results suggest that the effects of 

wooden breast are not limited to the pectoralis major muscle and further indicate the 

importance of research into metabolic changes associated with the myopathy. 

3.2 Introduction 

Modern commercial broiler chickens have undergone intensive selection for 

production traits such as high muscle yield, rapid growth, and high feed efficiency to 

meet consumer demand for low-cost lean chicken meat, specifically chicken breast 

meat. Such breeding strategies have produced remarkable results, nearly halving the 

time for birds to reach market weight while simultaneously increasing the breast 

muscle weight by about two-thirds since the 1950s (Petracci et al., 2015). 

Unfortunately, modern commercial broilers also experience increased prevalence of 

breast muscle myopathies, some of which cause substantial economic losses due to 

negative effects on meat quality (Kuttappan et al., 2016). 

One such myopathy, commonly called wooden breast (WB), causes the 

pectoralis major muscle to become grossly pale, enlarged, and palpably firm, with 
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visible signs of inflammation such as petechial hemorrhages and tissue edema (Sihvo 

et al., 2014). These macroscopic manifestations of the disorder are accompanied by 

considerable degradation of meat quality (Mudalal et al., 2015; Chatterjee et al., 2016) 

such that moderately or severely affected breast muscle cannot be sold as prime breast 

muscle fillets and is instead condemned or sold for lower revenue products. In 

addition, increased locomotor difficulties, decreased wing mobility, and higher rates of 

dorsal recumbency among affected birds (Papah et al., 2017; Norring et al., 2018; Gall 

et al., 2019a) suggest that WB may also be detrimental to bird welfare. 

Research on WB and related myopathies is focused largely on the pectoralis 

major muscle, with only minor attention paid to potential systemic disparities 

accompanying the condition. However, factors that predispose broilers to WB – 

growth rate, feed efficiency, and breast muscle yield – can broadly be categorized as 

relating to general metabolism and body form. To date, there has been no 

comprehensive comparison of muscle and organ weights beyond the pectoralis major 

muscle weight and abdominal fat percentage between WB affected and unaffected 

broilers. An analysis of body weight distribution in WB birds may aid in identifying 

systemic physiological predisposition to or pathophysiologic effects of the myopathy. 

Intensive selection for commercially valuable traits has been shown to underpin 

biological imbalances in meat-type chickens, such as insufficient cardiopulmonary 

capacity to accommodate sustained rapid growth, resulting in pulmonary hypertension 

syndrome, or ascites (Wideman and French, 2000). It is known that WB-affected 

broilers possess larger breast muscles relative to body weight (Mutryn et al., 2015b) 

with higher cross-sectional areas (Dalle Zotte et al., 2017), and lower abdominal fat as 
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a percentage of body weight (Mutryn et al., 2015b), but other potential differences in 

body weight distribution have not been examined. 

Microscopic characterizations of WB have also largely been limited to the 

pectoralis major muscle (Sihvo et al., 2014, 2017, 2018; Papah et al., 2017), although 

evidence of altered blood gas values (Livingston et al., 2019b, 2019a) in affected birds 

may indicate systemic disturbances or inadequate respiratory gas exchange. Two 

studies have provided initial insight into differences in blood parameters between WB-

affected and unaffected broilers (Livingston et al., 2019a, 2019b). Livingston et al. 

(2019a) evaluated the venous blood of male broilers at 35 days of age and found that 

WB severity was significantly associated with reduced partial pressure of oxygen 

(pO2) and increased total carbon dioxide (TCO2), bicarbonate (HCO3
-), and base 

excess (BE). The same blood analysis conducted at 42 days of age produced similar 

results with regard to blood gas changes in WB affected birds, with the additional 

finding that packed cell volume (PCV, hematocrit; Hct) was significantly associated 

with WB severity (Livingston et al., 2019a). Livingston et al. (2019b) subsequently 

reported higher potassium (K+) levels in affected birds in a study evaluating the 

venous blood of male broilers at 42 days of age. 

Thus, the objective of the current study was to further the systemic 

characterization of WB myopathy by comparing blood parameters, body weight 

distribution, and lung histology between affected and unaffected broilers. 
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3.3 Materials and Methods 

3.3.1 Ethics Statement 

The University of Delaware Institutional Animal Care and Use Committee 

approved the animal protocol (48R-2015-0) followed for this scientific study. 

Euthanasia was performed by means of cervical dislocation, and all efforts were made 

to maximize bird welfare. 

3.3.2 Experimental Animals and Wooden Breast Disease Scoring 

This experiment was conducted in chicken houses located at the University of 

Delaware under environmental conditions simulating a commercial setting. As part of 

a genome-wide association study, a total of 542 Cobb 500 broilers from the same 

breeding population were raised in 4 chicken houses and provided free access to feed 

and water. At 47 days of age, 103 birds were selected for blood analysis based on 

manual palpation of the breast muscle. These birds were selected to achieve an 

approximately equal number exhibiting no palpable breast muscle firmness (48 total; 

26 male and 22 female) and severe palpable firmness (55 total; 39 male and 16 

female). Blood analysis using i-STAT requires sampling of blood from live birds. 

Therefore, bird selection was performed using breast muscle palpation of live birds 

while all statistical analyses utilized more accurate scoring of WB based on gross 

evaluation of the pectoralis major muscle at necropsy, as described below. 

This experiment was conducted in chicken houses located at the University of 

Delaware under environmental conditions simulating a commercial setting. As part of 

a genome-wide association study, a total of 542 Cobb 500 broilers from the same 

breeding population were raised in 4 chicken houses and provided free access to feed 

and water. At 47 days of age, 103 birds were selected for blood analysis based on 
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manual palpation of the breast muscle. These birds were selected to achieve an 

approximately equal number exhibiting no palpable breast muscle firmness (48 total; 

26 male and 22 female) and severe palpable firmness (55 total; 39 male and 16 

female). Blood analysis using i-STAT requires sampling of blood from live birds. 

Therefore, bird selection was performed using breast muscle palpation of live birds 

while all statistical analyses utilized more accurate scoring of WB based on gross 

evaluation of the pectoralis major muscle at necropsy, as described below. 

3.3.3 Blood Analysis 

At 47 days of age, 1ml of blood was drawn from the brachial wing vein of each 

bird using a 3 ml syringe with 23-gauge needle that had been prepared by aspirating 

and expelling a small volume of liquid heparin prior to blood collection. The blood 

was deposited immediately into a new i-STAT CG8+ cartridge inserted in the i-STAT 

1 Analyzer (model 300A, Abbott Point of Care Inc., Princeton, NJ) to perform rapid 

blood analysis. While designed for clinical use in humans, the i-STAT system’s 

performance in Gallus gallus has been demonstrated in previous studies (Steinmetz et 

al., 2007; Livingston et al., 2019a). CG8+ test cartridges were used to test blood 

chemistry parameters including sodium (Na+), K+, ionized calcium (iCa), and glucose 

(Glu); hematologic parameters Hct and hemoglobin (Hb); and blood gas parameters 

including pH, partial pressure of carbon dioxide (pCO2), TCO2, HCO3
-, BE, oxygen 

saturation (sO2), and pO2. After all measurements were completed, data was 

downloaded from the analyzer and consolidated for statistical analysis. Body weight at 

47 days was also measured at this time. 
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3.3.4 Body Weight Distribution 

The same 103 birds used for blood analyses were also used to evaluate body 

weight distribution. After euthanasia, the left pectoralis major muscle, left pectoralis 

minor muscle, left external oblique muscle, heart, lungs, liver, spleen, and whole 

feathered left wing, disarticulated at the shoulder, were dissected from each bird. The 

weight of each dissected body part was recorded, along with the body weight of the 

bird before necropsy. 

3.3.5 Statistical Analysis 

Statistical analyses were performed using JMP software (SAS Institute, Cary, 

NC, USA). To improve statistical power, birds were grouped according to WB status: 

unaffected birds included those assigned a WB score of 0-Normal or 1-Very Mild and 

affected birds included those assigned a score of 2-Mild, 3-Moderate, or 4-Severe. All 

i-STAT measurements were analyzed using a mixed linear model with WB status, sex, 

WB-sex interaction, and body weight at 47 days as fixed effects and poultry house as a 

random effect. Body part weights were analyzed using a mixed linear model with WB 

status, sex, WB-sex interaction, and body weight at necropsy as fixed effects and 

poultry house as a random effect. Effects with P ≤ 0.05 were considered significant for 

all tests. 

3.3.6 Histological Evaluation of Lungs 

Of the 103 broilers used in this study, six birds (3 males and 3 females) with 

the lowest sO2 values and six birds with the highest sO2 values (3 males and 3 

females) were selected for microscopic examination of lung tissue based on blood gas 

values measured at 47 days of age. In the low sO2 group, 5 birds were classified as 

affected, with WB scores of 3-Moderate or 4-Severe, and 1 bird was classified as 
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unaffected, with a WB score of 0-Normal. In the high sO2 group, all 6 birds were 

classified as unaffected, with a WB score of 0-Normal. From each of the selected 

birds, lung tissue from the cranial and caudal aspects from either the left or right lung 

were harvested and fixed by immersion in 10% neutral buffered formalin. Samples 

were processed routinely for staining with hematoxylin and eosin as described by 

Papah et al. (Papah et al., 2017) before histologic evaluation with a light microscope 

and morphometric analysis with the Aperio LV1 digital microscope (Leica 

Biosystems, IL, USA). 

Lung tissue was examined microscopically by a veterinarian (Papah) and a 

certified veterinary anatomic pathologist (Brannick) for histopathologic lesions or 

other tissue changes which could affect systemic blood parameters, such as the 

presence of inflammation, fibrosis, lymphoid follicular hyperplasia (lymphocytic 

nodules), cartilaginous nodules, edema or hemorrhage in the gas exchange areas, 

thickening of parabronchial walls, and obstruction of parabronchi. Assessment of all 

slides was performed in a blinded fashion and later microscopic lesions were assessed 

for an association with sO2 status (high or low), sex, or WB status. 

3.4 Results and Discussion 

3.4.1 Body Weight Distribution 

The effects of WB, sex, WB-sex interaction, and body weight on the weights 

of the dissected left pectoralis major muscle, left pectoralis minor muscle, left external 

oblique muscle, whole feathered left wing, heart, lungs, liver, and spleen are provided 

in Table 3.1. Wooden breast had a significant association with the pectoralis major 

muscle and whole feathered left wing, which were both larger in affected birds 
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compared to unaffected birds. Previous studies have found similar results with regard 

to pectoralis major yield (Mutryn et al., 2015b; Livingston et al., 2019b), providing 

fodder for speculation that high breast muscle yield is responsible for development of 

the WB and WS phenotypes due to overstretching of the myofibers and a reduction in 

capillary density (Kuttappan et al., 2013; Dalle Zotte et al., 2017). However, 

microscopic lesions of WB can be detected as early as 1 week of age in the pectoralis 

major muscle (Papah et al., 2017). Thus, hypotheses suggesting that WB arises from 

overstretching and ischemia may be inadequate or incomplete. Without discounting 

the potential contribution of pectoralis major growth rate to WB development, it is 

important to consider alternative interpretations of these results. For example, it has 

been proposed that muscle hypertrophy may be symptomatic of WB rather than 

causal, similar to the pathological hypertrophy of organs in chronic complications of 

diabetes mellitus in mammals (Lake et al., 2019; Lake and Abasht, 2020). 

Table 3.1: Effects of wooden breast (WB) status (A: affected, U: unaffected), sex 

(M: male, F: female), the interaction of WB and sex, and body weight on 

the weight of the left pectoralis major, left pectoralis minor, left whole 

feathered wing, left external oblique, heart, lungs, liver, and spleen of 

broiler chickens.  

  WB  Sex WB x Sex Body 

Weight 

  
A U 

P-

value 
M F 

P-

value 
AM AF UM UF 

P-

value 
P-value| 

Broilers 

(n) 
 55 48  65 38  39 16 26 22   

P. major 
(g) 

Mean 425.51 400.59 0.002 402.70 423.41 0.079 417.84 433.19 387.56 413.63 0.505 <0.001 

SE 4.67 4.68  4.54 7.71  6.66 10.42 6.78 9.41   

P. minor 

(g) 

Mean 81.66 83.58 0.305 80.26 84.97 0.074 81.14a,b 82.17a,b 79.38a 87.78b 0.047 <0.001 

SE 1.55 1.61  1.54 2.06  1.89 2.61 1.98 2.41   

Wing  

(g) 

Mean 169.62 160.31 <0.001 169.07 160.87 0.008 174.72 164.53 163.42 157.20 0.350 <0.001 

SE 1.78 1.85  1.77 2.38  2.18 3.01 2.28 2.78   

Ext. obl. 

(g) 

Mean 7.53 7.03 0.213 6.88 7.68 0.153 7.60a 7.46a,b 6.15b 7.90a 0.018 0.006 

SE 0.26 0.28  0.26 0.40  0.35 0.52 0.37 0.48   

Heart  

(g) 

Mean 17.74 17.83 0.867 17.84 17.74 0.893 17.86 17.62 17.81 17.85 0.786 <0.001 

SE 0.32 0.33  0.31 0.50  0.44 0.67 0.46 0.61   

Lungs  Mean 15.51 16.35 0.209 17.23 14.64 0.006 16.58 14.45 17.88 14.83 0.483 0.158 
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(g) SE 0.52 0.54  0.52 0.71  0.65 0.91 0.68 0.84   

Liver  

(g)  

Mean 62.43 64.19 0.334 60.09 66.53 0.013 58.17 66.70 62.02 66.35 0.241 <0.001 

SE 1.30 1.36  1.29 1.86  1.68 2.42 1.76 2.22   

Spleen 

(g) 

Mean 4.20 4.46 0.223 4.03 4.62 0.056 3.83 4.57 4.24 4.67 0.460 <0.001 

SE 0.13 0.14  0.14 0.21  0.19 0.27 0.20 0.25   

Analysis was performed using a mixed linear model approach with poultry house 

included as a random effect. Data are presented as the least square mean and standard 

error. Means not sharing a common superscript letter within the interaction effect are 

significantly different (P < 0.05, Tukey’s HSD test). 

 

The external oblique muscle showed an interesting effect of the WB-sex 

interaction, with affected males and unaffected females having the highest average 

weights of those muscles and unaffected males having the lowest weights. Similarly, 

the weight of the pectoralis minor muscle was highest in unaffected females and 

lowest in unaffected males. One potential explanation for the observed group means of 

the external oblique muscle is as an adaptive response to the size of the combined 

pectoralis major and pectoralis minor muscle. Avian respiration relies on movement of 

the sternum to allow expansion of the bellows-like air sacs during inhalation 

(Schmidt-Nielsen, 1971). The external obliques are ventilatory muscles that insert 

onto the base of the uncinate processes of the ribs, extensions of bone that project 

caudally from the vertical segment of each rib, and move the sternum dorsally during 

expiration (Codd, 2005). Because inhalation and exhalation are active processes 

driven by musculoskeletal movements, additional weight, especially on the sternum 

increases the metabolic demand of respiration, reduces the overall effectiveness of 

respiratory movements (Tickle et al., 2014), and may result in strengthening of 

respiratory muscles. This is in accordance with unaffected males having the smallest 

pectoralis major muscle, pectoralis minor muscle, and external oblique muscle in the 

present model. 
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Compared to females in the present study, males possessed larger wings and 

lungs, but a smaller liver after accounting for WB and body weight. There was no 

significant difference in the size of the pectoralis major muscle between males and 

females in our model. Body weight had a significant effect on the sizes of all body 

parts except the lungs, with larger birds possessing generally heavier body parts but 

relatively smaller lungs. 

3.4.2 Blood Analysis 

The effects of WB, sex, WB-sex interaction, and body weight on 13 blood 

parameters are shown in Table 3.2. Compared to unaffected birds, WB affected birds 

exhibited significantly higher venous K+ and significantly lower pH, sO2, and pO2. 

Affected male birds also possessed significantly higher pCO2 and TCO2 values 

compared to unaffected male birds. Although affected female birds had pCO2 and 

TCO2 values higher than those of unaffected female birds, the effect was not 

significant potentially due to the smaller number of female birds sampled. These 

results are largely in accordance with previously published data of blood parameters 

measured at 42 days of age (Livingston et al., 2019b, 2019a), although no significant 

effect of WB on Hct or BE was detected in the present study. The present model also 

detected a significant sex effect for BE and a WB-sex interaction effect for Glu, with 

males possessing higher BE than females and affected males possessing higher Glu 

compared to affected females. It is unclear what might be causing these specific sex 

effects. 
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Table 3.2: Effects of wooden breast (WB) status (A: affected, U: unaffected), sex 

(M: male, F: female), the interaction of WB and sex, and body weight on 

blood sodium (Na+), potassium (K+), ionized calcium (iCa), glucose 

(Glu), hematocrit (Hct), hemoglobin (Hb), pH, partial pressure of carbon 

dioxide (pCO2), total carbon dioxide (TCO2), partial pressure of oxygen 

(pO2), oxygen saturation (sO2), bicarbonate (HCO3
-), and base excess 

(BE).  

  WB  Sex WB x Sex 
Body 

Weight 

  
A U 

P-

value| 
M F 

P-

value 
AM AF UM UF 

P-

value 
P-value| 

Broilers 

(n) 
 55 48  65 38  39 16 26 22   

Na+ 

(mmol/L) 

Mean 150.17 149.24 0.123 149.91 149.50 0.611 150.05 150.30 149.78 148.71 0.240 0.320 

SE 0.42 0.47  0.42 0.60  0.58 0.75 0.56 0.74   

K+ 

(mmol/L) 

Mean 5.04 4.86 0.045 4.98 4.91 0.569 5.11 4.97 4.85 4.86 0.372 0.127 

SE 0.05 0.06  0.05 0.09  0.08 0.11 0.08 0.11   

iCa 
(mmol/L) 

Mean 1.41 1.39 0.416 1.40 1.40 0.983 1.41 1.41 1.40 1.39 0.932 0.266 

SE 0.02 0.02  0.02 0.02  0.02 0.02 0.02 0.02   

Glu 

(mmol/L) 

Mean 220.06 222.58 0.366 224.29 218.36 0.119 226.71a 213.42b 221.87a,b 223.30a,b 0.006 0.310 

SE 1.85 2.08  1.87 2.75  2.61 3.43 2.52 3.39   

Hct 

(%PCV) 

Mean 23.79 22.84 0.151 23.31 23.32 0.994 23.82 23.76 22.80 22.87 0.919 0.216 

SE 0.50 0.55  0.50 0.69  0.67 0.85 0.64 0.83   

Hb  

(g/dL) 

Mean 8.08 7.76 0.161 7.93 7.92 0.989 8.10 8.07 7.75 7.78 0.903 0.211 

SE 0.17 0.19  0.17 0.24  0.23 0.29 0.22 0.29   

pH 
Mean 7.360 7.389 0.007 7.382 7.367 0.268 7.364 7.356 7.401 7.377 0.396 0.600 

SE 0.008 0.009  0.008 0.011  0.011 0.014 0.010 0.013   

pCO2 
(mmHg) 

Mean 47.26 42.16 0.002 44.69 44.73 0.984 48.82a 45.70a,b 40.55b 43.77a,b 0.041 0.825 

SE 0.88 1.02  0.86 1.55  1.42 1.95 1.26 1.96   

TCO2 

(mmol/L) 

Mean 27.81 26.87 0.125 28.01 26.67 0.111 29.06a 26.57a,b 26.96b 26.78a,b 0.045 0.333 

SE 0.38 0.43  0.38 0.58  0.55 0.74 0.53 0.73   

pO2 

(mmHg) 

Mean 39.85 44.75 <0.001 42.03 42.57 0.751 39.52 40.18 44.54 44.97 0.923 0.352 

SE 1.16 1.22  1.15 1.48  1.42 1.79 1.38 1.71   

sO2  

(%) 

Mean 70.57 79.07 <0.001 74.86 74.78 0.974 70.20 70.94 79.52 78.62 0.647 0.452 

SE 1.37 1.49  1.35 1.95  1.83 2.46 1.76 2.34   

HCO3
- 

(mmol/L) 

Mean 26.42 25.55 0.133 26.66 25.31 0.087 27.62 25.22 25.70 25.40 0.052 0.371 

SE 0.36 0.41  0.36 0.55  0.53 0.70 0.50 0.69   

BE 
(mmol/L) 

Mean 1.00 0.46 0.375 1.60 -0.13 0.036 2.32 -0.31 0.88 0.05 0.113 0.443 

SE 0.42 0.47  1.60 0.61  0.58 0.75 0.56 0.74   

Analysis was performed using a mixed linear model approach with poultry house 

included as a random effect. Data are presented as the least square mean and standard 

error. Means not sharing a common superscript letter within the interaction effect are 

significantly different (P < 0.05, Tukey’s HSD test). 

 

Elevated pCO2 in conjunction with a decline in pH in WB affected birds is 

possibly indicative of an acid-base disorder called respiratory acidosis. While 

respiratory acidosis is classically defined in terms of arterial blood gas measurements, 

the high correlation of arterial and venous pCO2 and pH is well-established in humans, 
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dogs, and chickens, as is the use of venous measurements for investigation of acid-

base disturbances (Forster et al., 1972; Ilkiw et al., 1991; Wideman et al., 2003; 

Yildizdaş et al., 2004). Respiratory acidosis occurs when the body produces more CO2 

than can be removed by the lungs (D’Addesio, 1992). As carbon dioxide accumulates 

in the blood, it causes blood pH to decrease, triggering compensatory mechanisms in 

the kidneys, such as HCO3
- retention, to mitigate the rising acidity. Elevated HCO3

- 

levels are suggestive of renal compensation and possible chronic respiratory acidosis, 

as the kidneys increase excretion of acid and hydrogen ions and increase reabsorption 

of HCO3
- (Carter et al., 1959). Livingston et al. (2019a) previously found increased 

HCO3
- levels in WB-affected broilers. In the present study, HCO3

- values are higher in 

affected males compared to unaffected males, though the WB-sex interaction effect is 

not quite significant in our model (P-value = 0.052). 

Respiratory acidosis is caused either by an increase in CO2 production 

(increased metabolism), a relative decrease in respiratory gas exchange 

(cardiopulmonary insufficiency), or both (Epstein and Singh, 2001). Previous studies 

comparing feed-restricted vs. non feed-restricted broilers and slow-growing vs. fast-

growing broilers (Julian and Mirsalimi, 1992; Olkowski et al., 1999) have 

demonstrated how an increase in metabolism can cause changes to blood gas values 

similar to those seen in the present study. Similarly, respiratory acidosis caused by 

cardiopulmonary insufficiency has been demonstrated by comparing ascitic versus 

non-ascitic chickens (Malan et al., 2003). In the present study, body weight was 

investigated for a potential association with blood parameter values but did not show 

any significant effects (Table 3.2). The weight of the whole feathered left wing was 

also tested as a main effect for blood gas values as the brachial vein, from which blood 
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samples were taken, drains the peripheral wing tissue. However, it also showed no 

significant effects for blood gas values and so was excluded (data not shown). The fact 

that WB has a significant effect on blood gas values beyond what can be explained by 

body weight or wing weight suggests that a higher metabolic rate due to faster growth 

is not the cause of the apparent blood gas disturbance. It is, therefore, important to 

explore other potential metabolic, respiratory, or cardiovascular differences between 

WB affected and unaffected birds that might explain the results seen in this study and 

in previous studies (Livingston et al., 2019b, 2019a). 

Metabolically, WB involves substantial alterations in the pectoralis major 

muscle, including an apparent increase in lipid metabolism and decrease in glycolysis 

(Mutryn et al., 2015a; Abasht et al., 2016; Papah et al., 2018). Increased reliance on 

lipids for energy production rather than glucose can raise oxygen consumption due to 

the lower phosphate/oxygen ratio of fatty acids, but would not be expected to raise 

CO2 production (Brand, 2005). Other features of WB, such as hypercontraction of 

muscle fibers (Velleman et al., 2018) or increased activity of ATP-powered calcium 

pumps, could raise the body’s energy requirements and total metabolic rate without 

contributing to growth rate. Sarcoplasmic/endoplasmic reticulum Ca2+-ATPase 

(SERCA) pumps have been found to account for 40-50% of the resting metabolic rate 

in mouse skeletal muscle, or 12-15% of whole body resting oxygen consumption 

(Smith et al., 2013). Upregulation of SERCAs in the pectoralis major muscle of 

affected birds at market age is supported by transcriptional and proteomic evidence 

(Mutryn et al., 2015a; Soglia et al., 2016), and the disruption of intracellular calcium 

homeostasis has been identified as a key feature of the early pathogenesis of WB 

(Papah et al., 2018; Lake et al., 2019). The contribution of sarcoplasmic reticulum 
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calcium cycling to increased resting energy expenditure in the WB phenotype has 

been proposed (Lake and Abasht, 2020) but remains unexplored experimentally. 

While numerous potential pulmonary causes of insufficient gas exchange exist, 

none are particularly well-supported by existing knowledge of WB or the results of the 

present study. Our data indicate WB is not associated with reduced lung size, altered 

lung morphology (see following section), or reduced respiratory musculature (i.e. the 

external oblique muscle). 

However, the circulatory system is also intimately involved in respiratory 

exchange and can reduce gas exchange at the blood-gas barrier by decreasing the rate 

at which blood passes by the gas exchange surface in the lungs (Ludders, 2015). 

Evaluations of microscopic lesions associated with WB have cataloged extensive 

damage to the veins in the p. major muscle of affected birds as well as evidence of 

hemodynamic perturbations resulting from such damage (Papah et al., 2017; Sihvo et 

al., 2017). In many cases, venous inflammation progresses to circumferential 

transmural and valvular infiltration of veins by inflammatory cells (Papah et al., 2017). 

Subsequent congestion, edema, valvular damage, and stenosis (narrowing) or 

obstruction of the venous lumen (Papah et al., 2017; Sihvo et al., 2017) all indicate 

significant impairment of venous return and, implicitly, a reduction of cardiac output. 

Poor venous return in affected birds could lead to increased accumulation of metabolic 

waste including CO2, as indicated by blood gas analysis in this study, and negatively 

affect gas exchange by slowing the flow of blood back to the gas exchange surfaces of 

the lungs. Impaired venous return from phlebitis may exacerbate what some 

characterize as existing vascular insufficiency in the pectoralis major of commercial 

broilers. At the cellular level, large breast muscles are produced by increasing the 



 65 

number, diameter, and length of muscle fibers (Scheuermann et al., 2004; Roy et al., 

2006), causing a reduction of capillary density among other effects (Hoving-Bolink et 

al., 2000; Joiner et al., 2014). 

Apart from blood gases, the only other analyte measurement that was 

significantly altered in affected birds in the present study was potassium. 

Hyperkalemia, increased K+, is a known effect of high blood CO2 and therefore a 

common symptom of respiratory acidosis (Scribner et al., 1955; Ladé and Brown, 

1963; Kilburn, 1966). Extracellular K+ concentration is tightly regulated in the body to 

maintain it within the necessary range for cellular functions such as electrical 

excitability of cardiac and skeletal muscle (Aronson and Giebisch, 2011). The 

majority of the body’s K+ is located in the intracellular fluid of skeletal muscle and is 

shifted between muscle cells and extracellular space by the activity of various ion 

transport pathways (Youn and McDonough, 2009). A net loss of K+ from cells during 

respiratory acidosis is mediated primarily by Na+-H+ exchange and Na+/K+-ATPase 

activity, although extracellular elevation of bicarbonate enhances Na+-HCO3
- 

cotransport and prevents the severity of hyperkalemia seen in metabolic acidosis 

where bicarbonate levels are reduced (Aronson and Giebisch, 2011). 

3.4.3 Histological Evaluation of the Lungs 

Histologic analysis demonstrated that there was no clinically significant lung 

disease (pneumonia, etc.) observed in tissues from either high sO2 or low sO2 birds to 

explain detectable differences in blood oxygen saturation. A single lung specimen 

from the low sO2 group exhibited moderate localized multifocal lymphoplasmacytic 

phlebitis consistent with vascular changes observed in WB musculature (Figure 3.1a) 

and was confirmed to have been collected from a low sO2 WB affected bird following 
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analysis. All pulmonary tissues examined from both high sO2 and low sO2 birds 

exhibited one or more foci of chondro-osseous metaplasia, characterized by focal to 

multifocal islands of well-differentiated non-neoplastic cartilage or bone tissue within 

otherwise healthy pulmonary tissue. Chondro-osseous metaplasia is thought to arise 

from within pulmonary connective tissue over time in response to low oxygenation in 

tissues (chronic hypoxia) and has been previously reported in broiler chickens in 

association with ascites syndrome (Maxwell, 1988). In the present study, there was no 

gross evidence of fulminant ascites in any of the birds examined. While present in 

both WB affected and WB unaffected birds, the metaplastic change in pulmonary 

tissues was more extensive resulting in larger, more numerous metaplastic foci in WB 

affected birds (Figures 3.1b and c). This finding may indicate that while lung tissues 

are susceptible to hypoxic injury even in clinically normal broilers, the WB condition 

may exacerbate tissue changes due to regionalized or systemic hypoxia. 
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Figure 3.1: Lung histopathology of wooden breast-affected broiler chickens with low 

venous blood oxygen saturation (sO2).  

 (a) Obliterative lymphoplasmacytic venous inflammation, interpreted as phlebitis (*), 

was observed in one bird with sparing of adjacent arterial vessel (top) consistent with 

the wooden breast phenotype in muscle tissues. Chondro-osseous metaplasia 

(arrowhead) may be occurring as a sequela of low oxygenation in pulmonary tissues. 

(b) Multiple parabronchi (Pb) exhibit chondro-osseous metaplasia (arrowheads) in 

wooden breast-affected birds with low sO2 values. The number and size of metaplastic 

foci were greater than either wooden breast-affected birds with high sO2 values or 

unaffected birds. (c) Higher magnification of region demarcated by dotted line in 1b 

showing metaplastic foci in greater detail. [Hematoxylin & Eosin stain, scale bar 

indicates 100 µm in (a) and (c) and 400µm in (b)] 



 68 

 

Other minor histopathologic findings included bronchus-associated lymphoid 

tissue (BALT) hyperplasia, occasionally with discrete nodular follicle formation, and 

extramedullary hematopoiesis (EMH). Generalized and nodular lymphoid hyperplasia 

likely indicate immune response to inhaled antigens or irritants and are not suspected 

to be related to WB. The airway associated lymphoid tissues did not appear to impinge 

upon or obstruct airway lumens. The physiologic process of EMH is common in 

tissues of young animals, but can sometimes occur to produce additional red blood 

cells in response to low tissue oxygenation. However, the limited extent and level of 

EMH in the lung tissues in the present study indicate that EMH is likely an incidental 

rather than clinically significant finding. Mild, limited EMH is a common finding in 

avian tissues, including lung, even in clinically normal birds. Artifactual changes from 

specimen collection and processing, such as acute hemorrhage with no tissue reaction 

and collapse of air spaces with no indication of true airway obstruction (atelectasis) 

were observed but disregarded for purposes of analysis. 

Other minor histopathologic findings included bronchus-associated lymphoid 

tissue (BALT) hyperplasia, occasionally with discrete nodular follicle formation, and 

extramedullary hematopoiesis (EMH). Generalized and nodular lymphoid hyperplasia 

likely indicate immune response to inhaled antigens or irritants and are not suspected 

to be related to WB. The airway associated lymphoid tissues did not appear to impinge 

upon or obstruct airway lumens. The physiologic process of EMH is common in 

tissues of young animals, but can sometimes occur to produce additional red blood 

cells in response to low tissue oxygenation. However, the limited extent and level of 

EMH in the lung tissues in the present study indicate that EMH is likely an incidental 

rather than clinically significant finding. Mild, limited EMH is a common finding in 
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avian tissues, including lung, even in clinically normal birds. Artifactual changes from 

specimen collection and processing, such as acute hemorrhage with no tissue reaction 

and collapse of air spaces with no indication of true airway obstruction (atelectasis) 

were observed but disregarded for purposes of analysis. 

Previously, our laboratory reported altered gene expression in lung tissue of 

WB affected broilers (Wong, 2018) which may be connected with the present finding 

of pulmonary phlebitis. In that study, the top significant canonical pathways identified 

from the list of differentially expressed genes included atherosclerosis signaling, 

adipogenesis, and LXR/RXR activation, a pathway involved in the regulation of lipid 

metabolism and inflammation. Increased expression of genes involved in lipid 

metabolism and uptake, such as lipoprotein lipase (LPL), fatty acid binding protein 4 

(FABP4), and adiponectin c1q and collagen domain containing (ADIPOQ), is 

reminiscent of the transcriptomic changes associated with WB in the pectoralis major 

muscle (Papah et al., 2018; Lake et al., 2019) and may reflect a similar mechanism. 

Papah and Abasht (2019) recently found increased LPL expression in veins 

undergoing phlebitis in the pectoralis major muscle of WB affected birds, further 

substantiating the link between increased lipid metabolism and venous inflammation. 

In light of this knowledge, it is possible that phlebitis in the lungs is more widespread 

and not fully represented by the limited number of sections and samples examined in 

the present study. 

3.5 Conclusions 

The findings of the present study indicate that WB is associated with blood gas 

disturbances characterized primarily by increased venous K+ and pCO2 and decreased 

pH, sO2 and pO2. The accumulation of carbon dioxide and acidification of venous 
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blood occurs when the metabolic demands of the tissue exceed the capacity of the 

respiratory or circulatory system. Factors that may contribute to increased metabolic 

demand in WB affected birds include hypercontraction of muscle fibers and, 

importantly, the dysregulation of calcium homeostasis. Cardiovascular and pulmonary 

deficiencies, specifically venous damage caused by phlebitis and disproportionate 

growth of the pectoralis major compared to respiratory muscles, potentially also 

contribute to inadequate respiratory gas exchange in affected birds. Blood gas 

disturbances, musculature differences, and pulmonary chondro-osseous metaplasia and 

phlebitis demonstrated herein may further indicate broader systemic implications of 

the metabolic dysfunction and circulatory insufficiency already described in existing 

literature regarding WB. Since these results were obtained in 7-week-old birds, 

findings are more informative of the WB myopathy’s effects (sequelae) rather than its 

etiology and further studies are required to ascertain whether a blood gas disturbance 

is present during early stages of the disease. 
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3-METHYLHISTIDINE AS PROMISING PLASMA BIOMARKER OF 

WOODEN BREAST AND WHITE STRIPING 

(Juniper A. Lake, Jack C.M. Dekkers, Yiren Yan, Jing Qiu, Erin M. Brannick, & 

Behnam Abasht. In Review (2021)).  

 

4.1 Abstract 

Current diagnostic methods for wooden breast and white striping, common 

breast muscle myopathies of modern commercial broiler chickens, rely on subjective 

examinations of the pectoralis major muscle, time-consuming microscopy, or 

expensive imaging technologies. Further research on these disorders would benefit 

from more quantitative and objective measures of disease severity that can be used in 

live birds. To this end, we utilized untargeted metabolomics alongside two statistical 

approaches to evaluate plasma metabolites as potential biomarkers of wooden breast 

and white striping in 250 male commercial broiler chickens. First, mixed linear 

modeling was employed to identify metabolites with a significant association with 

these muscle disorders and found 98 metabolites associated with wooden breast and 

44 metabolites associated with white striping (q-value < 0.05). Second, a support 

vector machine was constructed using stepwise feature selection to determine the 

smallest subset of metabolites with the highest prediction accuracy for wooden breast. 

The final support vector machine achieved a prediction accuracy of 94% using only 6 

metabolites. The metabolite 3-methylhistidine, which is often used as an index of 

myofibrillar breakdown in skeletal muscle, was the top metabolite for both wooden 

Chapter 4 
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breast and white striping in our mixed linear model and was also the metabolite with 

highest marginal prediction accuracy (82%) for wooden breast in our support vector 

machine. 

4.2 Introduction 

Wooden breast and white striping are breast muscle disorders of modern 

commercial broiler chickens that inflict a substantial economic burden on the poultry 

industry worldwide due to the high prevalence and detrimental effects of these 

diseases on meat quality and appearance. Despite distinct appearances, these 

myopathies are believed to be part of the same disease spectrum or progression 

(Griffin et al., 2018; Mutryn et al., 2015), frequently manifest together in the same 

bird, and have high genetic correlation with each other (r = 0.9) (Lake et al., 2021). At 

the microscopic level, both disorders present with similar lesions, including 

myodegeneration with regeneration, necrosis, lymphocyte and macrophage 

infiltration, fibrosis, and lipidosis (Kuttappan et al., 2013; Sihvo et al., 2014). 

However, severe wooden breast is clinically and grossly characterized by palpable 

firmness of the pectoralis major muscle, particularly at the cranial end, while white 

striping appears grossly as fatty white striations that run parallel to the muscle fibers. 

Although the exact etiologies of these myopathies are still not fully 

understood, it is clear that both genotype and environmental factors play a role (Bailey 

et al., 2020; Lake et al., 2021). One major hypothesis proposes shared pathogenesis 

with metabolic syndrome and type 2 diabetes mellitus in mammals, wherein 

differences in insulin signaling and glucose transport in the skeletal muscle of 

chickens produce symptoms most akin to mammalian diabetic complications in the 

heart, liver, and kidneys (Lake and Abasht, 2020). However, further research into the 
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biological basis of wooden breast and white striping is hampered by current diagnostic 

techniques, which rely primarily on manual palpation and visual examination of the 

breast muscle. Such techniques are either not very accurate in live birds (palpation) or 

not applicable to live birds (gross examination of muscle at processing or necropsy) 

and can be biased by the subjectivity and inconsistency of scorers. Diagnosis using 

histology or muscle metabolomics can be performed on live birds using muscle 

biopsies (Papah et al., 2017, 2018), but this technique is invasive, substantially 

affected by sampling site, and not well suited to studies that require repeated 

measurements over time. A diagnostic model based on blood, plasma, or serum 

metabolites would allow for objective and repeatable quantification of disease severity 

in live birds, and would thus vastly improve the quality of diagnostics and research 

relating to wooden breast and white striping. 

Metabolomic approaches have previously been used to identify biomarkers and 

key metabolic pathways associated with wooden breast and white striping in broiler 

chickens. For example, Abasht et al. (Abasht et al., 2016) highlighted altered lipid and 

carbohydrate metabolism in birds affected with wooden breast, as well as changes in 

histidine and glutathione metabolism that may indicate increased inflammation, 

oxidative stress, and muscle protein breakdown. Similarly, (Boerboom et al., 2018) 

found increased levels of long-chain fatty acids and signs of perturbations to the citric 

acid cycle associated with white striping. However, it has become evident that the 

effects of such breast muscle myopathies extend beyond the pectoralis major muscle, 

with systemic changes described in the vasculature, blood, lungs, and other skeletal 

muscles (Kuttappan et al., 2013; Severyn et al., 2019; Lake et al., 2020; Abasht et al., 

2021). As previous metabolomics studies have generally been limited to the pectoralis 
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major muscle, metabolomics profiling of wooden breast and white striping using 

blood can provide novel insights about the diseases from a more systemic perspective. 

In this study, we applied an untargeted metabolomics approach to identify 

plasma metabolites associated with wooden breast and white striping in male broiler 

chickens at market age. The primary objectives of this study were (i) to identify 

plasma metabolites that can be used to identify and objectively quantify wooden breast 

and white striping in live birds and (ii) to provide insights into the underlying 

pathophysiology of these myopathies. 

4.3 Materials and Methods 

4.3.1 Test Animals, Study Design, and Sampling 

All animal procedures were performed in accordance with guidelines set by 

The University of Delaware Institutional Animal Care and Use Committee (IACUC) 

and were approved by IACUC under protocol number 48R-2015-0. The sample 

population consisted of 250 commercial broiler chickens selected from a previously 

described study population (Lake et al., 2021) according to wooden breast scores and 

sex determined at necropsy (selection criteria described below). All birds were 

offspring from the same breeding population of 15 sires and 200 dams, but were raised 

in two separate hatches (n1 = 109, n2 = 141). Broilers were housed according to 

optimal industry standards in five poultry houses on the University of Delaware 

Newark campus farm complex (Newark, DE) and given free access to feed and water 

until approximately 7 weeks of age, at which time they were euthanized by cervical 

dislocation. Due to the complexity of sample collection and number of birds, bird 

necropsy was conducted over 4 days, at 48, 49, 52, and 53 days of age, once the birds 
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had reached full market weight. Preceding euthanasia, live weight was recorded and 

whole blood samples were collected from the brachial wing vein of each bird using a 

3mL syringe with 23-gauge needle and placed in lithium heparin-coated tubes. Plasma 

was separated by centrifugation and stored at -80˚C until further analysis. During 

necropsy, the pectoralis major muscles were evaluated visually and by manual 

palpation for gross lesions and palpable firmness associated with wooden breast. Each 

bird was assigned a wooden breast score according to the 5-point scale described by 

Lake et al. (Lake et al., 2021), with the exception that "1-Very Mild" was renamed "1-

Minimal": 0-Normal, 1-Minimal, 2-Mild, 3-Moderate, and 4-Severe. White striping 

was also assessed at this time and each bird was assigned a white striping score using 

a 4-point scale described by Lake et al. (Lake et al., 2021): 0-Normal, 1-Mild, 2-

Moderate, and 3-Severe. 

Plasma samples from 250 birds were selected for metabolomics profiling using 

the following criteria. First, birds associated with plasma samples with volumes less 

than 120 µl were not included. Second, birds were filtered to retain only those 

determined to be males at necropsy and otherwise in good health (e.g. no indication of 

ascites or leg defects). Third, birds were selected based on wooden breast score to 

maximize statistical power in detecting differences between the extremes of the 

wooden breast disease spectrum. Samples from birds receiving extreme scores (0-

Normal, 3-Moderate, and 4-Severe) were selected first and then additional samples 

were randomly selected from the pool of birds with scores of 1-Minimal. No birds 

with scores of 2-Mild were included in this study. Sex was later confirmed using 

genetic analysis of sex chromosomes (Lake et al., 2021). 
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4.3.2 Metabolomic Sample Accessioning and Preparation 

Frozen plasma samples were thawed at room temperature and 120 µl aliquots 

of each sample were placed in individual 2.0 mL polypropylene tubes before being 

immediately flash frozen in liquid nitrogen. Frozen aliquots were shipped on dry-ice to 

Metabolon Inc. (Durham, NC) for metabolomics profiling using ultrahigh performance 

liquid chromatography-tandem mass spectrometry (UPLC-MS/MS). 

Following receipt, samples were inventoried and immediately stored at -80˚C 

until processing. Each sample received was accessioned into the Metabolon 

Laboratory Information Management System (LIMS) system and was assigned a 

unique identifier that was used to track all sample handling, tasks, and results. The 

samples (and all derived aliquots) were tracked by the LIMS system. 

Samples were prepared using the automated MicroLab STAR system 

(Hamilton Company). Several recovery standards were added prior to the first step in 

the extraction process for quality control purposes. To remove protein, to dissociate 

small molecules that were bound to protein or trapped in the precipitated protein 

matrix, and to recover chemically diverse metabolites, proteins were precipitated with 

methanol under vigorous shaking for 2 min (Glen Mills GenoGrinder 2000), followed 

by centrifugation. The resulting extract was divided into five fractions for analysis 

using four different methods, and one sample reserved for backup. Samples were 

placed briefly on a TurboVap (Zymark) to remove the organic solvent and then stored 

overnight under nitrogen before preparation for analysis. Several types of controls 

were analyzed in concert with the experimental samples; a detailed description of the 

quality control methods can be found in Appendix A. 
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4.3.3 Ultrahigh Performance Liquid Chromatography-Tandem Mass 

Spectroscopy (UPLC-MS/MS) 

All mass spectroscopy methods utilized a Waters ACQUITY ultra-

performance liquid chromatography (UPLC) and a Thermo Scientific Q-Exactive high 

resolution/accurate mass spectrometer interfaced with a heated electrospray ionization 

(HESI-II) source and Orbitrap mass analyzer operated at 35,000 mass resolution. The 

sample extract was dried then reconstituted in solvents compatible to each of the four 

methods: two separate reverse phase (RP)/UPLC-MS/MS methods with positive ion 

mode electrospray ionization (ESI), one for analysis by RP/UPLC-MS/MS with 

negative ion mode ESI, one for analysis by hydrophilic interaction liquid 

chromatography (HILIC)/UPLC-MS/MS with negative ion mode ESI. The scan range 

varied slighted between methods but covered 70-1000 m/z. 

Samples were balanced across multiple run days to conserve the ratio of 

wooden breast scores and to help account for inter-day tuning differences in 

instruments. Additional details on the UPLC-MS/MS methods are available in the 

Appendix A. 

4.3.4 Compound Identification and Quantification 

Metabolites were identified and quantified by Metabolon using Metabolon’s 

hardware and software. Compounds were identified by comparison to library entries 

of purified standards or recurrent unknown entities. Biochemical identification was 

based on three criteria: retention time within a narrow refractive index window of the 

proposed identification, accurate mass match to the library +/- 10 ppm, and the 

MS/MS forward and reverse scores between the sample data and authentic standards. 

The size of peaks was quantified using area-under-the-curve. 
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4.3.5 Data Pre-Processing 

To account for inter-day tuning differences of instruments, area-under-the 

curve values for each metabolite were divided by the median value of their associated 

run-day to equalize the medians across run-day. Metabolites or samples that contained 

more than 20% missing values were removed and the remaining values were log 

transformed and standardized to set the mean of each metabolite equal to zero and the 

standard deviation equal to one. Missing values, which were primarily associated with 

lower limits of detection, were imputed using the minimum value for that metabolite. 

All subsequent analyses were performed using these log-transformed, standardized 

and imputed metabolite values. 

4.3.6 Statistical Analysis 

Metabolites that passed the filter criteria described above were individually 

tested for a relationship with wooden breast score using the following linear mixed 

model implemented with the ‘lme4qtl’ package version 0.2.2 (Ziyatdinov et al., 2018) 

in R: 

 𝒚 = 𝑿𝒃 + 𝒁𝒖 + 𝑒, Equation 1 

where 𝒚 is a vector of standardized metabolite values, 𝒃 is the vector of fixed effects 

and the overall mean (a vector of 1’s), 𝑿 an incidence matrix for fixed effects, 𝒖 is a 

vector of random polygenic effects, 𝒁 is an incidence matrix corresponding to 𝒖, and 𝑒 

is the residual error. Fixed effects included wooden breast score (or white striping 

score) and poultry house as discrete class variables and body weight at 7 weeks as a 

continuous variable. The effects of hatch and age at blood sample collection were both 

fully nested (collinear) with poultry house and, therefore, not included in the model. 

Random effects 𝑢 and 𝑒 were assumed to follow normal distributions: 𝒖~𝑁(0, 𝜎𝑔
2𝑮) 
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and 𝑒~𝑁(0, 𝜎𝑒
2𝑰𝑛), where 𝜎𝑔

2 is the genetic variance, 𝜎𝑒
2 is the variance of the residual 

errors, 𝑮 is the genomic relationship matrix acquired from Lake et al. (Lake et al., 

2021), and 𝑰𝑛 is an identity matrix of dimension 𝑛. Since the ‘lme4qtl’ package does 

not provide estimates of significance, a type II Wald chi-square test was performed 

with the R package ‘car’ version 3.0-10 (Fox and Weisberg, 2019) to test the 

significance of wooden breast or white striping score for each metabolite. Metabolites 

were considered to have a significant association with wooden breast or white striping 

score if the FDR-adjusted p-value was below 0.05 (Benjamini and Hochberg, 1995). 

Pairwise comparisons of the estimated marginal means for each wooden breast and 

white striping score were performed for significant metabolites with the R package 

“emmeans” (Lenth, 2019). Pathway enrichment analysis of significant metabolites 

associated with wooden breast was conducted with MetaboAnalyst 5.0 

(https://www.metaboanalyst.ca) using the Gallus gallus KEGG pathway library, with 

significance assessed using a hypergeometric test. 

To assess the usefulness of metabolic traits in genetic studies of wooden breast, 

heritability was calculated for each metabolite as the ratio of genetic to phenotypic 

variance, i.e. the sum of genetic and residual variance, and reported only for 

significant metabolites. Heritability estimation was performed with GCTA version 

1.26.0 using the same model described above, except that fixed effects only included 

poultry house and body weight. 

4.3.7 Construction of Support Vector Machine (SVM) Classifier 

Support vector machine (SVM) is a supervised machine learning algorithm 

that is frequently used for classification and prediction. It maps labeled training 

samples to points in space and selects a decision boundary between categories so as to 

https://www.metaboanalyst.ca/
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maximize the distance between that boundary and the data points in each category 

(Noble, 2006). Test samples are then mapped into that same space and predicted to 

belong to a category based on which side of the boundary they fall. To improve this 

model’s classification power, birds with wooden breast scores of 0-Normal and 1-

Minimal were consolidated into a single group that will be called “Unaffected” and 

birds with wooden breast scores of 3-Moderate and 4-Severe were consolidated into a 

single group that will be called “Affected”. 

The SVM with the optimal subset of metabolites for classifying birds as 

wooden breast Affected or Unaffected was constructed using an integrated machine 

learning feature selection algorithm, implemented in the R package ‘caret’ version 

3.6.3 (Kuhn, 2008). Specifically, stepwise selection was implemented to determine the 

smallest subset of metabolites with the highest prediction accuracy (proportion of true 

positives). First, the metabolite with the highest prediction accuracy calculated 

through leave-one-out cross-validation was added to the SVM. At each subsequent 

step, a new metabolite was added or an existing metabolite was removed if the 

prediction accuracy was increased according to leave-one-out cross-validation. The 

stepwise selection was complete when adding metabolites to the SVM or removing 

them from the SVM failed to increase prediction accuracy. All metabolites included in 

the final SVM were considered important for prediction with their relative importance 

concordant with the order in which they were added to the SVM. 

Although radial and linear kernels were both evaluated, the linear kernel 

produced higher accuracy and is reported here with its only hyperparameter, cost (C), 

which is a misclassification penalty that was tuned to achieve the highest average 
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prediction accuracy by nested cross-validation. The final SVM had 6 metabolite 

predictors and a C of 0.1. 

4.4 Results 

4.4.1 Quality Control 

A total of 615 metabolites were detected and quantitated, with 581 compounds 

passing quality control filter criteria. Of the 250 birds from that were sampled for 

metabolomic profiling, 4 were found to be genetically female despite being recorded 

as male at necropsy and were excluded from all subsequent analyses. The distributions 

of wooden breast score and white striping score among the remaining 246 male 

broilers are described in Table 4.1. One bird with a wooden breast score of 3-

Moderate and a white striping score of 2-Moderate did not pass sequencing quality 

control and was excluded from the linear mixed model analysis, which controlled for 

relatedness by means of a genomic relatedness matrix constructed from SNP genotype 

data (Lake et al., 2021). 

Table 4.1: Distribution of wooden breast and white striping scores among 7-week-

old broiler chickens sampled for metabolomic analysis and confirmed to 

be genetically male (n=246 total). 

 Wooden Breast Score 

 0-Unaffected 1-Minimal 2-Mild 3-Moderate 4-Severe 

n 68 23 0 135 20 

 White Striping Score 

 0-Unaffected 1-Mild 2-Moderate 3-Severe  

n 59 79 82 25  
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4.4.2 Plasma Metabolites Associated with Wooden Breast and White Striping 

The association of wooden breast and white striping scores with metabolite 

levels was first investigated using a mixed linear model, which identified 98 

metabolites that were significantly associated with wooden breast score and 44 

metabolites that were significantly associated with white striping score. The 

metabolites that were associated with white striping score were almost entirely a 

subset of those found to be significant for wooden breast, with only 4 metabolites that 

were unique to white striping – 1-palmitoyl-2-arachidonoyl-GPE (16:0/20:4), 1-

palmitoyl-2-oleoyl-GPE (16:0/18:1), chiro-inositol, and stearoyl sphingomyelin 

(d18:1/18:0). The majority of significant metabolites were amino acids or lipids, with 

the greatest effects of wooden breast and white striping relating to histidine 

metabolism and sphingolipid metabolism (Figure 4.1). The top metabolite for both 

muscle disorders was 3-methylhistidine, which showed clear differences between 

birds with no apparent disease and those with even minimal disease.  
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Figure 4.1: Top metabolites (q-value < 0.01) associated with wooden breast (closed 

circles) and white striping (open circles) in male broiler chickens at 

market age (7 weeks). 
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4.4.3 Pathway Enrichment 

A total 75 of the 98 metabolites identified as significant for wooden breast 

were recognized by the MetaboAnalyst database. Pathway enrichment analysis found 

two significant pathways – histidine metabolism and beta-alanine metabolism. The 

results of this analysis, including the metabolites associated with each significant 

pathway, are presented in Table 4.2. 

Table 4.2: Results of pathway enrichment analysis for wooden breast metabolites. 

Pathway FDR Metabolites 

Histidine metabolism 0.000016 3-methylhistidine; anserine; glutamate; 

histamine; histidine; 

formiminoglutamate; trans-urocanate 

Beta-alanine metabolism 0.073 5,6-dihydrouracil; anserine; beta-

alanine, histidine, spermine 

 

4.4.4 Metabolite Heritability 

Genetic marker data was used to estimate heritability for metabolites 

significantly associated with wooden breast score. Metabolite heritability estimates 

varied widely (Table 4.3), with several metabolites including histamine and 

pyroglutamine showing no heritability (h2 = 0) and one metabolite, glutarylcarnitine 

(C5-DC), showing the highest heritability (h2 = 1). Notably, the top metabolite 

associated with both wooden breast and white striping in this study, 3-methylhistidine, 

showed high heritability (h2 = 0.90  0.18). 
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Table 4.3: Heritability estimates for metabolites significantly associated with 

wooden breast score in mixed linear model analysis. Heritability was 

estimated from genetic marker data. 

Metabolite Name Heritability Standard Error 

1-(1-enyl-palmitoyl)-2-arachidonoyl-GPC (P-16:0/20:4) 0.67 0.17 

1-(1-enyl-palmitoyl)-2-linoleoyl-GPC (P-16:0/18:2) 0.66 0.16 

1-(1-enyl-palmitoyl)-2-oleoyl-GPC (P-16:0/18:1) 0.55 0.16 

1-(1-enyl-palmitoyl)-2-oleoyl-GPE (P-16:0/18:1) 0.25 0.14 

1-(1-enyl-palmitoyl)-2-palmitoyl-GPC (P-16:0/16:0) 0.38 0.16 

1-(1-enyl-stearoyl)-2-arachidonoyl-GPE (P-18:0/20:4) 0.35 0.16 

1-(1-enyl-stearoyl)-2-linoleoyl-GPE (P-18:0/18:2) 0.62 0.17 

1-(1-enyl-stearoyl)-GPE (P-18:0) 0.36 0.16 

1-arachidonoyl-GPC (20:4) 0.33 0.17 

1-linoleoyl-GPC (18:2) 0.06 0.10 

1-methyl-5-imidazoleacetate 0.50 0.18 

1-methylhistidine 0.57 0.20 

1-palmitoleoyl-GPC (16:1) 0.17 0.14 

1-palmitoyl-GPC (16:0) 0.00 0.13 

1-palmitoyl-GPE (16:0) 0.20 0.15 

1-stearoyl-GPE (18:0) 0.13 0.13 

1,2-dipalmitoyl-GPE (16:0/16:0) 0.20 0.16 

2-hydroxybutyrate/2-hydroxyisobutyrate 0.42 0.19 

2-hydroxyglutarate 0.09 0.14 

2-oxoadipate 0.58 0.18 

3-(3-amino-3-carboxypropyl)uridine 0.57 0.17 

3-aminoisobutyrate 0.78 0.18 

3-methylhistidine 0.90 0.18 

4-acetylphenyl sulfate 0.00 0.10 

4-ethylphenol glucuronide 0.22 0.15 

5-methylthioadenosine (MTA) 0.71 0.18 

5-methylthioribose 0.40 0.18 

5,6-dihydrouracil 0.05 0.11 

aconitate [cis or trans] 0.27 0.16 

adenine 0.38 0.17 

alpha-ketoglutaramate 0.60 0.18 

anserine 0.56 0.18 
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behenoyl sphingomyelin (d18:1/22:0) 0.53 0.18 

beta-alanine 0.43 0.19 

beta-hydroxyisovalerate 0.37 0.17 

C-glycosyltryptophan 0.89 0.15 

carnitine 0.72 0.17 

catechol glucuronide 0.11 0.12 

cholesterol 0.12 0.16 

deoxycarnitine 0.52 0.19 

dimethylglycine 0.78 0.17 

equol glucuronide 0.02 0.10 

ergothioneine 0.36 0.16 

erythronate 0.57 0.18 

formiminoglutamate 0.58 0.19 

fructose 0.49 0.18 

gamma-glutamylglutamine 0.23 0.15 

gamma-glutamylhistidine 0.61 0.20 

gamma-glutamyltyrosine 0.50 0.18 

glutamate 0.25 0.16 

glutamine 0.14 0.12 

glutarylcarnitine (C5-DC) 1.00 0.14 

histamine 0.00 0.12 

histidine 0.49 0.20 

hydroxyasparagine 0.79 0.17 

imidazole lactate 0.63 0.18 

iminodiacetate (IDA) 0.00 0.10 

indoleacrylate 0.10 0.12 

indolepropionate 0.00 0.11 

indolin-2-one 0.00 0.10 

L-Acetylcarnitine 0.54 0.18 

lignoceroyl sphingomyelin (d18:1/24:0) 0.41 0.18 

linoleoylcarnitine (C18:2) 0.00 0.12 

maleate 0.02 0.08 

malonate 0.06 0.10 

N-acetyl-3-methylhistidine 0.87 0.17 

N-Acetyl-L-aspartic acid 0.56 0.19 

N-acetylcarnosine 0.47 0.17 

N-glycolylneuraminate 0.51 0.19 
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N,N,N-trimethyl-alanylproline betaine (TMAP) 0.66 0.18 

N1-methylinosine 0.23 0.15 

N6,N6,N6-trimethyllysine 0.53 0.16 

palmitoyl dihydrosphingomyelin (d18:0/16:0) 0.77 0.17 

palmitoyl sphingomyelin (d18:1/16:0) 0.55 0.17 

propionylcarnitine 0.51 0.17 

pyridoxal 0.25 0.16 

pyroglutamine 0.00 0.09 

spermine 0.01 0.07 

sphingomyelin (d17:1/16:0, d18:1/15:0, d16:1/17:0) 0.69 0.17 

sphingomyelin (d18:0/18:0, d19:0/17:0) 0.49 0.17 

sphingomyelin (d18:1/14:0, d16:1/16:0) 0.51 0.20 

sphingomyelin (d18:1/17:0, d17:1/18:0, d19:1/16:0) 0.72 0.16 

sphingomyelin (d18:1/19:0, d19:1/18:0) 0.79 0.16 

sphingomyelin (d18:1/20:0, d16:1/22:0) 0.75 0.16 

sphingomyelin (d18:1/21:0, d17:1/22:0, d16:1/23:0) 0.32 0.16 

sphingomyelin (d18:1/22:1, d18:2/22:0, d16:1/24:1) 0.60 0.17 

sphingomyelin (d18:1/22:2, d18:2/22:1, d16:1/24:2) 0.58 0.17 

sphingomyelin (d18:1/24:1, d18:2/24:0) 0.53 0.17 

sphingomyelin (d18:2/23:0, d18:1/23:1, d17:1/24:1) 0.47 0.17 

sphingomyelin (d18:2/24:1, d18:1/24:2) 0.69 0.17 

stearoylcarnitine (C18) 0.12 0.15 

taurine 0.17 0.13 

tauroursodeoxycholate 0.53 0.20 

threonate 0.11 0.12 

trans-urocanate 0.25 0.18 

tricosanoyl sphingomyelin (d18:1/23:0) 0.44 0.18 

tyrosine 0.28 0.15 

xanthosine 0.86 0.16 

 

4.4.5 SVM Classification 

The optimized SVM achieved prediction accuracy of 94.3% using the leave-

one-out cross-validation method with the following six metabolite predictors: 3-

methylhistidine, N-acetyl-L-aspartic acid, glycerate, N,N,N-trimethyl-5-
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aminovalerate, alanine, and O-sulfo-L-tyrosine. The marginal prediction accuracy 

associated with each metabolite in the model is reported in Table 4.4. Only two of 

these metabolites, 3-methylhistidine and N-acetyl-L-aspartic acid, were identified as 

significantly associated with wooden breast in the previously described mixed linear 

model analysis. The relatively low overlap of results between these two analyses is 

likely due, at least in part, to correlation structure among metabolites, which is 

considered redundant information with regards to prediction accuracy of a 

classification model.  

Table 4.4: Optimal metabolite set for wooden breast classification using support 

vector machine with stepwise feature selection and relevant performance 

measures. 

Order Metabolite Marginal 

Accuracy1,2 

Total 

Accuracy 

Precision3 Recall4 F1 Score5 

1 3-methylhistidine 0.817 0.817 0.844 0.871 0.857 

2 N-acetyl-L-aspartic 

acid 

0.073 0.890 0.900 0.929 0.914 

3 glycerate 0.017 0.907 0.913 0.942 0.927 

4 N,N,N-trimethyl-5-

aminovalerate 

0.020 0.927 0.925 0.955 0.940 

5 alanine 0.012 0.939 0.938 0.968 0.952 

6 O-sulfo-L-tyrosine 0.004 0.943 0.938 0.974 0.956 
1Accuracy = true positives / (true positives + false positives + true negatives + false 

negatives) 
2Marginal prediction accuracy is the increase in total prediction accuracy achieved by 

adding the associated metabolite 
3Precision = true positives / (true positives + false positives) 
4Recall = true positives / (true positives + false negatives) 
5F1 Score = 2 × (precision × recall)/ (precision + recall) 
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4.5 Discussion 

4.5.1 Histidine Metabolism 

Histidine was elevated in association with wooden breast score (Figure 4.2) 

and white striping score, as well as eight additional metabolites related to histidine 

metabolism including 1-methylhistidine, 1-methyl-5-imidazoleacetate, 3-

methylhistidine, anserine, formiminoglutamate, imidazole lactate, N-acetyl-3-

methylhistidine, and trans-urocanate. A histidine derivative called 3-methylhistidine 

was identified as the most significant metabolite associated with wooden breast and 

white striping in regression analysis (Figure 4.1; wooden breast q-value = 5.18x10-26, 

white striping q-value = 1.21x10-09) and also the top metabolite for classifying birds as 

wooden breast affected or unaffected via our linear SVM model (Table 4.4). Using 3-

methylhistidine alone in the SVM model achieves an impressively high prediction 

accuracy of 82% (Table 4.4). 3-methylhistidine is found mainly in the contractile 

proteins of skeletal muscle, actin and myosin, and is one of the few amino acids that 

cannot be reutilized for protein synthesis (Ballard and Tomas, 1983). After the 

intracellular breakdown of actin and myosin, 3-methylhistidine is released into the 

blood stream and excreted in urine. Its concentration in plasma and urine is used as an 

index of myofibrillar breakdown in skeletal muscle, though dietary intake of 3-

methylhistidine in ingested muscle protein must be restricted in order to obtain 

accurate measurements (Ballard and Tomas, 1983). 
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Figure 4.2: Association of wooden breast score with histidine metabolism in plasma 

of male broiler chickens.  

Results of post-hoc analysis of metabolite values by wooden breast score are shown 

with estimated marginal means (dots) and confidence intervals (bars). Overlapping 

confidence intervals indicate that there is no significant difference between the two 

scores. To improve visualization, metabolites are listed in order of the adjusted means 

for a wooden breast score of 0-Normal. 

Previously, Abasht et al. (Abasht et al., 2016) found elevated levels of 3-

methylhistidine, histidine, and 1-methylhistidine in wooden breast affected pectoralis 

major compared to unaffected pectoralis major samples. Vignale et al. (Vignale et al., 

2017) also found higher concentrations of 3-methylhistidine, expressed as a higher 

fractional breakdown rate, in broiler breast muscle samples with severe white striping 

compared to normal samples. These findings are consistent with histological and 

compositional observations associated with wooden breast, specifically a decrease in 

protein content in the pectoralis major and a reduced number of muscle fibers (Soglia 

et al., 2016). It is important to note that protein breakdown rates and the associated 

changes to 3-methylhistidine in the breast muscle and excreta of broilers have been 

associated with differences in body composition and feed efficiency (Tomas et al., 

1988; Pym et al., 2004). However, birds that are more susceptible to wooden breast 

and white striping tend to have high feed efficiency and high breast muscle yield, 

which are generally associated with reduced protein breakdown, or reduced 3-
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methylhistidine, at least in response to greater protein intake (Tomas et al., 1988; Pym 

et al., 2004). 

In humans, increased levels of 1-methylhistidine and 3-methylhistidine in urine 

are associated with obesity and uncontrolled diabetes mellitus (Marchesini et al., 1982; 

Tůma et al., 2005). This is consistent with previous findings from our laboratory that 

support similarities in the pathogenesis of wooden breast and white striping in broilers 

and metabolic syndrome and type 2 diabetes in mammals (Lake et al., 2019, 2021; 

Lake and Abasht, 2020), although this comparison does not hold for histidine and 

histamine. It has been reported that lower plasma concentrations of histidine and 

higher plasma concentrations of histamine are associated with obesity and type 2 

diabetes (Mihalik et al., 2012; Niu et al., 2012), with histidine supplementation 

contributing to amelioration of metabolic syndrome including improvements to 

inflammation and oxidative stress (Feng et al., 2013). Histidine supplementation in 

chickens also produces anti-oxidant benefits (Kopeć et al., 2013), although at high 

levels it can drastically reduce weight gain in growing birds (Edmonds and Baker, 

1987). 

4.5.2 Beta-alanine and Taurine Metabolism 

One manner by which histidine supplementation improves antioxidant status is 

by increasing levels of the histidine-derived antioxidants anserine and carnosine in 

muscle. Anserine and carnosine were previously found to be reduced in wooden 

breast-affected pectoralis major muscle (Abasht et al., 2016), providing further 

evidence of altered redox homeostasis associated with the myopathy. In plasma, we 

found that anserine was increased in birds with greater wooden breast severity (Figure 

4.3) although there was no significant association between wooden breast score and 
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carnosine levels. A likely contributor to low anserine and carnosine in the pectoralis 

major muscle is insufficient plasma beta-alanine (Figure 4.3), as the rate of carnosine 

and anserine synthesis in skeletal muscle is limited by circulating availability of the 

precursor beta-alanine. It is unclear if reduced plasma beta-alanine in wooden breast is 

caused by its depletion in response to oxidative stress or by some other mechanism. 

 

Figure 4.3: Association of wooden breast score with beta-alanine and taurine 

metabolism in plasma of male broiler chickens.  

Results of post-hoc analysis of metabolite values by wooden breast score are shown 

with estimated marginal means (dots) and confidence intervals (bars). Overlapping 

confidence intervals indicate that there is no significant difference between the two 

scores. To improve visualization, metabolites are listed in order of the adjusted means 

for a wooden breast score of 0-Normal. 

In humans, beta-alanine uptake into skeletal muscle cells is thought to be 

mediated by two transporters, proton-coupled amino acid transporter 1 (PAT1) and 

taurine transporter (TauT), which also regulate the uptake of another beta amino acid, 

taurine (Baliou et al., 2020). Taurine exerts a wide range of physiological functions, 

serving most notably as an antioxidant, calcium modulator, and osmoregulator (Baliou 

et al., 2020). In the present study, taurine was inversely related to both wooden breast 

and white striping score (Supplementary Files 3 and 4), potentially due to increased 

uptake in skeletal as Abasht et al. (Abasht et al., 2016) documented elevated taurine 

levels in the pectoralis major muscle of wooden breast affected chickens. The 
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importance of plasma taurine deficiency has mainly been demonstrated by taurine 

supplementation in animal models and clinical trials where it can prevent or mitigate 

various aspects of metabolic syndrome, including hyperglycemia, dyslipidemia, 

hypertension, oxidative stress, and inflammation (Imae et al., 2014). In one study of 

cardiac disease in Wistar rats, a combined treatment of taurine and beta-alanine had 

dramatic effects on markers of oxidative stress and inflammation, increasing activity 

of glutathione peroxidase and superoxide dismutase by more than 175% and reducing 

serum levels of tumor necrosis factor (TNF)-α and interleukin-6 (IL-6) by nearly 60% 

(Hou et al., 2020). 

4.5.3 Sphingolipid Metabolism 

Elevated levels of sphingomyelins among birds with severe wooden breast 

(Figure 4.4) and white striping may be important with regard to vascular changes and 

lipid accumulation associated with these myopathies. Inflammation of small- and 

medium-sized veins accompanied by perivenous lipid infiltration was reported by 

Papah et al. (Papah et al., 2017) as an early histological lesion associated with wooden 

breast in birds as young as 1 week post-hatch. These lesions had features in common 

with atherosclerosis despite being localized to veins alone. Human and rodent studies 

have found that plasma sphingomyelin levels are highly correlated with and 

considered a significant risk factor independent of cholesterol for coronary artery 

disease and subclinical atherosclerosis (Jiang et al., 2000; Nelson et al., 2006). 

Sphingomyelin is an important component of circulating lipoproteins, and is enriched 

in atherogenic triglyceride-rich lipoprotein remnants because it is not degraded by 

plasma enzymes and instead relies on hepatic clearance methods for removal from 

plasma (Jiang et al., 2000). 
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Figure 4.4: Association of wooden breast score with sphingolipid metabolism in 

plasma of male broiler chickens.  

Results of post-hoc analysis of metabolite values by wooden breast score are shown 

with estimated marginal means (dots) and confidence intervals (bars). Overlapping 

confidence intervals indicate that there is no significant difference between the two 

scores. To improve visualization, metabolites are listed in order of the adjusted means 

for a wooden breast score of 0-Normal. 

In wooden breast, there is strong evidence for increased lipoprotein 

metabolism in the veins of the pectoralis major, where expression of the lipoprotein 

lipase (LPL) gene is increased even from an early age (Papah et al., 2018; Lake et al., 

2019; Papah and Abasht, 2019). It is possible that greater lipoprotein metabolism in 

veins of wooden breast affected birds results in higher levels of sphingomyelins in 

venous plasma, where they may contribute to perivascular lipid leakage, deposition 

and subsequent inflammation. Sphingomyelins comprise approximately 85% of 

sphingolipids in humans and serve as structural cell membrane components as well as 

critical signaling molecules (Kikas et al., 2018). Although sphingolipids have not been 

well-studied in chickens, they have been proposed to be among the most pathogenic 

lipids in the development of metabolic disorders related to adiposity in humans, 

including diabetes and cardiovascular disease (Holland and Summers, 2008). 



 101 

4.5.4 Purine and Pyrimidine Metabolism 

Wooden breast affected birds exhibited altered purine metabolism, with 

elevated levels of adenine, N1-methylinosine, and xanthosine (Figure 4.5). 

Metabolites involved in pyrimidine metabolism were also impacted, with wooden 

breast affected birds showing higher levels of 5,6-dihydrouracil and 3-(3-amino-3-

carboxypropyl)uridine, but lower levels of beta-alanine and 3-aminoisobutyrate 

(Figure 4.5). Abasht et al. (Abasht et al., 2016) previously identified changes to 

nucleotide metabolism in wooden breast affected pectoralis major muscle involving 

the accumulation of cytidine, thymidine, adenine, uridine, guanosine, and several 

nucleotide catabolites. This was believed to result from increased activity of the 

pentose phosphate pathway or decreased nucleotide utilization (Abasht et al., 2016). 

While it is unclear if the changes to plasma nucleotide metabolism described here 

directly reflect alterations occurring in the pectoralis major, one metabolite requires 

additional scrutiny based on its connection to skeletal muscle. 

 

Figure 4.5: Association of wooden breast score with nucleotide metabolism in 

plasma of male broiler chickens.  

Results of post-hoc analysis of metabolite values by wooden breast score are shown 

with estimated marginal means (dots) and confidence intervals (bars). Overlapping 

confidence intervals indicate that there is no significant difference between the two 

scores. To improve visualization, metabolites are listed in order of the adjusted means 

for a wooden breast score of 0-Normal. 
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The thymine catabolite 3-aminoisobutyrate, which we found to be reduced in 

birds severely affected by wooden breast compared to unaffected and minimally 

affected birds (Figure 4.5), functions as a small molecule myokine that is secreted 

from skeletal muscle cells both at rest and in response to exercise (Barlow et al., 

2020), causing an increase in plasma levels of the metabolite. In mammals and 

rodents, it is inversely correlated with cardiometabolic risk factors at least partly due 

to several identified regulatory mechanisms in inflammation and energy metabolism, 

including expression of brown adipocyte-specific genes, hepatic fatty acid oxidation, 

insulin release from pancreatic beta cells, and insulin sensitivity of the liver, adipose 

tissue, and skeletal muscle (Roberts et al., 2014; Shi et al., 2016; Jung et al., 2018). 

These effects are at least in part mediated by activation of AMP-activated protein 

kinase (AMPK) and involve major metabolic transcription factors such as peroxisome 

proliferator-activated receptors α/δ/γ, nuclear factor kappa B (Nf-κB), and sterol 

regulatory element-binding protein-1c (SREBP-1c) (Tanianskii et al., 2019). A 

reduction of plasma 3-aminoisobutyrate in wooden breast affected birds may signal 

dysregulation of lipid and glucose metabolism, which is well-documented in wooden 

breast (Lake et al., 2019; Papah and Abasht, 2019; Lake and Abasht, 2020). 

Plasma adenine, which is moderately increased in birds with a score of 3 or 4 

compared to birds with a score of 0 or 1 (Figure 4.5), may also result from altered 

energy metabolism in wooden breast. In an obese diabetic mouse model, increasing 

plasma free fatty acids produced a dose-dependent increase in adenine nucleotides and 

reduction in glucose tolerance (Yang et al., 2019). This effect was limited to the 

diabetic condition and was not recorded in other obese mouse models. The authors of 

that study identified two potential sources contributing to the increase in adenine 
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nucleotides – their release from endothelial cells prior to apoptosis and their release 

from red blood cells in response to hydrogen peroxide (Yang et al., 2019). 

4.5.5 Carnitine and Fatty Acid Metabolism 

Carnitine is a branched amino acid that, at least in mammals, can either be 

absorbed from dietary intake or synthesized in the liver or kidneys from lysine and 

methionine. It plays critical role in energy metabolism, especially in cardiac and 

skeletal muscle, via its involvement as a cofactor in the mitochondrial beta-oxidation 

of long-chain fatty acids along with its most abundant derivative, L-acetylcarnitine. 

Both carnitine and L-acetylcarnitine are increased in plasma of moderately and 

severely affected birds compared to unaffected birds (Figure 4.6). In contrast, free 

carnitine is reduced in the pectoralis major muscle of wooden breast affected birds and 

multiple long chain fatty acids are increased (Abasht et al., 2016). Together, this may 

indicate altered uptake of carnitine, which must be transported into skeletal muscle 

from plasma, either preceding or as a result of other changes in lipid metabolism that 

have been documented. For example, increased expression of the lipoprotein lipase 

gene in wooden breast- affected pectoralis major suggests an increased uptake of fatty 

acids from circulating lipoproteins, as lipoprotein lipase encodes the rate-limiting 

enzyme in lipoprotein metabolism (Lake et al., 2019; Papah and Abasht, 2019). 
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Figure 4.6: Association of wooden breast score with carnitine and fatty acid 

metabolism in plasma of male broiler chickens.  

Results of post-hoc analysis of metabolite values by wooden breast score are shown 

with estimated marginal means estimated marginal means (dots) and confidence 

intervals (bars). Overlapping confidence intervals indicate that there is no significant 

difference between the two scores. To improve visualization, metabolites are listed in 

order of the adjusted means for a wooden breast score of 0-Normal. 

4.5.6 Inositol Metabolism 

One of the four metabolites unique to white striping was chiro-inositol, which 

is reduced in birds with more severe white striping scores (Supplementary File 4). 

Despite being the only metabolite in this pathway significantly affected by white 

striping, this compound is worth mentioning because it has been studied mainly as a 

component of insulin signaling and disposal of intracellular glucose. Chiro-inositol 

functions as part of a second messenger system for insulin, and even acts as an insulin 

mimetic, by activating Mg2+-dependent protein phosphatases involved in oxidative 

and nonoxidative glucose metabolism (Larner et al., 2010). It was also demonstrated 

in several studies that progression from normal glucose tolerance to type 2 diabetes 

was associated with growing chiro-inositol deficiency due to the increasing resistance 

to insulin (Larner et al., 2010). Reduced plasma chiro-inositol in white striping-

affected birds suggests that insulin resistance may be a component of the disease, 
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although substantial differences in insulin signaling between mammals and avians 

complicate direct comparisons of circulating metabolites. 

4.6 Conclusions 

Wooden breast and white striping incidence had the most notable association 

with metabolites involved in histidine metabolism and sphingolipid metabolism, 

potentially resulting from increased muscle protein breakdown and increased 

lipoprotein uptake in the pectoralis major of affected birds. This study has also 

identified plasma metabolites that show potential as biomarkers for wooden breast and 

white striping in live birds. Specifically, 3-methylhistidine and N-acetyl-L-aspartic 

acid were both identified as highly significant by mixed linear model analysis for both 

wooden breast and white striping and were part of the optimal subset of metabolites 

identified by linear support vector machine. As such, these metabolites are most likely 

to serve as consistent biomarkers of these myopathies, although their diagnostic 

performance needs to be confirmed in further studies with larger sample sizes and in 

comparison to other myopathies of broilers such as deep pectoral myopathy. This 

research furthers our understanding of the underlying metabolic disturbances present 

within the wooden breast and white striping conditions and may lead to diagnostic test 

development toward enhanced field diagnosis and research efficacy for these 

disorders. 
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INCREASED EXPRESSION OF LIPID METABOLISM GENES IN EARLY 

STAGES OF WOODEN BREAST LINKS MYOPATHY OF BROILERS TO 

METABOLIC SYNDROME IN HUMANS 

(Juniper A. Lake, Michael B. Papah, & Behnam Abasht. Genes, 10:746, (2019)). 

https://www.mdpi.com/2073-4425/10/10/746 

5.1 Abstract 

Wooden breast is a muscle disorder affecting modern commercial broiler 

chickens that causes a palpably firm pectoralis major muscle and severe reduction in 

meat quality. Most studies have focused on advanced stages of wooden breast 

apparent at market age, resulting in limited insights into the etiology and early 

pathogenesis of the myopathy. Therefore, the objective of this study was to identify 

early molecular signals in the wooden breast transcriptional cascade by performing 

gene expression analysis on the pectoralis major muscle of two-week-old birds that 

may later exhibit the wooden breast phenotype by market age at 7 weeks. Biopsy 

samples of the left pectoralis major muscle were collected from 101 birds at 14 days of 

age. Birds were subsequently raised to 7 weeks of age to allow sample selection based 

on the wooden breast phenotype at market age. RNA sequencing was performed on 5 

unaffected and 8 affected female chicken samples, selected based on wooden breast 

scores (0 to 4) assigned at necropsy where affected birds had scores of 2 or 3 (mildly 

or moderately affected) while unaffected birds had scores of 0 (no apparent gross 

lesions). Differential expression analysis identified 60 genes found to be significant at 

an FDR-adjusted p value of 0.05. Of these, 26 were previously demonstrated to exhibit 

Chapter 5 
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altered expression or genetic polymorphisms related to glucose tolerance or diabetes 

mellitus in mammals. Additionally, 9 genes have functions directly related to lipid 

metabolism and 11 genes are associated with adiposity traits such as intramuscular fat 

and body mass index. This study suggests that wooden breast disease is first and 

foremost a metabolic disorder characterized primarily by ectopic lipid accumulation in 

the pectoralis major. 

5.2 Introduction 

Wooden breast is one of several muscle abnormalities of modern commercial 

broiler chickens that causes substantial economic losses in the poultry industry due to 

its impact on meat quality. Emerging evidence suggests wooden breast may also be 

detrimental to bird welfare as affected chickens exhibit increased locomotor 

difficulties, decreased wing mobility, and higher mortality rates (Papah et al., 2017; 

Norring et al., 2018; Gall et al., 2019b). While the etiology of the myopathy is still 

poorly understood, many believe it to be a side-effect of improved management 

practices and selective breeding for performance traits due to increased susceptibility 

among broilers with high feed efficiency (Mutryn et al., 2015b; Abasht et al., 2019), 

breast muscle yield (Dalle Zotte et al., 2014; Bailey et al., 2015; Mutryn et al., 2015b), 

and growth rate (Trocino et al., 2015; Livingston et al., 2019a). 

Macroscopic manifestations of the disorder include pale and hardened areas, 

subcutaneous and fascial edema, petechial hemorrhages, spongy areas with 

disintegrating myofiber bundles, and white fatty striations characteristic of white 

striping (Sihvo et al., 2014; Papah et al., 2017). An early study of wooden breast 

characterized its microscopic presentation as polyphasic myodegeneration and 

necrosis with regeneration and interstitial connective tissue accumulation (fibrosis), 
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primarily affecting the cranial end of the pectoralis major muscle (Sihvo et al., 2014). 

However, it has since been demonstrated that venous inflammation (phlebitis) and 

perivascular lipid and inflammatory cell infiltration appear in the first week of age and 

precede other symptoms (Papah et al., 2017). Differential gene expression analysis of 

the pectoralis major in 7-week-old broilers suggests that hypoxia, oxidative stress, 

fiber-type switching, and increased intracellular calcium may be important 

components of the myopathy (Mutryn et al., 2015a). In two- and three-week old birds, 

differentially expressed genes were mostly associated with increased inflammation, 

vascular disease, increased oxidative stress, extracellular matrix remodeling, 

dysregulation of carbohydrates and lipids, and impaired excitation-contraction 

coupling (Papah et al., 2018). Metabolomic profiling is in agreement with these results 

and provides evidence of oxidative stress and dysregulated carbohydrate and lipid 

metabolism in affected birds at 7 weeks of age (Abasht et al., 2016). 

The objective of the present study was to better characterize the transcriptional 

anomalies that exist in the pectoralis major of two-week-old birds that later develop 

wooden breast by market age at 7 weeks. Only one other gene expression study has 

investigated early stages of wooden breast (Papah et al., 2018). The current study 

serves as a continuation of that work, but makes two key changes. First, unlike the 

previous study that used only male birds, we included only female birds in the RNA-

seq analysis. Second, birds in the affected group all possessed mild or moderate 

wooden breast phenotypes rather than severe symptoms, which allowed us to capture a 

clearer signal of the earliest transcriptomic perturbations associated with the 

myopathy. 
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5.3 Materials and Methods 

5.3.1 Experimental Animals and Tissue Collection 

The University of Delaware Institutional Animal Care and Use Committee 

approved the animal conditions and experimental procedures used in this scientific 

study under protocol number 48R-2015-0. For this experiment, 302 mixed male and 

female Cobb500 broilers were raised according to industry growing standards in two 

poultry houses from 1 day to 7 weeks of age. Birds were divided between two poultry 

houses due to capacity constraints, but both houses were maintained at the same 

environmental conditions. Chickens were provided with continuous free access to 

water and feed that met all nutritional recommendations for Cobb500 broilers. At 14 

days of age, biopsy samples of the craniolateral area of the left pectoralis major 

muscle were collected in the same manner described by a previous study (Papah et al., 

2018) from 101 birds randomly selected from both houses. After biopsy, all birds were 

grown out to 7 weeks of age, at which time they were euthanized by cervical 

dislocation. During necropsy, the pectoralis major muscles were evaluated for gross 

lesions and palpable firmness associated with wooden breast and each bird was 

assigned a wooden breast score using a 0-4 scale; 0-Normal indicates the bird had no 

macroscopic signs of the myopathy, 1-Very Mild indicates 1% or less of the breast 

muscle was affected, 2-Mild indicates between 1% and 10% of the breast muscle was 

affected, 3-Moderate indicates between 10% and 50% of the breast muscle was 

affected, and a score of 4-Severe indicates that more than 50% was affected. This 

scoring system is slightly different from the one previously used in our laboratory and 

separates unaffected, mildly and moderately affected chickens with a higher 

resolution. 
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5.3.2 Sample Selection and RNA-Sequencing 

Selection of samples for use in RNA-seq analysis was based on wooden breast 

scores assigned at necropsy at 7 weeks of age. A total of 6 unaffected and 8 affected 

birds were identified; affected birds had scores of 2 or 3 (mildly or moderately 

affected) while unaffected birds had scores of 0 (no apparent gross lesions). Only 

samples taken from female birds were used for RNA-seq. Total RNA was extracted 

from pectoralis major tissue samples using the mirVana miRNA Isolation Kit (Thermo 

Fisher Scientific) according to the manufacturer’s protocol and stored at -80˚C until 

cDNA library preparation. Each RNA sample was quantified using the NanoDrop 

1000 Spectrophotometer (Thermo Fisher Scientific) and quality was assessed with the 

Fragment Analyzer at the Delaware Biotechnology Institute (DBI). cDNA libraries 

were constructed using the ScriptSeq Complete Kit (Human/Mouse/Rat) (Illumina) 

with the optional step of adding a user-defined barcode to the library. The 14 barcoded 

cDNA libraries were normalized and 10 µl of each sample were pooled in two tubes (7 

samples in each pool). Pooled libraries were subsequently submitted to the DBI for 

paired-end 2x76-nucleotide sequencing on two lanes of a flow cell using the HiSeq 

2500 Sequencing System (Illumina). 

Raw sequencing reads were demultiplexed and then checked for quality using 

FastQC v0.11.7 (FastQC). All samples passed the quality check and were submitted to 

Trimmomatic v0.38 (Bolger et al., 2014) to trim leading and trailing bases with quality 

below 20, remove reads with an average quality below 15, and remove reads that were 

shorter than 30 bases in length. Trimmed reads were then mapped to both 

Gallus_gallus-5.0 (Ensembl release 94) and GRCg6a (Ensembl release 95) chicken 

reference genomes using HISAT2 v2.1.0 (Kim et al., 2015) with concordant mapping 

required for both reads in each pair. Cuffdiff v2.2.1 (Trapnell et al., 2013) was used 
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with the fragment bias correction option to identify differentially expressed genes 

between affected and unaffected birds. Genes were considered statistically significant 

if the FDR-adjusted p-value was  0.05. The use of two reference genome builds, the 

latter of which was released during the course of this study, provided validation of our 

results and allowed us to capture differentially expressed genes that may have 

borderline statistical significance due to assembly errors or bias. One sample (animal 

ID 424183) in the unaffected group displayed an extreme outlier expression pattern; it 

was therefore removed and differential expression analysis with Cuffdiff was repeated 

without this sample (5 unaffected vs. 8 affected). In order to compile the results 

generated from each reference genome, Ensembl gene IDs from Gallus-gallus-5.0 

were mapped to GRCg6a gene IDs using Ensembl’s ID History Converter; 

differentially expressed genes with annotation differences between the two reference 

genome releases were scrutinized for consistency. Pairwise correlation analysis and 

visualization of differentially expressed genes was conducted with the “stats” and 

“corrplot” packages (Wei and Simko, 2017) in R only using expression data generated 

with the GRCg6a reference genome build. 

5.4 Results 

An average of 19,616,353 paired-end sequence reads were generated per 

sample, which was reduced to an average of 19,609,044 paired-end reads after 

trimming. The average mapping rate per sample was 74.5% with the Gallus_gallus-5.0 

reference genome build and 75.1% with GRCg6a. The total number of sequenced 

reads, trimmed reads, and mapped reads per sample can be found in Table 5.1. 
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Table 5.1: Sequencing and mapping statistics for RNA-Sequencing of 8 wooden 

breast affected and 6 unaffected pectoralis major muscle samples.  

Sample Affected/ 

Unaffected 

Total 

Reads 

Reads 

after trimming 

Mapped reads  

(Gallus_gallus-5.0) 

Mapped reads 

(GRCg6a) 

424132 Unaffected 16,115,674 16,109,441 12,373,514 12,451,896 

424170 Unaffected 22,690,579 22,681,762 15,695,351 15,802,383 

424183 Unaffected 19,863,892 19,856,809 15,109,341 15,140,824 

424198 Unaffected 23,296,111 23,287,439 17,729,792 17,861,743 

424379 Unaffected 19,665,248 19,658,088 15,101,602 15,217,990 

424439 Unaffected 20,665,929 20,658,137 15,761,365 15,906,603 

424207 Affected 19,102,198 19,094,968 12,531,596 12,839,571 

424222 Affected 18,665,648 18,658,831 13,960,980 14,003,237 

424225 Affected 15,090,867 15,085,500 11,827,301 11,878,037 

424239 Affected 24,066,744 24,057,973 17,148,124 17,254,850 

424246 Affected 16,289,902 16,283,971 11,993,993 12,131,613 

424259 Affected 18,199,967 18,193,176 13,255,515 13,308,199 

424266 Affected 17,338,445 17,331,673 13,155,931 13,241,165 

485907 Affected 23,577,735 23,568,852 18,765,289 18,898,406 

Sample 424183 was excluded from differential expression analysis due to an extreme 

outlier expression pattern. 

 

There were 52 differentially expressed genes identified using the 

Gallus_gallus-5.0 reference genome build and 29 differentially expressed genes using 

the GRCg6a genome build. After accounting for changes in annotation of Ensembl 

Gene IDs between genome releases, a total of 60 genes were found to be differentially 

expressed between affected and unaffected groups across both analyses, with 18 

differentially expressed genes overlapping between both Gallus_gallus-5.0 and 

GRCg6a. Three Ensembl Gene IDs from the earlier build were deprecated in GRCg6a 

and were excluded from further analysis. Of the 60 differentially expressed genes used 

for downstream analysis, 52 were upregulated in affected birds and 8 were 

downregulated in affected birds (Table 5.2). 
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Table 5.2: Differentially expressed genes between wooden breast affected pectoralis 

major muscle samples and unaffected samples at 2 weeks of age.  

Gene ID 
Gene 

Symbol 
Gene Name 

Log2FC 

Galgal5 

Log2FC 

GRCg6a 

Genes upregulated in affected group 

ENSGALG00000046652 - - 1.55 n.s. 

ENSGALG00000052084 - - n.s. 2.06 

ENSGALG00000006491 ANKRD1 Ankyrin repeat domain 1 1.28 0.99 

ENSGALG00000049422* ATF3 Activating transcription factor 3 1.04 n.s. 

ENSGALG00000009846 BBS5 Bardet-Biedl syndrome 5 0.76 n.s. 

ENSGALG00000017040 C4A Complement C4A (Rodgers blood group) 1.24 0.96 

ENSGALG00000008439 CD36 CD36 molecule 0.87 n.s. 

ENSGALG00000046316 CFAP97D1 CFAP97 domain containing 1 1.14 n.s. 

ENSGALG00000027874 CHAC1 
ChaC glutathione specific gamma-

glutamylcyclotransferase 1 
1.99 n.s. 

ENSGALG00000037856 CHL1 Cell adhesion molecule L1 like 1.44 n.s. 

ENSGALG00000034500 CIDEA Cell death-inducing DFFA-like effector a 1.51 1.22 

ENSGALG00000012790 DSP Desmoplakin 1.50 n.s. 

ENSGALG00000015876 ELOVL4 ELOVL fatty acid elongase 4 2.19 n.s. 

ENSGALG00000001204 ENKD1 Enkurin domain containing 1 2.07 n.s. 

ENSGALG00000008563 ENTPD6 Ectonucleoside triphosphate diphosphohydrolase 6 0.80 n.s. 

ENSGALG00000037050 FABP3 Fatty acid binding protein 3 0.77 0.72 

ENSGALG00000030025 FABP4 Fatty acid binding protein 4 1.74 1.52 

ENSGALG00000013100 GRB10 Growth factor receptor bound protein 10 0.77 n.s. 

ENSGALG00000011404 HOPX HOP homeobox 1.19 1.04 

ENSGALG00000023818 HSPB9 Heat shock protein family B (small) member 9 1.14 1.13 

ENSGALG00000032672 KRT5 Keratin 5 n.s. 1.68 

ENSGALG00000016174 LMBRD1 LMBR1 domain containing 1 0.87 n.s. 

ENSGALG00000008805 LMOD2 Leiomodin 2 1.39 n.s. 

ENSGALG00000021286 LOC427654 Parvalbumin beta-like 2.36 2.36 

ENSGALG00000023819 LOC772158 Heat shock protein 30C-like 0.74 0.76 

ENSGALG00000015425 LPL Lipoprotein lipase 0.80 n.s. 

ENSGALG00000043582 LY6CLEL Lymphocyte antigen 6 complex, locus E-like 2.25 n.s. 

ENSGALG00000036004 MRPL34 Mitochondrial ribosomal protein L34 n.s. 0.82 

ENSGALG00000001709 MUSTN1 Musculoskeletal, embryonic nuclear protein 1 n.s. 1.30 

ENSGALG00000012783 MYBPC1 Myosin binding protein C, slow type 1.49 1.17 

ENSGALG00000003323 NECAB2 N-terminal EF-hand calcium binding protein 2 n.s. 1.10 

ENSGALG00000053246* OCM2 Oncomodulin 2 0.78 n.s. 

ENSGALG00000013414 PDLIM3 PDZ and LIM domain 3 0.75 n.s. 

ENSGALG00000027207 PERP2 PERP2, TP53 apoptosis effector 1.29 n.s. 

ENSGALG00000004974 PPARG Peroxisome proliferator-activated receptor gamma 0.89 n.s. 

ENSGALG00000040434 RAB18L Ras-related protein Rab-18-B-like 1.23 1.09 

ENSGALG00000043694 RAPGEF4 Rap guanine nucleotide exchange factor 4 1.24 n.s. 

ENSGALG00000002637 RBP7 Retinol binding protein 7 1.96 1.65 

ENSGALG00000025650 RF00009 Ribonuclease P RNA component H1, 2 pseudogene n.s. 0.75 

ENSGALG00000051839 RF00012 - n.s. 2.02 

ENSGALG00000047347* RF00017 - 1.38 n.s. 

ENSGALG00000025557 RF00030 - n.s. 0.88 

ENSGALG00000054841* RF0017 - 0.83 1.46 

ENSGALG00000005140 RRAD 
RRAD, Ras related glycolysis inhibitor and 

calcium channel regulator 
1.63 1.20 

ENSGALG00000051456 RTN2 Reticulon 2 n.s. 1.00 

ENSGALG00000009400 SLC8A3 Solute carrier family 8 member A3 0.70 n.s. 

ENSGALG00000042863 SMIM4 Small integral membrane protein 4 n.s. 0.87 
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ENSGALG00000019157 SMPX Small muscle protein X-linked 0.94 n.s. 

ENSGALG00000009037 SPTLC3 
Serine palmitoyltransferase long chain base subunit 

3 
2.47 n.s. 

ENSGALG00000031117 STK17A Serine/threonine kinase 17a 0.92 n.s. 

ENSGALG00000021231 TMEM254 Transmembrane protein 254 1.05 n.s. 

ENSGALG00000014261 UCHL1 Ubiquitin C-terminal hydrolase L1 1.07 0.94 

Genes downregulated in affected group 

ENSGALG00000025945* AVD Avidin  -1.58 -1.69 

ENSGALG00000033932 BF1 MHC BF1 class I -0.84 n.s. 

ENSGALG00000006681 BRSK2 BR serine/threonine kinase 2 -2.50 -2.77 

ENSGALG00000032220 ELN Elastin n.s. -1.17 

ENSGALG00000035309 HBE Hemoglobin subunit epsilon -1.59 n.s. 

ENSGALG00000002708 LINGO1 

Leucine-rich repeat and immunoglobulin-like 

domain-containing nogo receptor-interacting 
protein 1 

-0.78 -0.77 

ENSGALG00000006520 MYH11 Myosin, heavy chain 11, smooth muscle -0.95 n.s. 

ENSGALG00000013045 TUBA8B Tubulin, alpha 8b -1.67 n.s. 

 

Log2FC is calculated by log2(FPKMaffected/FPKMunaffected). Unknown gene 

names are indicated with a dash (-). Non-significant p-values (i.e. FDR-adjusted p-

values > 0.05) are indicated as n.s. An asterisk (*) indicates genes with annotation 

differences between Gallus_gallus-5.0 and GRCg6a reference genome assemblies. 

 



 122 

 

Figure 5.1: Correlation analysis of differentially expressed genes.  

Genes with significantly correlated expression (p value ≤ 0.05) are shown in blue 

(positive correlation) and red (negative correlation). Two major clusters of genes have 

Pearson’s correlation coefficients greater than 0.8 for all gene pairs. Cluster 1 consists 

of 8 genes, all of which were excluded from further analysis due to presumed skin 

contamination. Cluster 2 consists of 9 genes related to lipid metabolism or adiposity 

traits. 
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Correlation analysis of differentially expressed genes revealed two major 

clusters with Pearson’s correlation coefficients greater than 0.8 for all gene pairs 

(Figure 5.1). The first is a cluster of 8 genes, all of which were excluded from further 

analysis due to presumed skin contamination. These include serine 

palmitoyltransferase long chain base subunit 3 (SPTLC3), desmoplakin (DSP), 

ELOVL fatty acid elongase 4 (ELOVL4), PERP2, TP53 apoptosis effector (PERP2), 

keratin 5 (KRT5), cell adhesion molecule L1 like (CHL1), lymphocyte antigen 6 

complex, locus E-like (LY6CLEL), and transmembrane protein 254 (TMEM254). 

Several of these genes are known to be primarily expressed in the skin and a previous 

biopsy study using the same technique demonstrated that biopsy samples are prone to 

skin contamination (Papah et al., 2018). Additionally, differential expression of these 

genes was driven by the same three samples, one unaffected and two affected, and 

expression in the remaining samples was relatively very low or approximately zero. 

The second cluster consisted of 9 protein-coding genes with demonstrated or putative 

involvement in lipid metabolism. Although no other clusters were apparent from 

correlation analysis, functional groupings of differentially expressed genes included 

muscle growth and function, calcium signaling, and endoplasmic reticulum (ER) stress 

response. We also found a substantial number of genes that are differentially 

expressed, implicated, or otherwise involved in metabolic syndrome in mammals, 

which is characterized primarily by diabetes, insulin resistance, obesity, elevated 

blood lipids, and high blood pressure. 

5.5 Discussion 

Metabolic syndrome refers to a cluster of conditions, including obesity, high 

blood sugar, high serum triglycerides, low serum HDL cholesterol, and high blood 
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pressure, that put an individual at greater risk of developing type 2 diabetes and 

associated complications such as atherosclerosis, cardiomyopathy, non-alcoholic fatty 

liver disease, and diabetic nephropathy. Our data revealed a surprising number of 

differentially expressed genes implicated in or associated with metabolic syndrome in 

humans. Among the 60 differentially expressed genes identified in this study, 20 are 

previously reported to exhibit altered expression in relation to diabetes or a closely 

related metabolic condition and 9 genes have been identified as candidate genes in 

association studies of glucose tolerance or diabetes mellitus (Table 5.3). One of these 

candidate genes, Bardet-Biedl syndrome 5 (BBS5),  is associated with a rare ciliopathy 

that strongly predisposes individuals to diabetes and other metabolic complications: 

obesity and diabetes mellitus are actually considered diagnostic features of the disease 

(Beales et al., 1999; Forsythe and Beales, 2013). Upon further examination, we found 

that many of the conditions surrounding metabolic syndrome in humans possessed 

important similarities to the wooden breast phenotype, namely inflammation, ectopic 

fat deposition, dysregulation of Ca2+ homeostasis, ER stress, oxidative stress, altered 

glucose metabolism, fibrosis, and hypertrophy. 

Table 5.3: Differentially expressed genes linked to diabetes and glucose tolerance. 

Of the 60 differentially expressed genes identified in this study, 26 are 

either proposed as candidate genes for glucose tolerance or diabetes 

mellitus or exhibit altered expression in relation to diabetes or a closely 

related metabolic condition. 

Gene 

Symbol 
Gene Name Connection Sources 

ANKRD1 Ankyrin repeat domain 1 Expression (Matsuura et al., 2007) 

ATF3 Activating transcription factor 3 Expression (Qi et al., 2009) 

BBS5 Bardet-Biedl syndrome 5 Genetic variant (Beales et al., 1999) 

BF1 MHC BF1 class I Expression (Faustman et al., 1991) 

BRSK2 BR serine/threonine kinase 2 Expression (Caplen et al., 1990) 

C4A Complement C4A (Rodgers blood group) Expression (Lappas, 2011) 
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C4A Complement C4A (Rodgers blood group) Genetic variant (Caplen et al., 1990) 

CD36 CD36 molecule Expression 
(Reynet and Kahn, 1993; 

Tan et al., 2018) 

CIDEA Cell death-inducing DFFA-like effector a Expression (Zhou et al., 2012) 

ENTPD6 
Ectonucleoside triphosphate 

diphosphohydrolase 6 (putative) 
Genetic variant (Rich et al., 2009) 

FABP3 Fatty acid binding protein 3 Expression (Husi et al., 2014) 

FABP4 Fatty acid binding protein 4 Expression 

(Westerbacka et al., 2007; 

Furuhashi et al., 2014; Husi 

et al., 2014) 

GRB10 Growth factor receptor bound protein 10 Expression 
(Lim et al., 2007; Yang et 

al., 2016) 

LINGO1 

Leucine-rich repeat and immunoglobulin-

like domain-containing nogo receptor-

interacting protein 1 

Genetic variant 
(Morris et al., 2012; 

Abdullah et al., 2015) 

LMBRD1 LMBR1 domain containing 1 Expression (Tan et al., 2018) 

LMOD2 Leiomodin 2 Genetic variant (Kang et al., 2012) 

LPL Lipoprotein lipase Expression 
(Howard, 1987; 

Westerbacka et al., 2007) 

LPL Lipoprotein lipase Genetic variant (Yang et al., 2003) 

MRPL34 Mitochondrial ribosomal protein L34 Expression 
(Park et al., 2009; Moreno-

Viedma et al., 2016) 

MYH11 Myosin, heavy chain 11, smooth muscle Expression (Reynet and Kahn, 1993) 

PDLIM3 PDZ and LIM domain 3 Genetic variant (Kang et al., 2012) 

PPARG 
Peroxisome proliferator-activated 

receptor gamma 
Expression 

(Park et al., 1997; 

Westerbacka et al., 2007) 

PPARG 
Peroxisome proliferator-activated 

receptor gamma 
Genetic variant 

(Stumvoll and Häring, 

2002; Scott et al., 2007; 

Sladek et al., 2007; Zeggini 

et al., 2008; Sanghera and 

Blackett, 2012) 

RAB18L Ras-related protein Rab-18-B-like Expression (Pulido et al., 2011) 

RAPGEF4 Rap guanine nucleotide exchange factor 4 Expression (Zhang et al., 2009) 

RBP7 Retinol binding protein 7 Expression (Nie et al., 2017) 

RRAD 
RRAD, Ras related glycolysis inhibitor 

and calcium channel regulator 
Expression (Reynet and Kahn, 1993) 

RTN2 Reticulon 2 Genetic variant (Caplen et al., 1990) 

UCHL1 Ubiquitin C-terminal hydrolase L1 Expression (Zhang et al., 2016) 

 

5.5.1 Increased Expression of Genes Involved in Lipid Metabolism 

The most important connection to metabolic syndrome in our results is the 

increased expression of genes involved in lipid metabolism in the pectoralis major of 

affected birds. Many of the differentially expressed genes from our analysis encode 

proteins with critical or rate-limiting functions in lipid metabolism and homeostasis 

such as lipoprotein triglyceride hydrolysis, fatty acid transport, and lipid droplet 

regulation. These genes include lipoprotein lipase (LPL), CD36 molecule (CD36), 
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peroxisome proliferator-activated receptor gamma (PPARG), retinol binding protein 

7 (RBP7), fatty acid binding protein 3 (FABP3), fatty acid binding protein 4 (FABP4), 

cell death-inducing DFFA-like effector a (CIDEA), ras-related protein Rab-18-B-like 

(RAB18L), and  LMBR1 domain containing 1 (LMBRD1) (Zerega et al., 2001; Mead et 

al., 2002; Bonen et al., 2004; Zizola et al., 2008; Martin and Parton, 2008; Puri et al., 

2008; Wang and Eckel, 2009; Pulido et al., 2011; Rutsch et al., 2011; Furuhashi et al., 

2014; Green et al., 2016). Several other genes, some of which are functionally 

uncharacterized or poorly understood with regard to lipid metabolism, have expression 

or genetic polymorphisms correlated with adiposity traits such as body mass index, 

percent intramuscular fat, percent abdominal fat, or blood lipid levels. These include 

HOP homeobox (HOPX), myosin binding protein C, slow type (MYBPC1), Bardet-

Biedl syndrome 5 (BBS5), growth factor receptor bound protein 10 (GRB10), CFAP97 

domain containing 1 (CFAP97D1), hemoglobin subunit epsilon (HBE), ectonucleoside 

triphosphate diphosphohydrolase 6 (ENTPD6), complement C4A (Rodgers blood 

group) (C4A), mitochondrial ribosomal protein L34 (MRPL34), ATF3, and CHAC1 

(Heuckeroth et al., 1987; Szatmari et al., 2007; Chen et al., 2011; Zhang et al., 2012; 

Forsythe and Beales, 2013; Willer et al., 2013; Jang et al., 2013; Liu et al., 2014; Puig-

Oliveras et al., 2014; Van Leeuwen et al., 2015; Shi et al., 2015; Surakka et al., 2015; 

Resnyk et al., 2017; Turcot et al., 2018; Kilpeläinen et al., 2019). 

Notably, the present study identified a cluster of 9 genes related to lipid 

metabolism that may represent a functional group for two main reasons. First, the 

genes in this cluster exhibit highly correlated expression (r > 0.8 for all gene pairs; 

Figure 5.1). Second, this cluster includes the gene encoding the transcription factor 

PPAR and several of its experimentally validated transcriptional targets (CD36, C4A, 
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RBP7, FABP4, CIDEA, and LPL) (Laplante et al., 2003; Szatmari et al., 2007; 

Lefterova et al., 2008; Puri et al., 2008; Zizola et al., 2008). As a master regulator of 

adipogenesis, PPAR plays a crucial role in governing the distribution of lipid 

deposition in the body and the development of various metabolic conditions (Mitch et 

al., 1994; Semple et al., 2006; Medina-Gomez et al., 2007; Wang, 2010; Phua et al., 

2018). It is also one of the few established genes that has been associated with 

common forms of type 2 diabetes across multiple genome-wide association studies 

(Stumvoll and Häring, 2002; Scott et al., 2007; Sladek et al., 2007; Zeggini et al., 

2008; Sanghera and Blackett, 2012). In skeletal muscle of broiler chickens and other 

meat-type animals, increased expression of PPARG and PPAR target genes is 

frequently associated with higher intramuscular fat content (Wang et al., 2005; Jeong 

et al., 2012; Liu et al., 2017; Cui et al., 2018). 

Increased expression of genes related to lipid metabolism and fat deposition in 

the pectoralis major is consistent with histological characterization of early stages of 

wooden breast, in which lipid infiltration and accumulation was established as one of 

the first signs of disease even before wooden breast is grossly detectable (Papah et al., 

2017). The storage of excess lipids in tissues other than adipose tissue, that normally 

contain only small amounts of fat, is called ectopic lipid deposition and is linked to 

insulin resistance and metabolic dysfunction in mammals (Tumova et al., 2016). In 

fact, ectopic lipid deposition and the resulting lipotoxicity are considered to be a major 

feature of metabolic syndrome with the precise location of ectopic lipid accumulation 

dictating specific complications such as atherosclerosis, hepatic steatosis, and diabetic 

nephropathy (Rasouli et al., 2007). This suggests that increased lipid deposition in the 

pectoralis major may be a major factor contributing to the wooden breast phenotype. 
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5.5.2 Endoplasmic Reticulum Stress and Dysregulation of Calcium Homeostasis 

Results from the current study suggest that ER stress and dysregulation of 

calcium homeostasis are occurring in the pectoralis major muscle in the early stages of 

wooden breast. Evidence for ER stress is supported by the upregulation of activating 

transcription factor 3 (ATF3), ChaC glutathione specific gamma-

glutamylcyclotransferase 1 (CHAC1), and reticulon 2 (RTN2) and the downregulation 

of BR serine/threonine kinase 2 (BRSK2). ATF3, CHAC1, and BRSK2 are part of the 

unfolded protein response (Mungrue et al., 2009; Wang et al., 2012), a highly 

conserved cellular stress response caused by an accumulation of unfolded or misfolded 

proteins in the ER (Schröder and Kaufman, 2005). An association between the 

unfolded protein response, lipid metabolism, dysregulation of calcium homeostasis, 

and metabolic syndrome has been clearly established, but the direction of causality is 

controversial (Eizirik et al., 2008; Basseri and Austin, 2012; Cnop et al., 2012; Volmer 

and Ron, 2015). The role of ATF3 in particular has been studied in the context of type 

2 diabetes, non-alcoholic fatty liver disease, diabetic cardiomyopathy, atherosclerosis, 

and obesity, with some authors suggesting it may have both detrimental and beneficial 

functions related to insulin resistance, mitochondrial dysfunction, and inflammation in 

response to high fat diets (Hyun et al., 2006; Qi et al., 2009; Zmuda et al., 2010; Aung 

et al., 2013; Jang et al., 2013; Kalfon et al., 2017; Kim et al., 2017, 2018). In arterial 

endothelial cells, ATF3 expression can be induced by exposure to high levels of 

triglyceride-rich lipoprotein lipolysis products (Aung et al., 2013), substantiating it as 

a link between high lipid metabolism and cellular stress response. 

One of the most compelling links to metabolic syndrome and dysregulation of 

calcium homeostasis in our data is ras related glycolysis inhibitor and calcium 

channel regulator (RRAD), a gene encoding a small GTPase that binds directly to Ca2+ 
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channel beta subunits to regulate intracellular Ca2+ signaling in muscle cells (Finlin et 

al., 2003). RRAD also has regulatory functions via its interaction with calmodulin 

(Moyers et al., 1997). This gene was originally named Ras-related associated with 

diabetes because it was identified via subtraction cloning as the only gene out of 4000 

cDNA clones that was overexpressed in skeletal muscle of type 2 diabetic individuals 

compared to non-diabetic or type 1 diabetic individuals (Reynet and Kahn, 1993). 

Overexpression of RRAD in cultured myocytes was found to reduce insulin-stimulated 

glucose uptake by 50-90%, which the authors speculated was due to a decrease in 

intrinsic activity of glucose transporter 4, the insulin-dependent glucose transporter 

(Moyers et al., 1996). An in vivo study of transgenic mice overexpressing RRAD in 

skeletal muscle found that high fat feeding produced not only insulin resistance in 

transgenic mice, but also increased triglyceride metabolism compared to controls 

(Ilany et al., 2006). This suggests that RRAD may inhibit glycolysis independently 

from its action on glucose transporters via substrate competition (Randle et al., 1994). 

Another regulator of intracellular Ca2+, RAPGEF4, upregulated in the current study, is 

the direct target of some anti-diabetic drugs called sulfonylureas (Zhang et al., 2009). 

The role of Ca2+ in metabolic syndrome and diabetes is complex and not fully 

understood, but one theory suggests that the disruption of Ca2+ homeostasis is a feed-

forward pathological cycle resulting from ER dysfunction during chronic exposure to 

excessive nutrients and energy (Arruda and Hotamisligil, 2015). The majority of 

intracellular Ca2+ pools are contained within the ER, known as the sarcoplasmic 

reticulum in muscle cells; however, high concentrations of fatty acids can mediate a 

substantial redistribution of ER luminal Ca2+ stores among subcompartments of the 
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ER and from the ER to the cytosol, leading to ER stress and eventually cell death 

(Rys-Sikora and Gill, 1998; Wei et al., 2009). 

5.5.3 Increased Expression of Genes Related to Hypertrophy and Slow-Twitch 

Muscle 

Several genes involved in myogenic differentiation and muscle hypertrophy 

are upregulated in affected birds: musculoskeletal, embryonic nuclear protein 1 

(MUSTN1), ankyrin repeat domain 1 (ANKRD1), and HOPX have roles in myotube 

formation, myofusion, and regulation of other myoblast differentiation genes (Shin et 

al., 2002; Yang et al., 2005; Kee et al., 2007; Kojic et al., 2010; Zhang et al., 2012; Ma 

et al., 2014), although studies of HOPX in chickens have found that it’s highly 

expressed in adipose tissue and has functions related to adipocyte differentiation 

(Zhang et al., 2012; Shi et al., 2015).  Other upregulated genes related to development 

and regeneration of the musculosketal system include PDZ and LIM domain 3 

(PDLIM3), small muscle protein X-linked (SMPX), and leiomodin 2 (LMOD2). Two of 

these, SMPX and PDLIM3, encode Z-disc associated proteins with putative 

mechanosensory or stretch signaling roles in striated muscle (Bagnall et al., 2010; 

Eftestøl et al., 2014). Expression of MUSTN1, ANKRD1, PDLIM3, and SMPX can be 

induced by eccentric contraction exercises (Chen et al., 2002; Barash et al., 2004; 

Kostek et al., 2007) or passive stretch (Kemp et al., 2001), suggesting a role in muscle 

hypertrophy and repair (Eftestøl et al., 2014). Although some of these genes possess 

roles in muscle fiber regeneration, we do not believe that they are indicative of the 

regenerative process that characterizes later stages of wooden breast. Regeneration of 

new muscle fibers occurs in response to degeneration and necrosis and is not apparent 

microscopically until 3 weeks of age (Papah et al., 2017). 
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Upregulation of genes related to hypertrophy in affected birds is in line with 

higher breast muscle yield in affected birds (Dalle Zotte et al., 2014; Bailey et al., 

2015; Mutryn et al., 2015b). In fact, speculation on the cause of wooden breast and 

related muscle disorders has focused largely on impaired oxygen supply and buildup 

of metabolic waste resulting from sustained rapid growth of the pectoralis major 

(MacRae et al., 2006; Kuttappan et al., 2013; Mudalal et al., 2015; Lilburn et al., 

2018). However, upregulation of genes involved in hypertrophy may also be part of 

the disease process, causing excessive growth of pectoralis major in affected chickens. 

Considering the metabolic and physiologic similarities between wooden breast and 

diabetes, it is possible that mechanisms underlying muscle hypertrophy in wooden 

breast are similar to those that cause hypertrophy of organs in diabetic complications. 

For example, diabetic cardiomyopathy, non-alcoholic fatty liver disease, and diabetic 

nephropathy can cause structural remodeling that includes hypertrophy of the heart, 

liver, and kidneys respectively (Sharma and McNeill, 2006; Satriano, 2007; Liang et 

al., 2014) . 

Interestingly, our data showed upregulation of several genes, such as MYBPC1 

and SMPX (Palmer et al., 2001; Jingting et al., 2017), that are more closely associated 

with slow-twitch oxidative muscle rather than fast-twitch glycolytic muscle. For 

example, LMOD2 has been alternatively called cardiac leiomodin and its levels in 

cardiac muscle are directly linked to the length of actin-containing thin filaments due 

to competition for binding with tropomodulin-1 (Tsukada et al., 2010). 

Overexpression of LMOD2 in the heart results in elongation of thin filaments and 

reduced cardiac function as proper thin filament length is necessary to generate 

contractile force (Tsukada et al., 2010; Pappas et al., 2018). Similarly, ANKRD1 was 
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previously named cardiac ankyrin repeat protein (CARP) and has been proposed as a 

marker of cardiac hypertrophy due to its increased expression in 3 distinct models of 

cardiac hypertrophy in rats (Aihara et al., 2000). The lipid transporter FABP3, which 

is involved in the uptake, intracellular metabolism and transport of long-chain fatty 

acids, is most abundantly expressed in slow-twitch skeletal and cardiac muscle of 

humans (Heuckeroth et al., 1987). Upregulation of these genes is consistent with 

previous reports of fiber-type switching in 7-week-old birds with wooden breast 

(Mutryn et al., 2015a) and may suggest that the pectoralis major muscle of affected 

birds resembles cardiac or slow-twitch muscle at the transcriptional level. 

5.5.4 Comparison with Prior Gene Expression Study of Early Stages of Wooden 

Breast 

A considerable number of differentially expressed genes from the current study 

were previously identified by Papah et al. (Papah et al., 2018), who studied the early 

pathogenesis of wooden breast in male broilers. Of the 20 genes that were previously 

identified, the majority were found to be differentially expressed in 3-week-old birds 

rather than 2-week-old birds (Table 5.4). A key difference between these studies is the 

use of male birds in the previous study and female birds in the present experiment. 

Methodological discrepancies, such as broiler line and severity of disease in affected 

birds, prevent us from drawing conclusions about sex-linked differences in global 

gene expression that might help explain the higher prevalence and severity of wooden 

breast among male birds compared to females (Trocino et al., 2015). However, it has 

been suggested that increased expression of genes related to fat metabolism and 

deposition in the pectoralis major of male broilers at 3 weeks of age may contribute to 

their increased susceptibility (Brothers et al., 2019). Incomplete dosage compensation 
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in male broilers, which are homogametic, may also play an important role (Brothers et 

al., 2019). The only Z-linked gene found to be differentially expressed in our results is 

LPL, which encodes a rate-limiting catalyst for lipoprotein triglyceride hydrolysis 

(Mead et al., 2002; Wang and Eckel, 2009). Upregulation of LPL in the pectoralis 

major of affected birds may increase the rate that lipids are taken up by the muscle, 

making it a critical gene for ectopic lipid deposition. 

Table 5.4: Comparison of differentially expressed genes with previous study of 

wooden breast in male broilers. A total of 20 genes from the current 

study were also previously identified at early stages of wooden breast 

development in 2- and 3-week-old male broilers by Papah et al. (Papah et 

al., 2018). 

Biopsy Age No. Genes Gene Symbols 

2 weeks 4 ANKRD1, ATF3, CHAC1, RAPGEF4 

3 weeks 18 AVD, BBS5, CD36, CHAC1, CIDEA, FABP4, HOPX, LINGO1, 

LMOD2, LPL, MYBPC1, OCM2, RAPGEF4, RBP7, RRAD, SMPX, 

STK17A, UCHL1 

 

Our results highlight the importance of increased lipid metabolism in 

governing susceptibility to wooden breast and establish high expression of lipid 

metabolism genes as a much earlier signature of the disease than was previously 

believed. This is consistent with previous reports of metabolic perturbations in 

wooden breast (Mutryn et al., 2015a; Abasht et al., 2016; Papah et al., 2018), 

especially a recent study suggesting that the increased ability to direct alimentary 

resources, particularly fatty acids, to the pectoralis major muscle may underlie 

susceptibility to wooden breast (Abasht et al., 2019). While our findings reveal strong 

parallels between wooden breast in broilers and metabolic syndrome in humans, it is 

important to recognize that wooden breast is not associated with increased visceral 

adiposity (Zhuo et al., 2015; Abasht et al., 2019) or elevated blood glucose levels 
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(Livingston et al., 2019a). Additionally, lipotoxicity in human skeletal muscle causes 

muscle atrophy (Tamilarasan et al., 2012) while wooden breast affected birds have a 

significantly larger pectoralis major muscle compared to unaffected birds (Dalle Zotte 

et al., 2014). It is important to investigate how ectopic lipid accumulation in skeletal 

muscle can manifest with such disparate phenotypes in humans compared to broilers. 

5.6 Conclusions 

The findings of this study show that transcriptional changes associated with 

early stages of wooden breast disease in 2-week-old birds have significant overlap 

with genes that are dysregulated in metabolic syndrome in humans. Although the 

underlying causes of metabolic dysfunction possibly leading to pathological 

progression of wooden breast remain unknown, this study clearly demonstrates that 

early upregulation of lipid metabolism in the pectoralis major is a key feature of the 

myopathy. Additionally, the finding that PPAR and several of its transcriptional 

target genes are expressed higher in affected chickens provides critical insight into the 

early pathogenesis of wooden breast. Affected birds also show dysregulation of 

various genes involved in muscle growth and function as well as calcium signaling 

and ER stress. Additional research is needed to understand the mechanisms underlying 

the apparent metabolic dysfunction and to investigate the possible link between 

wooden breast and metabolic syndrome. 
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GENETIC BASIS AND IDENTIFICATION OF CANDIDATE GENES FOR 

WOODEN BREAST AND WHITE STRIPING IN COMMERCIAL BROILER 

CHICKENS 

(Juniper A. Lake, Jack C.M. Dekkers, & Behnam Abasht. Scientific Reports, 11:6785, 

(2021)). https://www.nature.com/articles/s41598-021-86176-4  

 

6.1 Abstract 

Wooden breast (WB) and white striping (WS) are highly prevalent and 

economically damaging muscle disorders of modern commercial broiler chickens 

characterized respectively by palpable firmness and fatty white striations running 

parallel to the muscle fiber. High feed efficiency and rapid growth, especially of the 

breast muscle, are believed to contribute to development of such muscle defects; 

however, their etiology remains poorly understood. To gain insight into the genetic 

basis of these myopathies, a genome-wide association study was conducted using a 

commercial crossbred broiler population (n=1193). Heritability was estimated at 0.5 

for WB and WS with high genetic correlation between them (0.88). GWAS revealed 

28 quantitative trait loci (QTL) on five chromosomes for WB and 6 QTL on one 

chromosome for WS, with the majority of QTL for both myopathies located in a ~8 

Mb region of chromosome 5. This region has highly conserved synteny with a portion 

of human chromosome 11 containing a cluster of imprinted genes associated with 

growth and metabolic disorders such as type 2 diabetes and Beckwith-Wiedemann 

syndrome. Candidate genes include potassium voltage-gated channel subfamily Q 
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member 1 (KCNQ1), involved in insulin secretion and cardiac electrical activity, 

lymphocyte-specific protein 1 (LSP1), involved in inflammation and immune response. 

6.2 Introduction 

The modern commercial broiler chicken embodies remarkable gains in the 

economics of meat production realized through intensive breeding programs, 

optimized nutrition, and enhanced management practices. Compared to the 1950s, 

modern broilers can be raised to approximately the same market weight in close to 

half the time using substantially less feed and with substantially higher breast muscle 

yield (Havenstein et al., 2003b, 2003a; Petracci et al., 2015). However, the financial 

gains and increased production capacity associated with improvements to production 

traits are threatened by the concurrent global emergence of numerous muscle disorders 

that severely affect meat quality and may also impact animal welfare (Sihvo et al., 

2014; Papah et al., 2017; Norring et al., 2018). Wooden breast and white striping, 

often co-occurring and believed to be part of the same disease spectrum (Mutryn et al., 

2015a; Griffin et al., 2018), are two such myopathies, which together represent the 

breast muscle defects with the highest prevalence and greatest economic burden. 

First described in the literature in 2014 (Sihvo et al., 2014), wooden breast 

manifests as palpably firm and discolored pectoralis major with subcutaneous and 

fascial edema, petechial hemorrhages, and spongy areas with disintegrating myofiber 

bundles. Birds affected by wooden breast frequently show signs of white striping as 

well, which is macroscopically characterized by white fatty striations running parallel 

to the muscle fibers and presents with similar histological lesions as wooden breast, 

including myodegeneration with regeneration, necrosis, lymphocyte and macrophage 

infiltration, fibrosis, and lipidosis (Kuttappan et al., 2013; Sihvo et al., 2014). These 
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muscle disorders present an exceptional challenge to producers, as dietary or 

management strategies against them often fail to improve meat quality (Livingston et 

al., 2019b; Zampiga et al., 2019) or lack viability due to impaired live performance 

(Meloche et al., 2018b) or cost-prohibitive inputs. The tight association between breast 

muscle disorders and economic traits such as feed efficiency and breast muscle yield 

suggests that successful mitigation of meat quality defects without simultaneous 

compromise to desirable traits will require an understanding of the genetic basis of 

these myopathies and selection against their causal variants. 

Several hypotheses exist regarding the underlying causes of wooden breast and 

white striping. Some implicate the rapid growth of the pectoralis major and relative 

vascular deficiency for creating a buildup of waste products and hypoxic conditions 

(Boerboom et al., 2018; Soglia et al., 2019) in the breast muscle, while others suggest 

shared etiologic underpinnings with type 2 diabetes and other metabolic disorders in 

mammals (Lake et al., 2019; Lake and Abasht, 2020). However, current knowledge 

regarding the genetic basis of wooden breast and white striping is extremely limited 

and somewhat conflicting. Bailey et al. (Bailey et al., 2020) estimated heritability (h2) 

of wooden breast and white striping in a pedigree commercial broiler pure line to be 

low – 0.07 for wooden breast and 0.25 for white striping – but also demonstrated a 

dramatic 18.4% reduction in wooden breast incidence after only 2 years of genetic 

selection against breast muscle myopathies. Another study of two broiler lines 

divergently selected for ultimate pH of the pectoralis major estimated heritability (h2) 

of white striping to be 0.65 (Alnahhas et al., 2016). The only genome-wide association 

study of white striping was performed on a similar population and found no markers 
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with genome-wide significance (Pampouille et al., 2018), while the genetic 

architecture of wooden breast currently remains unexplored. 

Our poor understanding of these traits at the genetic level is deficient and 

precludes our ability to adequately mitigate their effects through either broiler 

breeding or management. Therefore, the aim of this study is to estimate genetic 

parameters for wooden breast, white striping, and two body weight traits in a hybrid 

commercial broiler population and to identify quantitative trait loci (QTLs) and 

candidate genes to elucidate potential molecular mechanisms contributing to 

myopathy development. 

6.3 Results and Discussion 

6.3.1 Trait Statistics and Genetic Parameter Estimates 

Of the 1,194 progeny that were genotyped for this study, only one bird did not 

meet the sequence filter criteria and was excluded from all analyses. Sex 

chromosomes were used to confirm each bird’s sex before all analyses, and found that 

12 birds were mis-gendered at necropsy. The sex-specific and overall distributions of 

wooden breast and white striping scores for the remaining 1,193 birds can be found in 

Table 6.1. The prevalence of wooden breast, i.e. the proportion of birds with a wooden 

breast score greater than 0, was approximately 79%, although the scoring system 

implemented in this study was relatively sensitive to mild signs of the myopathy 

compared to other studies (Meloche et al., 2018b; Livingston et al., 2019b). Meat 

quality is not substantially affected in birds with scores of 1 or 2, and severe wooden 

breast (score of 4) was detected only in 2.1% of chickens in our study (Table 6.1).  

The prevalence of white striping was similarly high, at approximately 80%. Compared 



 155 

to males, female birds exhibited a lower prevalence of wooden breast (71% vs. 87%; 

p-value < 0.001) and white striping (73% vs. 87%; p-value < 0.001). 

Table 6.1: Distributions of wooden breast and white striping scores among birds 

included in genetic analyses. 

Wooden Breast Score 
Male  

(n = 557) 

Female  

(n = 636) 

Total  

(n = 1193) 

0 - Normal 12.6% 28.8% 21.2% 

1 - Very Mild 19.0% 23.3% 21.3% 

2 - Mild 39.9% 37.7% 38.7% 

3 - Moderate 24.8% 9.6% 16.7% 

4 - Severe 3.8% 0.6% 2.1% 

White Striping Score    

0 - Normal 12.7% 26.9% 20.3% 

1 - Mild 50.4% 48.0% 49.1% 

2 - Moderate 31.1% 23.7% 27.2% 

3 - Severe 5.7% 1.4% 3.4% 

 

Descriptive statistics, heritability estimates, and variance components of the 

traits are summarized in Table 6.2. In our population, the wooden breast phenotype 

exhibits substantially higher heritability (h2 = 0.49) than indicated by previous work, 

which estimated heritability between 0.1 and 0.24(Bailey et al., 2015). Additionally, 

we found the heritability of white striping (h2 = 0.50) to lie between previous 

estimates ranging from 0.18 (Bailey et al., 2015) to 0.65 (Alnahhas et al., 2016). 

Variability among these studies is not surprising, as heritability is inherently specific 

to the population and environment in which it is estimated. For example, the lower 

estimates for heritability of wooden breast and white striping were for purebred 

commercial broiler lines that had relatively low incidence rates of myopathy – 0.16% 

to 0.39% for wooden breast; 14.46% to 49.6% for white striping – compared to other 
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hybrid commercial broiler populations (Bailey et al., 2015). Moderate heritability for 

wooden breast and white striping indicates that both genetic and environmental factors 

exert strong influences on phenotypic differences for these traits, which is consistent 

with studies that have demonstrated the ability to reduce severity and incidence of 

breast muscle myopathies through both genetic selection (Bailey et al., 2020) and 

manipulation of dietary energy (Meloche et al., 2018a, 2018b). 

Table 6.2: Trait statistics and estimates (±SE) of heritability and residual variance 

from univariate analyses of wooden breast, white striping, and body 

weight at 13 days and at 7 weeks of age.  

Trait 
Number of 

samples 
Mean SD Heritability 

Residual 

variance 

Wooden Breast2 1193 1.57 1.06 0.49 ± 0.06 0.51 ± 0.05 

White Striping3 1193 1.14 0.77 0.50 ± 0.06 0.28 ± 0.03 

Body Weight 13d (g) 1193 354 57 0.36 ± 0.06 1,548 ± 124 

Body Weight 7wk (g) 1193 3,496 449 0.40 ± 0.06 45,085 ± 3,741 

Wooden breast was scored on a 5-point scale from 0-Normal to 4-Severe. White 

striping was scored on a 4-point scale from 0-Normal to 3-Severe. 

 

Our analysis found genetic correlations (Table 6.3) of wooden breast and white 

striping with body weight at 13 days (-0.04 and 0.15 respectively) and body weight at 

7 weeks (0.16 and 0.09 respectively) to be low, while the estimate of the genetic 

correlation between the two myopathies was high (0.88). The latter reinforces an 

existing hypothesis that these two traits are related to each other and may be variations 

of the same disorder (Mutryn et al., 2015; Griffin et al., 2018). Note that low genetic 

correlation between the muscle disorders and body weight traits does not signify low 

genetic correlations of muscle disorders with other performance traits that were not 

assessed in this study, such as breast muscle yield and feed conversion ratio. 
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Table 6.3: Estimates (+SE) of phenotypic (above diagonal) and genetic (below 

diagonal) correlations among wooden breast, white striping, and body 

weight at 13 days and at 7 weeks of age based on bivariate analyses. 

 Wooden Breast White Striping Body Weight 13d Body Weight 7wk 

Wooden Breast   0.65 ± 0.02 0.12 ± 0.03 0.25 ± 0.03 

White Striping 0.88 ± 0.04  0.17 ± 0.03 0.19 ± 0.03 

Body Weight 13d -0.04 ± 0.12 0.15 ± 0.12  0.49 ± 0.03 

Body Weight 7wk 0.16 ± 0.11 0.09 ± 0.11 0.54 ± 0.09  

 

6.3.2 Sequence and SNP Statistics 

Excluding the single sample that did not meet filter criteria, sequencing 

produced an average of 5.88 million reads per sample, with an average mapping rate 

of 77.3%. A total of 199,957 SNPs were retained after locus filtering, consisting of 

195,617 autosomal SNPs and 4,340 SNPs on the Z chromosome. The average 

sequence depth for each genotyped SNP was 10.8, with 97.9% of all genotype calls 

supported by at least 1 read. The average minor allele frequency was 0.24. The 

filtering criteria implemented in this study were substantially more stringent than in 

previous studies utilizing low-depth genotyping-by-sequencing methods (Chan et al., 

2016) in order to identify QTLs with greater confidence. 

6.3.3 Linkage Disequilibrium 

Linkage disequilibrium (r2) in the population decayed at an extremely rapid 

rate (Table 6.4), dropping below 0.2 at a distance of 2092 base pairs (bp) on macro-

chromosomes, at 1410 bp on intermediate chromosomes, and at 1046 bp on micro-

chromosomes. This value was substantially higher on the Z chromosome, at about 78 

kb, because this chromosome is subjected to lower recombination frequency and a 

smaller effective population size. Based on D0.2 estimates for each chromosome group, 

SNPs in the current dataset encompassed 27.5% of the genome (autosomes and Z 
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chromosome), with chromosome-specific capture rates ranging from 84.6% on the Z 

chromosome to 3.33% on chromosome 31 (Table 6.5). 

Table 6.4: Linkage disequilibrium (r2) between markers located on macro-, 

intermediate, micro-chromosomes and the Z chromosome at distances of 

1 kb, 10 kb, 100 kb, 500 kb, 1 Mb, and 5 Mb.  

 1 kb 10 kb 100 kb 500 kb 1Mb 5 Mb D0.2 (bp) 

Macro-chromosomes 0.23 0.15 0.08 0.05 0.04 0.02 2092 

Intermediate 

chromosomes 
0.21 0.14 0.08 0.05 0.04 0.02 1410 

Micro-chromosomes 0.2 0.13 0.07 0.04 0.03 0.01 1046 

Z chromosome 0.37 0.28 0.19 0.14 0.12 0.09 78370 

Linkage disequilibrium values were used to calculate the distance at which LD 

decayed below the threshold of 0.2 (D0.2) 

Table 6.5: Approximate genome capture rates by chromosome determined using 

linkage decay (D0.2) estimates for each chromosome group (micro, 

intermediate, macro, and Z chromosome).  

Chromosome Not Captured 

(nucleotides) 

Chromosome Length 

(nucleotides) 

Percent Captured 

1 158939275 197608386 19.57 

2 121983977 149682049 18.50 

3 87891737 110838418 20.70 

4 71014818 91315245 22.23 

5 44735818 59809098 25.20 

6 28743784 36374701 20.98 

7 29083969 36742308 20.84 

8 23238131 30219446 23.10 

9 17922614 24153086 25.80 

10 15288432 21119840 27.61 

11 16415568 20200042 18.73 

12 15674066 20387278 23.12 

13 14429411 19166714 24.72 

14 11540722 16219308 28.85 
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15 9524609 13062184 27.08 

16 2615715 2844601 8.05 

17 6712316 10762512 37.63 

18 7550089 11373140 33.61 

19 6728554 10323212 34.82 

20 9569075 13897287 31.14 

21 4344505 6844979 36.53 

22 4340930 5459462 20.49 

23 3307158 6149580 46.22 

24 3813280 6491222 41.25 

25 2515254 3980610 36.81 

26 3278913 6055710 45.85 

27 5665926 8080432 29.88 

28 2660155 5116882 48.01 

30 1469321 1818525 19.20 

31 5948197 6153034 3.33 

32 456255 725831 37.14 

33 6124417 7821666 21.70 

Z 12691444 82529921 84.62 

 

6.3.4 GWAS Results for Wooden Breast 

Single-SNP analysis of the genetic basis of wooden breast identified 51 SNPs 

that were significantly associated and an additional 71 SNPs that were suggestively 

associated with wooden breast score (Figure 6.1; Appendix B). These loci are located 

across 11 chromosomes of the Gallus gallus genome, including (GGA) 1, 2, 4, 5, 6, 9, 

10, 18, 24, 30, and 32; however, the majority of significant markers (42 SNPs, 82%) 

and significant/suggestive markers combined (84 SNPs, 69%) were confined to a 

region on GGA5 from 8.1 Mb to 16.4 Mb. A total of 28 QTLs on chromosomes 

(GGA) 2, 5, 6, 30, and 32 were identified from significant SNPs that were clustered 

based on LD (Table 6.6). Bayesian multi-marker regression corroborated results from 

single-SNP analysis, detecting 9 1-Mb windows, on chromosomes (GGA) 2, 5, 6, 18, 
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and 30, that each explained more than 1% of genetic variance for the trait (Table 6.7). 

Together, these 9 windows explained 16.7% of the genetic variance for wooden breast. 

Three windows on GGA5, from 13.0 Mb to 17.0 Mb, explained a total of 6% of 

genetic variance, although the single highest-ranking window in this analysis was at 

the beginning of GGA30, which explained 3.1% of genetic variance. Although no 

significant QTLs were identified for sex-specific analyses of wooden breast, some 

markers exceeded the suggestive threshold in female birds and are listed in Appendix 

B. Genomic windows with suggestive significance in the BayesB analyses are listed in 

Appendix C for all traits. 

 

Figure 6.1: Genome-wide association results for wooden breast (WB) score using 

multi-marker (BayesB) and single-SNP (mixed linear model) analyses. 

(Top Left) Percentage of genetic variance explained by 1-Mb regions across the 

genome for WB score. (Top Right) Distribution of WB scores across progeny used in 

genome-wide association analyses; dark red = male, light red = female. (Bottom 

Left) Manhattan plot of single-SNP results showing the −log10(p-value) of SNPs 

ordered by chromosome and position. (Bottom Right) Quantile-quantile plot of p-

values from single-SNP results of WB score. Solid and dashed lines indicate 

significant and suggestive thresholds, respectively, for each model. 
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Table 6.6: Wooden Breast quantitative trait loci (QTLs) containing SNPs with FDR 

adjusted p-values less than 0.05.  

QTL  Top SNP in QTL   

Chr Start (bp) End (bp) #SNP Pos (bp) Alleles Freq Beta P-value FDR Candidate genes 

2 – – 1 45199243 T/C 0.473 0.211 8.91e-06 0.043 – 

5 8327574 8393723 3 8393723 A/T 0.228 0.289 9.17e-06 0.043 
MICAL2 

DKK3 

5 – – 1 9797353 A/G 0.240 0.305 4.10e-06 0.031 NRIP3 

5 9975375 10239083 2 9975375 T/C 0.232 0.325 9.28e-07 0.014 
DENND2B 

RPL27A 

5 – – 1 10415181 T/A 0.390 0.246 7.83e-06 0.043 – 

5 – – 1 10675242 T/A 0.181 0.291 1.10e-05 0.046 PSMA1 

5 11903835 11903902 4 11903836 G/A 0.235 -0.197 8.68e-06 0.043 – 

5 – – 1 11913861 A/G 0.163 -0.305 1.15e-05 0.046 – 

5 – – 1 11924135 T/C 0.255 0.300 1.76e-06 0.019 – 

5 12196653 12196751 2 12196653 T/C 0.232 -0.352 1.50e-07 0.004 USH1C 

5 12310175 12310343 7 12310234 T/C 0.244 -0.270 6.52e-07 0.011 – 

5 13374229 13429787 2 13429787 T/C 0.240 -0.313 4.75e-07 0.008 

KCNQ1 

SLC22A18 

CDKN1C 

5 13449328 13449379 3 13449367 T/C 0.369 -0.281 6.38e-08 0.004 KCNQ1 

5 – – 1 13508017 C/A 0.245 0.301 7.27e-06 0.043 KCNQ1 

5 – – 1 13899194 G/C 0.255 -0.284 1.15e-05 0.046 – 

5 14280580 14280613 2 14280613 T/C 0.335 0.311 6.47e-08 0.004 LSP1 

5 14295515 14308280 4 14301905 G/C 0.180 -0.307 1.44e-06 0.018 

TNNI2 

SYT8 

ENSGALG00000006608 

5 14321077 14321102 2 14321077 G/A 0.433 0.280 1.32e-07 0.004 
CTSD 
ENSGALG00000006608 

5 – – 1 14529930 T/C 0.286 0.065 7.87e-06 0.043 
BRSK1 

ENSGALG00000006608 

5 – – 1 16063707 T/C 0.174 0.319 1.06e-05 0.046 
ENSGALG00000044313 

PHRF1 

5 16219365 16219383 2 16219365 A/G 0.213 -0.292 3.66e-06 0.029 HRAS 

6 – – 1 19640631 T/G 0.389 0.343 3.21e-06 0.027 – 

6 – – 1 23100280 A/G 0.303 0.294 1.20e-05 0.047 
GOT1 

CNNM1 

6 23389752 23391597 3 23389752 A/G 0.119 0.368 7.59e-06 0.043 LCOR 

30 – – 1 90012 C/T 0.292 -0.249 4.34e-07 0.008 
DNM2 

QTRT1 

30 96694 97362 2 97362 A/G 0.196 -0.283 4.73e-07 0.008 DNM2 

30 – – 1 393145 A/G 0.275 0.240 8.50e-06 0.043 

CNN1 

ZNF653 

ECSIT 

ELOF1 
ACP5 

32 – – 1 86047 C/G 0.297 -0.261 1.05e-05 0.046 
ACTN4 

ECH1 

Candidate genes include protein-coding genes located within 5000bp upstream or 

downstream of the QTL start or end site, respectively. Chr: chromosome, bp: base 

pairs, #SNP: number of significant SNPs in QTL, Pos: position, Alleles: 

effect/alternative alleles, Freq: effect allele frequency, Beta: effect size estimate. 
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Table 6.7: Results of Bayesian multi-marker regression for wooden breast and white 

striping.  

Trait Chromosome 
Window 

(Mb) 
# SNPs 

Explained 

genetic 

variance 

(%) 

P > 01 

Wooden 

Breast 

30 0 – 1 327 3.10 0.970 

5 14 – 15 186 2.74 0.808 

6 19 – 20 82 2.35 0.775 

6 23 – 24 990 1.72 0.951 

5 13 – 14 224 1.64 0.622 

5 16 – 17 436 1.60 0.798 

18 9 – 10 1508 1.44 0.987 

2 45 – 46 147 1.14 0.587 

18 4 – 5 791 1.01 0.890 

White 

Striping 

5 14 – 15 186 5.38 0.990 

5 58 – 59 604 3.18 0.997 

12 9 – 10 563 1.19 0.990 

 

Windows identified by Bayes B were considered significant if they explained ≥ 1% of 

genetic variance. Body weight traits did not have any significant 1-Mb windows. P>0 

refers to the frequency of sample for which the region had a nonzero effect. 

 

Top candidate genes for wooden breast (Table 6.6) include cyclin dependent 

kinase inhibitor 1C (CDKN1C), cathepsin D (CTSD), potassium voltage-gated 

channel subfamily Q member 1 (KCNQ1), lymphocyte-specific protein 1 (LSP1), 

solute carrier family 22 member 18 (SLC22A18) and USH1 protein network 

component harmonin (USH1C) on GGA5 and dynamin 2 (DNM2) on GGA30. In 

humans, variation in all of these genes has been linked to altered insulin expression or 

secretion (Xu et al., 2011; Mutair et al., 2013; Travers et al., 2013; Fan et al., 2015) 

despite their having distinct biological functions. 

6.3.5 GWAS Results for White Striping 

A total of 18 SNPs (10 significant and 8 suggestive) were associated with 

white striping score (Figure 6.2; Appendix B), all of which are located on GGA5, 
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except for one marker on GGA11. Similar to the wooden breast association analysis 

results, most of these loci (9 significant and 6 suggestive, 83% of combined) were on 

GGA5, between 12.1 Mb and 14.8 Mb (Table 6.8). Bayesian multi-marker regression 

identified a window in this same region, between 14.0 Mb and 15.0 Mb, as the 

highest-ranking 1-Mb window, explaining 5.4% of genetic variance (Table 6.7). Two 

other windows also explain more than 1% of genetic variance, one on the long arm of 

GGA5 and one on GGA12. Together, the three significant windows for white striping 

explained 9.8% of the genetic variance for the trait. None of the QTLs identified in 

this study overlapped with QTLs previously identified for white striping; Pampouille 

et al. (Pampouille et al., 2018) did not discover QTLs with genome-wide significance, 

but identified three QTLs with chromosome-wide significance in the 3rd Mb windows 

of GGA17 and GGA18 and in the 88th Mb window of GGA1. No significant or 

suggestive SNPs were identified for sex-specific analyses of white striping. Genomic 

windows with suggestive significance in the BayesB analyses are listed in Appendix 

C. 
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Figure 6.2: Genome-wide association results for white striping (WS) score using 

multi-marker (BayesB) and single-SNP (mixed linear model) analyses.  

(Top Left) Percentage of genetic variance explained by 1-Mb regions across the 

genome for WS score. (Top Right) Distribution of WS scores across progeny used in 

genome-wide association analyses; dark blue = male, light blue = female. (Bottom 

Left) Manhattan plot of single-SNP results showing the −log10(p-value) of SNPs 

ordered by chromosome and position. (Bottom Right) Quantile-quantile plot of p-

values from single-SNP results of WS score. Solid and dashed lines indicate 

significant and suggestive thresholds, respectively, for each model. 

Table 6.8: White Striping quantitative trait loci (QTLs) containing SNPs with FDR 

adjusted p-values less than 0.05.  

QTL Top SNP in QTL  

Chr Start (bp) End (bp) #SNP Pos (bp) Alleles Freq Beta P-value FDR Candidate genes 

5 – – 1 12196653 T/C 0.232 -0.239 1.68e-06 0.036 USH1C 

5 14280580 14320311 4 14280613 T/C 0.335 0.228 9.07e-08 0.003 

LSP1 
TNNI2 

SYT8 

ENSGALG00000006608 

CTSD 

5 14321077 14321102 2 14321077 G/A 0.433 0.230 4.93e-09 0.001 
ENSGALG00000006608 

CTSD 

5 – – 1 14477401 T/C 0.238 -0.241 2.86e-08 0.002 
ENSGALG00000006608 

MOB2 

5 – – 1 14529930 T/C 0.286 0.229 1.95e-06 0.038 
ENSGALG00000006608 

BRSK1 

5 – – 1 58074636 A/G 0.359 0.166 1.35e-06 0.033 NIN 
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Candidate genes include protein-coding genes located within 5000bp upstream or 

downstream of the QTL start or end site, respectively. Chr: chromosome, bp: base 

pairs, #SNP: number of significant SNPs in QTL, Pos: position, Alleles: 

effect/alternative alleles, Freq: effect allele frequency, Beta: effect size estimate. 

 

 

Top candidate genes for white striping include CTSD, LSP1, troponin I2 fast 

skeletal type (TNNI2), synaptotagmin 8 (SYT8), and MOB kinase activator 2 (MOB2). 

As with candidate genes for wooden breast, variation in mammalian homologues of all 

of these genes is linked to altered insulin expression or secretion in pancreatic beta 

cells (Xu et al., 2011; Mohlke and Boehnke, 2015). However, they possess additional 

functions that may be relevant to poultry myopathies, such as calcium-dependent 

regulation of striated muscle contraction (Kimber et al., 2006) (TNNI2), and regulation 

neutrophil transendothelial migration (LSP1) (Liu et al., 2005). 

6.3.6 GWAS Results for Body Weight Traits 

No QTLs were identified for either body weight trait using single-SNP or 

multi-marker analyses (Figures 6.3 and 6.4; Appendix C). This may be a result 

extreme selection for growth rate over many decades, likely resulting in fixed alleles 

at loci of large effect. By contrast, wooden breast and white striping have a much 

shorter selection history based on their somewhat recent appearance, and have 

potentially been subjected to both positive and negative selection if they indeed share 

a strong genetic basis with performance traits such as feed efficiency and breast 

muscle yield. This would preserve variation at loci with moderate or large effects, 

which are easier to detect with lower sample sizes in genome-wide association 

analyses. 



 166 

 

Figure 6.3: Genome-wide association results for body weight at 13 days using multi-

marker (BayesB) and single-SNP (mixed linear model) analyses.  

(Top Left) Percentage of genetic variance explained by 1-Mb regions across the 

genome for body weight at 13 days. (Top Right) Distribution of body weight across 

progeny used in genome-wide association analyses; dark grey = male, light grey = 

female. (Bottom Left) Manhattan plot of single-SNP results showing the −log10(p-

value) of SNPs ordered by chromosome and position. (Bottom Right) Quantile-

quantile plot of p-values from single-SNP results. Solid and dashed lines indicate 

significant and suggestive thresholds, respectively, for each model. 

 

 

Figure 6.4: Genome-wide association results for body weight at 7 weeks using multi-

marker (BayesB) and single-SNP (mixed linear model) analyses.  
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(Top Left) Percentage of genetic variance explained by 1-Mb regions across the 

genome for body weight at 7 weeks. (Top Right) Distribution of body weight at 7 

weeks across progeny used in genome-wide association analyses; dark grey = male, 

light grey = female. (Bottom Left) Manhattan plot of single-SNP results showing the 

−log10(p-value) of SNPs ordered by chromosome and position. (Bottom Right) 

Quantile-quantile plot of p-values from single-SNP results. Solid and dashed lines 

indicate significant and suggestive thresholds, respectively, for each model. 

 

QTL detection for both body weight and muscle disorder traits may also have 

been hindered by the extremely rapid LD decay (Table 6.4) in our 4-way crossbred 

broiler population relative to the genome coverage achieved by our genotyping 

methods and filter criteria. Using SNP positions and D0.2, we estimated that only 

27.52% of autosomes and the Z chromosome were encompassed by SNPs in this 

study. This is a conservative estimate, as it includes chromosomal regions with 

extremely low variation, but indicates the strong potential for additional QTLs with 

large effects that were not captured by this study. Our sample size also prevented 

detection of small-effect QTLs by limiting statistical power. The rapid LD decay, 

however, gives us confidence that the QTLs detected in this study are in close 

proximity to their causal mutations. 

6.3.7 Comparative Genomics of GGA5 

Chicken chromosome 5 (GGA5) has conserved synteny with portions of 

human chromosomes 11, 14, and 15 (Pitel et al., 2004). The majority of QTLs 

identified for both wooden breast and white striping were located in a region that has 

highly conserved synteny with HSA11 (Figure 6.5). Indeed, there is greater 

conservation of synteny for genes on HSA11 between chickens and humans than 

between mice and humans, although numerous intrachromosomal rearrangements are 

present. The area on HSA11 that is homologous to QTL regions on GGA5 identified 
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in the present study is associated with numerous metabolic and growth disorders and 

various forms of diabetes mellitus (Figure 6.5). For example, KCNQ1 locus in this 

region is heavily studied in humans as part of an imprinted gene cluster that when 

dysregulated can cause overgrowth disorders including Beckwith-Wiedemann 

syndrome (Smith et al., 2007). Even though the size of the region and order of genes is 

nearly identical between chickens and mammals (Figure 6.5), chickens lack the 

relevant imprinting control elements present in mammals (Paulsen et al., 2005). This 

suggests that chickens may serve as an excellent model for studying topics such as 

evolutionary genomics, imprinting control, and growth disorders. 
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Figure 6.5: Conserved synteny between chicken chromosome 5 and human 

chromosome 11.  

The wooden breast QTL-rich region of chicken chromosome 5 (GGA5) has highly 

conserved synteny with human chromosome 11 (HSA11), especially compared to 

homologous regions in the mouse genome on chromosomes 2 (MMU2) and 7 

(MMU7). In humans, this area is associated with a high number of growth and 

metabolic disorders, which are highlighted here based on existing knowledge of 

wooden breast and white striping, including a hypothesis suggesting dysregulation of 

lipid and glucose metabolism as an important underlying factor in development of the 

myopathies. 

 



 170 

The QTL-rich region of GGA5 also contains several areas that show evidence 

of strong selection sweeps (Figure 6.5) in two commercial purebred male broiler lines 

selected for breast muscle growth and feed efficiency (Fu et al., 2016). Selective 

breeding for meat production traits is considered a major culprit for the rapid increase 

in meat quality issues among broiler chickens, and the genomic co-localization of loci 

that are beneficial for production traits with loci associated with breast muscle 

myopathies provides further evidence of this. Targeted sequencing of GGA5 is 

required to determine if the specific genetic mutations contributing to each trait are 

simply linked or, in fact, the same. Additionally, targeted sequencing of GGA5 with 

long-read technologies could reveal copy number variants, which are not captured by 

SNP data. The SRY-box transcription factor 6 (SOX6) gene is of particular interest 

because it was identified as a candidate gene for the selection sweep region on GGA5 

(Fu et al., 2016) . Although SOX6 was not identified as a candidate gene for wooden 

breast based on association analyses described here, a selection sweep in or near this 

gene would hinder detection of causal variants using many GWAS methods due to 

filters for minor allele frequency. 

6.3.8 Clinical Significance of Candidate Genes 

A major functional theme of candidate genes identified in this study is insulin 

secretion and action, particularly in the QTL-rich region of GGA5 (Figure 6.6), which 

contains numerous genes previously shown to be associated with metabolic and 

cardiac disorders in humans (Figure 6.5). For example, KCNQ1 polymorphisms are 

associated with altered insulin secretion in pancreatic β cells, short and long QT 

syndrome in cardiac muscle, and sensorineural deafness in the inner ear (Abbott, 

2014). This gene encodes a highly-studied voltage-gated potassium channel, which 
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interacts with numerous other protein subunits and switches from voltage-dependent 

to constitutive activity (Abbott, 2014), endowing it with a diverse set of functional 

roles and associating it with a proportionally diverse number of pathologies. Some 

pleiotropic KCNQ1 variants in humans can simultaneously increase insulin secretion 

in the pancreas, reduce serum potassium upon oral glucose challenge, and cause long 

QT syndrome, putting individuals at risk of sudden, uncontrollable, arrhythmias which 

may lead to fainting or sudden death (Torekov et al., 2014). This could represent a 

potential cause of sudden cardiac death reported in broilers, especially those with 

wooden breast (Gall et al., 2019a).  We re-examined data from a previous study of 

differential gene expression associated with wooden breast in 2-week-old female 

broilers (Lake et al., 2019) and found that, although there was no differential 

expression of KCNQ1 in the pectoralis major of 2-week-old birds, expression levels of 

the gene were very low in all birds (data not shown). It is therefore likely that genetic 

variation in KCNQ1 would primarily affect organs other than the pectoralis major, 

potentially including the pancreas. 
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Figure 6.6: Gene landscape of QTL-rich region between 8.0 Mb and 16.5 Mb on 

chicken chromosome 5.  
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Mirrored Manhattan plot shows SNPs with significance thresholds indicated by color; 

dark red = significant, orange = suggestive. 

 

Some candidate genes on GGA5 affect insulin secretion through both gene-

gene interactions and protein function, as the insulin gene (INS) is located in the 

middle of this QTL-rich region at approximately 13.94 Mb (Figure 6.6). For instance, 

synaptotagmin 8 (SYT8) encodes a membrane protein with roles in trafficking and 

exocytosis, including insulin secretion in pancreatic islet cells (Xu et al., 2011). The 

SYT8 gene is located over 300kb away from INS in humans, and yet physically 

interacts with the INS locus to elevate SYT8 expression, especially in the presence of 

glucose (Xu et al., 2011). This indicates the importance of SYT8 for both basal and 

glucose-stimulated insulin secretion in human islets. The same study identified 

additional interactions of INS with troponin I2, fast skeletal type (TNNI2) and 

lymphocyte-specific protein 1 (LSP1), which are also top candidate genes for wooden 

breast and white striping. 

QTLs outside of GGA5 also have strong ties to insulin as well. The protein 

encoded by DNM2 on GGA30 is critical for proper pancreatic function, where it 

regulates biphasic insulin secretion and glucose homeostasis in mammals. Knockout 

of DNM2 in pancreatic β cells in mice causes glucose intolerance via remodeling of 

the actin cytoskeleton and inefficient endocytosis-exocytosis coupling, indicating a 

potential pathophysiological link between DNM2 function and diabetes mellitus (Fan 

et al., 2015). DNM2 is best known for its involvement in two distinct congenital 

neuromuscular diseases of humans, centronuclear myopathy and Charcot-Marie-Tooth 

neuropathy. Several of the characteristic features of DNM2-associated centronuclear 

myopathy are reminiscent of the histopathological signs of wooden breast and white 

striping in broiler breast muscle, including increased variability of myofiber size, 
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endomysial fibrosis, calcium homeostasis alterations, and abnormal centralization of 

nuclei in muscle fibers, as also seen in regenerating fibers (Romero, 2010; Fraysse et 

al., 2016).  Although not discussed by Mutryn et al. (Mutryn et al., 2015a), DNM2 

expression was found to be downregulated in wooden breast-affected broilers 

compared to unaffected broilers at market age (data not shown), which is of particular 

interest considering findings of a knockout study of this gene in mouse gastrocnemius 

muscle. Tinelli et al. (Tinelli et al., 2013) found that DNM2 knockout caused a 

decrease in the number of muscle fibers, an increase in the proportion of smaller 

muscle fibers, an increase in lipid droplets, mitochondrial enlargement and disruption 

of cristae, mitochondrial dysfunction, and altered neuromuscular junctions at various 

developmental ages (Tinelli et al., 2013). Previously, Papah et al. (Papah et al., 2017) 

described an increase in acellular lipid droplets and abnormal mitochondrial 

morphology with degenerated cristae as part of the wooden breast pathogenesis. A 

decrease in the number of muscle fibers and increase in the proportion of small fibers 

has also been documented as a characteristic of wooden breast in some broiler lines 

(Velleman et al., 2018). 

A candidate gene on GGA6, GOT1, encodes the cytoplasmic version of an 

enzyme called aspartate transaminase (AST) that catalyzes the interconversion of 

aspartate and α-ketoglutarate to oxaloacetate and glutamate. Two key roles of AST 

should be highlighted from this anaplerotic reaction: the replenishment of aspartate, a 

key intermediate of the citric acid cycle, and the regulation of concentrations of 

glutamate, which functions as a potentiator of insulin release and precursor of the 

antioxidant glutathione in human skeletal muscle (Rutten et al., 2005). Thus, variation 
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in GOT1 may play an important role in altered energy metabolism and ROS balance in 

wooden breast. 

Genetic variation associated with broiler production traits such as visceral 

adiposity (Simon and LeClercq, 1982), body weight (Sinsigalli et al., 1987) is already 

known to affect plasma insulin and glucagon levels, as well as insulin sensitivity and 

glucose clearance. More generally, commercial broilers have elevated plasma insulin 

levels compared to layers (Shiraishi et al., 2011) and poorer serum insulin homeostasis 

compared to Silky chickens (Ji et al., 2020). Insulin is also a key regulator of 

carbohydrate, lipid, and amino acid metabolism (Tokushima et al., 2005; Godet et al., 

2008), which are dysregulated in wooden breast and white striping (Abasht et al., 

2016; Papah and Abasht, 2019), although additional research is required to determine 

whether altered insulin dynamics are a contributing factor to wooden breast and white 

striping in broilers. 

6.4 Conclusions 

This study is the first to characterize the genetic basis of wooden breast and 

white striping in a commercial crossbred broiler population using genetic markers. A 

major finding of the present work is the identification of a QTL-rich region for both 

wooden breast and white striping between 8.0 and 16.5 Mb on GGA5, which is 

homologous to and possesses highly conserved synteny with an imprinted region of 

human chromosome 11. Further study of this GGA5 region may prove to be critically 

important for understanding the cause of chicken myopathies as well as the evolution 

of genomic imprinting and genes involved in growth regulation in humans. Our 

findings also provide compelling evidence in support of a previous hypothesis 

describing a shared pathomechanism between breast muscle myopathies in broilers 
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and type 2 diabetes in mammals (Lake et al., 2019; Lake and Abasht, 2020) and 

suggest that potential alterations to pancreatic function and insulin action may be 

involved. There exist substantial differences between mammalian and avian insulin 

signaling and action – for example, the apparent lack of the insulin responsive glucose 

transporter GLUT4 in the chicken genome (Seki et al., 2003) – that warrant additional 

research, especially with regard to wooden breast and white striping. Investigation into 

organs involved in regulation of whole-body energy homeostasis, such as the 

pancreas, liver, and adipose tissue, may also aid in our understanding of these 

myopathies. 

6.5 Methods 

6.5.1 Birds 

All animal procedures were performed in accordance with guidelines set by 

The University of Delaware Institutional Animal Care and Use Committee (IACUC) 

and were approved by IACUC under protocol number 48R-2015-0. The study was 

carried out in compliance with the ARRIVE guidelines. A total of 1,228 mixed male 

and female Cobb500 broilers from the same breeding population of 15 sires and 200 

dams were raised as two separate hatches (n1 = 686, n2 = 542) with staggered hatch 

dates. Broilers were housed according to optimal industry standards in five poultry 

houses and given free access to feed and water until approximately 7 weeks of age 

(specifically 48, 49, 52, or 53 days), at which time they were euthanized by cervical 

dislocation. Live weight was recorded for all birds at 13 days of age. Preceding 

euthanasia (specifically 47, 48, or 52 days of age), live weight was recorded again and 

whole blood samples were collected from the brachial wing vein of each bird using a 
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3mL syringe with 23-gauge needle and placed in lithium heparin-coated tubes. Plasma 

was separated by centrifugation and blood samples were stored at -80˚C until further 

analysis. 

During necropsy, the pectoralis major muscles were evaluated for gross lesions 

and palpable firmness associated with wooden breast and each bird was assigned a 

wooden breast score using a 0-4 scale; 0-Normal indicates the bird had no 

macroscopic signs of the myopathy, 1-Very Mild indicates approximately 1% or less 

of the breast muscle was affected, 2-Mild indicates approximately between 1% and 

10% of the breast muscle was affected, 3-Moderate indicates approximately between 

10% and 50% of the breast muscle was affected, and a score of 4-Severe indicates that 

more than 50% was affected. This scoring system was employed by Lake et al. (Lake 

et al., 2019) in order to separate unaffected, mildly, and moderately affected chickens 

with higher resolution and greater sensitivity. White striping was also assessed at this 

time and each bird was assigned a white striping score using a 0-3 scale; 0-Normal 

indicates the bird had no macroscopic signs of white striping, 1-Mild indicates 

approximately 20% or less of the breast muscle was affected, 2-Moderate indicates 

approximately between 20% and 50% of the breast muscle was affected, and a score 

of 3-Severe indicates more than 50% of the muscle was affected. The incidence rates 

of wooden breast and white striping in males and females was compared using 

Pearson's Chi-squared test implemented in R with Yates' continuity correction. 

6.5.2 GBS Library Construction and DNA Sequencing 

After the live animal experiment was completed, blood samples from 1,194 

birds were selected for DNA extraction and genotyping. These represented all males 

(n=557) and females (n=636) that did not exhibit any noticeable health conditions or 
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deformations and had a blood sample of sufficient size with no sign of coagulation. 

The 15 sires of our chicken population were also included for DNA extraction and 

genotyping to improve genotype calling of progeny; however, phenotypic data was not 

recorded for sires. Total DNA was isolated from blood samples using the DNeasy 

Blood and Tissue Kit (Qiagen) according to the manufacturer’s protocol. DNA 

samples were quantified and quality was assessed using the NanoDrop 1000 

Spectrophotometer (Thermo Fisher scientific); all samples had a 260/280 ratio of 

approximately 1.8 and 260/230 ratio greater than 1.5. Approximately 2.5 µg of DNA 

per sample was aliquoted into individual wells of a 96-well plate, dried at room 

temperature, sealed, and shipped to Animal Genomics Research laboratory, 

AgResearch Invermay, New Zealand for restriction enzyme-based genotyping by 

sequencing (GBS). The GBS libraries were constructed according to the methods 

outlined in Elshire et al. (Elshire et al., 2011) with modifications as in Dodds et al. 

(Dodds et al., 2015) using two restriction enzymes (MspI and ApeKI). Single-end 

1x100 sequencing of 96-plex libraries was performed on an Illumina HiSeq 2500. To 

control and detect lane bias and batch bias, three samples of control DNA were 

included in each library and each library was run on at least 4 lanes across at least 2 

flowcells. Additionally, one sample (B92023) was included as a positive control in all 

libraries. 

6.5.3 Data Filtering and SNP Calling 

AgResearch supplied a single variant call file (VCF) which was constructed by 

the following methods. Fastq files were demultiplexed using GBSX (Herten et al., 

2015) and mapped by sample and lane onto the GRCg6a reference genome (Ensembl 

release 95) using BWA-MEM (Li, 2013). Samtools v1.9 (Li, 2011) was used to 
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remove reads with mapping quality below 30, convert the alignment file to BAM 

format, and merge all alignment files by sample. Variants were detected across all 

samples on a per chromosome basis using samtools and bcftools v1.9 with parameters 

set to limit variants to biallelic SNPs (Li, 2011). The results were then combined into a 

single VCF. 

Variants were filtered to only include SNPs with a minimum read depth of 5 

for at least 50% of samples, a maximum average read depth of 50, and a minor allele 

frequency of 5% or greater. Samples were also filtered to only include those with a 

minimum read depth of 5 for at least 50% of SNPs. Loci on the W chromosome were 

excluded from all analyses, but were used along with Z chromosome loci to confirm 

sex of the birds before subsequent analyses. Loci on the Z chromosome were filtered 

separately using only males to avoid filtering bias from hemizygotic females. 

6.5.4 Relatedness and Genetic Parameters 

A genomic relationship matrix (G) was constructed from the resulting variant 

data using the R package KGD (Dodds et al., 2015), which implements a method 

developed to account for GBS with low depth of coverage. Variance components and 

heritabilities of wooden breast, white striping, body weight at 13 days, and body 

weight at 7 weeks were estimated using ASReml 4 (Butler et al., 2018) with the 

following univariate model: 

 𝒚 = 𝑿𝒃 + 𝒁𝒖 + 𝑒 Equation 1 

where 𝒚 is a vector of phenotype values for the relevant trait, 𝒃 is the vector of fixed 

effects and the overall mean (a vector of 1’s), 𝑿 an incidence matrix for fixed effects, 

𝒖 is a vector of random polygenic effects, 𝒁 is an incidence matrix corresponding to 

𝒖, and 𝑒 is the residual error. Fixed effects included sex, poultry house, and age at 
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necropsy for the phenotypes of wooden breast score and white striping score. For 

analysis of body weight, only sex and poultry house were included as fixed effects; 

although live weight at 7 weeks was measured on three separate days, this effect was 

disregarded because it was perfectly correlated with poultry house. Random effects 𝑢 

and 𝑒 are assumed to follow normal distributions: 𝒖~𝑁(0, 𝜎𝑔
2𝑮) and 𝑒~𝑁(0, 𝜎𝑒

2𝑰𝑛) 

where 𝜎𝑔
2 is the genetic variance, 𝜎𝑒

2 is the variance of the residual errors, 𝑮 is the 

genomic relationship matrix as defined above, and 𝑰𝑛 is an identity matrix of 

dimension 𝑛. Heritability was calculated as the ratio of genetic to phenotypic variance, 

i.e. the sum of genetic and residual variance. Pairwise genetic and phenotypic 

correlations between traits were estimated using bivariate models with the same fixed 

and random effects as specified for the univariate analyses. 

6.5.5 Linkage Disequilibrium Analysis 

Pairwise linkage disequilibrium (LD; r2) of markers within 5 Mb of each other 

was calculated with Haploview v4.2 using the discrete genotype calls produced during 

the SNP calling step described above. To characterize LD decay with distance, 

markers were filtered to only include SNPs with a minimum read depth of 10 in at 

least 50% of birds. LD on the Z chromosome was determined using genotype calls 

from only male birds. LD decay curves were generated for macro-chromosomes 

(GGA1 through GGA5), intermediate chromosomes (GGA6 through GGA10), micro-

chromosomes (GGA11 through GGA33), and the Z chromosome by fitting a four-

parameter Weibull function (type-1) to r2 values against physical distance using the R 

package ‘drc’ (v3.0–1). The resulting curves were used to estimate r2 at distances of 1 

kb, 10 kb, 100 kb, 500 kb, 1 Mb, and 5 Mb, and to calculate the distance at which LD 

decayed below the threshold of 0.2 (D0.2). 
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The ability of the present study to capture QTL was evaluated by examining 

SNP coverage on each chromosome in comparison to corresponding D0.2 estimates. 

Specifically, we calculated the percentage of each chromosome in close enough 

proximity to a SNP for LD to be considered useful (i.e. D0.2), then computed the 

average percentage weighted by chromosome length. This final value reflects the 

percentage of the genome (autosomes and Z chromosome) that was captured by SNPs 

in the present dataset. 

6.5.6 Allele Dosage Estimation 

Due to the relatively low-depth sequencing methods implemented here, 

continuous genotype probabilities were used for all association analyses rather than 

discrete genotype calls. Genotype posterior probabilities were calculated using the 

Bayesian genotype caller polyRAD v1.1 (Clark et al., 2019), with population structure 

and LD used as a prior and default parameter values. The minimum correlation 

coefficient between two alleles (r2) for LD to be used in genotype estimation was set at 

0.2 and the distance within which to search for alleles that may be in LD with the 

given allele was set to 10,000 base pairs. The maximum mean difference in allele 

frequencies between iterations to be tolerated before iterations end was set to 0.001. 

The resulting genotype posterior probabilities were converted to allele dosages (i.e. 

posterior mean genotypes) for use in association analysis. Genotype calling of markers 

on the Z chromosome was performed using only male birds. 

6.5.7 Genome-Wide Association Analysis 

Two separate approaches – Bayesian multi-marker regression and single-SNP 

analysis – were used to detect quantitative trait loci (QTL) for each trait. Bayesian 
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models were implemented in GenSel (Fernando and Garrick, 2009) and involved first 

estimating the proportion of markers with null effect (π) using BayesCπ, followed by 

computation of the genetic variance explained by each 1 Mb window of SNPs in the 

genome with BayesB. The BayesCπ algorithm was run for 200,000 MCMC iterations 

with a burn-in of 150,000 iterations and used a starting value of 0.5 for π. BayesB was 

run for 60,000 iterations with a burn-in of 20,000 and used the posterior mean of π 

calculated by BayesCπ for each trait. The following model was used for both Bayesian 

methods: 

 𝒚 = 𝑿𝒃 + ∑ 𝒛𝑘𝑎𝑘 + 𝑒𝐾
𝑘=1  Equation 2 

where 𝐾 is the number of SNPs, 𝑧𝑘 is a vector of allele dosages at SNP 𝑘, 𝑎𝑘 is the 

additive effect of that SNP, and the remaining variables are as previously described. 

Loci on the Z chromosome were disregarded for this analysis. Windows explaining 

greater than 1% of genetic variation were considered significant and those explaining 

greater than 0.5% were considered suggestive. 

Single-SNP analysis was performed with a mixed linear model using GCTA 

version 1.26.0 (Yang et al., 2011) with software patches provided by van den Berg et 

al. (Van Den Berg et al., 2019) that adapted the program to accept allele dosages. Eq. 

1 was used for all single-SNP analyses with the addition of a SNP effect fitted as a 

fixed covariate. Single-SNP analysis was performed three separate times for each trait, 

once using all birds, once with only females, and once with only males. Loci on the Z 

chromosome were only included when male birds were analyzed separately. For 

analyses including only male or female progeny, the fixed effect of sex was dropped 

from the model. Significant and suggestive genome-wide association thresholds were 
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set at p-values corresponding to FDR-adjusted (Benjamini and Hochberg, 1995) q-

values of 0.05 and 0.20, respectively. 

Significant intra-chromosomal SNPs that were in high LD (r2 > 0.75) or that 

were separated by a distance less than or equal to the D0.2 value for the relevant 

chromosome size were assumed to share evidence in association analyses for a given 

trait and were thus grouped into non-overlapping QTL. Markers considered 

“suggestive” were not used in the construction of QTL. Candidate genes were 

identified based on proximity to QTL (within 5000 bp up- or downstream of the start 

or end position of a QTL, respectively) using Ensembl and NCBI annotation of the 

Gallus gallus genome version GRCg6a (annotation release 99). 

6.5.8 Comparative Genomics 

An ~8 Mb region of GGA5 was found to be exceedingly rich in QTL for both 

wooden breast and white striping, and warranted additional attention with regard to 

existing knowledge of the chromosome’s genomic features, which were visualized in a 

Circos plot (Krzywinski et al., 2009). To this end, sequence alignments between 

chicken genome assembly GRCg6a and human genome assembly GRCh38 (vertebrate 

net alignment netHg38) and between human genome assembly GRCh38 and mouse 

genome assembly  GRCm38 (placental net alignment netMm10) were retrieved using 

the UCSC Table Browser (Karolchik et al., 2004). Associations with human muscular 

and metabolic disease phenotypes in genomic regions homologous to the QTL-rich 

section of GGA5 were identified from the OMIM database (Online Mendelian 

Inheritance in Man, OMIM). Additionally, previously identified selective sweeps on 

GGA5 in commercial purebred broiler lines that are susceptible to wooden breast (Fu 
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et al., 2016) were lifted over to the GRCg6a chicken genome assembly using the 

UCSC liftOver tool (Hinrichs et al., 2006). 

6.5.9 Data Availability 

The datasets generated during the current study are available in the NCBI 

Sequence Read Archive (SRA) repository under BioProject PRJNA682423. 
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GENERAL DISCUSSION AND CONCLUSIONS 

Many of the results presented in this dissertation support the hypothesis that 

wooden breast and white striping may be related to type 2 diabetes and metabolic 

disorder in humans and mammals. This hypothesis raises numerous research questions 

that can be directly tested in future studies; for instance, measuring changes in insulin 

and glucagon levels that may be associated with these myopathies and evaluating 

transcriptomic and metabolomic changes in the pancreas and liver. Much of the 

research on these diseases focuses on local changes in the pectoralis major muscle 

associated with myopathy development, resulting in blind spots in our perspective of 

disease pathogenesis. 

Based on the metabolomics work presented in this dissertation, future research 

may also benefit from the use of plasma biomarkers, such as 3-methylhistidine, as 

non-invasive, objective, and quantitative measures of disease severity. Although major 

advances have been made in high-throughput ‘omics technologies, phenotyping 

remains a major challenge in scientific studies. Disease scoring for wooden breast and 

white striping is the perfect example of a challenging phenotype where there is room 

for improvement.  

Perhaps the most important findings in this dissertation are from the genome-

wide association study, which can be viewed as a preliminary study with substantial 

room for growth. Linkage disequilibrium analysis revealed that only about 27% of the 

genome was captured by genetic markers, largely due to the low LD of the crossbred 

Chapter 7 
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broiler population that was used. Future studies would benefit from finer mapping, 

which could be accomplished simply by reducing the number of samples that are 

pooled in each DNA library or by acquiring whole-genome sequences of their pure 

line ancestors to facilitate imputation of additional loci. Increasing the average 

sequencing depth would not only help with fine-scale mapping, but would also permit 

higher-confidence genotype calling that would be useful in analyzing additional 

variance components such as dominance and epistatic variance.  

Targeted long-read sequencing of known quantitative trait loci, such as those 

found on chromosome 5 and 30, will be necessary to pinpoint causal variants, if 

possible, and predict their specific biological effects. In-vitro knock-out experiments 

of certain promising candidate genes such as KCNQ1 and DNM2 may also be valuable 

in demonstrating the effects of their dysfunction in skeletal muscle cell culture. While 

understanding the biological mechanisms contributing to these myopathies is of great 

interest, the use of genetic markers to inform breeding programs has much greater 

practical application. Marker assisted selection could allow substantial mitigation of 

broiler breast myopathies due to greater precision of selection criteria. 
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ADDITIONAL DETAILS ON SAMPLE PREPARATION AND 

METABOLOMIC PROFILING PERFORMED BY METABOLON 

Several types of controls were analyzed in concert with the experimental 

samples: a pooled matrix sample generated by taking a small volume of each 

experimental sample (or alternatively, use of a pool of well-characterized human 

plasma) served as a technical replicate throughout the data set; extracted water 

samples served as process blanks; and a cocktail of QC standards that were carefully 

chosen not to interfere with the measurement of endogenous compounds were spiked 

into every analyzed sample, allowed instrument performance monitoring and aided 

chromatographic alignment.  Tables A.1 and A.2 describe these QC samples and 

standards.  Instrument variability was determined by calculating the median relative 

standard deviation (RSD) for the standards that were added to each sample prior to 

injection into the mass spectrometers.  Overall process variability was determined by 

calculating the median RSD for all endogenous metabolites (i.e., non-instrument 

standards) present in 100% of the pooled matrix samples.  Experimental samples were 

randomized across the platform run with QC samples spaced evenly among the 

injections, as outlined in Figure A.1. 

 

A.1 Quality Control 
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Table A.1: Description of Metabolon quality control samples. 

Type Description Purpose 

MTRX 

Large pool of human plasma 

maintained by Metabolon that has 

been characterized extensively. 

Assure that all aspects of the Metabolon 

process are operating within specifications. 

CMTRX 

Pool created by taking a small 

aliquot from every customer 

sample. 

Assess the effect of a non-plasma matrix on 

the Metabolon process and distinguish 

biological variability from process variability. 

PRCS Aliquot of ultra-pure water 
Process Blank used to assess the contribution 

to compound signals from the process. 

SOLV 
Aliquot of solvents used in 

extraction. 

Solvent Blank used to segregate 

contamination sources in the extraction. 

 

Table A.2: Metabolon quality control standards. 

Type Description Purpose 

RS Recovery Standard 
Assess variability and verify performance 

of extraction and instrumentation. 

IS Internal Standard 
Assess variability and performance of 

instrument. 

 

Figure A.1: Preparation of client-specific technical replicates for metabolomics 

analysis.   

A small aliquot of each client sample (colored cylinders) is pooled to create a CMTRX 

technical replicate sample (multi-colored cylinder), which is then injected periodically 

Client samples
1st injection Final injection

CMTRX         Process Blank

Client samples

DAY 1

DAY 2

Study samples randomized and balanced

CMTRX: Technical 
replicates created from an 
aliquot of all client study 

samples
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throughout the platform run.  Variability among consistently detected biochemicals 

can be used to calculate an estimate of overall process and platform variability. 

Each reconstitution solvent contained a series of standards at fixed 

concentrations to ensure injection and chromatographic consistency.  One aliquot was 

analyzed using acidic positive ion conditions, chromatographically optimized for more 

hydrophilic compounds. In this method, the extract was gradient eluted from a C18 

column (Waters UPLC BEH C18-2.1x100 mm, 1.7 µm) using water and methanol, 

containing 0.05% perfluoropentanoic acid (PFPA) and 0.1% formic acid (FA).  

Another aliquot was also analyzed using acidic positive ion conditions, however it was 

chromatographically optimized for more hydrophobic compounds.  In this method, the 

extract was gradient eluted from the same afore mentioned C18 column using 

methanol, acetonitrile, water, 0.05% PFPA and 0.01% FA and was operated at an 

overall higher organic content.  Another aliquot was analyzed using basic negative ion 

optimized conditions using a separate dedicated C18 column.   The basic extracts were 

gradient eluted from the column using methanol and water, however with 6.5mM 

Ammonium Bicarbonate at pH 8. The fourth aliquot was analyzed via negative 

ionization following elution from a HILIC column (Waters UPLC BEH Amide 

2.1x150 mm, 1.7 µm) using a gradient consisting of water and acetonitrile with 10mM 

Ammonium Formate, pH 10.8. The MS analysis alternated between MS and data-

dependent MSn scans using dynamic exclusion. 

 

A.2 Ultrahigh Performance Liquid Chromatography-Tandem Mass 

Spectroscopy (UPLC-MS/MS) 
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SIGNIFICANT AND SUGGESTIVE MARKERS FROM SINGLE-SNP 

GENOME-WIDE ASSOCIATION ANALYSES  

Table B.1: Significant (q-value < 0.05) and suggestive (0.05 ≤ q-value < 0.20) SNP 

markers for wooden breast using all progeny, both male and female. 

Chr Position 

(bp) 

A1 A2 A1  

Freq. 

beta se FDR Nearest gene within 

5000bp 

Consequence dbSNP ID 

1 39837932 A G 0.16 -0.29 0.07 0.07 RPS16 downstream rs318074938 

1 40656409 T C 0.15 -0.27 0.07 0.13 – intergenic rs316589473 

1 40656451 C G 0.15 -0.27 0.07 0.14 – intergenic – 

1 45019726 G A 0.27 -0.24 0.06 0.18 – intergenic rs15251160 

2 45199243 T C 0.47 0.21 0.05 0.04 – intergenic rs14175506 

4 76698492 C T 0.32 0.25 0.06 0.07 CC2D2A intron rs315539724 

5 8139028 A G 0.27 0.26 0.07 0.14 – intergenic rs317152756 

5 8190401 T A 0.32 0.25 0.06 0.07 PARVA intron rs316881438 

5 8234205 A C 0.27 0.23 0.06 0.17 ENSGALG00000054963 intron rs737477701 

5 8234281 A C 0.27 0.24 0.06 0.15 ENSGALG00000054963 intron rs317840977 

5 8327574 G A 0.24 0.28 0.06 0.04 MICAL2 intron rs313323205 

5 8393628 C A 0.23 0.28 0.06 0.05 DKK3 upstream rs794267517 

5 8393723 A T 0.23 0.29 0.07 0.04 DKK3 upstream rs794348453 

5 8475530 A C 0.35 0.22 0.06 0.18 USP47 upstream rs313108206 

5 8534954 C T 0.33 0.23 0.06 0.14 GALNT18 upstream rs740386531 

5 9099844 T C 0.25 0.28 0.07 0.06 – intergenic rs736088841 

5 9194281 T C 0.34 0.23 0.06 0.14 AMPD3, RNF141 intron rs312667549 

5 9475448 A T 0.26 -0.23 0.06 0.14 SBF2 intron rs732697357 

5 9795454 G A 0.24 0.28 0.07 0.06 NRIP3 intron rs313488769 

5 9797353 A G 0.24 0.31 0.07 0.03 NRIP3 intron rs731178344 

5 9975375 T C 0.23 0.32 0.07 0.01 DENND2B intron – 

5 10239083 T C 0.21 0.29 0.07 0.05 – intergenic – 

5 10415181 T A 0.39 0.25 0.05 0.04 – intergenic rs13706093 
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5 10675242 T A 0.18 0.29 0.07 0.05 PSMA1 intron rs315271009 

5 10796757 A G 0.17 0.28 0.07 0.09 CALCA intron – 

5 11903835 T C 0.23 -0.20 0.04 0.04 – intergenic rs16465660 

5 11903836 G A 0.23 -0.20 0.04 0.04 – intergenic rs16465661 

5 11903844 C T 0.23 -0.20 0.04 0.04 – intergenic rs16465662 

5 11903902 G A 0.24 -0.20 0.04 0.04 – intergenic rs737998140 

5 11913861 A G 0.16 -0.30 0.07 0.05 ENSGALG00000051449 upstream rs736880111 

5 11924135 T C 0.26 0.30 0.06 0.02 ENSGALG00000051449 intron rs314967616 

5 11955725 T C 0.33 0.24 0.06 0.17 RPS13 intron rs316761972 

5 12005079 C T 0.12 -0.31 0.07 0.07 PIK3C2A intron rs1058194263 

5 12196653 T C 0.23 -0.35 0.07 0.00 USH1C upstream rs732419382 

5 12196751 A G 0.22 -0.34 0.07 0.00 USH1C upstream rs313557028 

5 12310175 A G 0.18 -0.31 0.06 0.02 ENSGALG00000050417 intron rs736732768 

5 12310186 A G 0.18 -0.30 0.06 0.03 ENSGALG00000050417 intron rs734005321 

5 12310234 T C 0.24 -0.27 0.05 0.01 ENSGALG00000050417 intron rs317457748 

5 12310309 C A 0.24 -0.25 0.05 0.03 ENSGALG00000050417 intron rs738193605 

5 12310310 T C 0.24 -0.25 0.05 0.03 ENSGALG00000050417 intron rs731027506 

5 12310322 C T 0.25 -0.24 0.05 0.04 ENSGALG00000050417 intron rs1057899587 

5 12310343 C T 0.25 -0.24 0.05 0.04 ENSGALG00000050417 intron rs1058116708 

5 12364690 G A 0.25 -0.26 0.06 0.06 ENSGALG00000047047 intron rs316099496 

5 12368625 T C 0.17 -0.26 0.07 0.17 ENSGALG00000047047 intron rs737347790 

5 12393944 A G 0.50 0.21 0.05 0.20 MYOD1 upstream rs14515728 

5 12428250 G A 0.26 -0.23 0.06 0.13 KCNC1 intron rs15663849 

5 12428251 C T 0.16 -0.26 0.07 0.16 KCNC1 intron rs738826119 

5 12433114 T A 0.15 -0.26 0.07 0.20 KCNC1 intron rs315627994 

5 13374229 G A 0.25 -0.28 0.06 0.03 SLC22A18 intron rs737986697 

5 13429787 T C 0.24 -0.31 0.06 0.01 KCNQ1 missense rs314148590 

5 13449328 A C 0.37 -0.28 0.05 0.00 KCNQ1 intron rs317846952 

5 13449367 T C 0.37 -0.28 0.05 0.00 KCNQ1 intron rs312714261 

5 13449379 G A 0.37 -0.28 0.05 0.00 KCNQ1 intron rs312662826 

5 13508017 C A 0.25 0.30 0.07 0.04 KCNQ1 intron rs737511869 

5 13899194 G C 0.25 -0.28 0.06 0.05 ENSGALG00000054949 upstream rs736998338 

5 14239370 A G 0.31 -0.25 0.06 0.09 TNNT3 upstream rs315939359 

5 14280580 A C 0.30 0.33 0.06 0.00 LSP1 intron rs1057848124 

5 14280613 T C 0.34 0.31 0.06 0.00 LSP1 intron rs316544133 

5 14295515 G C 0.11 -0.34 0.08 0.04 TNNI2 upstream rs739911666 
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5 14298811 C T 0.11 -0.35 0.08 0.04 TNNI2 upstream rs741315284 

5 14301905 G C 0.18 -0.31 0.06 0.02 SYT8 downstream rs315541073 

5 14308280 T C 0.11 -0.34 0.08 0.04 SYT8 intron rs739144609 

5 14319885 A G 0.41 0.24 0.06 0.05 ENSGALG00000006608 

(cytosolic 5'-

nucleotidase 1A-like) 

intron rs315734391 

5 14320013 A G 0.13 -0.30 0.08 0.19 ENSGALG00000006608 
(cytosolic 5'-

nucleotidase 1A-like) 

intron rs734156129 

5 14320311 A G 0.31 0.27 0.06 0.05 ENSGALG00000006608 

(cytosolic 5'-

nucleotidase 1A-like) 

intron rs313176621 

5 14321077 G A 0.43 0.28 0.05 0.00 CTSD intron rs734894055 

5 14321102 G T 0.46 0.26 0.05 0.02 CTSD, 

ENSGALG00000006608 

(cytosolic 5'-

nucleotidase 1A-like) 

intron rs736987423 

5 14477401 T C 0.24 -0.24 0.06 0.12 MOB2, 
ENSGALG00000006608 

(cytosolic 5'-

nucleotidase 1A-like) 

intron rs314346393 

5 14529930 T C 0.29 0.29 0.07 0.04 BRSK1 intron rs317011817 

5 14740059 T C 0.47 0.23 0.06 0.16 BRSK1 intron rs732958141 

5 14789244 A C 0.28 0.25 0.06 0.12 BRSK1 intron rs740340467 

5 14859530 A C 0.22 0.28 0.07 0.09 TOLLIP upstream rs731299034 

5 14860213 T C 0.25 0.26 0.06 0.13 TOLLIP intron rs741587750 

5 15130898 A T 0.22 0.26 0.07 0.19 – upstream rs737205331 

5 15791803 G A 0.44 0.17 0.04 0.17 TSPAN4 intron rs732618786 

5 15798092 G T 0.28 -0.19 0.05 0.18 TSPAN4 intron rs739312534 

5 15798095 G C 0.28 -0.19 0.05 0.18 TSPAN4 intron rs316904875 

5 15798156 G A 0.28 -0.19 0.05 0.19 TSPAN4 intron rs315274042 

5 15798957 T C 0.31 -0.23 0.05 0.07 TSPAN4 intron rs318045000 

5 15936430 C T 0.23 -0.23 0.06 0.12 CRACR2B synonymous rs317727101 

5 16038215 C T 0.37 0.23 0.06 0.15 SLC25A22 intron rs80773900 

5 16038238 T C 0.20 0.25 0.06 0.17 SLC25A22 intron rs316273614 

5 16063707 T C 0.17 0.32 0.07 0.05 ENSGALG00000044313 

(malignant fibrous 
histiocytoma-amplified 

sequence 1 homolog) 

intron – 

5 16219329 T C 0.18 -0.26 0.06 0.14 HRAS intron rs1058469740 

5 16219353 C T 0.18 -0.26 0.06 0.14 HRAS intron rs739279765 

5 16219365 A G 0.21 -0.29 0.06 0.03 HRAS intron rs736506336 

5 16219383 T C 0.21 -0.29 0.06 0.03 HRAS intron rs1060172062 

5 16219605 G A 0.22 -0.26 0.06 0.14 HRAS intron – 

5 16219948 A G 0.35 0.24 0.06 0.19 HRAS intron rs739071280 
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5 16321466 C G 0.37 0.22 0.05 0.14 ENSGALG00000039221 

(USP6 N-terminal like) 

intron rs731596612 

5 52613622 A G 0.22 -0.23 0.06 0.18 ENSGALG00000053496 intron rs736589267 

6 19633163 T C 0.45 0.24 0.06 0.16 – intergenic rs312821901 

6 19640631 T G 0.39 0.34 0.07 0.03 – intergenic rs317231865 

6 19757662 T C 0.41 0.27 0.07 0.19 – intergenic rs732413595 

6 20457816 A G 0.24 -0.24 0.06 0.17 RPP30 intron rs741367161 

6 20457984 T C 0.24 -0.25 0.06 0.17 RPP30 intron rs317940783 

6 23051337 A G 0.26 0.28 0.07 0.10 ABCC2 5' UTR rs316559857 

6 23081542 T A 0.25 0.27 0.07 0.20 ENSGALG00000046861 intron – 

6 23100280 A G 0.30 0.29 0.07 0.05 GOT1 synonymous rs735653913 

6 23389752 A G 0.12 0.37 0.08 0.04 LCOR intron rs314449385 

6 23391580 G T 0.11 0.33 0.08 0.12 LCOR intron rs16553285 

6 23391597 T C 0.11 0.33 0.08 0.12 LCOR intron rs315103144 

9 1346895 T G 0.06 0.37 0.10 0.20 ATG16L1 intron rs1059774978 

10 5287329 C T 0.19 -0.36 0.09 0.19 RORA intron rs312843434 

10 17159976 G A 0.21 0.23 0.06 0.18 IGF1R intron rs794596837 

10 20295224 A G 0.06 0.39 0.10 0.17 FRMD5 upstream rs314009265 

18 4494393 G A 0.08 0.33 0.08 0.16 FOXJ1 upstream rs14110243 

18 9125404 A G 0.49 0.25 0.06 0.12 GPR142 upstream rs313258278 

24 5503009 C G 0.45 0.21 0.05 0.11 ENSGALG00000054900 upstream rs733169339 

30 79633 G A 0.19 -0.23 0.06 0.18 ENSGALG00000050235 

(queuine tRNA-
ribosyltransferase 

catalytic subunit 1) 

intron – 

30 90012 C T 0.29 -0.25 0.05 0.01 DNM2 intron – 

30 96694 T C 0.19 -0.28 0.06 0.01 DNM2 intron – 

30 97362 A G 0.20 -0.28 0.06 0.01 DNM2 intron – 

30 198870 A G 0.11 -0.26 0.07 0.19 ENSGALG00000050608 

(ribonucleoprotein PTB-

binding 1-like) 

exon – 

30 385373 A G 0.38 0.18 0.05 0.17 ENSGALG00000047517 

(zinc finger protein 653) 

3' UTR – 

30 385374 A G 0.38 0.18 0.05 0.17 ENSGALG00000047517 

(zinc finger protein 653) 

3' UTR – 

30 393145 A G 0.27 0.24 0.05 0.04 CNN1 intron – 

30 395750 T C 0.28 0.21 0.05 0.17 ELOF1 downstream – 

30 409427 A G 0.06 -0.40 0.09 0.06 NFIX intron – 

30 480215 C T 0.08 0.35 0.08 0.06 PGLS downstream – 

32 86047 C G 0.30 -0.26 0.06 0.05 ACTN4 exon – 

32 387490 G A 0.17 -0.27 0.06 0.06 SMARCA4 upstream – 
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AADN 

050012 

53.1 

268 C G 0.48 0.18 0.05 0.14 – intergenic – 

Chr: chromosome, A1: effect allele, A2: alternate allele 

 

Table B.2: Significant (q-value < 0.05) and suggestive (0.05 ≤ q-value < 0.20) SNP 

markers for wooden breast using only female progeny. 

Chr Position 

(bp) 

A1 A2 A1 

Freq. 

beta se FDR Nearest gene within 

5000bp 

Consequence dbSNP ID 

1 38013957 T C 0.49 -0.24 0.06 0.16 PHLDA1 downstream rs313675359 

1 136464100 A G 0.35 -0.29 0.07 0.11 FHL2 intron rs317244712 

2 45199243 T C 0.45 0.26 0.06 0.16 – intergenic rs14175506 

5 8045595 T C 0.36 -0.29 0.06 0.10 TEAD1 intron rs737849103 

5 8234281 A C 0.27 0.30 0.08 0.20 ENSGALG00000054963 intron rs317840977 

5 8275509 G A 0.31 0.31 0.07 0.11 MICAL2 intron rs733028144 

5 8276158 T C 0.27 0.35 0.08 0.11 MICAL2 intron rs734168940 

5 8327574 G A 0.24 0.35 0.08 0.10 MICAL2 intron rs313323205 

5 8393628 C A 0.23 0.35 0.08 0.11 DKK3 upstream rs794267517 

5 8393723 A T 0.23 0.37 0.08 0.10 DKK3 upstream rs794348453 

5 8475530 A C 0.35 0.29 0.07 0.15 USP47 upstream rs313108206 

5 8534954 C T 0.33 0.33 0.07 0.10 GALNT18 upstream rs740386531 

5 8604008 C T 0.46 0.23 0.06 0.13 GALNT18 intron rs316321212 

5 9010796 A T 0.27 -0.37 0.08 0.10 EIF4G2 upstream rs738468379 

5 9194281 T C 0.33 0.30 0.08 0.19 AMPD3, RNF141 intron rs312667549 

5 9797353 A G 0.24 0.35 0.08 0.15 NRIP3 intron rs731178344 

5 9975375 T C 0.23 0.37 0.08 0.10 DENND2B intron – 

5 10089685 G C 0.26 0.32 0.08 0.12 ENSGALG00000047228 downstream rs16463571 

5 10089707 T C 0.26 0.32 0.08 0.13 ENSGALG00000047228 downstream rs13705936 

5 10102413 C T 0.34 0.32 0.07 0.10 – intergenic rs737972763 

5 10239083 T C 0.21 0.37 0.09 0.10 – intergenic – 

5 10617493 T C 0.16 0.41 0.09 0.10 RRAS intron rs741545263 

5 11903835 T C 0.25 -0.25 0.06 0.10 – intergenic rs16465660 

5 11903836 G A 0.25 -0.25 0.06 0.10 – intergenic rs16465661 

5 11903844 C T 0.25 -0.25 0.06 0.10 – intergenic rs16465662 

5 11903902 G A 0.25 -0.25 0.06 0.10 – intergenic rs737998140 

5 12196653 T C 0.23 -0.47 0.09 0.01 USH1C upstream rs732419382 
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5 12196751 A G 0.22 -0.41 0.08 0.04 USH1C upstream rs313557028 

5 12310175 A G 0.19 -0.34 0.08 0.11 ENSGALG00000050417 intron rs736732768 

5 12310186 A G 0.18 -0.35 0.08 0.10 ENSGALG00000050417 intron rs734005321 

5 12310234 T C 0.25 -0.27 0.07 0.14 ENSGALG00000050417 intron rs317457748 

5 12310309 C A 0.25 -0.26 0.07 0.19 ENSGALG00000050417 intron rs738193605 

5 12310310 T C 0.25 -0.26 0.07 0.19 ENSGALG00000050417 intron rs731027506 

5 12428250 G A 0.26 -0.32 0.07 0.10 KCNC1 non coding 

transcript 

exon variant 

rs15663849 

5 12754295 A T 0.19 -0.36 0.09 0.14 LDHA intron rs733539786 

5 12801766 C G 0.46 0.27 0.06 0.12 SPTY2D1 intron rs15664878 

5 13305983 T C 0.17 -0.36 0.08 0.11 NAP1L4 intron rs731375845 

5 13336422 T C 0.43 0.36 0.08 0.10 NAP1L4 downstream rs318048978 

5 13374229 G A 0.26 -0.30 0.08 0.19 SLC22A18 intron rs737986697 

5 13429787 T C 0.25 -0.36 0.08 0.08 KCNQ1 missense rs314148590 

5 13449328 A C 0.38 -0.34 0.07 0.01 KCNQ1 intron rs317846952 

5 13449367 T C 0.38 -0.35 0.07 0.01 KCNQ1 intron rs312714261 

5 13449379 G A 0.38 -0.35 0.07 0.01 KCNQ1 intron rs312662826 

5 13465671 C T 0.18 -0.36 0.08 0.11 KCNQ1 intron – 

5 13508017 C A 0.24 0.43 0.09 0.03 KCNQ1 intron rs737511869 

5 13710050 T C 0.31 0.32 0.08 0.20 KCNQ1 intron – 

5 13899194 G C 0.26 -0.33 0.08 0.18 ENSGALG00000054949 upstream rs736998338 

5 14280580 A C 0.30 0.37 0.08 0.05 LSP1 intron rs1057848124 

5 14280613 T C 0.34 0.34 0.07 0.06 LSP1 intron rs316544133 

5 14295515 G C 0.11 -0.41 0.10 0.16 TNNI2 upstream rs739911666 

5 14301905 G C 0.18 -0.36 0.08 0.10 SYT8 downstream rs315541073 

5 14308280 T C 0.11 -0.42 0.10 0.16 SYT8 intron rs739144609 

5 14320311 A G 0.30 0.32 0.08 0.15 ENSGALG00000006608 
(cytosolic 5'-

nucleotidase 1A-like) 

intron rs313176621 

5 14529930 T C 0.28 0.38 0.08 0.10 BRSK1 intron rs317011817 

5 14789244 A C 0.30 0.35 0.08 0.10 BRSK1 intron rs740340467 

5 14859530 A C 0.22 0.36 0.09 0.15 TOLLIP upstream rs731299034 

5 14860213 T C 0.25 0.35 0.08 0.10 TOLLIP intron rs741587750 

5 14871372 T G 0.26 0.30 0.07 0.18 TOLLIP intron rs316792341 

5 15130898 A T 0.22 0.35 0.09 0.15 – upstream rs737205331 

5 15791803 G A 0.39 0.24 0.06 0.15 TSPAN4 intron rs732618786 

5 15936430 C T 0.23 -0.33 0.07 0.10 CRACR2B synonymous rs317727101 
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5 15960632 A C 0.18 -0.37 0.09 0.16 CRACR2B; PNPLA2 upstream; 

downstream 

rs317322542 

5 16038215 C T 0.39 0.35 0.07 0.05 SLC25A22 intron rs80773900 

5 16038238 T C 0.22 0.32 0.08 0.15 SLC25A22 intron rs316273614 

5 55130617 C T 0.25 -0.34 0.08 0.16 ENSGALG00000049009 intron – 

6 16259130 T C 0.22 0.34 0.08 0.12 VCL intron rs15785172 

6 16259131 G A 0.22 0.34 0.08 0.12 VCL intron rs15785175 

6 23051337 A G 0.25 0.39 0.09 0.10 ABCC2 5' UTR rs316559857 

6 23100280 A G 0.30 0.37 0.09 0.10 GOT1 synonymous rs735653913 

30 90012 C T 0.29 -0.27 0.07 0.19 DNM2 intron – 

30 393145 A G 0.27 0.30 0.07 0.15 CNN1 intron – 

Chrom: chromosome, A1: effect allele, A2: alternate allele 

 

Table B.3: Significant (q-value < 0.05) and suggestive (0.05 ≤ q-value < 0.20) SNP 

markers for white striping, using both male and female progeny 

Chr Position 

(bp) 

A1 A2 A1 

Freq. 

beta se FDR Nearest gene within 

5000bp 

Consequence dbSNP ID 

5 12196653 T C 0.23 -0.24 0.05 0.04 USH1C upstream rs732419382 

5 12310175 A G 0.18 -0.20 0.05 0.19 ENSGALG00000050417 intron rs736732768 

5 12310234 T C 0.24 -0.18 0.04 0.13 ENSGALG00000050417 intron rs317457748 

5 13090486 G T 0.41 0.20 0.05 0.16 OSBPL5 upstream rs317668507 

5 14280580 A C 0.30 0.24 0.05 0.00 LSP1 intron rs1057848124 

5 14280613 T C 0.34 0.23 0.04 0.00 LSP1 intron rs316544133 

5 14308280 T C 0.11 -0.26 0.06 0.13 SYT8 intron rs739144609 

5 14319885 A G 0.41 0.23 0.04 0.00 ENSGALG00000006608  intron rs315734391 

5 14320311 A G 0.31 0.24 0.05 0.00 ENSGALG00000006608  intron rs313176621 

5 14321077 G A 0.43 0.23 0.04 0.00 CTSD intron rs734894055 

5 14321102 G T 0.46 0.22 0.04 0.00 CTSD, 
ENSGALG00000006608  

intron rs736987423 

5 14418699 G A 0.24 -0.16 0.04 0.16 MOB2, 

ENSGALG00000006608  

intron rs313920846 

5 14477401 T C 0.24 -0.24 0.04 0.00 MOB2, 

ENSGALG00000006608  

intron rs314346393 

5 14529930 T C 0.29 0.23 0.05 0.04 BRSK1 intron rs317011817 

5 14789244 A C 0.28 0.21 0.05 0.11 BRSK1 intron rs740340467 

5 22076599 G A 0.10 -0.30 0.07 0.13 – intergenic rs739005238 

5 58074636 A G 0.36 0.17 0.03 0.03 NIN synonymous rs736108284 

11 9772478 A C 0.20 -0.20 0.05 0.16 DPY19L3 upstream rs735361284 
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Chr: chromosome, A1: effect allele, A2: alternate allele 
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SIGNIFICANT AND SUGGESTIVE WINDOWS FROM MULTI-MARKER 

GENOME-WIDE ASSOCIATION ANALYSES 

Table C.1: Results of Bayesian multi-marker regression for wooden breast, white 

striping, body weight at 13 days, and body weight at 7 weeks.  

Trait Chr Window 

(Mb) 

# SNPs Explain Genetic 

Variance (%) 

P>0 Pi (Prior) 

Wooden Breast 30 0 – 1 327 3.1 0.97 0.998 

Wooden Breast 5 14 – 15 186 2.74 0.808 0.998 

Wooden Breast 6 19 – 20 82 2.35 0.775 0.998 

Wooden Breast 6 23 – 24 990 1.72 0.951 0.998 

Wooden Breast 5 13 – 14 224 1.64 0.622 0.998 

Wooden Breast 5 16 – 17 436 1.6 0.798 0.998 

Wooden Breast 18 9 – 10 1508 1.44 0.987 0.998 

Wooden Breast 2 45 – 46 147 1.14 0.587 0.998 

Wooden Breast 18 4 – 5 791 1.01 0.89 0.998 

Wooden Breast 5 12 – 13 197 0.9 0.587 0.998 

Wooden Breast 12 9 – 10 563 0.77 0.837 0.998 

Wooden Breast 24 5 – 6 653 0.75 0.83 0.998 

Wooden Breast 1 39 – 40 105 0.73 0.443 0.998 

Wooden Breast 4 76 – 77 134 0.71 0.542 0.998 

Wooden Breast 23 4 – 5 979 0.69 0.893 0.998 

Wooden Breast 28 1 – 2 1023 0.61 0.876 0.998 

Wooden Breast 25 3 – 4 787 0.61 0.844 0.998 

Wooden Breast 28 2 – 3 1039 0.61 0.861 0.998 

Wooden Breast 13 11 – 12 440 0.59 0.758 0.998 

Wooden Breast 9 1 – 2 288 0.58 0.638 0.998 

Wooden Breast 5 58 – 59 604 0.57 0.791 0.998 

Wooden Breast 3 104 – 105 592 0.55 0.767 0.998 

Wooden Breast 20 10 – 11 1039 0.53 0.89 0.998 
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Wooden Breast 1 45 – 46 246 0.53 0.548 0.998 

Wooden Breast 32 0 – 1 361 0.52 0.619 0.998 

Wooden Breast 9 2 – 3 316 0.52 0.621 0.998 

White Striping 5 14 – 15 186 5.38 0.99 0.994 

White Striping 5 58 – 59 604 3.18 0.997 0.994 

White Striping 12 9 – 10 563 1.19 0.99 0.994 

White Striping 11 9 – 10 151 0.79 0.807 0.994 

White Striping 18 9 – 10 1508 0.72 1 0.994 

White Striping 7 22 – 23 890 0.72 0.995 0.994 

White Striping 6 23 – 24 990 0.66 0.997 0.994 

White Striping 28 3 – 4 1226 0.63 1 0.994 

White Striping 20 10 – 11 1039 0.6 1 0.994 

White Striping 1 136 – 137   137 0.59 0.737 0.994 

White Striping 23 4 – 5 979 0.52 1 0.994 

Body Weight 13d 18 9 – 10  1508 0.78 1 0.690 

Body Weight 13d 14 13 – 14  1122 0.65 1 0.690 

Body Weight 13d 28 3 – 4  1226 0.63 1 0.690 

Body Weight 13d 4 1 – 2  1092 0.62 1 0.690 

Body Weight 13d 28 2 – 3  1039 0.61 1 0.690 

Body Weight 13d 6 23 – 24  990 0.56 1 0.690 

Body Weight 13d 26 4 – 5  1034 0.56 1 0.690 

Body Weight 13d 20 10 – 11  1039 0.55 1 0.690 

Body Weight 13d 27 6 – 7  899 0.54 1 0.690 

Body Weight 13d 26 2 – 3  958 0.54 1 0.690 

Body Weight 13d 26 1 – 2  1023 0.53 1 0.690 

Body Weight 13d 23 2 – 3  997 0.51 1 0.690 

Body Weight 13d 23 4 – 5  979 0.5 1 0.690 

Body Weight 13d 27 5 – 6  839 0.5 1 0.690 

Body Weight 7w 18 9 – 10  1508 0.67 1 0.581 

Body Weight 7w 14 13 – 14  1122 0.58 1 0.581 

Body Weight 7w 2 0 – 1  1077 0.58 1 0.581 

Body Weight 7w 28 3 – 4  1226 0.57 1 0.581 

Body Weight 7w 28 1 – 2  1023 0.54 1 0.581 

Body Weight 7w 4 1 – 2  1092 0.53 1 0.581 

Body Weight 7w 28 2 – 3  1039 0.52 1 0.581 

Body Weight 7w 20 10 – 11  1039 0.5 1 0.581 
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Body Weight 7w 23 4 – 5  979 0.5 1 0.581 

Windows identified by Bayes B were considered significant if they explained ≥ 1% of 

genetic variance and suggestive if they explained ≥ 0.5% of genetic variance. Chr: 

chromosome. 
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